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Abstract

This thesislescribegatterns of Major Histocompatibility Complex (MHC) evolution in natural
populations of the guppyRoecilia reticulaty using Next Generation Sequencing (NGEBave
proposed a redefinition of the molecular and bioinformatic approaches used to gather NGS
MHC sequence data, and the theoretical considerations required for accurate interpretation of
MHC diversityThe varioudioinformatic approaches that are aently implemented in NGS

MHC analysis are critically reviewed to provide a clear understanding of how such data should
be analyzed. A novel molecular and bioinformatics procedure is introduced to estimate MHC
genotypes from NGS data, which performs bettean previously used approaches. | also
explore the application of NGS to estimate both allelic and loci copy number variation (CNV)
among guppyopulations. Results suggest that both forms of CNV are widespread among
guppies and the complex nature of Chlély represents an important source of variation both
within and among guppy populationi addition, | provide novel evidence to suggest complex
interactions between MHC polymorphism, parasite infection, and male colour, which are
implicit in mate chace and believed to be honest signaldramunocompetenceComparisons
among geographic distributions of MHC supertypes and their constitutional alleles provide
supportfor a novel modefor how MHC evolutioris governed This identifies a combination of
stabilizing selection acting on MHC supertypes (groups of functionally similar/identical MHC
alleles) and random genetic dribupled withRed Queen processes operatimg alleleswithin
supertypesPatterns of population differentiation may be misintergegl to represent high

levels of local adaptation at the allelic level if supertypes are ignored. | propose that MHC
supertypesare an importantunit of selectiorand patterns of MHC CNV (or haplotype variation)
are likely maintained by balancing selecteeting on individual loci (or groups of loci), driven

08 OQOIFINAIOGES LINIFAAGS O2YYdzyAlASad ch&danced A &
f20AQ Y2RSt 2F al/ S@2ftdziA2yd 9PARSYyOS adzAa
to investigatethe interplay between parasite mediated natural selection and sexual selection,
but also that the guppis an ideamodel species that can greatly improve our understanding of

MHC evolution in natural populations

a
3
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Chapter 1
Introduction

With the rapid developments of Next Generation Sequencing (NGS) and othehloglghput
assays over the last ten years, researchers are able to assess diversity at an unprecedented
scale across genomes and ecosystems, improving our understanding of the complexities of
adaptation among species.@.Lamichhanet al. 2015) Notwithstanding cuttingedge NGS
genomic approaches, much of what we have learned about adaptation at the DNA level over
the past three decades has come from the study of a single set of g&me#/ajor
Histocompatibity Complex (MHC) immune gexnén this thesis | provide significant advances
not only in the application of NGS to the study of MHC, but also to the understanding of
patterns and processes surrounding MHC evolution in natural populations. | examine MHC
diversity across populations of the gup@ogcilia reticulataand make a case for how this
already valuable model species can provide further significant advances in the understanding of
MHC evolution in vertebrates. To this end | provide novel insigbttime links between MHC
diversity andraits that correlate with fithessand critically, provide evidence in support of a
new and potentially paradigm shifting theory surrounding the pattern and presthat

characterize MHG@iversity.

The Major Histoompatibility Complex (MHC)

The MHC comprises a set of cell surface receptor proteins thatrgrertant in the vertebrate
immune system. A large gene family encodes these proteins, which have evolved over
hundreds ofmillions of yeargDanchinret al. 2004) with the specifidunction of identifying
pathogensandthen initiating an immune response to prevent infectigiedrick 2002)The

primary role of MHC molecules is to presantigens (small peptides derived from pathogens)

to T-cells. This acts a signaling mechanism for the immune system to make a targeted response
in eradicatingpathogeng Simpson 1988; Trowsdale 199B)oteinsof the MHCthat are

involved in these adaptive immunological processes are divided into MHC class | (MHC 1) and



MHC class Il (MHC MHC I is displayealmost ubiquitously among cells and primarily displays
antigens derived from intracellular pathogens (e.g. viruses). Conversely, MHC Il, although still
widespread, is predominantly found on antigen presenting cells (macrophagesdisB

dendritic cells) ad mediates interactions among other immune cellgnophocytesB-cells, T

cells, and dendritic cells) by displaying peptides derived from @edllalar pathogens (e.g.
bacteria, helminthesjSimpson 1988; Trowsdale 1993)

Broadly speaking, there are four principal reasons for why the MHC has become a model
for the study of adaptive evolution at the genetic l&éveirstly, the genes that encode MHC
proteins are the most polymorphic known in vertebra{@eck & Trowsdale 2000)his
polymorphism is thought to reflect the requirement for species to provide extensive
immunological protetion against rapidly evolving pathoge(Bernatchez & Landry, 2003;
Jeffery & Bangham, 2000; Spurgin & Richardson, 2@bad)this is explained by the Red Queen
hypothesis yan Valen 1973, sd®elow). It is believed that the selection pressuregrted by
pathogensare so strong that high population differentiation at the MHC can arise relatively
quickly compared to other neutral or functional loci (Bernatchez & Landry Zfd8gin &
Richardson 2010). For this reason, studies on the MHC can provide insight in to patterns of local

adaptation (Bernatchez and Landry, 2003).

Secondly, the MHC does not only play a central role in immunology, but variation at
these genes has also beenkid to female mate preference (i.e. poepulatory mate choice;
e.g.Jordan & Bruford, 1998; Milinski, 2006; Wedekind & Penn, 2@&0)vell as the viability of
embryos (i.e. postopulatory mechanisms; e.Beeret al. 1981; Obeet al. 1993 Gasparinet
al. 2015) The MHC therefore allowed behavioural ecologists to study the Good Genes Model
(or the HamiltorZuk hypothesidHamilton & Zuk 19823t a molecular level for the firsime
(e.g.von Schantet al. 1996; Bolkeet al. 2009; Eizaguirret al. 2009) The Good Genes Model

suggests that female mate choice is based on particular male traits (e.g. MHC genes) which



providehonest indicators othe ability to optimize reproductive success in offspring.

A third impor@ant feature of the MHC is that the functional properties of tiraino
acidson which diversifying selection acts have been identified through crystallography studies
(Brownet al. 1993; Sterret al. 1994) Given thathe majority of protein encoding DNA
sequence within genomads under purifying selectio(Asthanaet al. 2007; Lawrieet al. 2013)
the identification of the exacamino acidstranslated from DNAhat are under diversifying
selection is instrumental in evolutionagenetics studies of these genes. Notaltihg relative
position of the DNA codons that translate these amino asidsghly conservedithin the gene
sequencescross vertebrate tax@e.g.h Q/ I f #tlal3.80B;Pzuriset al. 2000) These codons
constitute the region of the MHC complex that interacts with antigens, which is known as the
peptide-binding region (PBR). Positive selection at these codons drives adaptation in efficiently

displaying unique peptid(Hughes & Nei 1988)

A fourth reason for studying MHC is that the effeatsecombinationlike processes
such as gene conversion and micezombination can be studied in detail due to the fact that
the MHC is commonly characterized by multiple geapies This means that the diversity can
be re-arranged between genparalogues by geneonversion events and mici@combination
(see below). This can promote rapid expansion of MHC haplotype diversity and immunological
repertoires within populations, and various models have been suggested to describe this
adaptive expansin and contraction of gene copy number variation (CNV; see below) (cf. the
Accordion Model of multigene evolutioKJeinet al. 1993 and the Birth and Death Model of

multigene evolutionNeiet al. 1997)

MHC copy number variatiofCNV)
Gene copy number variation (CNV) is a form of genomic structural variahere regions of
DNA are either lost or duplicated. The study of CNV has gained attention in recent years as

genomic analyses increase in sophistication, revealing their importance in disease susceptibility



and fithesgKondashov 2012; Katju & Bergthorsson 201GNV at the MHC is commonly
observed, where ancient gene duplication events have led to an increase in the immune gene
repertoire expressed within individuals in order to combat a larger array of pathogens. Copy
number variation can be further augmented by unequal crossing over during meiosis, and
because gene duplications/deletions are largely heritdhteckeet al. 2006) sexually

reproducing populations can comprise an array of MHC CNV patterns among individuals (e.g.
Chapter 3Lightenet al.2014a) Consequently, genotypes may consist of different numbers of
allele copies among MHC loci (which can also vary in nuntbeghningthat loci can be
homozygous (carrying two identical alleles), heterozygous (carrying two distinct alleles), or
hemizygous (carry just a single copy of an allele) @hgpter 3Lightenet al. 2014). Indeed,
because the MHC is a gene dense region containingpteufteralogous gene copies, it is often
difficult to fully characterize in namodel species that lack detailed genomic data. As such,
gene CNV is often inferred indirectly by counting the number of alleles observed within a
genotype. Howeversuch an apprach is likely to be inaccurate because it is impossible to
discriminate between hemizygous and homozygous genes. Notwithstanding these difficulties,
MHC CNV is likely an important source of variation in most vertebrate species given that the
number and drersity of alleles within an organism can affect both disease susceptibility and
mate choice (e.gSiddle 2010, and see beloyv However, the evolutionary processes operating

on MHC CNV remain unclear.

MHC gene conversion

Point mutations in the MHC generat®vel sequence variation and an excess of-non
synonymous base substitutions in the PBR are a consequence of pathogen driven positive
selection(Hughes & Nei 1988)n addition, micrerecombination events can rdistribute

existing DNA variation within and among MHC loci, resulting in the formation of new
haplotypes(Chen, 2007; Ohta, 199Xpeneconversion is believetb be an important source

for generating variation in MHC functional haplotygekgstrand & Bohme 1999; Martinsohn

et al.2000; Hosomichet al.2008) Indeed, a recat study showed that geneonversion events



generated MHC haplotype variation at a rate an order of magnitude greater than point
mutations, and these were especially importanamgmentingvariation in genetically
depauperate population§Spurgiret al.2011) Despitethe observation that gene conversion
can rapidly generate haplotype variation, over time it is believed to homogenize sequence
variation at paralogous lo¢Ezaweet al. 2010; Takun@t al. 2010) and so the extent of gene

conversion likely varies between species and along spatial and temporal scales.

Transspecies polymorphism

Transspecies polymorphism (TSP) desesilthe presence of similéibut not identicallalleles in
divergent specieArden & Klein, 1982; Klein, 1987; Kleiral. 1998; Kleiret al.2007) This
occurs though the retention of ancestral allelic genealogies (and not convergent evolution)
from ancestral species to descendespecies. In the MHC, balancing selection is believed to
drive TSP, and coalescence times of genes displaying TSP are much greater (millions of years)
than those of neutrally evolving genes and {ol&e speciation eventg§lrakahata 1990;
Takahata & Nei 1990Moreover, a recent comparison between humans and chimpanzees
showed that in addition tahe MHC, over 100 genomic regions, involved in interactions with
pathogens, dislayed TSRLeffleret al.2013) Theauthors conclude that balancing selection
acting on immune genes can persist for millions of years, maintaining critical functionality

despite widespread genomic giergence between species.

MHC supertypes

The concept of MHC supertypes (or superfamilg)inatesfrom human studies aimed at
classifying groups of MHC alleles with similar binding properties for common motifs
(supermotifs) derived from pathogerfdel Guercicet al. 1995) Such classification of
supertypes has shown to be valuable in developing vaccines targeting particular group of
antigen epitopegSidneyet al. 1996; Sette & Sidney 1998; Se#teal. 2002) Revealing the
functional characteristics of MHC alleles is crucial in understanding their role in adaptive

immunity, but such dat&avegenerally been restricted to model organisms, wheralgpth



experimental and theoretical research is requi&etteet al. 2002) However, bioinformatic
approaches have recently been developed which allows statistical characterization of
supertypes based on inferred shared functional properties of the amino acids, which constitute
MHC geneg¢Doytchinoveet al. 2004; Doytchinova & Flower, 200%) doing so, studies of nen
model organisms have been able to adopt MHC supertype analysis in onaéert®HC

functionality in studies of adaptation in natural populatidi@&ciwensowet al.2007; Sepiét al.

2013a; h. Despite this, the application of such analyses in studies of evolutionary ecology
remains sparse, and so the significance of supertypes and their evolution in natural populations

remains poorly characterized.

Parasite and mate choice mediated natural selection

Multiple evolutionary hypotheselave beerproposed to explain the high polymorphism
observed at MHC loci. Parasites are thought to exert balancing selection on MHC polymorphism
though negative frequenegependent selection (NFDS), heterozygote advantage
(overdominance), or fluctuating selection over time (reviewe&awards & Hedrick, 1998;

Spurgin & Richardson, 201®jowever, disentangling the relative contributions of each of these
processes in natural populations has bektficult, and so convincing empirical evidence in

their support § sparse (but se&izaguirreet al.2012) Moreover, models suggest that
heterozygote advantage can explain the high polymorphism observed at MHC loci, but this
model requies that the fithess of homozygaere nearly equal, i.e. symmetric overdominance
(De Boeet al.2004) The model by De Boet al. (2004)shows that under asymmetric
overdominance, the equilibrium level of polymorphism is considerably lower. Given the large
number of MHC alleles, it seems unlikely that all homozygous genotypes have a similar fithess
disadvantage (and that all heterozygous genetyphe same fitness advantage). Consequently,
overdominance is unlikely to be the only selective force to maintain MHC polymorphism and

large allelic diversity at the MHC.



Negative frequencylependent selection assumes that an ongoing evolutionary arms
race between host MHC genes and evolving parasites acts to preserve polymo(pipisrgin
& Richardson, 2010Rare alleles in a population confer a selective advantage in parasite
resistance over more common alleles, and so increase rapidly in a population. Gounter
adaptation of parasites will then lead to a reduction in selective advantatieeséalleles, and
then to an adaptive allele frequency flux as other rare alleles again increase in frequency
through novel selective advantages. However, empirical evidence in support of NFDS remains
elusive. It has also been proposed that raitkele advantage may be amgnted by mate
choice, where females choose to mate with males which carry allelesntraase fitness in
offspring(Ejsmondet al.2014; Milinsk2006) Indeed, MHC based mate choice has been
observed across taxa.g.Winternitzet al. 2013) and is believed to be driven by MH€lated
odors which convey attractivenes$ potential mategWedekind & Penn 2000females may
choose males that have more different MHC alleles to themselves, and so aim to increase the
allelic diversity in their offspringMilinski 2006) Recent evidence also suggests that MHC
assortativemate choicemayfacilitate local adaptation tendemic pathogens by reducing

overall diversity through the increase of crucidlipctioning allelegSinet al. 2015)

The Trinidadian Guppy

The guppy is a small freshwater fish native to Northern South America and Central America

(Figure 1.1)Thecontemporaryspeciedistribution outside of the neotropics represents human
mediated introductionsntendedto control mosquitos, howevadts presence on the Caribbean

Islands of Trinidadnd Tobagas a consequence of natural colonization events from South

America during periods of low sea ley®lagurran 2005) Theability of guppiedo thrive in

fresh or brackish water, alongside a high tolerance to relgtifiarsh conditions, has greatly

aided colonization of new habitats (elgndholmet al. 2005) Moreover, their high propensity

for rapid evolution and adaptation (aided by relatively short generation times) has not only
madeguppiesa valuable model species in biological studies, but has also gainedgiobal

popularity with aquariumhobbyistsg K SNBE a4 St SOGA GBS Oo6NBSRAYy3I KI & f



guppy strains and phenotypes (Figure 1.2).

Much of the evolutionary and ecological research on guppies has focuseatoral
populationsin Trinidad.The Northern Range of Trinidedmprises many dcreteand diverse
riverine ecosystemto test hypotheses of local adaptation. Thenyisolatedpopulations of
guppies in these rivers, coupled with their propensityetmlve independently over relatively
small spatial scales in resporseocal ecologial pressure¢Rezniclet al. 1997)has resulted in
adyl GdzNF £ 102N G2NEBE F2NI ai d{RasBreta™61S NI So6 NI
Guppies show significant variation in genetics, morphology, colouration, febdimayiour
predator avoidance, courtship, and mating behavior among populafigiesfe 1989; Houde
1997 Magurran 2005; Willingt al.2010; Ezanset al.2011; Baillie 2012)he value of guppies
as a model species has led to théeing extensivelgtudied both in natural populations and
under controlled experimental conditions in the lab and field (reviewddéffe 1989; Houde

1997; Magurran 2005; Evaesal.2011)

Numerous studies have investigated MHC in guppies and observed reductions in
diversity through inbeeding(Satoet al. 1996; \an Oosterhoutt al.2006a) inferred the
presence of both random genetic drift and balancing selection in the distribution of MHC allelic
diversity(van Oosterhoutkt al. 2006b; Herdegemt al.2014) proposed extensive allelic and
loci CN\(Llaurenset al.2012;Chapter 3Lightenet al.2014a) temporal variation in allele
frequencieqFrasert al.2010) and parasite mediated homogenizing selectibraser & Neff,
2010) While each of these findings are interesting in their own right, none have made a case
for the guppy to be considered as a model system in MHC studies. This is likely due to similar
findings being observed in other spec{®ernatchez & Landry 2003; Piertn&yOliver 2006)
and so researchers interested in understanding MHC evolutionary ecology (rather than using
MHC to understand functional diversity in their focal species) have no impetus to focus solely

on guppies. A central aim of this thesis is to destrate that guppies offer a unique system for



the study of MHC, and can provide great insight into its evolution and function, which is

potentially absent from other study systems.

Overview of the Thesis

This thesis examines MHC evolutionary dynarmoguppy populations using NGS, and
examines the relationship between MHC polymorphism and guppy traits that correlate with
fitness (colouration, and parasite infections). This study represents the largest study of guppy
MHC to date, in terms of the nureb of studied samples, populations, spatial scale, and data

types (MHC and microsatellite genotypes, guppy colouration, and parasite quantification).

Chapter 2 discusses the basic concepts and issues surrounding the implicationiof NGS
characterizindHCgenotypes.This chapter has begoublished inMolecular Ecology (2014)
23(16):395%72, and my contributiongncluded conception of the study, development and
execution of the analysis, interpretation of the results and writighe paper The various
bioinformatic approaches that are currently implemented are critically reviewed, and
commonly overlooked problems in these procedures are outlined. The aim of this chapter is to
provide a clear understanding of how NGS MHC data should be analyzed tbepmorurate
genotypes in the face of potentially high bias associated with NGS data. In condlssiggest
that bioinformatic approaches should adhere to strict genotyping assumptions and follow
sequencing depth modeling procedures. This can facildateirate separation of real
sequenced allelic variants from those that represent sequence artifacts or cross sample
contaminants. To date the only procedure that implements such a strategy is that which |

describe in the next chapter.
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Chapter 3 introducea novel molecular and bioinformatigrocedure to estimate MHC
genotypes from NGS data, and is exemplified using individuals from multiple guppy
populations. This procedure differs greatly to those previously used and is demonstrated to
perform significanlly better in reducing both Type | (erroneously including artifacts within a
genotype) and Type Il (erroneously excluding true alleles from a genotype) genotyping error.
This is achieved by strictly adhering to commonly asserted genotyping assumptiopp¢asa
to previous studies) and modelling the sequencing depth distribution of sequence variants
within each sample to accurately separate real alleles and sequence artifacts. Along with the
accurate identification of alleles within a genotype, | also exgpthe application of ultraleep
NGS to estimate both allelic and loci CNV among gpppulations. Results suggest that both
forms of CNV are widespread among guppies and the complex nature of CNV likely represents
an important source of variation bothithin and among guppy populationghis chapter was
published inMolecular Ecology Resources (2014) 14(4):7&83and my contributions weréhe

same as in the previous chapter.

Chapter 4 examines the relationship between MHC polymorphism and traits related to
fitness in guppieg male coloration and parasite infection. Across populations | reveal
significant relationships between MHC population richness, particular MHC supergypks
changes in particular colouration (which are believed to be an honest signal of male fitness and
are implicit in mate choice) and prevalence@®jrodactylusnonogean helmintheCrucially
some of these relationships vary among river drainages, siiggelocal adaptationThe most
conservativeexplanation for such patterns is that timetabolicpressure exerted by parasites
on the host immune systemirectly affects colowation believedto signalimmunocompetence
(Houde & Torio 1992; Houde 98 Maanet al. 2006 c.f. the 'good genes' hypothesend the
'indicator’ hypothesisMays & Hill 2004)n comparisons across populationdHC supertype
richnesswas positively correlated witlbyrodactylugprevalence and negative correlated with

colour area and number of spoffhese relationships atkely to be a consequerf
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balancing selection acting on MidGpertypediversity driven by local variation in parasite
communities.In addition, | demonstrate that MHC allelic diversity is significantly correlated
with neutral microsatellite diversity; whereas, MHC supertypeeiity and microsatellite
diversity are not correlated. This suggests that supertypes are less affected by demographic
processes, compared to MHC alleles, and may better represent the unit upon which selection
operates (discussed further in Chapter Bijis is the firsttime such relationships have been
observed among thesenportant fithess and mate choice related traits, and between MHC

alleles and supertypes.

Chapter 5 examines in detail the spatial distribution of MHC supertypes across guppy
populations. In doing so | describe how population structyimf MHC allelic diversity is
affected by neutral demographic processedereas supertype population structuring is not.
Moreover, the study of MHC supertypes in comparison with their constitafleles reveals
detailed cryptic processes surrounding MHC evolution that cannot be inferred by the study of
MHC alleles alone, as is traditional done. | provide the first evidence to suggest that strong
stabilizing selection has operated on MHC allefgkin loci specific supertypes over millions of
years in both the guppy and its relative, the swamp gumecilia picta In concert, | suggest
that balancing selection operates directly on loci (supertypes) to produce complex patterns of
CNV both witm and among populationghis helps to resolve the largely unexplained
phenomenon of MHC TSP. The spatial and temporal patterns that stabilizing selection
generates in MHC allelic diversity can be erroneously interpreted as widespread divergent
selection anong populations when supertypes are not considered. This is because as MHC
allele frequencies alone may be highly differentiated among populatioesto genetic drift
and when supertypes are not considered, this is interpreted as a signature of l@gbhadn
(because each allele is assumed to be functionally important/uniddeyvever, this common
interpretation fails to explain the maintenance of TSP. In conjunction with stabilizing selection |
suggest that haplotypes of MHC supertype CNVaarentral unit upon which balancing

selection operates, and high levels of functional similarity among alleles within a supertype
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render individual allele frequencies susceptible to random genetic diifbse alleles within
supertypes which differ in fitness effts may rapidly change in frequency due to inter

supertype Red Queen processéhis can helpinderstandTSP and supports previous models
showing that TSP cannot be explained by balancing selection on MHC (abel€3osterhout,
200%). The culmination is a description of a new paradigm engtudy of MHC evolution,

which resolves multiple unexplained and commonly observed paradoxes. | purport that the
combined study of MHC alleles, supertypes, and neutral loci is required to accurately interpret

temporal and spatial patterns of MHC evolution
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Figure 11. The region of Northern Southern America, Trinidad and Tobago within the natural range of
the guppy Poecilia reticulatij Genetic evidence suggests that guppies invaded Trinidad and Tobago
from ancestral population in the Orinoco River during periods of low sea(Magjurran 2005)(Used

with permission from Bailli€2012).
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Figure 1.2(a)Examples of variation in colouration observed among male guppkRseCiliareticulata).
Each group of five individuals were taken from separate natural populations in TriRidath: Andrew
Hendry (b) Selective breedig is able to produce a wide rangernéle phenotypic variation. These
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Chapter 2

Critical review of NGS analyses fide novogenotyping
multigene families

Abstract

Genotyping of highly polymorphiaultigene families across many individuals used to be a
particularly challenging task because of madological limitations assatied with traditional
approaches. Nexgeneration sequencing (NGS) can overcome most of these limitations, and it
is increasigly being applied in population genetic studies of multigene families. Hergically
review NGS bioinformatic approaches tihave been used to genotype the Major
Histocompatibility CompleXMHQ immune genes, antdiscuss how the significant advarsce
made in this field are applicable to population genetic studies of gene families. Increasingly,
approaches are introduced that apply thresholds of sequencing depth and sequence similarity
to separate alleles from methodological artefadtexplain why hese appoaches are

particularly sensive to methodological biases by violating fundamental genotyping
assumptions. An alternative strategy that utilizes ulleep sequencing (hundreds to

thousands of sequences per amplicon) to reconstruct genotypespplies statistical methods

on the sequencing depth to separate alleles from artefactseaps to be more robusthe
WRSIANBS PIQnetkdd @dids@sing arbitrary coff thresholds by looking for

statistical boundaries between the sequencigpth for alleles and artefacts, and hence, it is
entirely repeatable across studies. Although the advances made in generating NGS data are still
far ahead of our ability to perform reliable processing, analysis and interpretation, the
community is developg statistically rigorous protocols that will allow us to address novel
guestions in evolutin, ecology and genetics of ntiglene families. Future developments in
third-generation single molecule sequencing may potentially help overcome problems that stil
perdgst inde novomultigene amplton genotyping when using current secegeneration

sequencing approaches.
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Introduction

Nextgeneration sequencing (NGS) techniques allow researchers to provide answers to
guestions in evolution, ecology and geneticattlvere previously unobtainable when restricted

to traditional molecular approachd&oboldtet al.2013) Sequence data are relatively cheap

and rapidly generated. However, with evéecreasing costs, genetic data sets become bigger
and so do the challenges in analysing them. Ironically, someeajénes that have taught us

the most about adaptive processes in the last three decades prove to offer some of the biggest
challenges. Consider, for example, the adaptive immunity genes dfi#lpar Histocompatibility
Complex MHQ, which are among the Is¢-studied systems in evolutionary genetics. The MHC

is a notoriously difficult region to assemble and characterize, even when usirgurggtied
WaK203dzy Q aS1jdzSyOAy 3 | LILINRF OKSa I AY®Rrehr & NBa?2
et al.2012) Approaches that target individual MHC genes in multiple individuals (i.e. in
population genetic studies) have been popular, yet bear a unique set of problems that still
hinder accurate MHCharacterization (seBabik 2010and below). Moreover, newly emerging
targeted NGS analyses raise novel complications that need to be considered when genotyping
highly polymorphic mulgene families. In thishapter, | will discuss the current advances made

in this field, and althoughfocus on the MHC, the lessons learned from analysing these genes
can be extended and applied to other multigene families, including resistance gegesd$)

and selfincompatibility genes (8jenes) in plants; the P450 superfamily and Airéing

cassette transporter superfamily present in all domains of life; homeobox genes in animals,
plants and fungi; the immunoglobin superfamily in vertebrates; affeand virulence genes in
pathogens; reptile toxin genes; cadherin cell adhesion genes and many more (e.g. see
www.genenames.org/genefamiliesvww.genomics.msu.edu/cgi

bin/plant_specific/family_search.cgi

The vertebrate immune genes of the MHC are perhaps the most studied gene family
and remain one of the best systems to investigate the effects of evolutionary forces operating

at the nucleotide leve(Bernatchez & Landry 2003; Piertney & Oliver 2006; Vandiedonck &


http://www.genenames.org/genefamilies
http://www.genomics.msu.edu/cgi-bin/plant_specific/family_search.cgi
http://www.genomics.msu.edu/cgi-bin/plant_specific/family_search.cgi
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Knight 2009) Major Histocompatibility Complex proteins recognize, bind and present the
peptides of pathogens to the T cells of the infected host, which initiates the adaptive immune
response. The evolution of pathogens is geared towards escaping immune recognition by the
MHGC whereas natural selection in host species favours individuals with an effective immune
defense that protects against infections. This results in a series of adaptations and eounter
adaptations, which drive the eevolutionary arms race between host andthbogens. This

process has become knows the Red Queen hypothegigan Valen 1973 adle 1992and is it

is believed to be responsible for the high levels of allelic variationaiteetommonly observed

at MHC genegPiertney & OliveR006; Spurgin & Richardson 2QHizaguirrest al.2012).

However, the particular MHC genes studied by most researchers (i.e. the MHC class |
and class Il genes) are just a small part of the suite of genomic regions involved in
immunological processes. In humans, for example, the MHC (or the human leuantigen
(HLA)) spans #10° nucleotides and comprises over 128 expressed gédetra & Kaur 2003)

In most vertebrates, the MHC in its entirety is a tightly linked, géese region consisting of
tens to hundreds of immunend norimmunerelated genege.g. The MHC sequencing
consortium 1999; Xiet al. 2003) Because of this genomic complexity and the fact that natural
selectbn on the MHC interacts with other evolutionary forces (i.e. mutation, recombination,
genetic drift and gene flow), many evolutionary processes operate within this relatively small
genomic region such as epistasis, pleiotropy, linkage disequilibria, Mubéchet, trans

species polymorphism, gene duplication, gene conversion, m@rombination, transposon
accumulation and intrormediated gene expression regulatiGran Oosterhout 2008 van

Oosterhout 2008; Croisetiéreet al. 2010; Spurgiret al.2011; Llaurenst al.2012)

Besides being part of a complex multigene family, most MHC class | and Il genes have
undergone multiple independent gene duplication evefidawkinset al. 1999; Kulsket al.
2002) These duplications affect host adaptation by augmenting the immune defense
repertoires within individuals and populations, or increase the dosage of advantageous alleles

across loci. Individuals may contain multiple polymorpbat at particular MHC genes as a
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result of gene duplication, and the total number of loci can vary among individuals, populations
and species, resulting in salled copy number variation (CNV; i.e. individuals may comprise
different numbers of alleles due to different degrees of gene duplication;Teaierne 2008

Eimeset al. 2011, Llaurenst al.2012; Chengt al. 2012; Winternitzet al. 2013;Chapter 3;

Lightenet al.2014a) The high nucleotide similarity between the duplied gene copies may
facilitate recombinational processes such as migoombination (exchange of DNA sequence
fragments between alleles within or between loci), leading to gene conversion and
redistribution of nucleotide variation across MHC gene pamasgCullenet al.2002; Eimest

al. 2011) Such processes have been implicated in the rapid formation of novel MHC alleles
(Spurgiret al.2011; Zhacet al.2013) and recombindabn may be important in promoting CNV
across genomic lo¢Vadlkeret al.2010; van Oosterhout 2013t other norMHC genomic loci,
multiple denovoCNVs (believed to be functional) have even been identified in progeny that
were ot present in either parent§Samarakooret al.2011) and so CNV may act as an

important source of genomic variation in dimg rapid adaptation to new or changing
environments. Moreover, the adaptive significance of CNV has recently been described in
another important immunerelated multigene family, the human immunoglobin heawghain
multigene region (IGH), which encodeg thighly variable peptides that constitute antibodies,

and is essential in adaptive immuni{iyatsonet al. 2013) The critical task of accurate
characterization of MHC (and IGH) diversity within populations is made challenging both by the
unknown amount of CNV as well as by the exceptionally high level of polymorphism within
individual MHC genes (and the complex gémteractions, which produce extreme diversity in

IGH peptides; Watsoet al. 2013. These issues make it difficuit target individual loci and
characterize all variation, and generally with MHC, researchers use degenerate PCR primers to
conduct multilocus genotyping (Bab2010). Once primers have been designed that maximize
the potential to amplify alleles across loci (see 8grriet al.2014) researchers have a choice

of multiple strategies to identify unique alleles within mukmplate PCR products or

amplicons. (Hereatfter, | define an amplicon as a set of unique sequences that is derived from
the same PCR, and tBequences can include allelic copies as well as copies of paralogous
genes). The strategies can be grouped in two categories: (i) those that implement NGS; and (ii)
GK2asS GKFG FLILIX @& WiNIXRAGAZ2YEFEQ Y2f SOdzgl NJ I LILIN.


http://onlinelibrary.wiley.com/enhanced/doi/10.1111/mec.12843/#mec12843-bib-0069
http://onlinelibrary.wiley.com/enhanced/doi/10.1111/mec.12843/#mec12843-bib-0001
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singlestrand conformation polymorphism, denaturing gradient gel electrophoresis; see Babik

2010for an in depth reiew).

Many protocols have been developed to minimize biases associated withloaus
genotyping. In particular, they have aimed to identify sequence artefacts generated by sources
of methodological error, such as polymerase generated random-basendch errors, PCR
associated chimeras and clontdgrived mosaiksequences (e.d.enz & Becker 2008;
Cummingst al.2009; Babik 2010)To exclude these errors, genotypes have often been based
on the validation of alleles through observing each sequence variant in at least two
independent PCR products (BaBiXL0. This allele validation threshold (AVT) was set low
because of the long and expensive laboratory protocols adsalwith traditional approaches.
The relatively low throughput of traditional methods also means that allele dropout (the failure
to include a true allele in a genotype) may reduce genotyping accuracy, especially when PCR
bias occur¢Sommeret al. 2013) For example, disproportionately fewer clones (each specific
to a particular allele) will represent alleles that are less preferentially amplified, and so these

alleles have less chance of bgisequenced when a low number of clones are screened.

In theory, NGS protocols should not be hindered by allele dropout caused by low
throughput because an amplicon can be screened hundreds to thousands of times. This
eliminates the shortcoming of beingstricted to sequencing just a handful of clonally amplified
products per amplicon. Nevertheless, the rationale and thinking that has been developed over
decades using traditional approaches continues to resonate in processing NGS data. Contrary to
traditional methods, deep rsequencing allows for the sensitive detection of alleles within an
individual even if some are less preferentially amplified (Sonehat. 2013. However, along
with this increased resolution comes the potential for NGS to introduce new problems that may
reduce genotyping accuracy. Higher error rates and increased sequencing depth also increase
the likelihood of observing artefac{$larismendyet al. 2009;see next section). This means that
their separation from real MHCleales has become more challenging in NGS data than in
previous methods (discussed below). Although this problem was first emphasized alongside the

obvious benefits that NGS offefBabiket al. 2009) it did little to tarnish the perception


http://onlinelibrary.wiley.com/enhanced/doi/10.1111/mec.12843/#mec12843-bib-0001
http://onlinelibrary.wiley.com/enhanced/doi/10.1111/mec.12843/#mec12843-bib-0001
http://onlinelibrary.wiley.com/enhanced/doi/10.1111/mec.12843/#mec12843-bib-0058
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generated in initial studies that NGS offers a relatively straightforward bioinformatic approach
to genotype MHC lo¢Wegner 2009; Babik 2010; Galktral. 2010) However, specific

problems were not fully recognized in earlier studies, and therefore, a broadly accepted and
rigorously tested theoretal or methodological approach for converting raw NGS data to MHC

genotypes is yet to emerge.

The downside of depth

The total resequencing depth of an amplicon required to confidently characterize the
polymorphism at diploid loci (reviewed Mielsenet al.2011)is easier to empirically evaluate

than the depth required in studies ofuttigene families. A global minimum-s&quencing

depth for accurate genotyping cannot be easily implemented because of unknownTQislV.

issue is compounded by (i) PCR amplification bias that may result in unequal amplification of
alleles (van Oosterhouwt al. 2006; Cumming®t al. 2010 Sommetret al. 2013), (ii) repeatable
sequencespecific NGS basmismatch errorgHarismendyet al. 2009; Gille®t al. 2011;

Chapter 3Lightenet al.2014a)and (iii) sensitive detection of low copy number DNA sequences
in amplicons when using N@S & Stoneking 2012 hese factors are problematic because low
copy number basenismatch errors (generated during PCR or sequencing) and-saogsde
contamination can be common occurrences, and they can be observed at high sequencing
depths when using NGS approaches (Li & Stonékiag Sommetret al. 2013 Chapter 3;

Lightenet al. 2014a). Both PCR bias and the presence of artefacts can vary among amplicons
(Sommeret al. 2013 and increase the likelihood of including artificial variants in genotypes
(Type | genotyping error) or excluding real alleles from genot{pgse Il genotyping error).

These problems are common to any NGS approach, and therefore, NGS bioinformatics used to
genotype MHC loci and other multigene families should apply much more stringent criteria
than traditional approaches in the separationadleles and artefacts. This requires knowledge

of the error distributions specific to NGS technologies, and a shift from the genotyping rationale

of traditional sequencing.


http://onlinelibrary.wiley.com/enhanced/doi/10.1111/mec.12843/#mec12843-bib-0047
http://onlinelibrary.wiley.com/enhanced/doi/10.1111/mec.12843/#mec12843-bib-0014
http://onlinelibrary.wiley.com/enhanced/doi/10.1111/mec.12843/#mec12843-bib-0058
http://onlinelibrary.wiley.com/enhanced/doi/10.1111/mec.12843/#mec12843-bib-0033
http://onlinelibrary.wiley.com/enhanced/doi/10.1111/mec.12843/#mec12843-bib-0058
http://onlinelibrary.wiley.com/enhanced/doi/10.1111/mec.12843/#mec12843-bib-0034
http://onlinelibrary.wiley.com/enhanced/doi/10.1111/mec.12843/#mec12843-bib-0058
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The evolution of NGS MH@: novogenotyping methods

Since the first application of NGS to genotyping MHC loci (B&hlk2009), the approach has
gained popularity beasse of improved efficiency in sequence data collection. However, the
bioinformatic methods employed to transform raw sequence data into genotypes have been
quite variable. Here, | summarize the three main concepts used fordd@8vogenotyping of
MHC log which use (i) allele validation thresholds (AVTSs); (ii) variant clustering methods; and
(i) CNV methods (or relative sequencing depth modelling). The latter most recent approach

uses expectations derived from NGS assumptions and genetic models td GldNitate

genotyping.

Allele validation thresholds (AVTS)

A key assumption in NGS studies of the MHC is that true alleles should be observed at greater
depths than artefacts (Bab#t al. 2009. There are, however, also several largely unspoken
assumptions, which are likely to be violated in NGS studie=seTimclude the supposition that

all sequencing errors are random (which they are not), that the amplification process does not
unduly bias the observed sequence depth of certain alleles (which it can), and the belief that
minute amounts of contamination M/not be picked up as a signal (which most certainly will be
the case when using deep sequencing). Before evaluating the consequences of violating these

assumptions, | will discuss the rationale of AVT protocols.

The AVT protocol aims to distinguishedécts from genuine alleles based on a
determined level of variant sequencing replication within and/or among independent PCR
amplicons. The AVT method usually comprises two separate components (summarized in
Figure2.1): (i) a minimum required sequencing depth of a variant within and/or among
amplicons to initially be considered as a putative all&T); and (ii) a minimum within
sanple sequencing depth that is required to separate alleles from artefacts in variants that pass

the first threshold AVE). Babiket al. (2009 setAVT as the observation of a variant in at least


http://onlinelibrary.wiley.com/enhanced/doi/10.1111/mec.12843/#mec12843-bib-0002
http://onlinelibrary.wiley.com/enhanced/doi/10.1111/mec.12843/#mec12843-bib-0002
http://onlinelibrary.wiley.com/enhanced/doi/10.1111/mec.12843/#mec12843-fig-0001
http://onlinelibrary.wiley.com/enhanced/doi/10.1111/mec.12843/#mec12843-bib-0002
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if anAVT is used, it should be based on an understanding of the error diginibs observed
among the products of the various stages in a genotyping workflow (e.g. PCR, sequence
coverage and specific NGS technologies), and it should not be adopted from traditional
sequencing approaches. Galatal. (2010 went further to calculate the probability of
sufficiently filtering out artificial sequences under differé¥ T, stringencies. They based tine
calculation on estimating the probability of observing a simgfelombasemismatch

sequencing error derived from a true allele within a sample. They calculated that the
probability a sequence occurred with at least one sequencing error in the davgaset
sufficiently low P=0.11) so that the overall probability of observing exactly the same error in
three or more sequences was negligibly snfa# {0 J. Thus, ar\VT of 3x was implemented
and further justified by the use of similar criteria in cloning and Sanger sequencing studies (e.g.
Cummingst al. 2010. The two examples were then unified BggalskaNeubaueret al. (2010)
who proposed a genotypingVTL of 3x depth in at least two amplicons for variants to be
consideed as true alleles. This particul&d¥ T has been commonly applied in NGS MHC studies
with the occasional minor modification. However, in some cases, arguments for redaied
criteria were made, evidently to maximize data retenti@yg. NadachowskBrzyskaet al.

2012; Sepiét al.2012) but possibly at the cost of reduced statistical rigour and genotyping
accuracy. The problem with setting AVT based on random sequencing errors is that errors
may be nonrandonGomezAlvarezet al.2009; Gillet al.2011) which means that the
probability of detecting the same artefact multiple times will be underestimated. eanlore,

the number of artefacts will increase both with sequence depth and the number of samples,
and hence, every study will need to calculate their oMWk value based on the observed error

distributions.

Commonly, to estimat&V, the percentage ofmplicon sequencing depth attributed
to each variant that passedlVT is calculated, and then all unique variants observed among
amplicons are ranked in order of their maximum {a@enplicon frequency (MPAF; Zagalska
Neubaueret al. 2010. By comparing the sequence composition of variants with the lowest

MPAF (presumed to be artefacts) to those witghrer MPAF (presumed to be real alleles), it is
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possible to identify low copy number artefacts that originate from real alleles. When two
variants always coccur among amplicons and differ by just a single base, the variant with the
lowest depth is assunekto be a basemismatch error derived from the more highly sequenced
variant. A similar argument can be made for chimeric sequences. Artificial chimeras comprise
sequence fragments from real alleles and arise through artificial recombination durng co
amplification of multitemplate amplicongLenz & Becker 2008)o identify potential chimeras,
both parental alleles should be present in the same sample and the chimeras are expected to
occur at a relatively low frequency. By working up from low MPAF variants towards high MPAF
variants, a defh percentage cubff can be estimated above which only real alleles are likely to
occur. The validity of thiaVE is then tested in the subset of amplicons and accepted if it filters
out the majority of artefacts. Thi&VT is then applied to the remaing amplicons, assuming

that it will just as reliably separate alleles and artefacts as in the subsample of assessed

amplicons.

Despite the current popularity of AVTs in NGS studies of the MHC, they are subject to
certain problems. Essentially, the useAdfTs may not only violate genotyping assumptions (see
below and Figur@.2 and Table2.1), but they may also be inadequate in removing artefacts,
given that most studies ignore the possibility of crassplicon contamination (e.d@abiket al.
2009; Galaret al.2010; Zagalskdleubaueret al.2010; Kloclet al.2010; Sepiét al.2012;
Nadachowska#rzyskaet al.2012; Radwaset al.2012; Sommeet al.2013; Pavewt al.2013;
Lamazeet al. 2014) Specifically, studies that have used AVTs have reported artificial chimeras
that had mimicked putative alleles in disparate amplicons (e.g. Zagidkskbaueret al. 2010
Radwaret al. 2012), which in most cases were apparently identified by visual comparison of
aligned sequences within a sample. However, from the commonly observed high rate of
200dzNNByOSa 2F (GUKS&S &adz2ll2aSR WOKAYSNRA® | ffS¢
fact represent contamination from disparate PCR produCtsapter 3Lightenet al. 2014a).

The identification of kimeras is a notoriously difficult task, which is reflected in the fact that
multiple programs have been designed to assess the likelihoods of chimeric sequences (e.g.
Padidamet al. 1999; Posada & Crandall 2001; Edgfaal. 2011; Martin & Wang 2011)
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Identifying artificial chimeras is particularly difficult in MHC studies because MHC alleles
frequently undergo natural recombinatiqi€arrington 1999)Moreover, the likelihood of
chimeras perfectly mimicking real alleles in disparate amplicons at such high frequencies seems

unrealistic.

Previous studies employing AVTs have not considéregossibility of contaminant
variants at relatively low depths, which are identical to real alleles in other samples (i.e. not
PCRderived artefacts). Such ledepth sequences that were not observed lvputative
parental alleles might be erroneously included as genuine alleles in a genotype. Adding further
to potential genotyping error, AVTs have sometimes been modified on an apparently arbitrary
basis with no justification. For exampletiebenset al. (2013)redefinedAVTE and accepted
sequencesonlyasgedzA yS | £ £ St Sa ¢6KSYy (GKS& | OKASOSR XMIE:
sequenced allele within the sample. However, they did so without describing an empirical
evaluation, and by doing so, they risked losing-posferentially amplified alleles or including
repeatable artifacts. Given the significant variation in amplification rate among alleles, and the
more recent realization that crossample contamination may be common, in retrospect, this
modification of AV without thorough justification seems-#ldvised irespective of their

observed high genotype repeatability (as both alleles and artifacts can be repeatable).

Notwithstanding these problems, if AVTs are empirically assessed on-byzease
basis, then they may allow replicated genotype estimates ifsesample contamination is low
and all remaining errors can be accurately identified. Accordingly, some studies have suggested
interesting patterns of MHC diversity in a variety of taxa (e.g. high number of genes per
individual, ZagalskBleubaueret al. 2010, hybridization increasing diversity, Nadachowska
Brzyskeet al. 2012 and have demonstrated genotyping repeatability between samples when
using AVTs. As such, they have formed the basis for further development of genotyping
methods ad represented an important step in the progression of NGS MHC genotyping (e.g.
Stiebenset al. 2013. However, deepesjuencing exacerbates the problems that AVTs face with
contamination (Figur@.2). With decreasing NGS costs and the advent of -akep

sequencing, further developments in AVTs methods are required if they are to remain a reliable
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genotyping approach as currently they hold no significant advantage over other available

methods (See below and Tabl@p.

Variant clustering

More recently, variant clustering approaches to MHC genotyping have been designed that aim
to separate artefacts from alleles based on the sequesngelarity among variants within each
amplicon (Sommeet al. 2013 Paveyet al. 2013 Lamazeet al. 2014 summarized in Figur2.1

and Table 22). Evaluating sequence variants on a-perplicon basis is an improvement over
applying a rigid AVT across all amplicons because AVTs are usually based on sequence
observations on a sukample of amplicons taken from the entire data set. Therefore, the aim

of clustering approaches has been to increase genotyping accuracy by accounting for variation
in error frequencies and PCR bias among amplicons and sequencing runs. However, the attempt
to eradicate artefacts by collapsing all closely related (highly similar) sequences to a single
representative during clustering is controversial and may oversimplify patterns of diversity.
Knowledge of the actual allelic diversity is important becaused¢hn inform us about the

amount of balancing selection that is acting on the MHC (see e.g. van Oostetlab2006).

Paveyet al. 2013 and Lamazet al. (2014 used a complex iterative procedure in three
successive steps, which can help overcome-ogducing diversity estimates using sequence
clustering: (i) the first step generates clustefgatative allele sequences within each
individual. These clusters each describe a unique variant and the depth at which it has been
sequenced. Thresholds are set to discard clusters that fail to meet criteria of sequence similarity
and total sequencing geh within each amplicon. These criteria are based on the common
premise that artefacts should be observed at lower depths and are similar in sequence to highly
sequenced alleles. The sequences are then aligned with Sanger sequences for quality control
(eg. for indel detection); (ii) The second step builds clusters of putative global alleles from all
individuals, and a threshold, based on the targeted length of amplicons, is used to distinguish
alleles that differ by a single nucleotide; (iii) In the trstdp, the global consensus alleles for all

populations constitute a BLAST database against which the original sequences within each
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individual are compared. If a true allele is erroneously discarded from an amplicon during the
second step because it isryeclosely related to a more highly sequenced true allele, this third

step should reassign the allele back to that amplicon when its sequences are compared with the
BLAST database, assuming that it was correctly identified in other amplicons. Althousieihis
aims to reduce Type Il genotyping error, careful consideration must be taken as it also increases
the potential to inflate Type | genotyping error if contamination is present. Then, for each

global consensus allele, BLAS/akie scores are plottedsaa function of the number of reads.

A minimal threshold of number of sequences to accurately genotype each individual is

established based on a natural break in this relationship (as in Baaik2009).

Sommeret al. (2013 followed with a similar approach that used an iterative clustering
approach of variants within each amplicon individually. They separated alleles and artefacts
based on (i) the relative frequencies of variants; (ii) variant replication among amplicwhs; a
(i) nucleotide similarity among variants. Sequence variants within an amplicon are first
clustered based on sequence similarity and ranked by their percentage of amplicon sequencing
depth, removing singleton variants represented by just one sequeareelé depth; assumed
to represent artefacts). Starting from the second highest ranked cluster (a cluster is from here
on defined as a unique variant with a particular sequencing depth) and moving down the list,
they are compared in sequence compositiormore frequent ones. Chimeras are
computationally identified based on the probability that they comprise sequence fragments
FNRY (62 RAFTFSNBYG Y2NB FNBIljdsSSyld GFNAKYIad ¢K
0FaS LI AN OO0LWLRRAFSSBPYOHS Q2 RIN®PRFH AGE Y2al aAy
The next stage aims to identify putative artefacts by comparing variant composition among
replicated amplicons and/or disparate amplicons. When a variant labelledta2dbp
difference or achimera is not present in both replicates amplicons of the same sample, it is
classified as a putative artefact. However, variants classified-ap ®#fferences are identified
as putative artefacts only if they are not replicated in any sample amplicassathe entire
data set. This stage is reliant on the assumption that even if allele dropout occurs between

sample replicates, then that allele will still be identified in disparate samples. However, this
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may fail to identify real rare alleles (presentjust one individual), especially if they are less
efficiently amplified. An additional assumption is that basismatch errors are not repeatable
among amplicons and thus they are identified primarily by their absence in the replicate
amplicon. The finadtage then defines putative alleles based on irdraplicon comparisons of
relative depths among putative artefacts and the remaining sequences, where alleles must be
seen in both replicate amplicons at greater depth than all putative artefacts (see Soehale

2013for full details).

Interestingly, this approach also introduced measures to estimate the degree t& whic
the amplification of each allele was affected by PCR bias and showed that allele dropout may
occur if PCR bias is not accounted for. However, this approach to detect PCR bias (and estimate
genotypes) currently requires replicate sequencing of every sauaupdl so reduces the total
number of unique samples that can be employed in a single sequencing run. Notwithstanding a
reduction in the total number of unique samples that can be included in a sequencing run,
currently, the repeated sequencing of a samjgl¢he best way to validate genotypes, but is not
enough to call alleles given that artefacts are repeatable among amplidtsgs their results
suggest a benefit of increasing amplicon sequencing depth to hundreds or thousands of

sequences, which may ir@ase genotyping accuracy by reducing the impact of PCR bias.

Clustering sequence variants within samples has been shown to be an effective means
to filter out erroneous variants and is a popular approach to process NGS data (e.g-$8dRAD
analysisCatcheret al. 2013) However, because of the uncertainties surrounding the
observations of alleles and artefacts among MHC amplicons (i.e. CNV, PCR bias, error variance),
there are noa priori(and objective) parameter settings that can be used to designate clusters
and sepaate alleles from artefacts. Previous methods that intended to do so (e.g. G&dhn
2010 Paveyet al. 2013 should be applied with caution because even small changes in the
arbitrary parameter settings can significantly alter tlesulting allele frequencig®©omenet al.
2013) This is particularly the case in the presence of PCR bias and contaminatianbiiiaey

distance thresholds used in clustering approaches are similar to the AVT method and lack the
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statistical rigour to theoretically validate separation of alleles and artefacts. Such statistical
approaches are important and carried out in NGS aeslys other areas of research (e.g. RAD
seq; Catchert al. 2013 Gagnaireet al.2013)

Genotype modelling based on theoretical expectations

Recently, Lighteet al. 2014a) (See Chapter 3) aimed to separate alleles from artefacts based
on peramplicon comparisons of relative sequencdepths in a data set derived from ultra

deep sequencing, using two independent yet complementary workflows (see below, Figjure 2.
andTable 22). This approach takes advantage of the sguantitative nature of NGS and
assumes that the number of times a target regiaas been sequenced is approximately
proportional to its copy number in the genome (and so alleles should be sequenced at
significantly greater depths than low copy number artefacts within each amplicon). The
assumption is that PCR bias is nonexistent @ligible so that relative sequencing depths of
multi-allele MHC amplicons can be fitted to expectations derived from theoretical models of
CNV (i.e. the allele counts expected in mldtus genotypes). While the CNV modelling

approach of Lighteet al. (2014a) (Chapter 3may be valuable in study systems that have well
optimized primers and few duplicated loci, the impa€ higher numbers of loci (e.g. >10) and
PCRoiased allele amplification across these loci may be too great to accurately decipher
complex patterns of allele and loci CNV. Moreover, the CNV modelling approach was not tested
in a system with more than #&MHC llb loci, and the effects of PCR bias were not assessed.
Furthermore, the predicted and repeatable CNV patterns reported in the guppy remain to be
independently validated by alterative molecular methods (e.g. direct sequencing of entire MHC
region),and it would be valuable to apply the CNV modelling approach to an alternative well
characterized genetic system and to fully test the effects of PCR bias on the accuracy of this

approach.

In taxa that are believed to harbour tens of MHC loci (e.g. passerine Segset al.
2012) the most realistic and accurate genotype modelling approach may need to be adapted
soto focus on identifying solely the tataumber of allelesA)) if accurate and repeatable CNV

patterns cannot be verified. Lightest al. (2014a) (Chapter3) additionally implemented such an
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approach, which appears to provide robust complementary estimatéstofthose estimated

from CNV modelling/ariant depths were also evaluated (independent of CNV model
expectations) with respect to identified statisal breakpoints between alleles and artefacts.

The rationale is that alleles should occur with higher depth than artefacts so that within each
sample, there should be a noticeable drop in the number of reads between thedegstfied

allele and the mostommon artefact. This drop is identified by a statistically significant degree
of changeDOQ in the sequencing depth attained for alleles and artefacts Gespter 3;

Lightenet al. 2014a). This approach avoids the use of aamyrioriAVTs or parameter settings to
separate alleles from artefacts. This has the important advantage that genotyping becomes
directly comparable among studies, even if sequencing error distributions differ. Moreover, the
requirement of a statistical breakpoibetween alleles and artefacts introduced an amplicon
guality control measure for reliable genotyping (Fig@r&). Those amplicon datthat could be
justified as being of poor quality were identified and removed from downstream analysis to
avoid biases in estimates of genetic diversity. Even though this method reliably separates alleles
from artefacts, a potential disadvantage of thigosoach is that severe PCR amplification bias
could distort estimates of CNV patterns and hinder the separation of alleles and art@gfatts

a4 K 2 dzaflegtID@yenotyping, se€hapter 3Lightenet al.2014a) Indeed, although the
multi-locus genotypes were highly repeatable within the same sequencing run (100%), the
repeatability (the degree of concordance between the alleles observed in both replicates) was
less impressive among fully independent sequencimgdata sets (83.7%; but see Chapter 5
where repeatability improves t69.83%. Yet, this reduction is believed to be a consequence of
random effects rather than PCR bias, as the additional alleles found in the second sequencing
run were initially observe in the first data set, just at a sequencing depth which erroneously
classified them as errors. The method of Ligheeal. (2014a) (Chapter 3glso identified and
resolved problems associated with cremsplicon contamination, which is an undesirable yet

inevitable feature of PGRased ultradeep sequencing methods.
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A similar approach has been implemented using deep sequencing ratios to estimate
CNV byHayeset al. (2013)who compared CNV estimates with sequencing depthe®f Using
both a PCRand a noAPCRbased (sequence captwaaray) approach. By including the method
applied in Sommeet al. (2013 to identify any PCR bias, the Ligh&tral. (2014a) approach
would be further strengthened. Including population genetics theory and analysing the
Mendelian segregation of alleles in mtllticus genotypes could make a possibleliert
advance. This relies, however, on Hagieinberg equilibria, an assumption that is likely to be
violated in genes such as the MHC, which are under selection. Also, the use of pedigree or
relatedness data could be a fruitful avenue to improve the sgpoihmultiHlocus genotypes by
NGYe.g. Hucharett al.2012)

A point worth emphasizing is the added benefit of estimating genotypes using two
independent yeicomplementary approaches. Using the CNV modelling approach, Ligiaén
(20141) (Chapter 3pllowed for the possibility of up to five MHC b loci (10 alleles) based on
empirical evidence to suggest that guppies had up to three loci (six alleles). Testing the fit of the
data to a higher number of loci than expected does not affect the outcontleedbestfitting
model, and although the number of models does not constitute a genotyping threshold,
underestimating the number of loci will affect genotyping. In most cases, researchers should
have a general idea of the number of alleles present inrtbieidy species, as prior optimization
of PCR primers (whether it be though cloning and Sanger sequencing or NGS) is always
recommended. However, even if these data are lacking[X®&xriterion implementedn
Chapter JLightenet al. 2014a) is independent of CNV mathematical assumptions, and if the
number of modelled loci is underestimated in the CNV workflow, therirtfiection point that
illustrates the significant increase in tBEOGwvould fall above the number of alleles that can be
expected based on the modelled number of loci. This allows the user to adjust the number of

CNV models implemented in their analysis.
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Finally, a common source of error that is largely overlooked in multiplexed amplicon
studies, but especially important to recognize in multigene family studies, is that of artificial
amplicon barcode (used to identify specific samples) switching diabayatory procedures.
This can lead to the formation of novel didmrcode combinations, which were not employed
Ay GKS &aidzRé RSaA3dIys FyR LROGSYGALIffe O2dz R
where variants from one amplicon become asat&i with those from a disparate amplicon.
However, such variants should be relatively rare across entire data set, as the source of the
error is believed to occur when independent PCR samples are pooled together (even without
further PCR cycles) for NG@8ary construction when PCR products have not been thoroughly
cleaned to remove primers and primer dimé@arlseret al. 2012) These artefacts are easily
distinguished from real alleles when using D®Ccriterion (given good quality dat&hapter
3; Lightenet al. 2014a) especially in those generated by the lllumiraSeq protocol, as all
samples undergo just one independent PCR each. However, caution should be taken when
using protocols that perform additional PCR cycles on pooledteuatiplate amplicon libraries
(each of which has already undergone an initial PE3Rhis could inflate the relative frequency

of all types of artefacts, potentially impeding genotyping.

The importance of upholding genotyping assumptions

Nextgeneration sequencing methods to genotype multigene families by PCR make the
following two assumptions: (i) different alleles should amplify approximately equally well; and
(ii) alleles should be amplified at much greater sequencing depths than lpyvraomber

artefacts (e.g. Babigét al. 2009 Galaret al. 2010 ZagalskaNeubaueret al. 2010. Asumption

1 can be validated by the design and testing of degenerate and/or{gpesfic primers that
amplify all allelic variants equally efficiently (a nontrivial task; Bairai. 2014). Also increasing
total amplicon depths can help minimize the effect of PCR bias (Sostrak2013), but in

some cases, allele dropout may be hard to eradicate. If the primers simply do not anneal
efficiently to the priming sites, no sequence depth will help to uncover these alleles. Indeed, it

is very likely that MHC studies underestimate the truelallrichness because primers are
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designed based on the already known sequence information. Given that the MHC is highly
polymorphic, it is likely that some allelic variations will not be amplified and remain unknown.
Similarly, the use of additional sequee data can decipher unknown allelic CNV in conserved
exons (i.e. the same allele may be duplicated among different loci, and these multiple copies
will remain cryptic if the exon sequences are identical at each loci). Llaegtahg2012)

illustrated this point in the MHC by redesigning PCR primers in the conserved neighbouring
exon (exon 3), which were used to sequerthrough the adjacent intron 2. Remarkably, this
uncovered 40.9% more MHC alleles that would have been missed if they had amplified the
polymorphic exon 2 of the MHC class 1I1B alone, meaning that some MHC class IIB alleles were
observed in multiple copgeand were only distinguishable by their associated unique intron

variation. Given that MHC class Il studies tend to focus just on exon 2, it is not unlikely that

Y2ad al/ &aiGdzRASEa KI@S aAIYAFTAOlIylGfeé dzyRSNBadA

Despite thepossibility that some PCR bias may be unavoidable, assumption 2 should
always be enforced; that is, there should always be a noticeable (and statistically significant)
difference between relative depths of real alleles and artefacts. This allows foottfiglent
separation of alleles from artefacts, and it is fully achievable using QiGpter 3Lightenet al.
2014a). Obviously, if significant PCR bias does exist, some alleles may not be observed along
with highly sequenced alleles. For this reason, primer design and the evaluation of the
amplification efficiency of primers by testing different primer combinations snlzset of

individuals is of paramount importance.
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Moving forward: Elucidating gene family CNV and the use of single
molecule sequencing

The number of duplicated loci in multigene families is usually inferred indirectly through
estimates of the totahumber of distinct allelesX) in a genotype. (Note, however, that this
usually refers to the number of putative allelic sequences rather than the actual number of

Wi NHzS Q I tATced Vafy gréaiy dinéhg speeies (e.g. Wintereital. 2013, and even

within species (Piertney & Olive006 Chapter 3Lightenet al. 2014a). Traditionally, variation

in A has been attributed to CNV in the number of MHC loci between individuals (i.e. the
number of gene paralogous), or alternatively, due to the same allele being present at multiple
loci (which might be the consequence of gaxmaversion). However, identifying the actual

cause of CNV is difficult. For example, if sequencing depth of an amplicon indicates that an
allele is present in two copies, it could suggest there are two alleles at a homozygous locus, but
equally, there cold be two copies at two heterozygous (or hemizygous) loci. Pedigree studies
could shed further light on the genetic architecture dgsessinghe inheritance of alleles. To

my knowledge, few attempts have been made to quantify the frequency of either catpli

alleles or loci at a population level, probably because estimating loci and allelic CNV using
traditional PChhased methods is difficult. An alternative to pedigtessed approaches to

verify the structural arrangements of multigene faieiland thecause of CNV is to analyse
bacterial artificial chromosome (BAC) libraries. This approach can produce large DNA constructs
from cloned gene fragments spanning entire genomic regions. Although the laborious nature of
this technique means that it is not fahgy applied across many individuals, it can be used to
initially characterize CNV (assuming this variation resides on the same chromosomal region)
and then to develop CNSpecific PCR primers for population studies. Such an approach has
been applied to caracterizing CNV at the human immunoglobin healigin multigene region

(IGH; Watsoret al. 2013 and MHC in the dissathreatened Tasmanian Deyiddleet al.

2010; Chengt al.2012)

Deep sequencing through NGS also offers a potential solution to estimate CNV
(Campbelkt al.2008; Chiangt al.2009; Xie & Tammi 2009; Yoenal.2009; Oomeret al.

2013; Hayest al.2013)which may be more feasible on the population level. By comparing the
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relative proportions of allelic sequences, it is possible to esentia¢ CNV at particular loci.
CNV estimates are commonly inferred from data collected by sequence capture or exome
sequencing approaches. Micesrays or targeted gene probes can be implemented to isolate
specific genomic regions of interest, which canrthee sequenced. For applications in
multigene families, this approach is beneficial as it avoids potential PCR bias in designed
primers (utilizing ligationmediated PCR) and can produce laagge haplotype datéCaoet al.
2013) The main drawbacks are that sequence capture approaches require sigréfipaoti
genomic data for probe design and are relativetpensive compared with strictly P®Rsed
approaches. Nonetheless, the information gained from extended haplotypes of multigene
families can be invaluable in elucidating the pattern and processes implicit in their important

biological functiongProllet al.2011)

Inferring CNV through relative ratios of sequence product observed among variants
lacks the definitive validation of directly sequencing the primary genomic architecture of the
region suspected to contain copy number variants. Indeed, the ability to &seduence and
genotype entire multigene family complexes efficiently on the population level rather than
count allele products at particular loci (by PCR or sequence capture) would be a major step
change in the population genetic analysis of these gelResexample, significant fithess effects
of MHC genes are not just due to the additive effects of alleles, but also the combination of
alleles both within and between loci (i.e. overdominance and epistasis) plays a major role in the
evolutionary geneticsf these gene¢Gregerseret al. 2006; Oliveet al. 2009; Lipperet al.

2013) The development of methods that allow for mticus genotyping will significantly
advance our uderstanding of the evolution of multigene family function, and in the case of the
MHC, it will open up new avenues in the study of local adaptation and susceptibility to disease

in natural populations (Siddkt al. 2010 Chenget al. 2012).

t NP & LIS O é3nSy/SS NP OIKAMNR 4 S1j dzZSYy OAy3IQ (GSOKy2ft 234853
KdzZNRf Sa Ay [/ b+ OKIFENIOGSNRAT FGAAGYSHNTGR 2YINEG S § uS
Table 2.3), those mainly being the fact that in most cases, €M¥érred from relative

abundance of sequence products and not direct characterization of the entire genomic region.


http://onlinelibrary.wiley.com/enhanced/doi/10.1111/mec.12843/#mec12843-bib-0057
http://onlinelibrary.wiley.com/enhanced/doi/10.1111/mec.12843/#mec12843-bib-0010

35

In particular, single molecule sequencing that relies on nanopore technology holds great
potential. Theoretically, this approach is nohiied by sequencing read length, complex library
preparations and relative sequencing depths as with current NGS platforms, but instead can, in
theory, continuously sequence entire DNA fragments. These long reads may provide direct
characterization of ente genomic regions, which may be especially valuable in deciphering
CNV. Moreover, nanopore technology circumvents the requirement for PCR amplification,
which can further reduce the issues in describing highly polymorphic multigene families.
Because, foexample, MHC and IGH regions have high gene den@itiesliedonck & Knight

2009; Watsoret al.2013) it may be possible to characterize entire gene family regions as one
sequenced fragment, providing the opportunity for a much fuller understanding of the complex
interactions and evolution among all loci. At the moment, this approach would require the
sequenceof entire genomes or individual chromosomes to locate the gene family regions if no
prior genomic targeting was undertaken. Alternatively, sequence capture approaches could be
used to initially target the region of interest (albeit in numerous fragment®y po single

molecule sequencing. For example, sequence capture probes have recently been used to isolate
most of the MHC region in humans (HLA; €goet al.2013) and by avoiding the need for
short-read deep resequencing, as with current NGS technologies, single molecular sequencing
could dramatically reduce the sband effort required to genotype entire HLA regions in many
individuals. This approach would allow comparatively simpler bioinformatic approaches than to
those currently being used ote novomulti-locus genotyping, and while it could be used for

more eficiently design of PCR primers (being more @dfdctive and time effective than BAC
libraries), more importantly it would allow the sequencing of entire multigene family regions
across a multiplex of samples in a single sequencing run. However, futwedogdments will

need to be made to reduce the moderate to high sequencing error rates of single molecule
sequencing technologigdhompson & Milos 2018nd to more efficiently target whole regions

containing localized gene duplications.



36

Conclusion

A gold standard multigene family genotyping protocol based on NGS is yet to be validated and
accepted, but the development of bioinformatic approaches to separate methodological
artefacts and real alleles within amplicons continue to develop. Althoughoagpes that have
used global, and sometimes arbitragyprioridesignated AVTs and sequence distance
thresholds have been popular, they leave genotype estimates particularly sensitive to biases.
Multiple current approaches rely on rationales adopted froaditional studies, despite stark
contrasts in characteristics between traditional MHC data and those acquired using NGS.
However, by incorporating theoretical expectations about sequencing depth, the genotyping of
multigene families can be significaniitgproved, and complex artefacts can be easily identified
and avoided. The future of genotyping of multigene families lies in the increase of amplicon
sequencing depth alongside with moed®sed approaches. This is an extension of the rationale
adopted in dploid SNP calling algorithms (reviewed in Nielseal. 2011). Modelling

approaches along with thirdeneration seqgancing technologies may improve our ability to
characterize both variation in the number of duplicated loci and the degree to which alleles are
duplicated across loci. In doing so, many more widely used population genetics approaches that
rely on understading affiliations among alleles and loci will become available to study

multigene families.
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Allele Validation Threshold (AVT) method - Zagalaska-Neubauer et al. (2010)

Set AVT1 (raw sequencing depth) based on the assumption that all artifacts are
ranomdly generated, e.g., a sequence variant must be observed at least 3x depth in 2
amplicons for use in step 2

Estimate AVT2z (amplicon depth percentage) Calculate the depth percentage of each
sequence variant in each amplicon to obtain the maximum per-amplicon frequence of
each variant (MPAF)

- an

Rank varaints among all amplicons by MPAF

Assess sequences in order of increasing MPAF for evidence of artifacts in a subset of
amplicons in which they appear

————

At the MPAF ranking where sequences can no longer be explained as artifacts in a
subset of amplicons, AVT: is estimated

Apply AVT2within each amplicon, below which all sequences are assumed to represent
artifacts

Clustering method - Pavey et al. (2013) and Lamaze et al. (2014)

Cluster variants within each amplicon based on sequence similarity

Iterativly reduce the number and size of clusters within each amplicon
based on sequence similarity and sequencing depth thresholds

Pool remaining sequence variants and perform multiple alignment
for indel detection and erradication of those variants

On remaining pooled variants iterativly reduce the number and size of
clusters based on sequence similarity and sequencing depth threshold to
produce putative global consensus alleles sequenced at 2x minimum and
that differ by a minimum of 1 nucleotide

BLAST original sequence variants within each amplicon against the
putative global consensus alleles and estimate the minimum sequence
depth required to accuratly genotype samples

Clustering method - Sommeret al. (2013)

Within each amplicon rank variants by decreasing sequencing depth percentage and
remove singletons

-
Identify chimeras based on shared sequence fragments from two more frequently
sequenced variants

e

Starting at the second ranking variant identify most similar higher ranking variant
and classify divergence amongst them as either ‘1 bp difference’ or >2 bp difference’

Apply same criteria sequentially to variants in decreasing rankng

Identify putative alleles and putative artefacts based on intra-amplicon comparison
of relative sequencing depth and replication among replicate and unique amplicons

————

Estimate PCR bias among alleles

Figure 2.1 The basic stages of analysis used in the current main approachés favogenotyping of multigene family amplicons.

Within each amplicon test the fit of observed
variant sequening depths to ratios expected
within different patterns of CNV

Best fitting model (or simplist if alternative
models do not significantly differ in explaina-
tory power) is used is used to estimate the
number of alleles (A), number of loci (L)), and
CNV pattern within a genotype -

Relative sequencing depth modelling methods - Lighten et al. (2014)

Within each amplicon rank variants by decreasing sequencing depth percentage

CNV model method DOC criterion method

Calculate cumulative sequencing depth
among ranked variants

Calculate the point of greatest inflec-
tion among cummulative sequencing
depths using the first and second
derivative

Estimate the number of alleles (Ai) in
amplicons, which have a significant
inflection point seperating alleles and
artifacts

Compare A estimates among independentworkflows

w
~



38
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Figure2.2. Theoretical evaluation of separation of real alleles and artefacts in amplicons through
enforcing genotyping criteria. When variants are ranked by descending sequencing depitligh
amplicons are characterized by an inflection point in the cumgatiepth across variants. This

inflection point illustrates a significant increase in the degree of chab@¢riterion, Chapter3;

Lightenet al. 2014a) between the sequencing depths attained for the variants on either side. Based on
the assumption thateal alleles should contribute a relatively higher amplicon depth percentage than
artefacts, variants after the inflection point (which each contribute relatively little to the total amplicon
depth) are classified as artefacts if genotyping assumptionstely enforced (after visual validation;
seeChapter 3Lightenet al. 2014a). If the assumption that alleles should always be observed at higher
depths than alleles is ignored, and a strict allele validation threshold (AVT) is enforced, then artefacts
can erroneously be included in genotypes, despite the potential for-tpgtiity genotyping. Conversely,
poor-quality amplicons, which contain either high levels of contamination and/or{goality product,

do not demonstrate a significant inflection pbi When the cumulative depth among variants is curved,
it is difficult to theoretically validate the separation of alleles and artefacts if commonly observed
contamination is present, and by enforcing genotyping assumptions, these amplicons should be
removed from further analysis. Again, if genotyping assumptions are ignored and AVTs are used, poor
guality amplicons are not identified and can bias downstream analyses wiih¢hesion of pooiguality
data.



. . . Applied inpractice | Genotyping
Assumption Expectation Justifies by AVTs assumption upheld?
Equal Approximately | Prediction of Different alleles are| No. Drasticallyn-
amplification of | equal ratios of | minimum total accepted at any uniform depth
alleles sequencing amplicon depth from justa | representations of the

depth per allele | sequencing depth | few sequences (or | same or different
copy in an for accurate low amplicon depth| alleles within and
amplicon. genotyping widely | percentage) to among amplicons
adopted from thousands (or high | observed using AVT
Galanet al. 2010 amplicon depth directly violate
percentage) within | assumption of equal
the same amplicon.| amplification of alleles.
The same allele
may be accepted at
a depth of just a
few sequences (or
low amplicon depth
percentage) to
thousands (or high
amplicon depth
percentage) within
different
amplicons.
Alleles are A statistical NA Within an amplicon| No. AVTs stipulate a
sequenced at | breakpoint alleles and artefactg threshold that
much greater | between highly may be apparently sparates
depths than sequenced differentiated by a | alleles and artefacts;
artefacts alleles and low 1x or 0.01% therefore, there is
copy number sequencing depth | essentially no buffer
artefacts. margin. zone to confirm that
alleles are sequenced
at much greater depths
than artefacts. This
provides scope for
considerably
inaccurate
classification of
variants.
NGS base There is Consideration of AVT of 3x in two No. Although random
mismatch negligible putative alleles amplicons error may occur in
errorsare probability that | with very low NGS, there is also a
randomly multiple sequencing depths high rate of repeatable
distributed sequences within an amplicon, base positiorspecific
along a contain the that is, more than a sequencing error.
sequence same random error is Therefore, repeatable
sequencing expected to errors can achieve high
error. achieve. sequencing depths.

Table2.1.Common assumptions in protocols for genotyping multigene families using NGS, and

how those that use AVTs treat those assumpsion

39


http://onlinelibrary.wiley.com/enhanced/doi/10.1111/mec.12843/#mec12843-bib-0020

Requires a | Strictly !\Iumber of
Greatest Greatest . Use of a L independent
: . .| Available . priori adheres to
Method relative relative Complexity | - . -~ priori timate of AOLVDIN workflows
advantage disadvantage pipeline* thresholds? e§ imate ot | genotyping to estimate
A? assumptions?
genotype
Allele None Can greatly Low No Yes Yes No 1
validation increase
threshold genotyping
(AVT) error.
Clusteringg Can reduce The same High Yes Yes No No 1
Paveyet al. the exclusion | BLAST
2013and of real alleles | approach may
Lamazeetal. | from increase the
2014 genotypes inclusion of
using a BLAST| contaminant
database of variants in
putative global| genotypes.
consensus
alleles.
Clusteringg Can estimate | Requires High Yes Yes No No 1
Sommer PCR bias. duplicate
etal. 2013 sequencing of
every sample
Relative Can estimate | CNV estimate | Medium Yes No No Yes 2
depth CNV. Identifieg accuracy may
modellingg poor-quality be effected by
Lightenetal. | amplicons and| PCR bias.
2014 contaminants. | Manual
assessment is
required to
02y TANY
lj dzI £ A G @
amplicons in
fact do not
contain many
alleles at low
depths.

Table2.2. Comparisons among aspects of the main approaches usetkfoovogenotyping of multigene family loci using NGS
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contamination

including artificial
variants in genotypes
(type | genotyping
error) or excluding
real alleles from

genotypes (type Il
genotyping error).

preservation in same
vial). Preand postPCR
laboratory conditions
(as used in ancient
DNA studies).

grl:)rtgfenrtn Impact Approach to remedy | Data/analyticalimprovement
PCR primer Unequal Will enable full haplotype
amplification amplification of Rigorous PCR primer | characterization of multigene
bias alleles may render | design and families across loci, including
real alleles and optimization using CNV characterizatio
artefacts difficult to | cDNA.
differentiate based | Thirdgeneration
on sequencing depth| sequencing can
provide better baseling
data to design primers
(i.e. entire genomic
regions), but also
provide approaches to
avoid PChased
sequencing altogether,
Sample/PCR Increase the Individually preserve
Cross likelihood of samples (i.e. no batch | Will reduce the need for

complex quality filtering of
data for accurate genotype
estimation.

Will decrease genotyping
error rates.

Difficult to
estimateCNV
of alleles and
genes

Underestimation of
allele frequencies.
Restricts study of an
important
evolutionary aspect
of genomic variation.

PCRbased deep re
sequencing of loci and
identification of
repeatable differential
ratios of allele
sequencing depthan
infer CNV.
Costeffective and
multiplexed third
generation sequencing
may allow resolution
of multigene family
genomic architecture
and CNV.

Accurate estimates of allele
frequencies and population
genetics.

Reduced complexity of
bioinformatics and
identification of affiliations
between alleles and loci.

Bias of focus on
a small number
of individual
genes/gene
families

Lack of
understanding of
processes governing
evolution of entire
gene families.

Sequence entire gene
family regions.
Third-generation
sequencing can
overcome lack o&
priori knowledge
required to target
understudied gene

families.

Will allow comparative
studies among gene families
and ultimately deepen our
understanding of the
evolution of important
genomic regions.

Table2.3.Central problems associated with RB&sed analysis of multigene families that need to be improve.
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Chapter 3

Ultra-deep lllumina sequencing accurately identifies MHC
class IlIb alleles and provide=vidence for copy number
variation in the guppy Poecilia reticulatg

Abstract

Herel address the bioinformatic issue of accurately separating amplified genes Mdjo
HistocompatibilityGComplex (MHC) from artefacts generated duridgxtGeneration

sequencing workflowd.fit observed ultradeep sequencing depths (hundreds to thousands of
sequences per amplicon) of allelic variants to expectations from genetic models of copy number
variation (CNV).provide a simple, accurate and repealalmethod for genotyping multigene
families, evaluatinghe method via analyses of 209 b of MHC class IIb exon 2 in guppies
(Poecilia reticulata Genotype repeatability for reequenced individualdN(=49) was high

(100%) within the same sequencing run. However, repeatability dropped to 83.7% between
independent runs, either because of lower mean amplicon sequencing depth in the initial run

or random PCR effects. This highlights the importance of iudlependent replicates.

Significant improvements in genotyping accuracy were made by greatly rediyged

genotyping error (i.e. accepting an artefact as a true allele), which may occur when using low
depth allele validation threshold®VT)used by pevious methods. Only a small amount (4.9%)

of Type Il error (i.e. rejecting a genuine allele as an artefact) was detected through fully
independent sequencing runkobserved &6 alleles per individual, and evidence of sharing of
alleles across loci. Mation in the total number of MHC clasb lbci among individuals, both

among and within populations was also observed, and some genotypes appeared to be partially
hemizygous; total allelic dosage added up to an odd number of allelic copies. Collectively,

observations provide evidence of MHC CNV and its confyaleis in natural populations.
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Introduction

The genes of th&lajor HistocompatibilityComplex (MHC) have important links to factors
influencing individual fithess (Piertney & Oliver 2006). Not antiis region high in gene
density, but it also harbours exceptional levels of smmutral genetic variation that are directly
linked to disease resistance, mate choice and sexual attractivédsgardst. Hedick 1998;
Trowsdale 201)1 Population genetic theory shows that due to its high levels of polymorphism
and epistatic genggene interactions, the MHC is prone to accumulate recessive deleterious
mutations and transposable elementgan Oosterhout 2009a; byvhich could explain why this
region is associated with many heritable disorders (8tginaet al. 2006) Not surprisingly,

MHC genes haveeen important targets in the study of the genetic basis of immunology,
courtship and mating behaviour, and ecology (Bernatchez & Landry 2003; Piertney & Oliver
2006) and have also provided important insights into the interactions among evolutionary
forces(van Oosterhout 2009p Yet, despite several decades of wide scientific interest, progress
in evolutionary and population genetic research on the MHC has been hindered difftbelty

of accurately genotyping this highly polymorphic multigene family.

Traditionally, studies examining intraspecific MHC variation identified alleles based on
cloned PCR products and Sanger sequencing (see Bernatchez & Landry 2003). Thisiapproach
time-consuming and relatively expensive compared to more rebntt Generation
sequencindNGShapproaches (Babik 2010), and these factors impose important constraints on
the number of replicates (clones) sequenced per individual and the total nunfledigiduals
genotyped. Consequently, traditional methods may underestimate the level of MHC

polymorphism at the individual, population or species level.

The advent oNGScan significantly improve the quality of MHC data and analyses.
Recently, 454 seancing has been used to study MHC genes (e.g. Babhik2009; Zagalska
Neubaueret al. 2010); however, the separation of artefacts (generated during PCR@GS3d
from true alleles remains challenging. Previous studies have aimed to separate the tgo usin

AVTqe.g. Galart al. 2010; Zagalskeubaueret al. 2010). A global depth threshold is
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estimated by classifying the read depth of a subset of variants; with read depths below this

threshold assumed to represent artefacts (see Zagaitabaueret al. 2010).

' VF2NIdzy GSfesx GKSNB 2Fa4Sy Aa | waNbBe | NBI
putative alleles (PA; unconfirmed by RNA expression analysis) and artefacts is blurred (e.g.
ZagalskaNeubaueret al. 2010). The use of strict acceptance threshd@&lg. 3% depth in two or
more individuals, Zagalsiéeubaueret al. 2010) can become problematic, especially when
many samples are being analysed and among which the error rates and sequence depths can
vary. The use of set thresholds may also be problemizcause of reoccurring sequence
specific errors associated withGS GomezAlvarezet al. 2009; Gillegt al. 2011), as well as low
copy number contaminants associated with large multiplexed data sets (Li & Stoneking 2012).
Basemismatch errors and chinme sequences generated during PCR and sequencing, and low
level contaminants, may reach sequencing depths above the set threshold, especially4in deep
sequencing studies. These problems have been acknowledged (excluding contaminants), and it
has been recomended that genotyping protocols be adjusted on a ehgease basis (Oomen
etal. 2013). A recent example suggests that both the inclusion of low copy number artefacts
and exclusion of less preferentially amplified alleles may be minimized when estirvitiGg

genotypes using higher sequencing depths (Somehat. 2013).

Here,l build on previous approaches with the application of lllumina sequencing in MHC
population analysis and demonstrate a highly repeatable and accurate methodolodyy for
novogenotyping ceamplified multitemplate amplicons. In doing sbshow that ultradeep
NGShundreds to thousands of sequence reads per amplicon) can be employed in studies of
multigene families to distinguish alleles from artefacts. By avoiding the ussbibfary and
variable global validation thresholds, it can be consistently applied acrosslek@aNG Slata

sets.

My method estimates the total number of alleles observed among loci within individuals
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(AV) in populations exhibiting copy number vana (CNV)I compare observed sequence

depths of MHC Ilb amplicon variants in guppkesgcilia reticulatato those expected under a
range of alternative genetic models that assume different numbers of loci. In addition to
modetbased estimates oA, | also provide estimates of the total number of loci within

individuals [;) and evidence in support of MHC Ilb CNV that includes the occurrence of
hemizygous gene copies, that is, MHC gene copies that are present on only one homologous
chromosomeMy results suggest that in combination with ultldeepNGSand a robust

analytical pipeline, muliocus MHC genotypes can be accurately reconstructed, which in turn
will significantly advance our understanding of the evolutionary, population genetics and fitness

consequences of MHC variation.

Methods

Samples

Guppies were collected from seven populations across Trinidad and Tobago. Two populations
were sampled from the Guanapo River (Guandpo =32, Guanape: n =28, Caroni

drainage), one from the Quare RiV&uarel: n=31, Oropouche drainage) and two from the
Marianne River drainage (Mariarwden =28, Mariannel0: n =29, Northern slope). Smaller
sample sets were collected from a stream at Cumana Beach, Guayamara Bay (Cungna:
Eastern coast), and from an unnamed river along Winward Rd. in Tobago (TobegoA

total of 159 individuals were analysed in this study.

Molecular methods

DNA was extracted from 3 to 5 dried scales or pectoral fingusiglassmilkinding protocol
(Elphinstoneet al. 2003) A 209base pair (bp) fragment of MHC llb, encompassing all but three
codons predicted to comprise the peptidending region (PBMRBrownet al. 1993; Bondinast

al. 2007) was amplified using the degenerate primer pair DABdegFb
GTGTCTTTARCTCSHCTGAR@renst al. 2012), andABdegRe] CTCACCTGATTTAKYYAG.
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In guppies, intron 2 of MHC llb is less polymorphic than exon 2 (Llaeirah012), so the

reverse primemwassituated spanning the boundary between exon 2 and intron 2, to reduce the
likelihood of amplification bias or null alleles. Although the gaiti of null alleles or PCR bias
cannot be eliminated, PCR trials suggested that this reverse primer produced more robust
amplifications than previously used reverse primers (M. McMullan & C. van Oosterhout,
unpublished data). Each primer was uniquelydified on the 5end with a 16bp multiplex

identifier (MID; Roche Diagnostics Technical Bulletin TCB Na@®), and samples were

amplified using a unique combination of forward and reverse MHgled primers, which

allowed recovery of the amplicons pmdividual after demultiplexing. Because MHC lIb

appears to be a muHiocus gene family in guppies (Satial. 1996; van Oosterhout al.

200643 b), | expected some amplicons to contain more than two alleles. Polymerase chain
reactions (PCRs) contaith0.2mm dNTPs (New England Biolabs),*rbforward primer,

0.5>m reverse primer, 1x Phusion HF buffer, 6% DMSEB rd. genomic DNA and O0Ut

Phusion DNA Polymerase (Finnzymes). PCRs were performed in Mastercycler Epgradient S (96
well), or ep384 therracyclers (Eppendorf), using the following parameters?®@8or 3min; 30

cycles of 98C 15s, 57°C 40s, 72°C 60s; 10min at 72°C, then held at 10C. During

optimization and testing of molecular methodgound that no artificial chimeric sequences

were generated in amplicons when 30 PCR cycles were employed (data not shown). PCR
amplicons were pooled and prepared for 1B pairedend Illumina MiSeq (lllumina, Inc., San
Diego, CA, USA) sequencing using the vendor's TruSeq library prétgmtibbnal independent

PCRs @) were sequencedor each of 49 individual samples in an independent MiSeq run to
validatethe genotyping method. Some of these samples were chosen at random, but others
were chosen to verify genotypes estimated to contain the mumimmedian and maximum

number of MHC PAs. In addition, MHC llIb genotyper® characterized in PCRs using three
individual DNAs (three replicate PCRs per individual) via cloning and Sanger sequencing. Each of
the amplicons was cloned, and 32 clones penidual PCR (288 in total) were sequenced on

ABI 3730 XL sequencers (Genewiz, USA). Sanger/cloning protocols are generally limited in the
number of clones that can be feasibly sequenced and so CNV could not be estimated in the
respective replicated sampeA total of 154 independent replicate PCR products were

sequenced.
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Dataanalysis

Data analysis entailed three major steps: (1) sequence preprocessing, (2) error correction and
(3) genotype estimation. The third step included two complementary approathe &NV

model method and the degree of chand@dg method; the former method provided

estimates ofA;, Liand CNV pattern, whereas the latter independently estimateaind provided

a quality filter that allowedneto assess which amplicons were of hegtough quality to yield

reliable genotypes. These steps are summarized ur&®)1 and described in detail below.

Sequenc@reprocessing

Pairedend sequencing products were assembled based onlap2@gion of overlap, using
FLASHMagoc & Salzberg 201Berbase quality scores of all sequences were assessed using
PRINSE@Bchmieder & Edwards 201 Bndl retained those with at least a mean of Q30
(99.99% base call accuracy) that were of the expected product length. Sequences were de
multiplexed and variant depths were quantified among amplica@bsng with removal of

barcodes and priming sequenceghMHC(Stugliket al.2011)

Error correction

| performed a multiple alignment of sequence variants (assembled contigs) observed within
each amplicon and built a neighbejaining tree iINnCODONCOUD#igner 3.5.7 (CodonCode,
Dedham, MA, USA) to identify repeatable basismatch errors, common iING§Gomez
Alvarezet al. 2009; Gillegt al. 2011). Low copy number basgismatch errors may dilute the
realized sequencing depth of the true allele from which they originate, and were identified
based on minor sequence variatior;Blbp) from a high copy number variant (parental variant;
presumedto be a true allele). Repeatable putative errors (RPEs) were identified if they (1)
reoccurred at the same base positions or in homopolymer runs, (@gcorred with a parental
PA variant and (3) never occurred as a high copy number variant. RPEs, mtbeheved to
largely originate during sequencing,ny data acquired depths generally <2% depth of the
parental PA. The raw depth value for each RPE was added to that of the parent PA for further

analysis.
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Genotype estimation

I made the following threessumptions for estimating MHC genotypes: (1) the relative number
of reads of an allele is proportional to its presence relative to the number of copies of other
alleles in that individual, but otherwise constant across individuals; (2) the number ofpeads
allele is proportional to the number of copies of that sequence in the genome present at the
same locus and other (duplicated) loci; (3) genuine alleles amplify at considerably higher

sequencing depths than artefacts.

To estimate genotypes by the CRMdel method| first calculated the depths of up to
10 most sequenced variants in each individual, correcting the depth of each variant for RPEs as
described. A previous Sangeased sequencing study suggested the presence of up to three
MHC class lIb to in guppes (van Oosterhoutt al. 2006D); therefore, by considering the 10
most abundant variantd,conservatively alloed for the possibility olup to five locil then
calculated the expected sequence depHj) (for each allelg of individuali and did this for each

theoretical genetic model, considering different numbers of loci and allelic copies using:

E;= (E E;l_]) X E(N;),

whereDiis the total observed sequence depth of the 10 most sequenced variants in individual
EA) is the expected number of allelic copies for individuahdEN;) is the expected number

of copies of allel¢in the multilocus genotype of individualsum total of allEN;) = EHA)). For
example, if the total sequencing depth of the top 10 variabty\Was 1000x|, calculateds;

values in a model that assumed two unique alleles, with the first ailglan(homozygous state

at one locus and the secoradlele {2) in hemizygous state at the second locus as:

1000 1000
Eil == (T) X ZJEiE = (T) X 1,
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and the remaining eight variants each were gi¥gn 0. By calculating; for each of the top 10
variants,l produced expected depth ratios of allele combinations in each model of CNV and
removed the effect of many low copy number variants assumed to be artefacts (Assumption 3).
| then estimated the goodness of fit of each model across all aliébesach individual,

OF £ Odzf F G Ay 3 { KGLERdaere®Ts oldsénadall Sd@n&idy depth andg; the
expected depth of allelgin individuali. AnFratio test (d.f.=1) was used to assess whether the
top two bestfitting genetic models (with the lowest sums of squares) were significantly
different from each other. When the topvo models were significantly differentused the
bestfitting model, and when there was no significant difference between modlelsed the
simplest (lowest) estimate of thieand CNV to explain the data. This provided an estimate of

A, Liand CNV ogéach individual.

| used an additional approach, ti#OQmethod, to independently estimaté and to
assess the suitability of amplicons for genotype calling. In this method each individuai
was estimated by differentiating PAs and artefacts basethe observed sequencing depths
(O) of the 10 most common variants(On). | calculated the cumulative sequencing depth of

individuali (G) among the tom variants as:

Cm = Z Gm.

| then calculated the rate of change (first derivative) in cumulative sequencing depth
(ROG) between each variant of individuali, which is equivalent to the raw sequence depths
of variants (e.gROG = G2bGs). Using theROGralues of variantsROQ to RO®), | calculated
the degree of changedOC second derivative) around each variant, which were then

transformed into percentages of the total change among all variants as:
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(Roe)

DOC,, = o—7—
X DOC,

X 100.

The variant with the highe€dOCvalue was deemed the last PA in the topariants,
after which theROQeduced considerably due to the much lower sequencing deptrtefacts
(Assumption 3; see ResyltI his approach using ti@OCcriterion is similar in some respects to
that employed by Babilet al. (2009), but differs in multiple criteria. The most important of
these is that our method relies on the conformance of variant depths to theoretical
expectations derived frormy genotyping assumptions (e.g. the expectation of Assumptisn 3
that there should be an obvious reduction in sequencing depths between putative alleles and
artefacts, or an inflection point in a linear plot of cumulative sequencing depths at the point of
greatestDOC see Resulys andl discarded amplicons that Mited this core assumption after
critical assessment (see belowitically this approach is independent of the assumptions
made in the CNV model that negligible/neristent PCR bias exists, and that relative
sequencing depths represent allelic copy rhen and only follows the assumption that alleles
should be sequenced at significantly greater depths that artef&@ytsactively enforcing the
requirement that observed amplicon depths conformthe expectations othis genotyping
assumptions| wasableto theoretically assess the validity of the empirical performancenypf
genotyping protocol. This allowed identification of samples of poor data quality that may bias
measures of MHC diversity. However, samples, which have an exceptionally high nufBer of
and/or have a number of poorly amplified PAs, may display a similar pattern of cumulative
variant depth to those that are of poor qualitychecked such samples for low copy number
PAs that were not observed as high copy number PAs in other ampl&ocis.examples would
indicate an allele that is consistently poorly amplifiecthy PCR primers, whereas
contaminants would be identical to high copy number PAs in other amplicons. Similarly, it was
important to assess discarded variants in all amplidonshe likelihood that they may
represent poorly amplified PAs and not contaminants. Calculation4 &stimates using the

CNV model fitting and thBOCcriterion were performed in a custom Excel macipgendixs).
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In order to confirm thathe DOC Aestimates explained the majority of the variance in
total amplicon sequencing depth (i.e. PAs accounted for the majority of the depth; Assumption
3), | performed a principle components analysis (PCA) usastpMineR (Frangois Husson 2008)
in R(R Development Core Team 2011) on the mean depth values for each of the top 10 most
sequenced ariants among individuals that displayed eag¢Hh performed another PCA to
assess whether the maximum estimatefphcross all samples explained most of the-per
amplicon depth variance and whethenad underestimated maximum. Although our CNV
modelsassumed zero error, aridemoved RPE$expected to observe low copy number
contaminants. However, these should account for an insignificant amount of variation (depth)

among variants within amplicons.

To comparemy approach to previously employed metlis,| also genotyped samples
using two separatdVTsIn each amplicon, all variants above (1) 3%, and (2) 10x, that could not
be explained as a basmeismatch error or a chimeric sequence of more abundant variants were

deemed PAs and included in the geyjoe.

Validating MHC Ilb genotypes

To validatemy genotyping protocol| estimated genotyping repeatability using samples

replicated in the same sequencing run and in different sequencing runs. Repeatability was
assessed on the repeated observation of each allele within each set of replicate amplicons and
calculated using theotal number of alleles that were replicated among alsequenced

samples.

All PAs were aligned usi@ODONCODR#gner 3.5.7 (CodonCode), and the reading
frame designated in guppies (van Oosterhetial. 2006ab) was used to check for stop codons.
PAswere compared to the NCBI nucleotide databaseny.ncbi.nim.nih.goyusingBLAST
(Altschulet al. 1990) The progranODMEGAMARWilson & McVean 2006yas used to identify

codons that displayed a strong signal of positive selection, and these were compared to


http://www.ncbi.nlm.nih.gov.ueaezproxy.uea.ac.uk:2048/
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previous estimates of codons that constitute the PBR in the MHC llb peptide (Bt@vri993;
Bondinaset al. 2007;Llaurenset al.2012;McMullan 2010) The program estiates rates of

natural selectiondN/dS in the presence of recombination using a population genetic approach
within a Bayesian framework, so may provide a more suitable measure of selection at codons
than traditional rawdN/dSratios when examining MHC thes expected to undergo frequent
recombination(Carrington 1999)Prior distributions recommended by the program's authors
(seeOMEGAMAIanual) were implemented for all modeled parameters. TWMEGAMAP
instances were run for 60000 interactions with a burm of 10000 and combined upon
confirmation of convergence of Markov chaihsferred codons within the PBR that displayed

>0.95 posterior probability of positive selection.

Results
Identifying MHC Ilb alleles

A total of 381677 contigs passed pgrocessing and all base calls in retained sequences were
highly accurate (>Q30, 99.99% accuracy). Wlgep sequencing was achieved across samples
(mean: 2484> 1456), and 87 MHC Ilb PAs were identified among 149 individuals with total
depth of at leasB4x (range: 8d6611x). These 87 PAs translated into 82 unique polypeptides.
Across PAs, 63.2% of nucleotides were variable, as were 72.5% of amino acids in translated
polypeptides. Putative alleles differed bg7b nucleotides and¢B6 amino acids. Ten sgies

(6%) that came from five populations were excluded from further analyses because PAs could
not be confidently separated from artefacts, due to violation of genotyping Assumption 3,
either because ofnadequate sequencing depth or suspected R@Ry-over contamination
combined with poor DNA quality (kg 3.2). These samples generally contained tens of low

copy number contaminant variants identical to high copy number PAs in other amplicons.

Of the 87 PAs observed, 82 PAs were novel (GenB&321642KF321728and only
five PoreDAB*103 PoreDAB*120Q PoreDAB*13Q PoreDAB*133and PoreDAB*.38) had

been characterized previously (Llaurezisl. 2012). Fourteen PAs were shared across at least


http://www.ncbi.nlm.nih.gov.ueaezproxy.uea.ac.uk:2048/entrez/query.fcgi?cmd=search&db=Nucleotide&dopt=GenBank&term=KF321642
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two populations, 73 were uniquetsingle populations (private alleles), and the total number of
alleles within each populatiorAp) varied between 1 and 27 (1: Cumana; 4: MariaBné:
Tobago; 14: Guanapb; 23: Mariannel0; 27: Guanap@, 27; Quarel). Ultradeep sequencing
provided caofident identification of 36 rare PAs (subset of 82 novel PAs) that were each
observed in a single individual. Putative alleles sharedd 80% sequence identity with
previously identified MHC lIb alleles in guppies or closely related species

(www.ncbi.nlm.nih.goy.

Validating alleles

Three samples were feequenced using cloning plus Sanger sequencing, and 49 samples were
re-sequenced with an independent MiSeq run. The alleles inferred from the cloning/Sanger
sequencing method were identical to those determined by Illumina sequencing. In the second
MiSeq run, a total of 71907 contigs passed preprocessing and all base nakadined

sequences were highly accurate (>Q30, 99.99% accuracy). A meampkron sequencing

depth of 6852x 5433 was achieved (range: 324, 501x), almost three times higher than the
coverage obtained by the first run. Genotype repeatability amamglicons that were of

sufficient quality (i.e. could be genotyped using t(®QOmnethod) in the second run was 100%
(Figire S3.1a,Appendix }, and 83.6% between runs (kig S3.1b, Appendix ). For eight

(16.4%) of the 49 rsequenced samples, genotypiognfirmed additional PAs in the second
sequencing run; all of these additional PAs were observed in the first run, but at insufficient
depth to be confidently deemed a PA, despite similarly high total amplicon depths in respective

replicated samples (hencéhey were considered to be artificial variants).

Use of a low peamplicon depth threshold (e.g. 3x coverage, Zagakabaueret al.
2010) would have retained these PAs, but would also have artificially inflated] #stimates
by 133;1600% (mean: 4+ 359%) if applied to these replicates in the first data set,
erroneously adding@9 (mean: 9.62 6.95) lowlevel ®ntaminants per individual (Figure
3.2ach, Appendix ). Furthermore, it would have produced highly disparAtestimates in the

remaining replicated samples, both within and between sequencing runs, resulting in 8.5%
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repeatability between replicates within a sequencing run and 0% between runs (Tabje S

Appendix 3. Using 3>*AVTwould have resulted in a range Affrom 2 to 64 acrossla

individuals in he first run, respectively (Figu.3, Appendix }, and a meam\ of 16.2 (x15.5).

Similarly, using a more conservative criterion (e.g. 10x coverage) would have resulted in a range

of Ai=1¢32 and a meaw of 5.7(+7.4), erroneouslinflating theA estimate by 16.6800%

(mean of 124 163%). Given that artefactan occur at much higher depths than 3x, or even

10x (Fgure 3.4, Appendix }, arbitrary elevation of the depth threshold would not result in the
accurate determination of mti-locus genotypes. In particular, these |éWTswvould have
LISNF2NYSR LI NIAOdzE F NI @ LI22NIe& Ay RAAGAYIdzA KA
the true genotype of an individual) and those present in the amplicon as a result of

contamination.

In total, 36 rare alleles would have been omitted using previous protocols, but were
confirmed by the independent sequencing run. All these alleles were accepted as genuine by
the new protocol in both runs, which demonstrates that the protocol reduceste for
replicated sequencing. Nevertheless, the new protocol does introduce a Sypallll
genotyping error (rejecting the existence of 14 PA copies of 302 in total among all samples;
Type Il error=4.9%), but it also avoided a very consideralype Igenotyping error compared
to previous methods that used the 3x depth threshold criterion and which would have
accepted 602 artificial variant$ype | error=78.6%). Furthermore, th&pe Il error associated
with the new protocol was completely removedthe second run, which shows that the
protocol is particularly powerful when using ukdeep coverage. Equally important is that the
new protocol can reconstruct the most likely mdticus genotypes, including putative
homozygotes and hemizygotes, whalfows for a more complete population genetic analysis
(Table 8.1, Appendix 5.
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Genotype estimates

One to six PAs were observed in each individual (mean:#311%L), consistent with previous
estimates of up to three MHC llb loci in guppfesn Oosterhouet al.2006b) Among all 149
individuals, 5% had one PA, 23% two PAs, 34% three PAs, 19% fourtPAge RAs and 5% six
PAs (Figure 3a), a distribution consistent with expectations under the optimality hypsitie

that a medianA is maintained in high frequencies within populations through increased fitness
benefits(Nowaket al. 1992; Woelfinget al.2009) However, the frequency distribution &f

als varied anong populations (Figurg3bch), suggesting spatial variability in processes
governing MHC diversiiizaguirreet al. 2011) Moreover,l observed no meaningful

relationship between total amplicon sequencing depth @ ¢Figure3.5, Appendix 1 linear
regressionP=0.109,r2=0.01), showing that the total number of alleles identified within an

amplicon is not significantly affected by increasing sequencing depth.

Individual PAs generated 5.€27.45% (mean: 29.9817.7%) of totahmplicon
sequencing depth (Figu@4). Overd, A was confidently estimated in 94% of samples using
CNV model fittingDOGCestimates and PCA validation. The latter approach showed that PAs
accounted for 100% ohe variance among amplicons (Figu&.6, Appendix ). Only 6% of
samples could not bgenotyped due to a lack of separation between potential PAs and

artefacts.

RPEs frequently deviated from a parental PA ¢®¥tp, and individual RPEs were
observed in £76 amplicons. Artefacts identical in sequence to PAs in other samples, but at low
sequencing depths of 0.62.11% (mean: 0.Z 0.5%) of total pelamplicon sequencing depth,
were observed irall amplicons (Figurg.4a). The low sequencing depths exhibited by these
sequences identical to high copy number PAs in other amplicons caused thencemsidered
artefacts bymy validation methods. They were likely contaminants, which are common in large
multiplexed amplicon studies (Gomédvarezet al. 2009; Gillegt al. 2011). Including

contaminants would have reduced the repeatability of thestimate between runs (Table
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3.2, Appendix 5.

The relative proportion of sequence reads attributed to PAs and artefacts varied among
amplicons containing varying numbers of PAs, but showed consistent patterns. When sequence
variants were sorted in desnding order of frequency that they were observed within
individual amplicons, the meadROf cumulative depth was greater among PAs than among
variants judged to be artefacts (MagwWhitneyU-test: Z=9.62,P=<0.001), affirming thak
correctly classiéd amplicon variants baseih relative sequence depth (Figuséa). There was
also a considerable increase in the m&x@Cof cumulative depth at the point of transition

between sequence variants classified as PAs ansktlotassified as artefacts (Figdg).

On average, 83@®4% of amplicon sequencing depth was attributed to PAs, and the
remainder to arefacts (Figur&.5a). Estimates ok obtained using thé©OCcriterion showed
values 0 DOCk48.1% marking the boundabetween PAs and artefacts (Erg 3.5b). Mean
DOGCralues varied depending on total(mean: 61.67%, range: 4886.6%). In additiorDOC
A estimates were corroborated using PCA, which defined PAs and artefacts based on relative

sequerting depth among amplicons (Figu8&7acf, Appendix ).

In each of the 41 replicated samples that had confirmgoetween sequencing runs,
estimated that guppies have between 1 and 4 loci (TaBl&, Bppendix . CNV andl;
estimates were confirmed in 100% of these replicate PCRs (TaBl&ABpendix 9. The
presence of odd\ estimates, with each PA sequenced at approximately equal ratios, infers

hemizygous genotypes in progeny of parents containing diffelient

Sequence polymorphism

Positive selection was identified L5 codons usin@QME@GMAP(FigureS3.8, Appendix ). Of

these, 14 codons matched those previously inferred to constitute the PBR in other vertebrates
based on Xay crystallography, either alone (Brownal. 1993) or in comparison with

sequence data (Bondinas al. 2007), and nine codons matched those previously inferred in
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guppies usin@MEGAMARMcMullan 2010 FigureS38, Appendix }, confirming that the
correct DNA fragmerttad been amplifiedl observed a high posterior probability of selection
for each of twoadditional codons predicted to reside in the guppy PBR(Q.89 and 0.9),
which, although belowhe threshold ofP=0.95, are most likely also under positive selection.
The remaining codon found to be evolving under positive selection deviated frorropsev

inferences of PBR designations by one codon.

Discussion

| present a method that can be used to distinguish MHC rhadtils genotypes from artefacts
generated during PCR ah{3SMy approach differs from previously described methods (e.g.
Galanet al. 2010; Zagalskbeubaueret al. 2010) in that it does not use AVibsconfirm alleles
from artefacts and provides an approach to deal with common esassple contamination. In
addition, it is relatively simple in comparison with more recent methods tisat complex
clustering approaches (Paveyal. 2013; Sommeet al. 2013). Insteadny approach relies on
two independentmetrics. The first involves calculating the observed sequencing depths of
variants and testing their fit to expected genetic models. The second involves statistically
identifying the boundary between true alleles and artefacts using relative sequencitigsdep
Overall, the application ahy genotyping method and the specific assumptions it entails result
in a highly repeatable measure of alleles and genotypes per individuatable to accurately
separate PAs from artefacts in 94% of sufficient quahtyplé&cons and to replicate genotypes
with 100% accuracy within a sequencing run, and 83.7% between fully independent rumg. To
knowledge, this is the first example of this level of genotyping repeatability among fully

independent data sets ia NGS MHEequencing study.

The combined depth of erroneous and artefactual sequences (namely low copy number
contaminants) was similar across all amplicons (rang22%, mean: 4.2 4%), irrespective of

total number of unique artefacts, and their individual contrilon to total amplicon depth.
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Similarly | observed consistently high proportions of amplicon sequencing depth attributed to
PAs (range: 61¢®8.6, mean: 89.1& 7.1%) in amplicons of varyig(alleles per individual),
which is in agreement with the assiption that PAs should account for considerably more

sequence depth than artefacts within amplicons.

By assessing sequencing depths of PAs and artefacts oraanpdicon basig,
minimized both the inclusion of artificial sequences and the exclusion of true alleles. While this
approach greatly reduces the inclusion of artificial sequences, it can also exclude PAs with low
depths. The rate of thi$ype Il error can be estimated liylly independent resequencing of
samples, and thdype Il error itself is largely avoided by ulttaep sequencing. Type Il error
rate between replicates sequenced both in the 1st and in the 2nd run with a mean sequencing
depth of 2424x and 6852x, respizely, equaled 4.9%, and then 0% (i.e. 100% repeatability)

between resequenced samples within the 2nd run.

Individuals that were not accurately genotyped either had very low sequencing depth,
or sequence depths could not be used to separate PAs froefieats due to suspected cross
contamination, which is common in large multiplexed amplicon studies (Li & Stoneking 2012).
These problematic samples can be easily identified using the proposed methodology, and they
are best removed from further analysisyen that they dramatically reduce genotyping
repeatability (but see below). Trmy knowledge such amplicon quality assessments have not
been previously implemented INGS MHGtudies, yet, such quality standards may be
important in light of the potential focommon DNA/PGBarry-over contaminants in large
multiplexedNGSdata sets (Li & Stoneking 2012).

Performance of genotyping method
A significant reduction in the medROGat the boundary between PAs and artefacts, identified
by critical values dDOC and separation of PAs and artefacts using PCA confirmsriipat

genotyping method produced estimates Afthat conform to theoretical expectations.
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Specifically, both findings corroborate the assumption that errors should be observed less

frequently than PA.

Replicates of resequenced samples displayed identical genotypes within a sequencing
run. However, some rgequenced individuals were observed to have up to three additional
alleles in fully independent replicates that were discarded from original typres due to
inadequate sequencing depth of particular variants, despite similarly high total amplicon
sequencing depths between samples replicated among data sets. This highlights the advantage
in estimating genotyping repeatability in fully independeaplicates where random effects of
sample preparation and data collection may result in allele dropout. However, this also
highlights a shortcoming of classifying true PAs and contaminants based on relative sequencing
depths, where some real PAs may be egously discarded as contaminangnd so it is
important to critically evaluate sequences that are discarded within amplicons to reduce this.
Importantly, resequenced samples displayed repeatable estimatdsawfd CNV despite

variation in totalamplicon sequencing depth (see below).

An important step irmy genotyping protocol is assessing the conformance of variant
sequencing depths, within each amplicon, to theoretical expectations derived from genotyping
Assumption 3. This acts as a qualiyirol step to filter out samples that display deviations
from expectations (i.e. a continuum of variant depths opposed to a breakpoint between highly
sequenced alleles and minimally sequenced artefacts) and therefore cannot be reliably
genotyped. Previousork that estimated between 1 and 6 alleles per individual in gupjvizs
Oosterhoutet al.2006h Llaurenst al. 2012) was supported byy findings in all amplicons
that conformed to theoretical expectations by displayia noticeable inflection point in
cumulative sequencing depth (highd30Q between PAs and artefacts. Not only was the
removal of amplicons that displayed a continuum of variant depths warranted based on the
violation of genotyping Assumption 3, but testimated PA count within these samples would

have been an order of magnitude greater than those estimated in gpadity amplicons,



60

previous studies, and test data sets (data not shown). Tithedjeve this is an important step in
improving the qualityof data sets and accuracy in MHC population genetics analyses. Although
the methods allowedme to genotype guppies that acquired depths of tens or hundreds of
sequences, ultraleep depths of thousands of sequences may be required to accurately define
a breakpoint between alleles and artefacts in species that are expected to contain tens of MHC
alleles. However, this approach does not take into consideration that some alleles may always
amplify poorly and attain sequence depths similar to those expectddveyopy number
contaminants. Therefore, variants should be carefully assessed in samples that lack a clear
inflection point in cumulative depth between PAs and artefacts, where contaminants may be
distinguished from poorly amplified PA3f all samples imy study 94% met the criterion for
reliable genotyping, and with further careful attention to laboratory protocols minimizing the

risk of contamination, this number would likely improve.

It is worth noting that the lack of artificial sequences that represented chimertgsin
study may have been aided bye relatively reduced number of PCR cycles (30 cycles),
compared to other studies that reported higher numbers of artefact when usiogeRCR
cycles (e.g. Sommet al. 2013). A reduction in PCR cycles has been shown to effectively reduce
PCR artefacts when genotyping MHC loci and should be employed to avoid the occurrence of

problematic chimeric artefacts (Lenz & Becker 2008).

Comparson to previousNGSVIHC genotyping methods

My approach differs from previous methods of MHC genotyping uSiB§ Galanet al. 2010;
ZagalskdNeubaueret al. 2010) in several key ways. Althougitcept a similar genotyping
assumption (Assumption J)strictly enforce criteria that follow from this assumption, unlike
previous methods (e.g. Zagalskaubaueret al. 2010), making it relatively easy to separate PA
from artefacts based on theoretical expectatiohalso actively corrected the depth of PAsttha

are affected by RPEs. This further reduces the number of artificial sequences within individuals

and increases accuracy in PA depth ratio estimates. Although assessments of RPE are necessary
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to gauge data quality, they may not be crucial in data sets¢batain very little cross
contamination among samples and only aim to estimatéHowever)] recommend their
identification to increase retention of useful data and improve genotyping accuracy. Previous
studies have eliminated suspected artefacts withmplicons by identifying variants that likely
originate as a 1 basamismatch error from a more common parental variant (e.g. Zagalska
Neubaueret al. 2010). Howevel,identified artificial variants that displayed up to two
repeatable basenismatch errorsTherefore, detailed assessment of closely related variants

within amplicons is essential to facilitate accurate genotyping.

Themethodused hereaccounts for variation in amplicon sequencing depths. By
avoiding globahVTslwask 6 f S G2 YAGA3IFIGS GKS STFFSOha 27
reduce the effect of variable error rates among individuals. This was especially important in the
case of artefacts identical to PAs in different amplicons, wheredit®le acceptance thresids
would otherwise have caused severe artificial inflatiomaicross many genotypes. These {ow
depth artefacts resulted in nonreplicabfeestimates and violated all assumptionstioé
genotyping protocol and thus warranted exclusion. In additlodentified a small number of
samples that displayed a continuum of sequencing depths across many variants. The blurring
between true PAs and artefacts may be a sign of increased contamination or poor DNA quality

in these samples, but in other cases cowdgdnesent poorer amplification of real alleles.

It is worth noting that previous studiegvhichhave employed\VTshave in some cases
empirically defined the acceptance depth threshold (albeit based on just a subset of samples),
and also acknowledged th#tresholds may not account for the removal of all artefacts. Thus,
while AVTanay have allowed for repeatable genotyping in studies that achieved less
sequencing depth per amplicohgonfirm previous evidence that they are not well suited when
ultra-deepsequencing is employed (Oomenal. 2013). Similarlyny approach may cause

some low copy number PAs to be erroneously discarded from amplicons, and critical
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assessment of sequence variants is always required among amplicons, especially in those that

display a continuum of sequencing depths among variants.

Recently, it was suggested that low total amplicon sequencing depths used in the

majority of 454 sequenciniased studies may be problematic as variable amplification efficacy

among PAsmay causesom@ 06S YAaldl (1Syfteé RA&ZOFNRSR FTNRY

do not reach a set threshold (Somnwdral. 2013). Herel show ultradeep sequencing aided
accurate genotyping by increasing the power of quantitative appraisals of PAs and artefacts
within amplicons, which are less reliable in {depth sequencing. This was verified by 100%
genotype repeatability within a sequencing run and only a small amount of allele dropout
between fully independent data sets. However, random PCR effects mostdaedgd this
dropout rather than systematic bias; thus, ulti@ep sequencing is an effective strategy to
minimize the effect of allele dropout caused by PCR bias. Admittedly;ddgp sequencing
andmy protocol cannot fully overcome allele dropout caudedproblematic PCR bias, but if
sample contamination can be reduced to negligible levels, thgapproach may permit a
guantitative appraisal of the influence of amplification bias and allow simpler identification of
poorly amplified PAsAIsg my approach allowed the identification of rare PAs, which
confirmed independently. The application of previous MH&Syenotyping protocols, which
exclude PAs seen in just one amplicon, would have resulted in a 41% reduction in the total

number of observed PAs.

Exploring MHC CNV

Althoughmy main focus was to provide repeatable, accurate estimate&,dfalso observed

repeatable evidence of MHC Ilb CNV within and among populations. Estimates of CNV were less

robust in studies that employed Sanger sequencing because that method offers no practical
means to quantify relative abundance of amplicon produdtsssuch, the estimation of allele
frequencies in multigene families where the locus affiliation of alleles is unknown, and CNV may

exist, has been challenging. Consequently, estimating the number of loci has been equally

A
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difficult. Despite this, traditionlaMHC genotyping methods have led to speculation that CNV
exists within and among populations of guppies based on the observation of odd numbers of
alleles (Llaurenst al. 2012), andny results support this. Interest in quantifying MHC CNV in
natural popuations is growing, in part because of increasing evidence of its importance in
influencing patterns of susceptibility to disease (Siddlal. 2010; Chengt al. 2012). Recently,
studies have also suggested the presence of multiple copies of the samighitAgenotypes

using relative 454 sequencing depth ratios (Ooreeal. 2013; Sommeet al. 2013), however

with very limited analysidMly detailed approach using ultrdeep sequencing supported a

range of repeatable CNV models across 149 guppies (Taklar®l Table &3, Appendix 5.

The fit of the two most probable CNV models to the observed data was significantly different in
just eleven samples (and so model 1 was used), whereas the simplest model was used in the
remainder of samples when the top twoodels potentially explained the data equally well
(Table 8.1, Appendix $. Conjecturally, guppies may have between 1 and 5 loci (including
hemizygous loci), althoudgtcannot rule out the possibility that individuals estimated to contain
1 diploid locusnay actually have 1 hemizygous locus or as many as 5 loci fixed for the same
allele loci. Similarly, individuals estimated to have 2.5 loci may actually have 5 loci. Unlike the
case with Assumption 3, it is difficult to empirically evaluate Assumpti@ml2 ofmy

genotyping criteria; validation of these criteria will require further testing in guppies.

Because of the complexity of possible combinations of PA and number of loci copies in
genotypes, coupled with the semguantitative nature ofNGS only an estimate can be given of
the true CNV pattern exhibited. Moreover, PCR amplification bias, which is known operate
during ceamplification of MHC loci (van Oosterhaettal. 2006h; Sommeeet al. 2013), may
affect sequencing depth ratios of alleles in some amplicons and sdistayt quantitative
appraisas of relative depth ratios. Notwithstanding this possibility, complex yet repeatable
inferences of CNV suggest that alleles may be duplioaitun individuals, in line with other
recent evidence describing MHC IIb diversity in guppies (Llaetets2012). Development of

further methods that can accurately detect PCR bias and correct sequencing depth ratios
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accordingly will strengthen P&fased methods to quantify CNV using sequencing depth.
Measures oA andLishould be less affected by minor variations in PA depth ratios and hence
should be the most robust. Nonetheless, fitting ultaepNGSlata to theoretical models of

CNV suggests thaariation in the total number of MHC IIb loci and number of PA copies exists
within and among populations. It would be interesting to applyapproach to a study system
where the genomic architecture and expression levels of the MHC are thoroughlycthaad
(e.g. humans) to further validate and improve the ability to quantify CNV using PCR and ultra

deep sequencing approaches.

Conclusion

The methods presented here improea previousNGSprotocols to genotype MHC loci by
avoiding problemati@and sometimesarbitrary AVTsand by enforcing genotyping assumptions

to produce accurate and repeatable genotyplly. results demonstrate that substantial
improvements can be made to traditional MHC genotyping methods through the application of
NGSIn dang so,l wasalso able to provide repeatable comparative evidence to support CNV in
the number of MHC lIb loci and allele copies between individuals. Studies involving controlled
breeding experiments in individuals with known CNV will help further elteidtee pattern of

MHC CNM.recommend the development of MHC genotyping protocols that strictly enforce
genotyping assumptions using ukdeepNGSwhich can be achieved using any of the current
popularNGSechnologies) while compensating for PCR bias, and believe that methods aimed at
exploring CNV of MHC in natural populations may shed light on this previously understudied

aspect of MHC evolution.
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Figure3.4. Depth distribution of PAs and artefacts among amplicons in all guppy sample4 vwalles

ranging fom A

6. (a) Across all amplicons, PAs were observed at between 97.4% and 5.2% of

l1toA=

total amplicon depth. Light grey bars show the depth of every instance of PAs ideatbgory. As

estimatedA increases, the maximum depth that a PA contributes to total amplicon depth reduces.

However, the distinction between PAs and contaminants (dark grey bars) is maintained eveAiwhen
increases. We see a clear step decrease in total amplicon depth peredrgageen light grey and dark

grey bars, shown here for sequence depths across all individuals irAezatkgory, but also evident
individually in each amplicon (not shown)¢@) For clarity, the mean sequencing depth is shown for

each PA that was obserd among all individuals of in eagjcategory A

6). The number of

1-A=

unique PAs observed within eaghcategory varied as did the mean sequencing depth for each PA.
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highly sequenced PA%)(The greatesDOetween variants characterizes this boundary between PAs
andartefacts.
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Chapter 4

The role of MHC and parasites in the secondary sexual
colouration of guppiesPRoecilia reticulatg

Abstract

The guppyPoecilia reticulatpis a modelspeciesn the study of naturaand sexual selection
Theparadigmfocuseson the opposing selection pressures of predators and female mate choice
on male colourYet this simplistic view ignoresher selection pressuremdividuals may
experience most notably, parasitisnmHerel highlightlinks between colouratiorparasitic
infectionsby Gyrodactylusandgenes of theMajor Histocompatibility Complex (MH&nong

21 guppy populations in Trinidabdshow that across drainages the relatisgedy area of

different colours decreases with increasingyrodactylugprevalence and that MHC variation is
positively correlatedvith parasiteprevalence These associations suggesffetential selection
pressure exded by parasitesnaydirectly affect colours believed to be on honest signal of

male fitness and relationshipgetween MHC polymorphism and colour may be an indirect
consequenc®f itsrole inparasite infectionsThis supports the HamilteAuk hypothesis which
states that genetic variability can be maintained by mate choice driven by preference for sexual
ornamentation that indicates parasite resistantedeed, someénteractions between MHC,
parasite prevalence,ral male colouseem to be governed by variation between host
populations in distinctiver drainagesThis suggests local adaptation of guppigthin

drainages, and further supports the hypothesis tpapulations in each drainage represent
distinct evoldionary lineagesOther aspects of ecology (including parasitism) alongside
predation pressurand female mate choiceayaffect adaptationof guppy populations. This is

the firsttime such relationships have been obsenmedoncertamongMHC, pathogen

infection, andcolour.
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Introduction

Understanding how organisms adapt to their local environment can help elucidate drivers of
species diversification. In this regard, spatially varying phenotypes and genotypes may
represent local adaptation of popations, and even evidence of ecological speciafidianget

al. 2013; Shafer & Wolf 2013; Papadopugtsal. 2014) Conversely, similarity in ecological
conditions between localities can hindgopulation divergencgfor example when balancing
selection and stabilizing selection slow down the rate of genetic divergence expected under
neutral evolution (e.g. allele fopiency changes due to random genetic drift). Indeed, as recent
studies have shown, the rate of divergence varies across the genom& &g 2010and
alleliclineages irsome genes (e.glajor Histocompatibility CompleXHC) coalesce much
further back in time than the split of the most recent common anceg@tagueroaet al. 1988)

Even in allopatry, parallel evolutionary mechanisms (i.e. stabHiaimg)balancing selection)

may lead to convemnce or maintenance of particular phenotypic and genomic variants despite

longterm geographic isolation and local adaptation of other traits.

The MH@enes are used to infer patterns of vertebrate adaptation to dynamic
pathogen communitiegBernatchez & Landry 2003; Piertney & Oliver@pand the links
between MHC polymorphism and susceptibility to disease are well establ{Shedsdale
2011; Trowsdale & Knight 2013jowever, little is known about effects of this polymorphism
on phenotypic measuramplicit in sexual selection.e. those thatare believed to represent
honest signals of healtiCorrelations betweeMHGpolymorphism and parasite loa@re used
as proxies for the effects of MHC on host fitndsswvever, other vertebrate traits, such #se
guality of secondary sexual colour displays, are believed to confer more direct signals of
individual fitness Colouratiormay beareliable indicato?2 ¥ 'y AY RA @A Rdzl f Q&
because colour can be a costly trait and indicative of an hagigeal(Sakset al.2003; Kolluru
et al.2006; Aguilera & Amat 2007; del Ceatoal. 2010; Mougeott al.2010) For example
carotenoids are used as pigmesin colour displays, budlsohave critical antoxidant roles in

immunologicaprocessegGretheret al. 1999; Stahl & Sies 2003; Chew & Park 2004gability

AYY
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to allocate carotenoids away frotheseimmuneprocesseso displays otolouration is
thereforethought to be indicave ofan honest signal fdnigh fithness andnhcreased immune
defenses againgtathogens Similarly, melanifbased pigment& ornamentationalsocorrelate
with parasite resistance and so may be reliable indicatorsdi¥idual health(Gasparinet al.
2009; Jacquiet al.2011) Such processes ageitlined in the HamiltorZuk hypothesis, which
posits thatspecificgenetic polymorphisncan be maintained in a population when females
choose mates based on sexual ornamentation that indicates resistance to paf&karedton &
Zuk 1982; Balenger & Zuk 2014 Y¥ollows thatstudyingsecondary sexual traits should allow
for examination of both pathogemediated natural selection (asits denoting fitness will be
affectedby the degree of infection), and mate choice mediasedualselection (as females
preferentially chose mates that appeared fittgre.g. in guppiedPecilia reticulata(Houde &
Torio 1992; Gretheet al. 1999; Kolluriet al. 2006) Resolvinghe interaction between MHC
polymorphism andhe display ophenotypic traits that are associated with fithess may

elucidate complex interactioresmong different forms of natural selection.

The guppy is aaxcellentspecies to assess the Istetween MHQenes pathogen
infection, and secondary sexual colouration. Particular MHC polymorphigomppiesnay be
associated witldefenseagainst commorGyrodactylus sppviviparous monogenean parasfie
(Fraser & Neff 200)Qand importantly, MHC can play a significant role in mate choice, where
evidence suggests thé¢males chose male genotyp&sorder tooptimizethe immune
repertoire intheir offspring(Milinski 20®). Expressiorf colours thatare believed to be an
honest signal oimmunacompetence(e.g.orange,Sakset al.2003; Aguilera 8&mat 2007; del
Cerroet al.2010)may be affectedht the individual levein guppiesy both the degree of
parasiteinfection (e.g. intensity of orangddoude & Torio 1992and alsgast selection though

mate choice based olemalepreference for different male colou$loude 199Y.

The samesoloursthat are preferred by femaleare alsobelieved to be associated with
increased susceptibility to predatiqindler 1980; Houde 199Godin 2003and soare

particularly suited to addressing questions focused on the interplasaobus drivers ohatural
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selection. Mile guppiesn experimentalhigh predation (HP) environments can evobatour
patterns that apparentlyeduceconspicuousessto predators €.g. reductionin colour spot
sizg, where as thosen artificiallow predation [P environmentscandisplay more carotenoid
and black colouratiorgrivenby female mate choicéEndler 198Q)The paradigm is that
predation pressures a stronglriver of parallel evolution of life historycolour, and mate choice

amonggeneticallyindependent populations, despite loftgrm isolation(Houde 199Y.

Notwithstandingthis paradigmguppy life history(Fitzpatricket al. 2014) andcolour
(Millar & Hendry 2012¢an display nofparallelism among populations of similar predation
levels and inportantly there has shown to be negligible variation in the relative fitness of
brightly coloured males between HP and LP populat{dviseseet al.2010) Male colouration
in populations commonly do natonformto expecationsRS NA SR FNBY (G KS WLINBF
LJ- NJ Ruih&eés6éelP populatios displaytemporally stablecolouration consistent with HP
environmens (Gotandaet al.2013) Moreover, guppy fitness related colours can vary
significantly amonglrainagesyet it is not clear Wwat causal agent drives these differences
(Rodd & Reznick 1991nterestingly, guppy populations withieach ofthe three main
drainages of northern Trinidad represent distiichinage specific lineages, which increases
evolutionaryindependence and facilitates testird evolutionary hypothesis. Strictly speaking
the North Slope comprises many independent smaller watershed (as opposed to the Caroni,
and Oropouche drainagedjut genetic data suggest that they represent a single lineage

(Willinget al.2010; Baillie 2012)

Herel quantify variation in phenotypic traits argeneticpolymorphismscorrelated to
fitness in guppies and investigate tf@lowing questions(1)Is colour variation in male guppies
explaired solely by predation pressur@) dopatterns ofparasitismand MHGCcorrelate with
adaptivetraits (e.g. colour)n guppes, and, (3)sguppyMHC diversity influenced by
demographigrocessesPefining theinteractions between MHC, parasitism, and colauit
allow for a clearer understanding of how sexual selection and parasite mediated selection
define the adaptive diversity of guppies in relation to the effects of variable predatio

pressures.
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Methods

Sampling and parasite assessment

Male guppies were sampled from 21 populations across 10 rivers in northern Trinidad (Figure
SA.1, Appendix2) in 2009 (total n = 723) and 2010 (total n = 707). Fish were isolated to prevent
parasite movemenamong individuals, anduthanized in 0.026 Tricaine Methanesulfonate
(Finquel M&222; Argent Laboratories, Redmond, WA, USA) buffered to a neutral pH with
NaHCO3Gyrodactylu®n each individual were counted usingtereomicroscopghowever the
three species infeéhg guppies G. turnbullj G. poecilig G. bullatarudisareindistinguistable

while on the skir{Harris 1986; Cable & van Oosterhout 2Q@n3dsoas in previous studies
(Cable & van Oosthout 2007; Fraser & Neff 20l @vere notdistinguished Becausé focused

on population level, and not individual level correlates among fitness related traits, infection
was quantified only a&yrodactylugprevalencgpercentage of infected fish in a population;

Bushet al. 1997)

Microsatellite and MHC data were only available for male iddids collected in 2010,
but colour andGyrodactylusnfection data were only available for individuals sampled in 2009.
However, | believe that comparisons among these data types across successive years is still
valid because: (IMHC and microsatelliteqglymorphismwere stable in numerous temporal
replicates across multiple populations used in this stughyp(blished data, an8aillie2012)
and soallele frequencies are not believed to be significantly different between 2009 and 2010
(2) Gyrodactylugprevalence and coloratiowas stable between 2009 and 2010 in the study

populations(Gotandaet al.2013; Gotanda & Hendry 2014)

Molecular methods

A 209 bp amplicon of the MHC ldzus was PCR amplified, lllumseguenced, and
subsequently geotypedin 707guppies, as previously outlind@hapter 2; Chapter &;ighten

et al.2014a; b) All samples were additionally genotyped at 10 polymorphic microsatellite loci

usingP. reticulataspecific primergWatanabeet al. 2003; Ritersonet al.2005; Sheret al.
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2006; Baillie 201,2rable 8.1, Appendix2). DNA was amplifiedia PCHh 5ul volumes
comprisingl0-50ng DNA, 018 10x ThermoPol PCR buffé0(mM TrisHCI, 1amM KCl,

10 mM (NH:)2SQ,0.1%Triton %100) 200vM dNTP, 200M fluorescently labelled forward
primer, 200uM reverse primer, and 0.9&gDNA polymerase (New England BioLabs). PCR
amplification consisted of the following: 4 min at 95°C, 30 cycles of 30s at 95°C, 3@sat loc
specific annealing temperatur@able 8.1, Appendix 2 30s at 72°C, and 3 min at 72°C. PCRs
were carried out in Eppendorf Mastercycler ep thermal cyclers. Microsatellite PCR products
were visualized by electrophoresis 8% denaturing polyacrylamidelg run on a ECOR IR
DNA analyzer at 50°C. All gels inclugesditive control samples, redundant samples, and
molecular weight size standard laddéil analysewere conducted in the R statistical package

(R Development Core Team 201ih)ess otherwise stated.

| classified MHC IIb allel@go functional supertype (MHGST)by amino acid
polymorphismat the guppy specifipeptide-binding region (PBREhapter 3Lightenet al.
2014a) ThePBR is under strong directional selection and is the adaptive interface between
pathogen recognition and the host immune response. Therefore, PBR diversity should reflect
functional differences among alleles. The PBR of each allele was humeteaHgterized
based on the physicochemical properties of each amino &ahdberget al. 1998;
Doytchinoveet al. 2004; Doytchinova & Flower 200@nd were clutered using Discriminant
Analysis of Principle Components (DARIth the adagenetpackaggJombart 2008)Supertype
classificatioravoided introducing missing data points into correlation analyses where the
presence of particulaalleles varied greatly among populations, but the presence of {8HEC

were more consistensee Results).

Population genetic diversity
Locus affiliatiors of MHC allelesire unknown in guppieg¢Llaurenset al.2012;Chapter 3;
Lightenet al. 2014a)sotraditional measures of allelic richness cannot be appliedtimated

population level MHC allelic richness (MBAgusing a bootstrappingpgroach to account for
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different population sample sizestandomly subsampled 10 alleles (a&ach guppynay have
up to five loci; se€hapter 3Lightenet al.20143 and Results) from among all individuals
within a population and counted the number of unique allelegpeated subsampling with
replacement 1000 times and calated the mean number of unique alleles sampled. This
provided unbiased relative estimates of MiAGN each population. Using the same approach

also calculated MHGST richness (MHET) within each population.

Microsatellite genotypes were checkedimgMicro-Checker v.2.2.G/an Oosterhoutet
al. 2004). For each populatiorGENEPOP v.4.0.(Raymond & Rasset 1995; Rousset 2008)
was used to estimate frequency of null alletgseach locusAll 10 loci were checked for
selection using. OSITABeaumont & Nichols 1996; Antab al. 2008) which suggested that
one of the ten loc{Pret46) did not conform to expectations under neutralityloreover,
inclusion of thidocusresulted in inferences of population structure that were bio
geographically implausible and contradictory to those previously reported in gup@es (
Willinget al. 2010,Baillie 2012and so was removedPopulation level microsatellite richness

(Micro-Ar) was calculateth the samemanneras with MH@olymorphism.

Male guppy colouration

Full details regarding collection of colour data are givefGiotandaet al. 2013) Briefly, guppy

traits were quantified from photographs of 723 male fish sampled in 2008 Colour metrics

of male fishwere quantified from photographbased orclassificatiorof individual colour spots

on the body andcaudal fininto one of eight categories (modifidcbm Endler 1991; Kemet al.
2008; Millar & Hendry 2012 Image JSchneideet al.2012) Black fuzzy black, orange

(including red), yellow, blue (including purple), green, violet, blue, and silver. For each fish, the
total areaof each colouwasdivided by the total fish area (body arezaudal finarea) toyield
relative area of a given coloufhe population level mean for each colour ti@itea, and

number of spotsyvas calcwdted and used in further analyse
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Effect ofpredation level, and drainage on guppy trait variation

To testwhether predation level had a significagffect, | used a Wilcoxon rangkum test for

each trait of interes(MHGA,, MHGST, Micro-A,, MHGSTirequencies colourareaand number
of colour spts, andGyrodactylugprevalence)with populations separated by either high or low
predation. The same analysis was repeated, but instead populations were classified by
drainage. Despités locationin the Oropouchelrainage guppy populations from th&urure

river were classifiedvith populations from the Caroni drainage, as they represergiatively
recentintroduction (1957, Haskindrom the Caroni drainagéShawet al. 1992; Suk & Neff
2009; Willinget al.2010) Because only two true Oropoucitype guppy populations remained
both from the Quare River, intedrainage comparisons of trait variation were only conducted

between the North Slope and the Caroni drainage.

Correlations between genetic diversity, colouration, and Gyrodactylus
prevalence

All uninfected populations were excluded from analyses of the relationships between parasites,
colour, and MHQ.alsoexcluded one population (El Cedtd with low infection prevalence

from further analysis, as parasite prevalence was an order of magnlibuekr than that of

other infected populationsThis reduced prevalence magve been a sampling artifact, due

to natural demographic stochasticitpll further analyses were conducted using the R package
ade4 v1.51 (Dray & Dufour 200A)nlessotherwise stated] assessed the variation amotige
population mean for eacholour trait using a princgd components analysis (PLAvhich

indicated cevariation amonghe total colour area and the number of spotsfivie colours

(violet, green, silveryellow, and blue)l retained only measures of arefar further analysis of
these coloursThe correlation between two data matrices, which collectively contained three
types of data, was assessed byigertia analysis (COJIDoledec & Chessel 199)test if
functional genetic diversity was correlated with tragissociated with indicating fithesPata
matrix (1) contained MHGST frequenciefr each populationand data matrix (2) contained

colourtrait meansand Gyrodactylugprevalenceor each populationCOINSs very robust
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against autocorrelatiorflLamazeet al. 2014) compared to other similar approachés.g.

Mantel tesf), and derives from studies comparing phenotyguic environmental variables
(Doledec & Chessel 1994 PCA was conducted on each data matrix (i.e. 1 and 2), ahd COI
(COIN) assessed thglobalvariation among PCA axes between the PCA outputs for data matrix
1 and 2 using1000 bootstrap replicates. Where a strong correlatvss indicatecdbetween
individualtraits of interestfrom datamatrix 1 and 2 (e.g. between the frequency of a particular
supertype and a particular colour), a separatee-i  Af SR t S NAE2Yy Qa (P@E NNBf I (
wascalculated. The procedure was repeated using the data matrix (1)»MHDd MHEST,

and (2) male douration andGyrodactyluprevalence (CORN Where significant correlations
between metrics of genetic diversity and colouration existed in infected populations, they were
also examined in noeinfected populations. Finallyfitted separate linear modslwith MHGA,,

and MHGCST, as dependent variables and Miefe as an independent variablacross all
populations (including noinfected) Using MicreAras a null model of neutral evolution, this
tested whether demographic processes affected MHC dityerassumed to be under strong

selection(Bernatchez & Landry 2003)

Results

Identifying MHC polymorphism

A total of 1 63485 contigs passed pigrocessing (mean >Q.30; 99.99% accurdafyy07
sampledor which genotyping was attempted2 (10%) were excluded from further analyses
because PAs could not be confidently separated from artiféetsing635 genotyped
ampliconghat hadindividual depths of 281g 13,120x (mean 2391x + 1380). Amdhgse

159 MHC Ilb PAs were identifiagthichtranslated into 120 unique polypeptides.

Across all 18PAs observed’7 PAswere novel (GenBankR87005XKR87012pand 8L
PAshadbeen characterized previousliZlaurenset al. 2012;Chapter 3Lightenet al.2014a)

AmongPAs,76 were shared across at least two populatioB2 were unique to single
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populations (private alleles), and the total nber of alleles within each populatioy) varied
between 4 and 35 (Tablel3, Appendix5). | observed 87 rare PAs, eawithin a single
individual.One to nine PAs were observed per individual gujppgan 2.385 + 1.21&igure

.2, Appendix2). The range oA measures also varied among populations (mean=3.28, range=

1-9; Tabled.1). Genotype repeatabilithetweensequencingunswas95.4%

By clustering PAs based on functional similasftgmino acids constituting the PBR,
identified 12 MHESTs (ST to ST12; Figurest.3-4.4, Appendix 2 Table 8.2, Appendix %, and
the number of alleles constituting each supertype varied (mean=13.16 + 5, rai2@eERyure
SA .4, Appendix 2Table 8.2, Appendixs). The number of MHC supgpes observed within
individuals MHGST) ranged from one to siMean2.81, TableS4.1, Appendix5). In most
individuals(99.38%kach supertype was represented by a maximum of two unique MHC alleles
(TableA.3, Appendix5). Four samples from the sanpepulation (Aripe2) each had three
alleles that belonged to S9. The number of supertypes also varied between populati&ig (

mean= 7.19 + 1.96, range-34, Tables4.1, Appendix 3.

Linearmodels showed a significant positive relationship betwd&AGA and Micro-Ar
acrossall populations P=0.001, R=0.41). The relationship betwe@MHGSTand Micro-A
among all populationsvasnot significant(P=0.289,RP=0.01)(Figure4.5, Appendix2). This
suggests that variation iIMHGCAy is strongly influenced by demographic processes (such as
genetic drift) whereas variation IMHGSTis not. As such the remainiragalyss used

supertypesas the metric of MHC diversity
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Effect of predation level, and drainage on trait variation

Across all poplations (both infected and unfected)Micro-A-was significantly higher in HP
than the LP sites (Wilcoxon rank sum té%t0.010, Tabld.2). RemarkablyHP and LP
populations did not differ significantly in MHET but drainages didR=<0001, Tablet.2), with
guppy populations ithe North Slopalisplayingower MHGST thanthe Caroni(Figure4.1).
Populationsin the North Slope displayed significantly more ora(fe.001)and yellow body
area(P=0.018) and more fuzzy black spae=0.001), which, importantly varied very little
between HP and LP sit€Bable4.1, Figure4.2-4.4).

Gyrodactylusvere observed in 14 of 21 populatioriBaple4.1, Table$4t .4, Appendixb)
and one population (ElI Cedd) had a parasite incidence that warsorder of magnituddower
than the 13 remaining infected populatior®f the remaining individualsom which MHC llb
genotypes were obtained, 167 (29.3%) were infected WmodactylusWilcoxon rank sum
test showed that variance i@yrodactylugprevalene among populationsvassignificantly
correlated with predation leveR= <0.001, Tablé.2).

Correlations betweermgenetic diversity, colouration, and Gyrodactylus
prevalence

The COIN analysis between MBT frequencies, male colour aBgrodatylusprevalence
(COIN) revealed no significant correlation between the data matriggsk@alco-inertia
coefficient = 0.49P=0.167) which suggests that the strength of the relationship between
individual MHESTSs, colour traits, and parasites varied among populatieiggsires4 .6,
Appendix2). Interactions among individual MHET frequencies, colour traits, and infections
were observe when cevariation among each factor was examiniadependently
Gyrodactyluprevalence was negatively correlated with orange afe=0(021, R=0.32 Figure
4.59), fuzzy black ared€0.012, R=0.38 Figure 4.5) and yellow areaR=0.021, R=0.32
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Figue 4.59, as well ashe frequency ofST2 P=0.017, R=0.34 Figure 4.6 and ST11R=0.012,
RP=0.38 Figure 4.6b)The frequency of MHGST2 was positively correlated with orange area
(P=0.007, R=0.43 Figure 4.7% and yellow areaR=0.023, R=0.31, Figure 4.7}. Similarly, MHC
ST11 frequency was positively correlated with fuzzy black &«a{35, R=0.27, Figure 4.7¢)

In some riverghere was a similar interaction between MHC supertypes, colour and
Gyrodactyluprevalencedespite predation levele.g.M3 (LP) and M4 (LP); Y1 (LP) and Y2 (HP);
AP1 (LP) and AP2 (HPigureS4.6 Appendix 2).

Secondlythe COIN analysis between (1) MBCMHGST, and (2) colouration and
Gyrodactyluprevalence (CORMrevealed a significant correlation betweedmettwo data sets
(Globalco-inertia RV coefficient = 0.37, simulatBd0.043), andmportant fithesscorrelated
traits (Figure4.7, Appendix2). Gyrodactylugprevalencewas positively correlated witMHG
ST(P=0.001, R=0.59 Figure4.8a)across infecteghopulations.Remarkably, MHST was
negatively correlated witlorange body areéP=<0.001, R=0.64 Figure4.8b), and yellow body
area P=0.006, R=0.45 Figure4.8c).Notably,the relationships betweeMHGST Gyrodactylus
and colour seem to be governed by variatiom these traitsbetweendrainages (Figuré.8,

Table4.2).

Discussion

Male guppycolourationcanevolve in response ttemale mate choicgpresumably because it is
a honest indicatoof individual fitnesgHoude 199Y. However, this effect cabe counteracted
by the benefits of inconspicuous colouration when faced wvinitreased predatiofEndler

1991; Houde 1997Freed from predation pressurguppiesin low predation (LP) siteshould
consistently display morearotenoidbasedcolouration, but this is not always the case
(Gotandeet al.2013; Gotanda & Hendry 2014jere | have showthat fitness related
colourationof guppiesat the population leveVaries morebetweendrainages than it does

according tahe classic dichotomous model pfedation levels across Trinidad, afwither,
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that this variationis correlatedwith MHC polymorphism and parasite prevalen8pecifically,
particular MHC polymorphisms are associabedh with decreasedsyrodactylugprevalence
andincreases ipopulation mearorange, yellow, and fuzzy black. Moreover, Mdd@ertype
richness (MHEST) is also related t@yrodactylugprevalenceand colour patternsNotably,
correlations between MHC and colouration were absent in-mfacted populations.
Interactionsbetween MHC polymorphisngyrodactylugprevalence, and male colouration
among populations are consistent with parallel evolution relategiagableselection imposed
by pathogenscross drainage#lthough generally not consided in studies of guppy

evolution, MHC and parasite diversity are likely important components that contribute to the

wide spread adaptation observed in this species.

Is predation driving parallel evolution iguppy colouf

Surprisingly,l found no significandifferencesin the population meararea and number of spots
of any colour trait between predation levels. This is contrary to expectations suggested by
previous studieshat comparedhe effects of predatioron individual level variabn in
experimental mesocosm&ndler 1991)and amongndividuals ofpopulations within the same
river (Weeseet al.2010; Millar & Hendry 2012; Gotanda & Hendry 201 particular,

variationin mean orange, and yellow body area (which are believed to indivaddth, and
susceptibility to predationyvas minor and nossignificantbetween HP and LP sites, but
substantialland significant) betweedrainagesIncreased orangareain North Slope
populationscompared to those in the Carohas been observed previously, and speculated to
be a consequence of reduced predation pressure in this region compared to other drainages
(Rodd & Reznick 1991wt this has not been substantiatetishow that this drainageevel trait
co-varies with MHC and parasites within drainagdsreover, the patterns of variation

between HP and LP sites in fuzzy black area (which only significantly varied between regions)
are reversed between the Caroni drainage and North Sldpe.effect of predator driven
selection on colouration appears t@linconsistent among populatiorfand particularly

between the Caroni drainage and North Slope), and this fits with observations gfaratiel
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evolutionamong guppy populationg-itzpatricket al. 2014 Gotanda & Hendry 2014)his
suggests that other biological/ecological factors have an impact on spealesvariation of

important colours relating tmaturalselection in guppies.

Similarly, MHEST did not varysignificantlybetweenpredation levelsbut did between
drainages MHGSTwas notcorrelatedwith microsatellite allelic richnes$/jcro-Ay), yet MHC
allelic richnessMIHGA/) was.The fact that MHET isindependent ofMicro-Ar suggests that
variation in MHC supertype dikgty is less susceptible to demographic processes than MHC
alleles The significant variation Micro-A: (subject to drift and gene flow) between HP and LP
siteis likely a consequence of the larger population sizes in downstream HP enviranareht
the higher rate of gene flow from upland populatiof@rispoet al. 2006; Barsoret al.2009; Suk
& Neff 2009; Willinget al. 2010) The differencean MHGST betweendrainages is likely
explained by variation ipathogermediated selectionThe reduction inGyrodactylus
prevalence in populations witltower MHGST may represent directioal selection towards
more focusedadaptive immunity agast a smaller parasite communitigpwever firther work
is needed to test this hypothesiSherefore,supertypes may be more important measures of
population and individual level MIC functional diversity than alleleSignals of natural selection
purely at the MHC allelic level could potentially be confounded by demographic process across

guppy populations of different sizes (high or low predation).

Similar to MicreA;, Gyrodactyls prevalence was also significantly greater in HP than LP
sites. The higher prevalence of infection in HP sites is most likely a consequence didatger
populations in the larger downstream river habitatghich receive morenfected immigrantso
sustan pathogen numbersMoreover, the antpredation strategy of tight shoaling among
guppies in HP environments may facilitate easier transmission of parasites between individuals

(Johnsoret al. 2011) Similarity in patterns oGyrodactylugprevalence are consistent across
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drainagesand thissuggests thathey may exert a similar degree of selection pressure on

guppies

Parallel patterns of phenotypic and genetiariation relating to parasite driven
natural selection and matechoice driven sexual selection

Frequencies oMHGSTF2 and S711 were strongly negatively correlated wi@yrodactylus
prevalenceA previous studyFraser & Neff 200)@lso observed a negative association
betweenGyrodactylusnfection prevalence in Trinidadian guppies and the frequency of a

LI NI A Odzf  NJ al / L L0 Basddd®nleaidedSequedcealld®esal ®dJS WI QU0 @
ByrodactyludNB & A & O | y O-8(Basér 4zNa%f Ra1j¥otdta clade with alleles in S,

whichl identified as being associated with reductionsGgrodactylugprevalence(FigureS4.4
Appendix2). In populations where MH@,and MHCST were greatly reduced (e.g. Mariandg
andMarianne4), all individuals had the same three allel€alfle 8.3, Appendix5), which each
represented a unique MBST Notably, two of these alleles represented-8Tand S11.1, and

this supports the hypothesis that a reduction in MHC population leiwelrgity may be a
consequence of directional selection for polymorphism involved in parasite resistance
(MonzoénArguelloet al.2013) Evidently Gyrodactyludas a similar effect on MHC
polymorphism in all infected populations, artuig corroborates the observation that this
parasite species complex may impose homogeneous selection pressures across large spatial
scaleqFraser & Neff 200)0However, the fact that guppies express multiple other MHC
supertypes among populations suggests that a fitness tafflexists between SZ, ST11, and
other supertypes, which presumably function to combat other parasite spetigs.means that
the frequency of supertypes among populations is likely governed by the requirement for
immunological defense against variable parasite communities, where individuals are required
to expressan effecting array of supertypes in relation to the number of potentialgsite

species that can infect them. It is therefore somewhat surprising that ghemultiple species

of Gyrodactylusand their probable higlevels of cryptic divesity among isolated drainages

(Xavieret al.2015) that when considered as a single complex ¢sp® or strain were not
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differentiated in this study) significant relationships among their prevalence, colour, and MHC
polymorphism are detected. This suggests that individual MHC superngyodgeefficient

functionality againsbroad but similar paragit phenotypes

Across all populations €T and S1L1 frequencies were positively correlated with a
significant increase in theolourarea of fuzzy black, orange, and yellGwis isconsistent with
aprevious finding thaGyrodactylusnfections were negatively correlated with carotenoid
intensity in laboratory populations of guppiélluru et al. 2006) Although intensity of
carotenoid pigmentation may be an hongsastic signal of malkealthbased on nutrition
(Gretheret al. 1999) the area, and number of colour spots has a genetic fagsTripathiet
al. 2009) Because patrticular colour genes may confer some selective advahtaggh mate
choiceamong populations, they may possibly become linked to other impottaits that
increase fitness though natural selecti@@ordonet al.2012) Indeed a recent study
demonstrated that one particular MHET in baboond@pio ursinuswas related to reduced
individual condition, and the size and shape of sexual swelling during female estrous, which

serve as secondary sexual sigrigdachardet al.2010)

Upon visual examination of correlations among MHC diversity, colourGgnadactylus
prevalence there appears to be a strong effetdrainage in governing multiple correlations.
However, drainage was not included as a factor in correlative mpaelsombined with the
small number of populations examined this led to over parametrization and weakening of
correlations betweerspecific traits. However, Wilcoxon tests independently demonstrated
which of these traits varied significantly among drainages, and when compared to correlative

analyses, the effect of drainage on trait covariation can be assessed.

Thisstudyestablishes relationship among MH&lupertypes and MHGupertype
richness with parasite infections and secondary sexual colourafidms finding is consistent

with predictions stemming from the Hamilteiuk or good genedjypothesis, whiclpositsthat
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genetic dversity is affected by mate choice for sexual ornamentation that signifies parasite
resistanceThe fact that female guppies apparently choose mates based on visual colour cues,
and not chemosensory MHC related olfactory c(lésude 1997 Archardet al.2008) leads to
speculation that MHC polymorphism, which confers increases in relative filsessociated

with colourtraits. The hypothesis that MHC abddy colours are associatedsuggests that

sexual selection plays a large role in shaping population frequencies of MHC alleles, given the
established importance of male guppy colouration in inflci@g female mate choice (e.g.
Wedekind & Penn 2000; Milinski 2006t is likely thatnatural selection pressures exerted by
parasites and predatonsoth influence processes of sexual sglen and this can vargmong
drainagesParticular MHCGpolymorphismswhich confer resistance to parasites, increase in a
population because of fithedsenefits Individualdess energetically burdened by parasites are
able to spend more time devoted t@uartship over foragingkolluru et al.2006) and so sexua
selectioncouldoperate to increase those colours associated with female preference for
indicators of male fitnesS hese findingsare contrary tahose of a study that explicitly tested

the HamiltonZuk hypothesist the individual level imatural gupyy populations and found no
association betweesyrodactylusnfections and male colqMartin & Johnser2007) It may be
that within population variation in male color and parasite infections is so largentieaningful
relationships between colour and infections are difficult to detect. Moreover, my results
suggest that correlations in support of the Hiton-Zuk hypothesis can be governed by
variation among drainages, and so likely result from historical effects driving local adaptation.
While disentangling the relative contributions of each type of selection will be diffsexual
selectionisa domnantforcein shaping MHC diversity across diverse {@aternitzet al.

2013) In guppies, he observed patterns of MHC polymorphism and male colouration likely
resultfrom some complex interaction amorgpatially varyingprocesses of sexual selection and

natural selection drien by pedatorsand parasites.
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Conclusion

| show significant interactionsetweenMHC polymorphism, parasite infection, and colour traits
related tosurvival and mate choicd omy knowledge this is the firsime such relationships
have been observed among these three mdgaturesrelated tofitness. While the difficulties
associated with correlative analyses mean that cause and effect of thg@nshipscannot

be definitivey identified without further experimental work, they do show that variation in
colouration and genetic polymorphism are likely governed by a complex interactaiffexent
drivers ofnatural selection. The mosbnservativeexplanation for such patterns that
immunological pressusexerted by parasitesaryover space(amongpopulations or

drainages), and thidirectly affectshe strength of selection on colour signalhus the
correlation between MHC polymorphism and colour may be an indirect coreseg of how

well particular polymorphism combats parasite infectipaad thus MHC polymorphism that
confers highmmunocompetencewill lead to increases in colours that indicate increased
health. Aspects of ecology alongside predation pressure likely drive local and parallel
adaptations of guppy populations across large geographic scales, of which parasites likely play a

major role.
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Figure4.2. Variation in orange body ard&o)between (a) high and low predation sites, and (b) drainages. Variation in the
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Predation Drainage Population Mean A Mean ST RangeA RangeST
High Caroni Arimal 3.966 3.133 2-9 1-6
Low Caroni Arima2 3.2 3 1-6 1-6
Low Caroni Aripo-1 3.068 2.689 1-5 1-4
High Caroni Aripo-2 4.875 3.812 2-9 2-6
Low Caroni El Cedrel 3.366 3.1 1-5 1-4
High Caroni El Cedrel 3.843 3.187 1-7 1-5
High Caroni Guanapel 3.903 3.225 2-6 2-5
Low Caroni Guanape2 3.75 3.166 1-6 1-5
High North Slope Damierl 3.311 2.577 1-7 1-5
Low North Slope Damier2 2.642 2.214 1-7 1-5
Low North Slope Marianne-10 2.148 1.851 1-3 1-3
Low North Slope Marianne-16 3.032 2.741 2-6 2-5
Low North Slope Marianne3 3.111 3.111 3-4 3-4
Low North Slope Marianne4 2.937 2.937 2-4 2-4
Low North Slope Paria7 3.625 3.187 2-6 2-4
Low North Slope Yarral 2.489 2.326 2-5 1-4
High North Slope Yarra2 3.043 2.586 1-6 1-5
High Oropouche Quarel 3.310 2.724 1-6 1-4
Low Oropouche Quare?2 3.117 2.588 1-6 1-5
High Oropouche (Caroni type]  Turure2 3.709 2.750 2-5 2-3
Low Oropouche (Caroni type]  Turure3 3.655 1-4 1-5 3

Table4.1. Summary metrics of MHC allelic richnegdHCGA;), and MHC supertype richneddKIGST).
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Trait Predation Drainages
Genetic diversity | W P w P
Micro-A 88 0.010* | 38 0.859
MHG A 76 0.089 |64 0.03%
MHGCST 67 0.301 |78 <0.00%
Supertypel 51 0.961 |35 0.576
Supertype2 32.5 0.168 |24 0.157
Supertype3 535 0.938 |45.5 0.662
Supertyped 77.5 0.062 |48.5 0.5
Supertypes 52.5 1 59 0.112
Supertypeb 46 0.666 | 43.5 0.808
Supertype/ 57.5 0.666 39 0.916
Supertyped 70 0.179 28 0.257
Supertyped 73 0.137 54 0.250
SupertypelO 64 0.401 |69 0.012
Supertypell 34 0.204 |41 1
Supertypel?2 54.5 0.863 |36 0.687
Colouration

Black area 48 0.804 |27 0.258
Fuzzy black area | 40 0.413 |24 0.161
Orange area 39.5 0.384 |4 0.001*
Yellow area 34 0.210 14 0.018*
Blue area 51.5 1 23 0.133
Green area 57 0.750 60 0.093
Violet area 44 0.595 |44 0.796
Silver area 77 0.075 |53 0.297
Total n. spots 37 0.301 29 0.340
n. black spots 37 0.301 |53 0.297
n. fuzzy spots 49 0859 |7 0.001*
n. orange spots | 40 0.413 34 0.596
n. yellow spots 52 1 28.5 0.309
n. blue spots 34.5 0.218 |33 0.545
n. green spots 58 0.697 |73 0.002
n. violet spots 62 0.500 |39 0.929
n. silver spots 39.5 0.384 |55 0.222
Parasite infection

Gyrodactylus 97.5 <0.001*| 51.5 0.344
prevalence

Table 4.2 Results of Wilcoxon rardum test tests indicate significant variation (P=0.05) of
genetic, and colour traits, and parasite prevalence between levels of predation (denoted by *).
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Abstract

Evolutionof the Major Histocompatibility Complex (MHC) is driven by immunological
adaptation to fast evolving parasitddowever, i is stil not fully understood why contradictory
observations among studies (i.e. directional selecaod balancing selection; natural selection
andgenetic drift; high allelic diversigndlow allelic diversity) persist. | outline a new
perspective on MHC ewdion that explains these issues, by focusing on the largely overlooked
significance of MHC supertypes (groups of similarly/identically functioning Mél€sain

natural populationsl describe how population structuring of MHC allelic diversity is tfteby
neutral demographic processes, whereas supertype population structuring iSheostudy of
MHC supertypes in comparison with their constituent alleles reveals detailed cryptic processes
of MHC evolution that cannot be inferred by the study of Mili€les alone, as is traditional
done. | provide the first evidence to suggest that strong stabilizing selection has operated on
MHC allelesvithin loci specific supertypes over millions of years in both the guppy and its
relative, the swamp guppyPpecilia picta lalsosuggest that balancing selection operates
directly on loci (supertypes) to produce complex patterns of CNW within and among
populations.The spatial and temporal patterns that stabilizing selection generates in MHC
allelic divesity can be erroneously interpreted as widespread divergent selection among
populations when supertypes are not considered. | suggest that haplotypes of MHC supertype
CNV are a central unit upon which balancing selection operates, and high levels afrfahct
similarity among alleles within a supertype render individual allele frequencies susceptible to
inter-supetyperandom genetic drift. Allelethat differ in fithess effects may rapidly change in
frequency due to intesupertype Red Queen processelBeTulmination is a description of a

new paradigm in the study of MHC evolution, which resolves multiple unexplamed

commonly observed paradoxes, and explains the enigma of MHCGgpat$es polymorphism.
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Introduction

Genes of the Major Histocompatiity Complex (MHC) have contributed much of what we

know about genetic adaptation (Bernatchez and Landry 2003, Piertney and Oliver 2006). Over
the past 30 years a paradigm has emerged, which states that evolution of these highly variable
genes is driven bynmunological adaptation to fast evolving parasites (reviewed in Spurgin and
Richardson 2010), as explained by the Red Queen hypothesis (van Valen 1973). This hypothesis
suggests that host and parasite-evolve in an evolutionary arms race, where pamesit

continually evolve strategies to evade the host immune system, and the host evolves more
efficient immunity against parasites. It is believed that strong extrinsic selection pressures from
pathogen infections maintain diverse MHC polymorphism over lapg¢ial and temporal

scales, though balancing selection, in the form of negative frequency dependent selection
(NFDS)overdominance (heterozygote advantage) and fluctuating selection (Spurgin and
Richardson 2010)ariation in MHC polymorphism among pdations iscommonlyinterpreted

to represent differential selection pressures from dynamic pathogen communities, which may
fluctuate temporally, resulting in directional selection of MHC through Red Queen dynamics.
Despite NFDS and overdominance beingrtiust popular interpretations of processes

governing MHC polymorphism, convincing empirical evidence is yet to emerge that supports
their influence on MHC genetic diversity. Moreover, this interpretation presents somewhat of
an unanswered paradox in the uastanding of MHC evolution: How can balancing selection
maintain MHC allele polymorphism over large spatial and temporal scales in concert with

widespread local adaptation to different parasite communities?

Paradoxically, MHC allele frequencies canteaty influenced by demographic
(randam) processes (e.g. genetic drift or migratiddemath & Getz 2011; Suttat al. 2011;
Strandet al.2012) This contradicts the central paradigmtihat the MHC evolves under strong
selection. Rather, this observation suggests that MHC population genetics is affected both by
adaptive processes as well as demographic proseddereover, it has become apparent that
species may have greatly reduced MHC allelic diveesity Radwaet al. 2010) and this can

be caused by the effects of genetic drift (e.g. though a population bottleneutweighing the
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strength of parasite mediated natural selecti@®uttonet al.2011). However, species with very

few MHC alleles among populations (traditionally presumed to be less adapted to diverse
pathogens) may appear to be just as fit as those that have many alleles (traditionally presumed
to be critically adapted to pathogen conumities) (Radwaret al. 2010. It is still not fully

understood why these contradictory observations among studies (i.e. directional selaaiibn
balancing selection; natural selectiand genetic drift; high allelic diversigndlow allelic

diversity) gersist. Here | outline a new perspective on MHC evolutionary that explains the
persistence of these issues, by focusing on the largely overlooked significance of MHC

supertypes (groups of similarly/identically functioning MHC alleles) in natural popuation

It is the understanding of how the MHC interacts with antigens that reveals its role in
countering pathogenge.g. Wucherpfennig 20017 his may help elucidate how MHC genes and
the proteins they encode adapt to counteract pathogens. However, these data are lacking in
non-model species, and difficult to acquire. As such very little is kredvawit the relative
functional properties of MHC polymorphism in natural populations of most vertebrates. An
alternative approach is to classify MHC alleles into supertypes based on the level of shared
similarity in inferred functional characteristics, mgibioinformatic approached.undet al.

2004; Doytchinovat al.2004; Doytchinova & Flower 2005, Chapterldjhis approach,

functional characteristics of MHC alleles are represented by the physicochemical properties of
the amino acids that are translated from the nucleotide sequence. MHC variants are grouped
either by clustering or principal components analysg&ng the properties of amino acids at
positions in the peptide binding region (PBR) that are under strong positive selection and thus
best reflect the functional differences among alleles (See Chapter 4). Correlative analysis
between the frequency of a pacular MHC supertype and the degree of infection in a

population then suggests its functional significance (See Chapter 4).

Although the common philosophy of MHC population level analyses aims to uncover
patterns of local adaptation at the allelic level by simply counting alleles (implying that allelic
diversity directly reflects functional diversity; so every allele shoule lzatistinct function),

with very limited analysis on the translated amino acid sequéeap Bernatchez & Landry
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2003; van Oosterhoutt al. 2006y Piertney & Oliver 2006; Olivet al.2009; Sutbn et al.

2011, Eimeset al.2011; Spurgiret al.2011; NadachowskBrzyskaet al.2012; Winternitzet al.
2013) very few have adopted the premise of studying MHC evolution in the context of
supertypes comprised of alleles which have very similaremtidal functions. Nonetheless, it
has recently become evident that MHC diversity represented by supertypes may reveal
patterns of selection and relative fitness benefits in relation to parasite infec(@.s
Schwensovet al.2007; Sepiet al.2013a; ). The observation that demographic processes may
less affect patterns of supertype diversity, compared to allelic diversity, suggests that they may
better represent the urts upon which selection operates at the MHC (Chapter 4).
Understanding the interactions among processes governing MHC supertype evolution and
those governing, more conventionally, individual alleles could provide an important new

perspective on MHC evolati.

A conceptual framework put forward wan Oosterhout (2013jJescribed how alleles of
particular supertypes are likely to be confined fiesific loci (at least in most cases), and
therefore diverse MHC functionality (different supertypes) can be maintained at disparate loci
even in instances when overall allelic diversity is degraded within loci (e.g. by inbreeding). In
Chapter 4, | comparkgeographic patterns of MHC supertype and allelic diversity, neutral
microsatellite diversity, and important fithess related measurements (male colouration, and
parasite infection) in natural populations of the gupppécilia reticulata | described searal
key findings that fit with predictions stemming from van Oosterhout (2013): (1) In a single
genotype, each supertype was represented (largely) by a maximum of two alleles, suggesting
particular supertypes may be locus specific, as observed in ptiemiliid fisheqEllisoret al.

2012) (2) MHC allelic richness was strongly correlatetl wicrosatellite richness, blNIHC
supertype richness was natuggesting that alleles are more affected than supertypes by
demographic processes, and (3) the total number of supertypesnpiridual varied within,
and among populations, suggesting spatial (and likely temporal) differences in selection

maintainingdifferent patterns of MHC loci CNV and functional haplotypes (see Discussion).
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Here | expand on these initial findings by comparing the geographic distribution of MHC
alleles, MHC supertypes, and microsatellite diversity in guppy populations acrogs a la
geographic scale to investigate some important yet largely unresolved questions: What are the
relative differences in processes that operate on MHC alleles and MHC supertypes, and
importantly, can inferences of MHC evolution be unduly biased by fogusirjust alleles?
Resolving these issues will allow a clearer understanding of how apparent paradoxes in MHC

diversity and evolution are observed in natural populations.

Methods

Sampling

Guppies were collected between 2088d2012 from ® populations dstributed among39
rivers/lakes, across Trinidad, Tobago, Barbados, and Hawaii. Each fish was euthanizetin 0.02
Tricaine Methanesulfonate (Finquel N232; Argent Laboratories, Redmond, WA, USA)

buffered to a neutral pH with NaHCO3, and then presermetdi0% ethanol. Sites were chosen

to represent a wide geographic sample of populations across Trinidad, and like the site in
Tobago, the presence of guppies here represents natural colonization from ancestral South
American populations. It is unknown ifgy populations in Barbados represent a natural
colonization from South America or a human mediated introduction, as is the case with

|l FgFAALY LIRLJz I GA2ya GKFG gSNB Sadlrof AaKSR
number of individuals ofite closely related swamp guppydecilia pictawere sampled from
Trinidad. The last shared common ancestor betwBeneticulataand P. pictawas estimated at

around ~2122 mya(Meredith et al.2011)

Molecular methods

The nethods to generate the MHC sequence data, microsatellite data, and estoeattypes

are described in Chapter 3 and ChapteHdwever, this study sequenced samples (and
replicate PCRs) among four independent sequences runs, compared to a smaller number of

replicate PCRs among just two sequencing runs in previous chapstirmaing MHC 11b

Ay
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supertypes was also carried out in a similar fashion as in Chapter 4. However, use of the
diffNgroupcriterion withinadagenetpackaggJombart 2008; Jombart & Ahmed 201i3s not
required. Beause this study revealed many more alleles in a greater number of individuals (see
Results) than in Chapter 4, identification of clusters (supertypes) during the Discriminant
Analysis of Principle Components analysis (DA#&@hartet al.2010)was made clearer.

Multiple instances of DAPC analysis confirmed 15 dlsistealculated the robustness of

supertype designations by comparing the supertype grouping of the 157 alleles from Chapter 4
with the estimated groupings when combined in the current supertype analysis, which includes
many more alleles (see Results)isllwas calculated as the percentage of alleles within the

supertypes estimated in Chapter 4 that also group together during the current analysis.

Population and supertype genetic diversity

Because MHC loci in guppies may be duplicated, are high irsiyvend locus affiliation of
alleles in unknown, population differentiation was calculated usigg(ost 2008and 1000
bootstrap replicates in th&PADIR packagéMaet al.2014 R Core Team 2014). Differentiation
was estimated independently using MHC allele, MHC supertype, and microsatellite allele
frequenciesPairwise values ofddwere compared among microsatellites, MHC alleles, and
MHC supertypes using a Mantel test in #yge packaggParadiset al. 2004)with 10,000
iterations, and Holm correcteBlvalues for multiple comparisons. For each supertype, |
calculated the (1) total number of MHC alleles (hereafter defined as nucleotide variants), (2) the
number of PBR amo acid sequences, Y&he meandistance among PB&nino acid sequence
(number of differencesyithin a supertype(4) the mean frequency of a supertype in
populations where it was present, (5) the mean number of alleles within each supertype per
population, and finally (6) the level of PBR redundancy among the constitutional MHC alleles

within a supertype ) as,

_ the number of unique MHC alleles of supertype x

S=

the number of unigue PERs of supartype x
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Wherexis supertype 1 to 15. Geariation among these metrics were examined using principle
components analysis (PCA) in tie4packaggDray & Dufour 2007gand FactoMineR

(Francois Hussa2008F | YR &dzoaSljdzSyd t SIENBR2yQa O2NNBf I (A
Sequence similarity andendrogram=f MHC alleles and PBR sequences were inferred in

MEGA FTamuraet al.2011) and edited irFIGTREf&ww.tree.bio.ed.ac.uk/software/figtree/).

Results

MHC genotypes
MHC genotypes were confidently estimated for 94% (1732) of the total 1839 samples

sequencedThe failure to acquire accurate genotypes in 7% of the sammsditely due to

poor DNA template, sample contamination, or random sequencing effects, and this genotyping
failure rate is similar to that observed in Chapter 3 (6%) and Chapter 4 (10%). The number of
alleles observed within an individua ranged froml-9 (meanA = 3.25 £1.187), and mea&

varied among populations (range of population mear 1¢ 4.76, Table S5.Appendix 5.

Among four sequencing runs, 233 replicate amplicons were sequenced across 103 individuals.
Genotyping repeatability amongése independent runs was 99.83%, which is an improvement
over the 83.6% repeatability between just two sequencing runs previously reported using the
same genotyping protocol in guppigShapter 3Lightenet al. 2014a).This improvement was

made possible by an increased number of high quality replicate samples among more

independentsequencing runs

In total 5339 MHC b alleles were observed. Of the§d have been previously identified,
and 375 were novel (GenBaniKKT0B989- KT0O0436R Clustelanalysis revealed that these
alleles formed 15 supertypes based on functional characteristics, which is an increase from the
12 supertypes identified in Chapter 4 using 159 alleles (Figure S5.1 and S5.2, Appendix 3). On
average (5EM), 22% (+12) of the alleles within a supertype designated in Chapter 4 were
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differentially grouped in the current analysis which in@ddnore alleles. In all but6 (<1%)of
individuals, each supertype was represented by a maximum of two allelesharabservation
of three alleles was confined to just two superty@esl a few populationsST9 = lindividual
from Arimal, 2 from El Cedra, 4 from Aripo 21 from Sharkand 4 from San Sou&F3 =1
individual from Damied, 1 fromParia3, and 2 from Parid. This unusual observation was
concordant with other unique properties of these two particular supertypes (see below). The
number of supertypes within an individu@T) ranged from 1 to 7 (mean = 2.79 +0.95, Table
S5.1 Appendx 5. Among all individuals the relationship betwe8fiand Aiwas positively
associatedR=<0.001, R=0.73). However, when individuals had the sainthey did not
necessarily have the sans¥ (Figure 5.1). For example, in all individuals wth4, 8.1% had
ST=2,60.6% hadST=3, and31.3% hadST= 4.

Population differentiation

Population differentiation estimates ofeER(Jost 2008) were calculated separately using MHC
allele, MHC supertype, and microsatellite allele frequencies. Microsatellite genotypes were
obtained from 50 populations of the total 59 genotyped at the MHC, and so only populations
that comprised both méser types were used inéRcomparisons. Across 50 populations the
mean Rstestimate based on microsatellites was 0.741 (= 0.007, range 6.D0 able S5.2,
Appendix $, 0.88 (£ 0.003, range 0.027) based on MHC alleles (Table SB@fendix %, and
0.388 (£ 0.014, range 0.002) based on MHC supertypes (Table Sappendix 3. Populations
were consistently highly differentiated by MHC alleles, and similarly so with microsatellites, yet
less so by with MHC supertype diversity (Figure 5.2). A M&gewith HolmPvalue correction
revealed that [k estimates of microsatellites and MHC alleles were significantly correlated
(correlation=0.10P=0.012), yet microsatellite differentiation was not significantly correlated
with that of MHC supertypes¢rrelation=0.06P=0.151). Conversely, population

differentiation estimates based on MHC alleles were highly correlated with those of MHC

supertypes (correlation=0.48=<0.001).
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MHC Supertype population characteristics

The total number of alleles withia supertype ranged frori6 (ST1) to & (ST9) mean
35.93+11.79Table 5.1). Redundancy in the PBR amino acid sequéfc@<. the degree to
which allelic nucleotide sequences translated into the same PBR amino acid sequence) also
varied among supertypes (Table 5.1)p&rtype-9 showed the highest degree of redundancy
(despite comprising the most alleles), where 8igalleles translated into just 17 unique PBR
sequences (Figure 5.3, Table 5.1}931kd anS of 323 (approximately one unique PBR
observed for every three unique nucleotide alleles), compared tavanageS of 1.38 (range
1.18-1.65) in the remaining 14 suertypes. Remarkably, compared to all other supertypes9 ST
also displayed more than double the mean populati@guency (0.30), compared to a mean
populationrange of 0.7 ¢ 0.097in other supertypesKigure 53, Table 5.1, Figure S0,
Appendix 3)When considering all supertypes, each was expressed on averagerbo
(x18.62) of individualddowever, SB wasobservedin 79.77 %of individuat, whichlies 3.33
standard deviations away from the mean, and so is significantly more conamong

individuals than other supertypes (p<0.063gureSb .4, Appendix 3, Table S5.8, Appendix 5

Qupertype9 alleles were absent from $u5% (3)of the sampled sites (Marianrk0,
Marianne11l, and Cumana), and these populations had particularly unusual supertype
compositions compared to other surrounding sites (Figure 5.4). Other supertypes were absent
from 14 (23.7%) to41 (49.%%)of populationswhich highlights that SY is a particularly
common, almost ubiquitous, supertypéhe number of SU alleles within populations ranged
from 1-15 (mean 438). Despite variation in the number of Sralleles within populations, the
presence/absence, anddquency of particular ST alleles, the cumulative frequency of-ST
alleles was remarkably similar amopgpulations (mean = 03® +0.129, range= 0.019 0.588
Figure 5.4, Figure SHi, Appendix 3TableS5.5Appendix 5. This was evident in populations
across Trinidad, Tobago, two Hawaiian Islands, and Barb8duokar degrees of redundancy,
cumulative S® frequency, and a high proportion of-S&lleles were also observed among
individuals ofP. picta(Figure 5.4, lgure S5.2, Figure S5, Appendix 3, Table S5.85.land

S5.7 Appendixb). In addition, the nine unique PBR sequences from 10 alleles observed within



five P. pictaindividuals tended to be more closely related to those found in particular
supertypes ofjuppies (Figure S5.2), rather than desioigispecies specific lineag&itically,
there was no correlation between the number of unique®dlleles and the total ST9
frequency within populationsR=0.303, R=0.01), or the number of unique STPBRamino acid
sequences and the total ST9 frequeney(.162 R=0.03) (Figure 5.5).

Because SY population level characteristics differed from those of other supertypes, |
compared cevariation between the six supertype metrics (see Methods) in the presenck, a
absence of SU. In the presence of SXPCA axis 1 explained 60.97%, and axis 2 24.39 % of the
variation (Figure 5.6a). There was a positive association bet&eemn the mean population
frequency of a supertype, and the mean number of unique alleégssupertype within a
population (additional correlation coefficier=<0.001, R=0.82), yet this relationship was
mainly driven by variation in &I (Figure, 5.6b; additional correlation coefficieRt0.30,

R=0.08). Similarly, the mean number of unique alleles per supertype within a population was
positively correlated with mean population frequency of a supertype (additional correlation
coefficient,P=<0.001, R=0.89), yet was much weaker when$Was excludd (Figure 5.6b;
additional correlation coefficien=0.25, R=0.35). | observed extreme values in all of these
metrics in SP (Table 5.1), and collectively these metrics characterize@ &Tdistinct from the

remainder (Figur&5.4, Appendix)3

While ST9 displayed the highes (3.23) and the lowest level adimino acid
differentiation amongPBR amino acid sequendBs794), ST6 displayedhe highest within ST
differentiation among alleles (758) and lowest PBR redundancy @),2vhile still compising a
relatively high number of unique alleleA{4 Table 5.1)Although ST6 was observed in a range
of populations across different geographic regions, it was notably more common in southern
Trinidad, and comparatively rare in the North Slope (Fi¢ue Figure S5.3f, Appendix 3)-:BT
was even more localized in distribution, with high frequencies (>0.20) only in North Slope
populations.In the North SlopeST3 was represented by just6 alleleswith anoverallS of
1.455, which is less than hatf that observed in S9 (3235) (Table 5.1). Moreover, in each

population, one or two unique alleles tended to dominate the cumulative frequency of this



10¢

supertype (Table S5.Appendix $. When supertypes were analysed without&Telationships
among mérics of the remaining supertypes were made clearer. Here, PCA axis 1 explained
53.64% of the variation, and axis 2 explained 24.34% (Figure 5.6b). A weaker signal similar to
ST9 was observed in SII2 and SH, which both showed relatively high levelsRBR

redundancy along with a high number of alleles. Conversetg5S$T13, and S0 all

exhibited high numbers of alleles, yet these also represented a relatively high number of unique
PBR sequences (Figure 5.6b, Table 5.1).

Discussion

Interpretations of processes governing the evolution of MHC genes have often resulted in
disparate or even contradictory inferences regarding signals of neutral procg&asian,

2011) parasite mediated selectidfrraser & Neff 2010; van Oosterhaaital. 2006b, Penret al.
2002 Summerst al. 2009) and sexual selectiofwinternitzet al.2013) The common

approach has been to study MHC allelic diversity at the nucleotide level, while generally
ignoring functional significance dié level of the amino acids within the PBR that are subject to
parasite mediated selection. Here | discuss how consideration of MHC supertype diversity
(which is derived from the inferred functionality of PBR amino acid sequences) can help
elucidate complg processes of MHC evolution, and how the study of allelic diversity alone can
bias such inferences, leading to contradictory observations. Accurate interpretations of the
effects of parasite mediated selection on the MHC can only be made when simult&neous

considering allelic, and supertype diversity.

Comparison of MHC allele and supertype diversity improves evolutionary
inferences

Population differentiation based on MHC allele frequencies is significantly correlated with
differentiation at neutral lociHowever, | found no significant correlation between population
differentiation based on MHC supertypes and microsatellites, which shows that MHC supertype

diversity is less affected by genetic drift in this system. Despite this, there was a very strong
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relationship between population differentiation based on MHC alleles and supertypes.
Approximately 45% of the variation in the MHC allele frequency distributions could be
explained by variation in MHC supertypes. Therefore, MHC allele frequencies (which have
typically been the focus of MHC studies in natural populations) appear to be affected by both
neutral process and changes in supertype frequency. So exactly what are the characteristics

that describe the association among alleles and supertypes?

An MHC gpertype is defined as a group of alleles that share similar functional properties,
inferred from variation in amino acids within the PBR that are under strong positive selection.
The fact that the number of supertypes identified in this chapter incredggdst 24% with a
357%rise in the number of alleles, compared to Chapter 4, supports the robustness of the
DAPC approach in characterizing vasfined functional clusters of alleles. Despite the addition
of many more alleles in the current analysis, h&as high concordance between the
supertype groupings observed in Chapter 4 and these improved supertype estimates (mean
concordance= 76% +21, range-#@0). Moreover, the mean number of PBR amino acid
differences among alleles increased by just 1% fiioose used in Chapter 4 (mean number of

differences = 9.996) compared to alleles described here (mean number of differences = 10.179).

Guppy genotypes (in 99% of cases) displayed a maximum of two MHC alleles for any
observed supertype. This supports p@aws studies, which infer that supertypes are (largely)
loci specifiqEllisonet al. 2012; van Oosterhout 2013, Chapter W) addition, guppies show
extensive CNV, both within and among populatic@kgpter 3Lightenet al.2014a),and loci
can appear either fixed or nearly fixed for particular supertypes (e.g. Mari@nMarianne4,
Cumana). The inference that supertypes, and their constituent alleles, may be locus specific,
and that alleles within each supertype may be affectgdibmographic processes, suggests
that selection operates directly on the presence/absence of supertypes atlbapter 4see
below).Because alleles are confined to the functional space of a supertype, they are affected
by both intrasupertype selective, and demographic processes (Figure 5.7). Alleles present

within a population are influenced by the amount of insapertype genetic dit and this will
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be dependent on the relative fitness that each allele confers, where alleles with
similaridenticalfitness will drift more. The relative fitness of alleles within a supertype is

defined by how well each is adapted to combat parasite indec(Figure 5.7). The alleles that
occupy the functional space of a supertype will change in response to parasite evolution, which
is geared towards evading the host immune system, and changes in allele frequencies will be
driven by intrasupertype Red Qeen Dynamics. As alleles within a supertype become less
efficient in defense against a parasite species, they will reduce in frequency or be lost, whereas
alleles better adapted to combat infection within a supertype will increase in frequency in a

population. This results in the optimization of supertype functionality (Figure 5.7).

The evolution of supertypes should be largely independent from each other (excluding
possible linkage and mict@combination events) as they perform different functions, aad
each will have a reducetlimber ofalleles(compared to the entire gene poolvhich can
facilitate rapid changes in allele frequency and allelic fowver by drift or Red Queen Dynamics.
Also, because supertypesaylikely be confined to particular log and each is adapted to a
particular parasite(s), then it is likely that variation in parasitic community exerts balancing
selection directly on loci. Specifically, a locus is maintained in a population when a supertype
(and its constituent alleles) islaantageous in defense against the population specific parasite
fauna. This hypothesis can explain the extensive patterns of CNV observed among guppy
populations. However, CNV (and therefore supertype diversity) could dksdpe affected by
extreme denographic processes (e@severepopulation bottleneck), which could result in
either an increase or decrease of me&m This likely explains the extremely reduced allelic and
supertype richness observed in the Cumana populatigmere this population rmy have been
seeded bya small number of individuals from the nearby Tompire river, which shares the single
haplotype observed in the Cumana population. However, other more common demographic

processes (e.g. drift) are likely less influential on CNVS&harhich appear under selection.

The number of alleles within a supertype (or at a locus, which might harbour multiple
supertypes) islsolikely to be affected by the length of time which selection has operated to

maintain its presence among populatiofsee below), as well as the amount of drift. Similarly,
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populations where a supertype has remained present over long evolutionary time are also
expected to have accumulated multiple alleles of that particular supertype (some of which will

encode identicaPBR amino acid sequences).

Stabilizing selectiomn MHC supertypes

Stabilizing selection is generally not implicated in MHC evolution as this process would result in
highly homogenized allele frequencies among populations, and observations generally support
high divergence at the MHC among populations. However, thisgretation of widespread
divergent selection is based purely on allele frequencies, while generally ignoring the PBR
amino acidunctionality that each allele represents. It is now established that allele frequencies
can be significantly affected by demoghac processege.g. Suttoret al.2011) so even the

strength of apparent divernt selection based on alleles may be called in to question. |

propose a new argument that stabilizing selection of MHC supertypes is a strong evolutionary
force maintaining crucial functionality over millions of years. Similar processes have been
observedin histone gene supertypes (H1 multigene famirinLépezet al.2004) and in allele
frequencies of the Taollke receptor gene familfMukherjeeet al. 2014) Invoking stabilizing
selection on supertypes much better explains the observation of tsgegies polymorphism

(TSP) than does the common inference of balancing selection acting strictly on all&esirBa
selection acting on a single gene pool cannot simultaneously explain the observation of rapid
allelic turnover (or high allelic diversity) and T&&h Oosterhout 2009bHowever, when intra
supertype Red Queen Dynamics are invoked, rapid allelic evolution may take place within the
confines of a supertypes functional space, which is itself preserved by stabilizing selection
acting against mutant alleles with poorer pegaibinding properties relative to defense against
the targeted parasite(s) (Figure 5.7). This explains the presence of TSP in terms of sharing of
allelic lineages between species, and the sharing of supertypes across species and populations,

despite signitant divergence in the constituted alleles.
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For simplicity | focus on a remarkable example of stabilizing selection observed within ST
9. This supertype comprised 55 MHC alleles, yet these corresponded to just 17 PBR amino acid
sequence variants. Thislatively reduced PBR amino acid variation was maintained over large
geographic distances among populations that have long been isolated, despite the fact that
allelic variation at the nucleotide level was quite diverse. Even more remarkable was the fact
that despite different numbers of alleles and PBR amino acid sequence variants in populations,
and long term isolation, the cumulative frequency of%dlleles and the frequency of
individuals that contained the supertypeas both high and similar amompgpulations.The
frequency of SB is not significantly affected by the number of alleles or PBR amino acid
sequence variants present in the population. These observations suggest that strong stabilizing
selection is operating in concert on a diverse adsiage of alleles belonging to -STdespite
variation in nucleotide and PBR amino acid sequeniigs.is because alleles are inferred to
have similar functionality, and moreover, DAPC analysis suggests that this functionality is highly
conserved and digtict from that of other supertypes. The selective force maintaining the
functionally important S® must be very strong indeed, as the characteristics of a relatively
high number of alleles, high PBR similarity/redundancy, and high/similar population freigse
were also observed iR. picta This maintenance of such traspecies functionality since the
last shared common ancestor betwePnreticulataandP. picta~21-22 mya suggests a very
important role for ST (as well as the other shared supertypespoeciliid immune processes.
In Chapter 4, | described associations among numerous other MHC supertypes with
Gyrodactylugprevalence, and variation in fitness related colours. The results corroborated the
homogenizing effect oByrodactylusn guppy MHGupertype diversitfFraser & Neff 2010b)

which are further explained by the model of statiflig selection described here.

As no correlation between SrandGyrodactylugprevalence, and male colour was
previously identified, inferences of its functional relevance remain elusive. It may be that this
supertype functions to combat a common and ubiquitous parasite. This hypothesis is supported
in part by the fact that guppiesom the Cumana population (which lack-$Tappear to have
considerably higher rates of mortality and lower fecundity than guppies from Mari@nne

(which all express &, and appear to have very good health) when reared in aquaria (data not
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shown). Inded, the fact that SB isthe only monophyletic supertype (based on its constituent
alleles, and PBR amino acid sequences), and is under such strong stabilizing setgutem

that these alleles are very fastidious in function, where as other supest(yphich can be
polyphyletic or paraphyletic) mayelmore promiscuous in functiomi( target rapidly
evolvindgeneralistpathogen$, and so recombination, and less stabilizing selection, is
characteristic of their evolution. This signal of long term staibil selection was only

detectable when examining the relationship among MHC supertypes and their constituent
alleles. A conventional analysis that focused purely on the geographic distribution of nucleotide
level allelic diversity would have led to anma@reous supposition that local adaptation, e.g.

though balancingdNFDSnust be operating to drive strong patterns of MHC allelic

differentiation.

When examining supertypes in the absence eBSither interesting patterns emerge.
For examplethere is nocorrelation between the average number of alleles within supertypes
and the average frequency of those supertypes in each populafibisis consistent with
stabilizing selection also acting on these supertypes. Another important observation is that as
the number of different alleles within a supertype increases, so does the similarity ameng
PBR amino acid sequences that they encadigh similarity among alleles within a supertype
(Figure S4., AppendixX) supportsstabilizing selection operating dhe PBR amino acids of
alleles whereas convergent evolution wouildcreaseevolutionarydistance amonglleles
within a supertype The preservation of functionality among alleles within a supertype also
explains how new (rare/private) alleles can be mainéd over long periods of time, as they
not as easily lost by genetic drift. If alleles were not confined to selection within the functional
boundary of a supertype, the number of alleles within supertypes would decrease as a result of
directional selectin. This would prevent the wide spread observation of many rare and private

alleles that are very similar in composition to those of higher frequency.
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Finally, weaker signals of stabilizing selection were observed ih2Sdnd S#, which
both showed elatively highS values {.520and 1652 respectivelyjalong with a high number of
alleles 88 and38respectively) However, stabilizing selection at each of these supertypes
appears less evident than for-8Tand was concentrated in the North Slope for4Sand
outside of the North Slope for SIR. This highlights how accurate interpretation of processes
governingMHC polymorphism relies upon comparisons among populations across suitable

spatial scales.

There is growing recognitian the valueof studyingMHC gene evolutioat the
supertype level. Previous studies have inferred functional roles of supertypesrigating
supertype frequency with that of parasitic infectio(@chwensovet al.2007b; Fraser & Neff
2010 Sepilet al.2013a) which overcomes the problems of resolving MHC allele specific effects
in highly diverse study systems. Interestingiyseems that variation in supertypedserved
amongpopulationsof a species are not just driven by their own parasitic infections, batlals
infection dynamics seen among parasite faunatimer host species at the communitgvel
(Pilosofet al.2014) This places importance @volution on shared MHC functionality among
species, either through trarspecies polymorphism or convergen&etteet al.2012) and less
SO on attempting to resolve patterns of MHC evolution strictly throughegvas of allelic
diversity. Indeed, a recent study showed that supertypes can resolve patterns of selection
operating on the MHC at the population leveli? OK & (i S i iie®péinanocAsteded) o
which showshighdiversityat the alleliclevel (Lillieet al. 2015) Byassessinghe pattern of
populationdifferentiation at the MHC,my studygainscriticalinsightinto the interrelated
evolutionof MHCallelesand supertypesThisprovidesthe basisfor a novelmodelof MHC
evolution,whichdescribesa complexof processe®peratingon allelesand supertypesand
importantly resolveghe observationof numerousevolutionaryparadoxessommonlyobserved
in patternsof MHCdiversty. Overalll highlightthat considerationof supertypesscriticalin

understandingorocesse®f MHCevolution.
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Conclusion

This chapter examines how the consideration of supertypes can help explain the evolutionary
significance of patterns of MHC diversity in natural populations. By comparing geographic
patterns of MHC alleles, MHC supertypes, and neutral loci, previously undetected processes
governing polymorphism at MHC loci can be examined. A significant cavretstween MHC

allele and microsatellite population structuring exists, however there is no significant

correlation between MHC supertype and microsatellite structuring. Moreover, a significant
correlation between MHC allele and supgre population diffeentiation suggests that alleles,

and not supertypes, are affected by demographic processes as well as changes in supertype
diversity. The maximum of two alleles per supertype>g8% of genotypes), suggests that
supertypes are locus specific. In connegtith these points | closely examined one particular
supertype (SB), and proposed that supertype functionality is maintained by strong stabilizing
selection quickly eliminating alleles that fall outside of the functidrmlndary(and in between

the functionalboundariesof other supertypes). The frequency of alleles within a supertype that
confer a similaidentical fitness are affected by random genetic drift, albeit less so than
completely neutral loci. Frequencies of alleles that vary in relatineds are likely affected by
intra-supertype Red Queen Dynamics. Because evolutionary processes operating on alleles are
confined within supertypes, and stabilizing selection operates on maintaining the supertype
functionality, allelic lineages within suggpes can persist over large spatial and temporal

scales, explaining TSP. This also explains the common observation of many unique rare, and
private alleles at the nucleotide level, which are functionally similar or redundant at the PBR
amino acid level. 8ancing selection, driven by variable parasite communities likely operates to
maintain over all supertype diversity among populations. Therefore balancing selection may act
directly on the loci and so is complicit in driving the widespread CNV obsertiedviibin and

among guppy populations. OvertilisK @ L2 i KSaAa 2F wadadl oAt Al SR adzd

represents a potential paradigm shift in the study of MHC evolutionary ecology.
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Figure 5.1The relationship between the number of alleles witlim individual &) and the number of supertypes within an individual
(ST) observed among all samples. In generalhascreases, so doeST, however, there is variability in the trend, with intermediate
levels ofA (Ai = 46) corresponding to more variation 8il. Individuals with a largé will never have a Iov&T, suggesting that variation

in Ay among individuals is largely due to variation in the size of the functional repertoire, which can be explained as \ariatus
specific supertypes.
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Figure 5.2Comparisons of mean population differentiation estimatesjDased on microsatellite (Blue), MHC allele (Red), and MHC supertype
(Black) frequencies. Generally guppy populations are highly differentiated based on MHC allele frequencies, as welbaatelliteéallele
frequencies and these are significantlyraated (see Results). While the majority of populations are only moderately differentiated based on
supertype frequencies, representing stabilizing selection, a few populations show higher differentiation similar to tihaedbsenicrosatellites.
Thisindicated that although supertype and microsatellite frequencies are not correlated across the data set (See Resuttsprieatases either
supertype diversity within a population can be affected by demographic processes or local adaptationngmartisilar populations becoming more
differentiated in their MHC functional repertoire. Examination of MHC alleles and microsatellites alone would lead torkewsrconclusion that
strong divergent selection is operating in concert with demograptocgsses driving high population differentiation in MHC alleles.
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Figure 5.3Redundancy of the protein binding region (PBR) translated from the unique MHC allelic nudeqgtigaces in each

supertype(S). Redundancy increases as the fraction of unique PBR sequences decreases among alleles within a supertype. In general, the
majority of supertypes display a similar degree of PBR redundancy, wildiSdlays almost doubkae amount of PBR redundancy

compared to all other supertypes. In concert;&displays multiple other unique traits (see Results), for example this high redundancy is
coupled with the highest number of MHC alleles of any supertype. In conjunction either ubiquitous nature of &, this suggests

that its functionality has been preserved over large temporal and spatial scales, expanding in the number of allelesribtatighs

that do not deviate from the functionality that is under strong staliligselection.
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Figure 5.4The geographic distribution of MHC supertypes in guppy populations across Trinidad and other oceani®Riskansds. the mountainous
NorthernRange comprise three major regions: The North Slope (green), Caroni Drainage (light blue), and Oropouche drainagedpaeatge). S

drainages in the Northern range are shown in grey. Rivers in the relatively flat regions towards the south are showblire dAbbreviated

populations comprise; Diego Martin (DM), Curaguate (Cur), Las Cuevas (LC), Yarra 1 (Y1), Yarra (Y2), Damier 1 (), \Denaien€[3, 4, 7, 10,

11, 16 (M3, M4, M7, M10, M11, M16), Paria 3, 4, 7, 8 ,12, 13 (P3, P4, P7, P8 3PMadimas (Mad), Shark (Sh), San Souci (SS), Mission (Mis),

Tompire (Tom), Cumana (Cu), Matura (Mat), Las Seiva (LS), Turure 2 (T2), Turure 3 (T3), Quare 1 (Q1), Quare 2 (&) Axigmo12((Ap2),

Guanapo 1 (G1), Guanapo 2 (G2), El Cedro 1 ECHdro 2 (EC2), Arima 1 (Ar 1), Arima 2 (Ar2), Silver Stream (Sil), Pitch Lake (PL), Point Fortin (PF1),
Point Fortin 2 (PF2), SN (Snake), Stollmeyer (Sm), Vance (Vc), Morne (Mn), Mondesir (Mon), Fifth Company (FC);Sonahd@8g Basse Terre

(BS, Poole (Po), Faecal Dump Rd. (FDR), Guayguayre (Gg). Guppies were also collected from Oahu and Maui in the Haviajjian\&intigard

Rd. in Tobago, and Grahame Hall swamp In Barbadbs2 y (i QR 0

0cT



Poecilia pictdP. picta) were colleet from St. Joseph, East coast Trinidad.(A, B) Complex variation in supertype frequency distribution occurs across
populations, and for clarity those in the Marianne and Paria are shown separately. However, ST9 is obviously maintaiiteedfiecgiencie across

the majority of populations, despite wide variation in the frequencies of particular alleles that are present. Populatcm® tim close proximity

tend to be similar in supertype composition, which is likely a consequence of similar sefgessnres and gene flow. For example, Cumana is fixed

for just one SHllele that is found only in the neighboring Tompire River (and Pitch Lake in the South West). Populations in the Yarra, Dami
Marianne, and Paria also appear to be largely similamiBapopulations represent a human mediated introduction from the Yarra, but the similarity
among B) the eastern upland populations of the Marianne and those in the Paria likely represent recent colonizatioRafdfiem the Marianne

and microsateite data support this (Baillie 201BopulationdV10 and M11 lack ST9, but are unique in displaying a large expansion of ST4 alleles

which are rare elsewhere.
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Figure 5.5The lack of relationship betwedhe number of unique alleles lgck) and cumulative population frequency of supertype
9 (P=0.303, R=0.01), as well as between the number of unique PBR sequences (red) within a population, and the combined
frequency of SD alleles P=0.162, R=0.03) present in a population again supports strong stabilizing selection
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Figure 5.6 Principle components analysis displaying the variation among supertypes in (1) protein
binding region (PBR) redundancy, (2) Mean population frequency (Mean freq), (3) mean number of
unique alleles within a supertype within a population (Mean N. unigjledes), (4) the number of

populations a supertype is observed (N. pops), (5) the total number of unique MHC alleles (nucleotide
sequences) in a supertype across all populations(N. alleles), (6) the number of unique PBR sequences in a
supertype (N. PBRand (7) the mean distance among MHC PBR aminosazidences (i.eaumber of
differenceg within a supertype (Within ST distance). The distance of the position of each supertype from
the center igoroportional to its contribution to structuring the datas and their position relative to the
arrow heads of each metric depict either a positive or negative association. For example9 @) @&sis

the highest PBR redundancy, Mean freq, and Mean N. unique alleles, wiileo®Tains the least

number of totalalleles among the fewest number of populations. Conversels, &mprises a high

mean number of unique alleles within a supertypdiich are the most differentiated in nucleotide
sequences compared to other supertypes. Becaus@ SDbserved in the maiity of populations and
displays strong unique traits, the signal in its variation displays an overpowering contribution to the data
set. (b) When S9 is removed, more fine scale patterns of variation immerge in the remaining
supertypes. This reveals th&F15, and S1.3 show a similar combination of traits that signify, although

to a lesser degree, stabilizing selection similar t®ST
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Increasing parasite, and MHC

Schema of the evolutionary relationship between MHC alleles and supertypes:

A single MHC locus can express many MHC alleles. The functional role of these
alleles is dependent on the PER amino acids which they encode. PBR amino
acid sequences fit inside a functional boundary of a lecus [red lines), which has
ta recagnize the phenatype of one or more parasites [shaded red ellipses).
Within locus functionality is defined by specific functions of MHC supertypes,
which are characterized by identical or similar PBR sequences.

The n-dimensional functional space of the supertype (black ellipses) is
governed by stabilizing selection, acting to optimize its coverage of the
parasite n-dimensional phenotypic space [for simplicity only two dimensions
are shown hera).

Evolution of parasites is geared towards reducing overlap between their
phenotypic and the functional recognitional space that supertypes cover.

As parasites adapt, this leads to counter adaptation at the MHC by intra-super
tyvpe Red Queen Dynamics. PER sequences are less functionally efficient when
they fail to match the parasite’s phenotype and so will be selected against, in
favaour of PBR seguences that better correspond to the phenotype of the
parasite, The evolutionary dynamics of alleles within a supertype are largely
independent from thase in other supertypes (excluding possible linkage and
micro-recombination events), resulting in a reduced effective population size
of alleles, which can facilitate rapid changes in allele frequencies.

PBR sequences with similar functionality are under similar selective pressures,
so their relative frequencies may be govemed mainly by genetic drift. This is
especially true when disparate alleles encode identical PBR amino acid
sequences,

Parasites that encompass a large functional niche (generalists), and/or are
rapidly evolving may be targeted by multiple ‘generalist’ supertypes. Parasites
that are restricted in their functional niche and/or have evelved in concert with
hasts far longer perieds of time may be targeted by highly specialized super-
types. This results in an evolutionary equilibriom between parasite and host,
which maintains supertype vanation over long perieds of time.

T4
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Mean
Me_an PB.R Mean 1:]? e nu'\ri%aeT of S (measure of
Supertype N. N. amino acid N. population | individuals unique PBR
alleles | PBR| distance(n. | pops redundancy
differences) frequency | that have alleles per among alleles)

supertype | population

(%)
ST1 16 13 7.857 21 0.017 5.99 0.458 1.231
ST2 25 17 6.891 21 0.032 10.42 0.661 1471
ST3 32 22 6.794 30 0.079 23.05 1.136 1.455
ST4 38 23 4.607 24 0.047 12.39 1.136 1.652
ST5 21 17 4971 17 0.018 4,92 0.508 1.235
ST6 44 36 7.758 37 0.055 16.54 1.237 1.222
ST7 35 24 6.232 18 0.030 8.93 0.881 1.458
ST8 32 27 6.335 32 0.041 13.81 1.000 1.185
ST9 55 17 3.794 56 0.330 78.41 4.390 3.235
ST10 48 33 5.391 34 0.053 15.86 1.441 1.455
ST11 21 15 7.267 37 0.058 18.95 1.085 1.400
ST12 38 25 3.886 29 0.038 12.25 1.085 1.520
ST13 49 33 7.065 41 0.068 17.60 1.322 1.485
ST14 35 25 6.558 20 0.034 10.32 0.831 1.400
ST15 50 40 6.296 45 0.097 29.82 1.780 1.250

Table5.1. Comparisons of metrics that define each supertype across populatiangppies
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Chapter 6

General Discussion and Conclusions

This thesis describes the use of Next Generation Sequencing (NGS) to elucidate patterns of
Major Histocompatibility Complex (MHC) evolution in natural populations of the gufypscilia
reticulata). | have proposed a redefinition of the molecular and bioinformatic approaches used
to gather NGS MHC sequence data, and the theoretical considerations required for accurate
interpretation of MHC diversity. In addition, | provide novel evidence to suggesplex
interactions between MHC polymorphism, parasite infection, and phenotypic traits believed to
be associated with survival and mate choiGemparisons among geographic distributions of
MHC supertypes and their constituent alleles provides suppfat movel model governing MHC
evolution. This identifies a combination of parasite driven stabilizing selection acting on
supertype functionality, and Red Queen Dynamics and random genetic drift acting on
functionally similar MHC allelegthin supertypesl also propose that patterns of population
differentiation may be misinterpreted to represent high levels of local adaptation at the allelic
level if supertypes are ignored. Moreover, | suggest that patterns of MHC copy number
variation (CNV) (or haplotgovariation) may be maintained by balancing selection acting on
individual loci (or groups of loci), driven by variable parasite communities. The culmination is a
body of evidence to suggest not only that guppies provide a unique system to investigate the
interplay between parasite mediated natural selection and sexually mediated natural selection,
but also that the guppy is an ideal model species that can greatly improve our understanding of

MHC evolution in natural populations.
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Redefining NGSapproacles to study MHC

In Chapter 2 and Chapter 3, | presented the basis fordefmition of NGS MHC genotyping
approaches by critically evaluating the relative merits of popular bioinformatic approaches,
which use allele validation thresholds (AVT; e.g. Radval 2012) or sequence clustering (e.g.
Paveyet al.2013). In conjunction, | introduced a novel molecular and bioinformatic procedure,
which uses ultradeep lllumina sequencing and relative amplicon sequencing depth modeling.
This is advantageous owvitrose that use AVTs and clustering of 454 or lon Torrent sequencing
data as it strictly adheres to genotyping assumptions and avoids comp®Uis (unlike

previous methods).

In these chapterd clarified two major points of concern that had been previgus
overlooked: (1) Approaches that use AVTs are inappropriate to deal with NGS artifacts, and (2)
The presence of contaminant DNA is a significant problem in NGS multigene family genotyping.
Contamination of amplicons can result from direct DNA/PCR satoptamination, or MID
barcode swapping during pooling of samples prior to sequencing. After many PCR cycles, even a
YAYdziS | Y2dzyi 2F O2y il YAYF A2y YI & 0SS | YLI ATA
that it will become increasingly difficulttodish y 3dzA a K A G FNRBY GKS & NHzS¢€
alleles present in that individual genotype). Given that NGS techniques can sequence the PCR
products with extremely high coverage, such artifacts can appear in the dateoreaat
convincingly high sequemg-depth alonggle the true alleles (Chapter Zhapter 3, Lightent
al. 2014a; b). However, the process of dealing with contaminants and artifacts should not start
at the stage of bioinformatic data processing. Here | add to my previous advice regarding
bioinformatics, and outline important yet largely unspoken requirements for accurate

genotyping of MHC loci, during the stages of sample collections and laboratory protocols.
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Sample collection and laboratory protocellf attention is given duringxperimental design to
measures aimed at avoiding cross sample contamination, the ease of downstream analysis of
sequence data can be significantly improv€dntamination may be particularly problematic
when samples have been collected in the field, efd/small amounts of DNA. A recent

example illustrates this. Herdegen al. (2014) used fishnets to collect a shoal of guppies, and
DNA of fish mucus could easily end up contaminating other samples. Furthermore, guppies
have to be euthanized in an overdosf anesthetic (typically MS222) before being transferred

to sample tubes with ethanol. Given that the same solution tends to be used to kill many
individuals (often simultaneously), this can lead to further contamination. This thesis also used
samples clhected by batckpreserving individuals in the same vial, and | found that previously
described AVT bioinformatic protocols could not reliably remove the sequence contamination
that this process resulted in. However, contamination was significantly redubed just a few
scales per sample were preserved individually (samples from experimental pedigrees not used

in this thesis), as opposed to preserving many whole individuals in the same vial.

This has severe implications on the validity of the AVT appraglgich is founded on
theilkO2 Yy OSA PGSR ARSI (KIG O2yFANXNIGA2Y 2F (GKS | dz
based on observing that allele in other samples even when present at very low sequencing
depths. Given that sampling during fieldwork axdily a sterile activity, lovlevel contamination
is a practical inevitability (as is ldevel barcode swapping during pooling of PCR products prior
to sequencing), making AVTs a methodologically unsound approach. More so than ever, it is
important that researchers make every effort to minimize cr@sgnple contamination, and
when this is practically impossible (e.g. during fieldwork), the appropriate informatics should be

applied to curtail the problems.



130

Recently, Herdegeet al.(2014) used NGS to getype MHC loci in guppy populations
of Northern Venezuela. They concluded that the AVT method4agalskaNeubaueret al.
2010, Radwaet al.2012 out-performs the procedure described in Chapter 3. This protocol
uses the relativél RS ANB S  B@G irCsEdueficng depth to distinguish true alleles from
artifacts (seeChapter 2; Chapter &jightenet al.2014a; b for full details). | demonstrated both
empirically and theoretically that thBOGCcriterion is more suitable for NGS MHC genotyping
than thevarious AVT approacheSl{apter 2; Chapter Zjghtenet al. 2014a; b). However, why
did the AVT approach in Herdegenal.(2014) appear to outperform thBOQmethod?
Herdegeret al. (2014) used two sequencing approaches to estimate MHC genotypegshEyrst
amplified MHC loci using degenerate primers and 35 PCR cycles. Once amplified, these samples
underwent an undisclosed number of additional emulsP@R cycles that form an integral part
of the lon Torrent sequencing protocol (which commonly uses betw30 to 70 cycles). To
validate genotypes they also amplified independent replicate amplicons using 33 PCR cycles,
which were then pooled and underwent an additional 12 PCR cycles during the lllumina MiSeq
Nextera sequencing protocol. However, both ofsle approaches are-aidvised when
sequencing multtemplate PCR amplicons of unknown CNV with a multitude of potential errors
(e.g. chimeras, basmismatches etc.) and potential cresample contamination. | previously
outlinedthis issue in brief (Chagt 2; Lightenet al. 2014b) but here expand of the importance

of correct laboratory protocols, which are essential for multigene family genotyping.

Artifacts and contaminants can be relatively easily identified byDi@&method if just
one independent PCR per sample is performed because they remain at a significantly lower
sequence depth than true allele€lifapter 2; Chapter &jightenet al.2014a; b). This is because
(1) the highcopy number template DNA (i.e. the adis) will outcompete the loveopy number
contaminants during the first series of PCRs, and (2) the base mismatch error rates, as well as
chimeras, are still sufficiently rare to be identified as artifacts. #63R, however, all artifacts
are at a significatly elevated frequency, and when introducing these artifacts into a new set of

PCRs with a fresh batch of reagents, their frequencies can increase to such extents that it
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becomes virtually impossible to distinguish them from the true alleBwapter 2fightenet al.

2014b).

Up until now, researchers have not acknowledged that the do#a® in lon Torrent
and lllumina Nextera (as well as 454 sequencing) can be problematic when sequencing
multigene families with unknown CNV (and possibly also in théy/sisaof samples collected in
non-sterile conditions). The lllumina TruSeq protocol is in my opinion superior for these
particular purposes because it involves just a single independent PE&cfosample (see
Chapter 2Chapter 3Lightenet al.2014a; I). Indeed, theDOCcriterion was developed and
validated using lllumina TruSeq, which guarantees that artifacts are kept at low frequencies so
OKFG GKS@ NBYIAY RAa(GAYyIdAAKI 04 SWBDNRKREHROEE §4a
produce high frequencartefacts, these become the origin of further artificial sequences. This
can produce further distortion to the depth profile of artificial variantsg@tier 2;Lightenet al.
2014), in particular when artifacts produced during the first set of PCRg @teauch greater
depths from those generated in the second PCR. After two rounds of PCRs, the amplified
products may consist of (1) higiopy number artifacts, which are indistinguishable from high
copy number true alleles, and (2) les@py number compleartifacts generated from highopy
number artifacts. This makes it difficult to distinguish alleles from artifacts both using@t
criterion and clustering protocols (Lamaeeal.2014, Paveyt al. 2013, Sommeet al.2013).
An additional point wortremphasizing is the requirement for sequence error correction. In
Chapter 3 (Lightent al.2014a), | identified repeatable baseismatch errors and then added
the total depth observed for these artificial variants back to the parental allele from whesh th
originate. Error correction becomes even more critical when using lon Torrent or 454
sequencing because they are particularly susceptible to higher incidences of repeatable base
mismatch and homopolymer indel errors. Critically, particular MHC allale$e reduced in
sequencing depth by over 50% by a repeatable indel error (unpublished data). The common
practice to discard sequence variants that vary in the number of expected nucle(gide

Herdegeret al. 2014) can severely impede accurate quaadfion of allelic sequences in an
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amplicon.

Finally, clarification is required regarding an important misunderstanding that seems to
have arisen about th®OCcriterion, inHerdegenret al. (2014) This approach does not rely on
the assumption of equal anfification of all allelic copies. | proposed two independent (and
complementary) workflows for separating alleles from artifacts. One workflow used @@
criterion and its only assumption is that alleles are amplified at significantly greater depths than
artifacts. This assumption is entirely reasonable given that it is universal to all NGS MHC
genotyping procedures, and conveniently, this approach allows for the identification of CNV,
potential PCR bias, and poor quality data. Confusion might have desause | also proposed
I Y2NB | ROFYOSR YSUK2R GKFIG FAYa G2 acus K SaiaAa
genotype. The CNV method could significantly advance the field given that currently MHC
d0dzRASE 2yt e& a02NB ( HlSlesLINGaddRigh@l Gssumnption madeby RA JA R
this method is that the relative sequencing depth of an allele is approximately proportional to
its copy number in the genome (i.e. heterozygous and hemizygous alleles are present in one
copy, alleles that are psent in homozygous state in two copies, and so on). Admittedly,
variable amplification of alleles can create unequal depth profiles that can bias the calling of an
A Y RA @A Rdatus geaotypedik.pdttern of allelic and locus CNefvever, PCR bias
should not impede actual allele identification when using B@Ccriterion, given thorough
primer design, as alleles should always be observed at significantly greater depth than artifacts.
Further development and validation of the CNVthua (e.g. using pedigree records and
Mendelian segregation of alleles) is required to make this a standard-locits genotyping
method in the future. Nevertheless, this could herald a stbpnge in MHC research because it
would enable many populatioregetic analyses that are currently impossible (e.g. locus

phasing, estimating true allele frequencies, genotypic testing of overdominance, etc.).
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In summary, | provide new and important advice; when using NGS methods to study
multigene families with CNVhd/or samples collected in nesterile environments, |
recommend researchers should use the Illlumina TruSeq protocol (or an equivalent protocol
that avoids compound PCRs). Furthermore, | strongly advise researchers to apply the
appropriate bioinformatics mtocols (i.e. theDOGor novel clustering methods) to distinguish

alleles from potential artifacts and avoid AVTSs.

MHC supertypes play a role in disease susceptibility and phenotypic
variability

The role of MHC in disease resistance and susceptibility (both infectious and autoimmune) is
widely recognized in humar{$raherne 2008; Trowsdale 2011Increasingly, similar

relationships between particular MHC polymorphism and parasite infections have been
observed in natural populations of nanodel organismgreviewed in Piertney & Oliver, 2006;
Spugin & Richardson, 2010)he use of supertypes in the study of MHC and disease resistance
has several advantages over simply using assessing allelic diversity. Firstly, the presence and
absence of particular MHC alleles can vary greatly among diveméghons, where many may

be observed in just one population (private alleles). So the use of supertypes avoids including
many missing data points (alleles) among populations, which would make correlative analysis
very difficult. Secondly, supertypes allaWwaracterization of variation in MHC functionality
among populations, which is largely ignored in most MHC population genetic studies that focus

purely on alleles.

In Chapter 4, | described two MHC supertypesA&IST11) that were correlated with
decreased prevalence @yrodactylusnfections among guppy populations. The inferred role in
resistance of ST1 appears to corroborate previous fimgjs, where a group of alleles
(supertypeW } veere also associated with resistanceGgrodactylusnfections(Frasetret al.

2010). These alleles were very closely related to superyipdHowever, the pattern associated
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with ST2 is novel. Male guppy colouration (implicated in mate choice and predator avoidance)
was correlated with frequencies of these supertgpas well a&Gyrodactyluprevalence and

these correlations were governed by variability across river drainages. Colours that are
important in mate choice (orange, yellow, and black) are of particular interest because they
may be honest signals of fitnresderived from individualmmunocompetencéHoude 1997;

Sak=t al.2003; Aguilera & Amat 200.1ndeed, among infected populations, higher
frequencies of SZ, and ST1.1 were associated with low&yrodactylugprevalence, and

greater amounts of orange, yellow, and black coloration on males. The relative increase in
health, which these colours magpresent, may be a direct consequence of particular MHC
supertypes providing better immunological defense agatgtodactylusthus reducing their

prevalence in the populations.

The fact that microsatellite allelic richness (Mi& was not associatedith variation
among populations in either colouration @yrodactylugprevalence supports the hypothesis
that these traits may experience strong selection pressures and are largely unaffected by
demographic processes. Moreover, the associations betwekliCMupertype richness (MHC
ST), colouration andsyrodactylugprevalence indicates that these important fitness related
traits are associated with processes of natural selection operating on functional MHC diversity.
Across all populations, greater MF8X was associated with less orange and yellow colouration
on males. Critically, MHET was not associated with Mic#8,. This suggests that MHET is
under strong selection and little affected by demographic process, while-MHitCaffected by
both demographic processes and changes in MFHCTherefore the association between MHC
A and colouration is likely a consequence of links between MH(.e. the measure of MHC
functional diversity of MHC in a population) and fitness related traits, maietaiby natural
selection (see next section for more detail on the interplay between MHC alleles and

supertypes).
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The role of MHC diversity (or richness) in population viability is poorly understood
(Radwaret al.2010) Such data are important both in an evolutionary and species conservation
perspective as it allows the investigation of relationships between MHC richness and pathogen
community dynamics. The current paradigm suggests that greater genomic (and MHEIdiver
within populations provides the evolutionary potential for populations to adapt to changing
environmental conditions. However, if environmental dynamics remain in equilibrium for long
periods of time, this can potentially reduce genetic (MHC) vanatigpopulations through
critical adaptation. Thus while such populations may not be able to deal with sudden dramatic
shifts in their environments (e.g. introduction of an alien pathogemividualfitness variability
may be less than in populationswhich environmental conditions are more complex and/or
are subject to flux. Indeed recent study showed that MHC diversity reduced during critical
adaptation to new environments of individual rainbow tro@r{corhynchus mykisthat were
introduced to wid sites from aquaculture enclosur@gonzonArguelloet al.2013) However,
the common premise is to examine MHQIn relation to population adaptation, which may be
problematic due to its susceptibility to demographic processes. Here | suggest thaSViid@
more biologically relevant and robust migtto assess the role of MHC diversity in population
adaptation and viabilityNotably, lower MHGST was strongly associated with lower
Gyrodactylugprevalence, and greater expression of colours believed to signal health, across
drainages, and so maypeesent critical adaptation. Importantly, MHEF did not significantly
vary between populations suspected of being different sizes-{gma populations in high
predation sites are generally thought to be larger thanlapd low predation sites), and $®a
robust measure of functional diversity, which is maintained by strong selection pressures. This
is especially important aSyrodactylugprevalence was observed to be significantly different
between high and lowpredation sites, yet MHSTvaried inc&ependently of population size
and is likely implicit in changes@yrodactylugprevalence across drainages, driven by process

of natural selection.
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The fact thatGyrodactylugprevalence covaried with MHET suggests that the diversity
of supertypes ira population may be related to pathogen community diversity. That is, when a
pathogen community is diverse, a population requires a larger repertoire of different functional
supertypes in order to counteract diverse infection potentials. However, thisoesithe
adaptive strength of that population in combating a single particular pathogen relative to a
population that is critically adapted to dealing with just one parasite species. So population
viability in the face of many parasite species may reqlire YWI 01 2F | ff GNI} RS&C
compared to a highly specialized approach (and so lower supertype diversity) in populations

with fewer pathogengPilosofet al.2014)

Supertypes are crucial in thenderstanding of MHC evolution

By comparing patterns of diversity of MHC alleles, MHC supertypes, and neutral microsatellites
| was able to uncover processes governing MHC evolution, which remain cryphcassessing
MHC allele polymorphism alone. The often observed pattern of high allelic differentiation
among populations is traditionally interpreted as representing local adaptation of host species
to fast evolving and divergent parasite faufraviewed in Piertney & Oliver, 2006; Spurgin &
Richardson, 2010However, this inference is commonly confounded by significant observed
effects of demographic processes on patterns of MHC diversity, and the common approach is to
guantify this effect by cmparing MHC diversity to that of neutrally evolving microsatellite
diversity(e.g. Suttoret al.2011;, Lamazet al.2014) Byassessing allele nucleotide sequences

and the translated PBR amino acid sequences within and among supertypesintighity in

inferred MHC functionality was observed. Peptide binding region amino acid sequences were
either similar or identical among alleles that appear unique at the nucleotide level. To my
knowledge this is the first time that identical PBR aminid aequences have been observed
among divergent nucleotide alleles and populations. Such appraisals of functional comparisons

among MHC alleles are important as they allow the scale of adaptive divergence at the MHC to
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be assessed among populations. Bgdwcting such appraisals, | have revealed that natural
selection operates both directly on supertype functionality, and thus individual loci (supertypes
appear to be loci specific), and on individual allel#hin supertypes (which can also be

significantly affected by demographic processes). Specifically, stabilizing selection operates upon
the functional space of a supertype to maintain critical functionality at particular loci. Because
alleles within a supertype have the same/similar functithrey are subject to genetic drift,

although new alleles will not be lost as easily as fully neutraldsdhey convey the same/similar
fithess benefits as other high frequency alleles from which they originate. Alleles that confer
relative variation éfitness within a supertype will be subject to intsapertype Red Queen

Dynamics. This explains the observation of many rare and private MHC alleles. The culmination of
strong stabilizing selection acting on supertype functionality, and the rapid chafhgdsle
frequencies within supertypes can simultaneously explain how long isolated populations can be
highly divergent in MHC allele composition, yet the sharing of particular alleles over large spatial

and temporal scales may also be maintained.

Stabilizing selection acting upon MHC alleles within supertypes is strong enough to
maintain functionality beyond speciation events. Indeed, by comparing PBR amino acid sequences
between individuals of guppie®(reticulatd and the swenp guppy P. pictg, transspecies
polymorphism was observed in the functionally important attribubéMHC alleles. Evidence
supporting a role of stabilizing selection in maintaining MHC functionality over millions of years is
important because it resobs the inconsistencies in the traditional hypothesis that balancing
selection on MHC alleles is responsible for long term preservation of alleles. An allelic genealogy
under balancing selection is similar to those of a neutral gene genealogy, but unifierend
time scale (Takahata 1990). Thus balancing selection cannot account for the topology, namely very
long terminal branches, often observed in MHC allele genealogies. Long terminal branches can
however be explained by long term stabilizing selecteord Chapter 5 outlined unique supertype

characteristics which support its operaticon the MHC.
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However, balancing selection is still likely implicit in driving MHC allelic diversity within
supertypes, as well as overall supertype diversity. Becaussrtypes may be MHC locus
specific, parasite mediated balancing selection should operate directly on the frequency of
particular loci among populations. This is because the unit of selection is the core functionality
at these loci (which is restricted byasilizing selection)The fact that MHC allelic population
differentiation is strongly correlated with supertype population differentiation and neutral
differentiation, whereas supertypes differentiation is not correlated with neutral
differentiation, further supports the notion that individual loci are a unit of selection. This can
explain why female mate choice is often associated with choosing MHC heterozygous or
dissimilar malegMilinski 2009. In these cases it may be that specific allelic combination are
not the unit of choice, but rather the increased likelihoafdncluding diverse/particular
supertypes. This goes further to explain why populations that are depauperate at the MHC
allelic lewel can maintain high levels of fithess (or at least do not disptagwally heavy
parasite burdensRadwaret al.2010) Balancing selection maintains critically functioning loci
independently, while not preventing loss of allelic diversity within groups aftfanally similar
adzLISNII e LS ffStSad LYRSSRT I NBOSyd aiddzRe 27
(Anthus berthelot)irevealed just 22 MHC IIb alleles among 310 individ@iszaleQuevedo
et al.2015) However, almost all of these alleles represented a unigue supertype (22 alles
supertypes). Therefore, despite large losses of allelic diversity though demographic bottlenecks,
selection forindividual loci can maintain critical MHC functionality within populations. Spatially
and temporally fluctuating balancing selection at MHC loci may also explain the high variance in
al/ [/ b+ 20&aSNWSR Ay 3IdzLILIASas | ysBper®yie&k SNJ a4 LISOA S
ol flyOSR t20AQ O02dz R 68 dzaASR (2 SELISNAYSYy(l ff¢
wild populations, and to unveil a likely important and understudied unit upon which selection

operates at the MHC.



139

The guppy is a unique model systeto study MHC evolution

We are now in the genomic era, which holds unparalleled power to detect signatures of
genomewide adaptation. However, researchers in evolutionary ecology still look towards MHC
genes as a wedlstablished system to assess logdaptation in species. Over 50 years of
empirical and theoretical analyses on these genes reflects their biological importance in fitness,
and as such, a firm basis for understanding their evolution has materialized. While biomedical
and immunology reseahers focus on the MHC to better understand its critical function and
evolution in general, it seems for the most part that ecolodistich on to the MHC purely

though an interest in their focal species. This has revealed a complex of varying evolutionary
processes operating on the MHC among a wide range of taxa, yet often, observations in one
species may be contradicted or absent in the next. These could arise though differences in life
history, ecology, behavior, and sample/population accessibility. Mewdf we are to

significantly progress our understanding of MHC evolutionary ecology, researchers would do
well to focus on a model species that holds the most optimal or desirable traits, which would

augment the myriad of complex evolutionary procesisea single MHC system.

Guppies appear to be such a system for several reasons: (1) In Trinidad alone there are
hundreds if not thousandsof isolated yet easily accessible replicate populations, (2) among
different combinations of populations, ecologi@nditions are either similar or dissimilar, and
so populations have been shown to demonstrate either parallel orpemallel evolution
(Houde 1997Magurran 2005)(3) individuals are abundant and easily sampled, (4) guppies are
among the fastest evolving vertebrates and local adaption can occur very quickly, (5) there is a
wealth d knowledge surrounding guppy physiology, ecology, life history, behavior, and natural
selection, (6) combinations of bottlenecked, andhwttlenecked populations, (7) guppies have
been introduced globally and have colonized many different habitat typetaming diverse
pathogen fauna, (8) wild individuals can easily be transported back to the lab and with simple

husbandry experimental populations can be established, (9) poesplé@dies are also known to
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hybridize allowing the experimental study of tiaspecies polymorphism and introgression at

the MHC, and finally (10) guppies have extraordinary MHC diversity.

The empirical data described in this thesis also demonstrate that guppies are an ideal
species to study the interaction between parasite méeliband sexually mediated natural
selection on the MHC. Moreover, they appear an elegant system in which future research could
establish the long term role of MHC CNV in fithess among populations and species. While
guppies should be recognized as a valaabkource in MHC studies, increasing caution should
be exerted in conserving population sizes, especially in those that are well studied in Trinidad.
Numerous population have experienced recent human mediated declines, and Trinidadian
authorities are ainmg to protect this valuable species so that its use as an exception biological

model system can comtue (Ryan Mohammed pers. comm).

Conclusion

Here | present a thesis that delineates novel approaches to both MHC sequence data collection
and genotype estnation, and in the analysis of MHC diversity among natural populations of the
guppy. Firstly, I have shown that significant improvements can be made to NGS MHC
genotyping approaches, which allows high quality and repeatable genotype estimates, while
discading poor quality data that can severely bias downstream analysis. The overall lessons
learned are that increased diligence is required to fully eradicate artificial sequences from NGS
MHC data and that this can be accomplished by using sequence depthlimpagproaches,

which strictly adhere to genotyping assumptions.

Secondly, population level MHC supertype diversity, and particular MHC supertypes are
related to changes iGyrodactyluprevalence infecting guppy populations. By classifying alleles

based on shared functional characteristics such inferences can be made, and this is especially
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important in species where MHC allelic diversity significantly varies among populations. In using
Gyrodactyluss a proxy for parasitism, | propose that individual parasite species exert parallel
evolutionary effects (stabilizing selection) on MHC supertypes, which maintains critical
functionality across large spatial and temporal scales. In additi@yarying parasite

communities (number of different species or paragtieenotype$ that exert balancing

selection on the MHC to maintain higher levels of loci specific supertype functionality.

However, further experimental work is required to confithis.

Finally, | have uncovered cryptic evolutionary processes operating on the MHC by
comparing MHC alleles, MHC supertypes (loci specific functionality), and neutral microsatellite
population diversity. The presence of stabilizing selection actimgaimtain MHC supertype
functionality, balancing selection maintaining supertype diversity, and-sugzertype
evolutionary dynamics fueling allelic turn oyfarms the basis for a novel model of MHC
Sg2tdziA2y Ay WadlltolAy G Srieady shsiioddekpiihdSdmerous
observations commonly present in MHC studies: (1) neutral processes and selective processes
both apparently operating on MHC alleles, (2) high variance in allele frequencies avithin
amongpopulations, (3) many rarand private alleles, (4) the maintenance of alleles over large

spatial and temporal scales, asd the enigmaf transspecies polymorphism.
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Appendix 1
Supporting information for Chapter 3Ultra-deep lllumina sequencing accurately identifies MHC class llb
alleles and provides evidence for copy number variation in the guppy (Poecilia reticulata)

(a) (b)

41%4.1%

@ Same PAs

@ Same PAs

@ 1 additional PA

O 2 additional PAs

O 3 additional PAs

FigureS3.1: Genotype repeatability between fgequenced samples
(a) Within the same sequencing run identiéaéstimates were observed in eaokplicated sample with 100% genotype
replication. (b) However, when genotypes were compared between full independphtates genotyping repeatability fell to

83.7%. This was due to some genotypes acquiring new alleles that were discarded in the original run due to low depth.



162

Figure S3.2
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Figure S3.2: Comparison Afin independent replicates

For each replicated sample that produced differén¢stimates in independent sequencing runs
(G100763Q1, G100786Q1, G100970G2, G100773Q1, G100788Q1, G100979G2, AD0ANG3M
G10077; &, respectively) the cumulative sequence depth is shown across variants (PAs: circles,
artifacts: triangles) in the original sample (black), and the replicate (blue). Squares show PAs that were

discarded in the original sample due to demuate depth. The application of a low AVT (3x in this case)
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would have retained these PAs in the original sample. However, thbaslled lines indicate the
artificially inflatedA estimates that would result for each sample if low copy humber contaméare
accepted under this criteriorEstimates ofy are not replicated when a 3kepth threshold is

implemented

12

10

Frequency of individuals (%)

BRI .

1 3 5 7 9 11131517 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59 61 63
A

Figure S3.3A distribution across individuals using a low AVT

When a low AVT (3x) is implemented across all samples that provided confirmed independent
estimates ofA using our methodA estimates range from 2 to 64 and the frequency

distribution does not conform to expectation of the MHC optimality hypothesigondom

segregation of alleles. This distribution reflects the error prénestimates produced by using a
low AVT.
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Figure S3.4: Raw sequencing depth distribution of variants among amplicons

(a) The raw depth distribution of variants accepted as PAs in genotypes ranged fpo25E3x
in the first sequencing run. (b) Artificial sequencesresenting low copy number contaminants
obtained a sequencing depth distribution betweei239x, and so overlapped that of real PAs.
This highlights problems associated with using raw read depth distributions to estimate

genotypes. Our protocol overcomdsis issue by using relative comparisons of variant depths
on a peramplicon basis.
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Figure S3.5: Linear relationship between total amplicon sequencing depth/Aand

The lack of correlation between total amplicon depth and the number of alleles charzatte
within an amplicon &) (linear regression: p = 0.109=r0.01) means that estimates Afare not
significantly affected by sequencing depth.
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Figure S3.6: Confirmation of maximu across samples usingCA

A PCA of mean sequencing depths of the top 10 most sequenced variants across all samples
shows that 100% of the variance between variants within amplicons is attributed to PAs (PC 1
6). Although deptikpercentages of up to 2.11% were observed for sag contaminant

variants, they accounted for 0% of the mean variance across samples. This corroborated that a
maximumA; of 6 explained the observed genotypes.
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Figure S3.7: Confirmation & estimates among samples
A PCA of mean sequencing depth of the top 10 most sequenced variants across samples withigreaging A =1¢ A =6; af, respectively)
correctly separates alleles (PA) and artifacts (A) based on mean sequencing depth. This corrdbestiteates illustrated in Figure 3.5 at the

point of highesDOC
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MHC IIb codon position

Figure S3.8: Analysis of selection on MHC class IIb sequences of guppies

The plot shows an estimate of the posterior probability of positive sieledased on thalv/dsratio at each codon (sliding window of 1 codon).
Circles highlight PBR designation inferred in previous studies (Bemknet al. 1993; grey, Bondinaat al. 2007 blue, McMullan 2011) shifted up
by one codon to account for an insertion near the amino terminus of the fish MHC class llb m@tegudzozet al. 2000) Grey columns highlight
codors of the guppy MHC with a significant posterior probability (>0.95) of positive selection (codons 29, 31, 32, 38, 391623688, 82, 86,
87, 89 and 91), where the dashed line indicates the 0.95 acceptance criteria for positive selection
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Appendix2
Supporting information for Chapter 4The role of MHC and parasites in the secondary sexual colouration of

guppies (Poecilia reticulata)
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Figure 8.1. The three main drainage systems in northern Trinidad where the bulk of guppy research has been conducted (blue, Caroni; green

North slope; orange Oropouche) and the rivers where samples were collected. Additional river populations on the eastesteanadoast
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Figure4.3. Clustering of MHC polymorphism by Discriminant Analysis of Principle Components was basephysitozhemical
properties of the amino acids, which constitute the protdimding region (PBR). Each point represents the positioning of each MHC
allele within the first two discriminant functions (axis). Circles represent the positioning of each MHC supertype, which are largely

represented by weltlefined and minimally overlapping clusters.
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