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Abstract

The objective of this thesis was to investigate how evolutionary forces shape
immunogenetic variation in small populations. To achieve this, | investigated functional
variation at key genes in both the innate and adaptive immune systems in the Seychelles
warbler (Acrocephalus sechellensis), and how this differed spatio-temporally and in
relation to individual traits and fithess components. First, | tracked evolution at one non-
synonymous TLR3 SNP over 25-years. Results showed a significant and consistent
temporal decline in the minor TLR3® allele frequency within the original Seychelles
warbler population and in all four derived populations. Further investigations showed that
positive selection — acting on both survival and reproduction, was driving these temporal
changes in the Cousin population. | then investigated whether pre- or post-copulatory
sexual selection was acting in relation to the TLR3 locus. | found evidence of both pre-
copulatory assortative social pairing, and a post-copulatory bias against paternal
inheritance of the TLR3° haplotype. Thus, multiple mechanisms of selection appear be
causing contemporary TLR3 evolution in the Seychelles warbler. Lastly, | investigated
whether host-microbiome coevolution may interact with functional immunogenetic
variation in this species. Using next generation sequencing techniques, | characterised
the MHC (both class | and class Il), and gut microbiome (GM) variation existing in a
subset of individuals. | found that presence of specific MHC alleles, but not MHC
diversity, was associated with differences in GM diversity and composition. These results
confirm variation in the host’s immune system may play a role in shaping an individual's
GM in a population of wild animals. Collectively, my results provide insight into how
different mechanisms can interact to shape functional genetic variation in a natural
population. They also raise some important, as yet unanswered, questions about the
identity of the selective agents (pathogens) affecting the immunogenetic variation in this

species.
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General introduction
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1.1. Genetic variation

Genetic variation underpins heritable variation in phenotypic traits and provides the
substrate for evolution. Genetic variation within populations thus affords these
populations with the ability to evolve in response to abiotic or biotic change — termed
adaptive potential (Fisher 1930). New genetic variation ultimately arises by mutation (in
the wider sense) as a result of point mutations, recombination, gene conversion, and
gene or genome duplication (Lande 1995, Martinsohn et al. 1999). Once present, genetic
variation can be erased through directional selection and/or drift — resulting in a loss of
heterozygosity within individuals, and adaptive potential within populations (Lacy 1987,
Lande 1988). Thus, resulting in reduced fithess at the individual, and eventually at the
population level (Reed and Frankham 2003). Consequently, a reduction in genetic
variation can have detrimental impacts upon the survival of an individual and the
persistence of populations and species (Crnokrak and Roff 1999, Keller and Waller 2002,
Bouzat 2010). Alternatively, once present, genetic variation can be maintained in a
population by balancing selection — an umbrella term for any mechanism or combination
of mechanisms by which genetic variation is maintained within a population (Dobzhansky
1955). Maintenance of genetic variation within a population, can play a crucial role in
maintaining a populations adaptive potential. Therefore, understanding where and how
evolutionary forces shape genetic variation, and the downstream consequences these
have for individuals and populations, is important from both an evolutionary and

conservation perspective (Frankham 1996).

1.1.1. Evolutionary forces shaping genetic variation

A number of evolutionary forces act separately and simultaneously to shape genetic
variation in a population. These can be ‘neutral’ processes such as genetic drift or gene
flow, (Wright 1931, Lande 1976, Lacy 1987). Genetic drift is when alleles are arbitrarily
lost or driven to fixation within a population by chance (Wright 1931). Because of random
sampling between generations not all alleles are passed down to the next generation,
ultimately resulting in a decrease in genetic variation within a population (Kimura 1968,
Lande 1976, Charlesworth 2009). Gene flow occurs when individuals migrate from one
population to another and successfully reproduce, thus introducing alleles into the
population (Slatkin 1985), resulting in changing allele frequencies (for example Chen et
al. 2019). Migration can be random, or be phenotype specific - therefore unlike genetic
drift, gene flow can be a non-random process (Chesser 1991). The random nature of
genetic drift means that different alleles will increase or decrease in frequency in different

populations, causing increasing genetic divergence between populations. In contrast,
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gene flow homogenises allele frequencies between interconnected populations, thus

leading to a reduction in genetic divergence between populations (Slatkin 1987).

Genetic variation can also be shaped by the deterministic process of selection (Lande
1976). Individuals with functional genetic variation will exhibit different phenotypes, which
will then be selected for within a population (Fisher 1930), thus adaptation can occur
(Darwin 1859). Natural selection is the process whereby traits which influence fithess are
selected for, however if a specific trait influences competition over mates or their
gametes then it is under sexual selection (Darwin 1896, Andersson 1994, Shuker 2010).
Natural and sexual selection can shape genetic variation through various mechanisms.
Directional or purifying selection can drive beneficial alleles to fixation and remove
disadvantageous alleles, thus resulting in reduced genetic variation (reviewed in
Mukherjee et al. 2009). Conversely, balancing selection maintains genetic variation via
a combination of different potential mechanisms. First, the heterozygote advantage
stipulates that individuals who are heterozygote have greater fitness than those who are
homozygote, therefore maintaining genetic variation (Dobzhansky 1955). Such
heterozygote advantage can occur by dominant selection - whereby the heterozygote
will have the same fitness advantage as the fittest homozygote (Penn et al. 2002).
Alternatively, if a heterozygous allele is under over-dominant selection then the
heterozygote will benefit from the combined synergistic effect of the two different
variants, and thus have a greater fithess advantage than the fittest homozygote (Hughes
and Nei 1988). Second, rare-allele advantage (also known as frequency-dependent
selection) occurs when rare alleles confer a greater fitness advantage, than do common
alleles (Ayala and Campbell 1974). Rare-allele advantage is usually the result of co-
evolution between competing species (e.g., predator- prey, Bond and Kamil 2002), or
conspecifics (e.g., competition for resources, Fitzpatrick et al. 2007). Rare alleles can be
created by new alleles that arise through mutation, or old alleles which are at a low
frequency in the population. As these rare alleles increase in frequency in a population,
their selective advantage is diluted. Consequently, these alleles are no longer novel and
thus stop being selected for. Instead, possession of a different rare allele will have a
selective advantage (Ayala and Campbell 1974). Lastly, the fluctuating selection
hypothesis proposes that spatio-temporal variation in the selective pressure can
maintain genetic diversity (Hill et al. 1991). For example, an individual carrying an allele
conferring a fithess advantage at one particular time and/or place will have increased
fitness, but the same allele could confer a reduced fithess advantage at a different time
and/or place. This results in different subsets of alleles being selected for at different

spatio-temporal points, thus increasing variation across sub-populations.
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Overall, the potentially combined and interacting effect of one or more of these
mechanisms of balancing selection will lead to multiple genetic variants being maintained
in a population, thus counteracting the loss of diversity through drift and directional
selection. Gene flow homogenises genetic variation between populations, and so has
important implications for rare-allele, and fluctuating selection mechanisms of balancing
selection. Lastly, genetic variation can be maintained by a trade-off between natural and

sexual selection (Johnston et al. 2013, Slade et al. 2019).

1.1.2. Genetic variation in small populations

Problems arising from the loss of genetic variation are particularly exacerbated in small
populations (Frankham 1996). By their very nature, populations of conservation concern
are often small or fragmented. Consequently, they are more sensitive to sudden
environmental and human-induced perturbations, such as habitat degradation, or the
introduction of new pathogens (reviewed in Jamieson 2015). To effectively conserve
small populations, it is important to know what, and how different evolutionary forces are

shaping genetic variation in these population’s (Lacy 1987, Sutton et al. 2011).

Populations which have undergone bottlenecks — (i.e., have been reduced down to a
small number of individuals (Nei et al. 1975)) — often have reduced genetic variation, and
therefore reduced individual and population level fitness (Hale and Briskie 2007).
Reduced genetic variation in bottlenecked populations, can occur by several interacting
means. Individuals in small populations may have no choice but to mate with relatives,
due to the lack of non-kin mates, resulting in inbreeding. Inbreeding causes individual
and population-wide negative fitness consequences (e.g., Walling et al. 2011) - termed
inbreeding depression (Crnokrak and Roff 1999). This is due to increasing homozygosity
resulting in the expression of deleterious recessive alleles (Lynch et al. 1995,
Charlesworth and Charlesworth 1999), or loss of heterozygote advantage — where
heterozygotes have greater fitness than either homozygous genotypes (Charlesworth
and Charlesworth 1990). Secondly, founder effects (i.e., the reduction of genetic
variation in a population due to establishment by a small number of individuals from a
larger population (Mayr 1954)) determine the type and amount of genetic variation
retained in a population, depending upon the genetic makeup, and amount of genetic
diversity of the original founders of the population (e.g., Dlugosch and Parker 2008,
Kolbe et al. 2012). Lastly, the amount of genetic variation present in a population directly
affects its adaptive potential. Decreasing genetic variation will likely result in loss of

beneficial functional genes or alleles. Populations with little, or reduced genetic variation
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will be less able to adapt to changing circumstances and thus are more likely to go extinct

(reviewed in Bouzat 2010).

When effective population sizes are reduced, such as in small populations, the role of
genetic drift is exaggerated. The importance of genetic drift as the primary mechanism
shaping genetic variation in small populations has been well documented (Lacy 1987,
Miller and Lambert 2004, Grueber et al. 2013). The extent and role of genetic drift can
be further confounded in situations where genetic variation may already be reduced due

to inbreeding depression and founder effects (Nei et al. 1975, Frankham 1996).

1.2. Pathogens as a selective pressure

Pathogens are a very diverse and adaptable group of organisms, constantly evolving to
better their own fitness at the detriment of their host (Freeland 1976). By definition,
pathogens detrimentally influence the survival and reproductive success of their host,
resulting in disease and mortality (Daszak et al. 2000). Consequently, they are powerful
drivers of evolutionary change (Haldane 1992). Hosts evolve defences to protect
themselves from pathogens, while pathogens, in turn, evolve ways to overcome these
defences, resulting in antagonistic coevolution between host and pathogen (Slade and
McCallum 1992, Woolhouse et al. 2002). Two interacting underlying drivers of balancing
selection are particularly important in the maintenance of genetic variation, that of
pathogen-mediated balancing selection and sexual selection (Hedrick 1998, Bernatchez
and Landry 2003, Spurgin and Richardson 2010, Ejsmond et al. 2014).

1.2.1. Pathogen-mediated balancing selection

Pathogen-mediated selection has often been put forward as an important driver of
balancing selection (see 1.1.1 (Bernatchez and Landry 2003)), with considerable
evidence that this maintains diversity at immune genes (Hedrick 2002, Ferrer-Admetlla
et al. 2008, Eizaguirre et al. 2012). For example, individuals which are heterozygous at
immune related genes, will have a greater likelihood of recognising and/or overcoming a
pathogenic infection, and hence have increased resistance to pathogens than if
homozygous (Doherty and Zinkernagel 1975). In this context, there is support for both
dominant and over-dominant selection maintaining genetic diversity across
metapopulations (Takahata and Nei 1990, Oliver et al. 2009), although dominant
selection alone is thought to be unable to maintain high levels of diversity within individual

populations (reviewed in Spurgin and Richardson 2010). Secondly, rare alleles can
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confer greater resistance to pathogens (Phillips et al. 2018). As these rare alleles
increase in frequency in a population, the pathogens they detect become under
increasingly stronger selection to evolve to evade their effects. Consequently, these
alleles will no longer confer resistance to the pathogen and thus stop being selected for.
Instead, possession of a different rare allele will have a selective advantage. Overall, this
results in a cyclical, co-evolutionary arms race between pathogen and alleles (Takahata
and Nei 1990, Slade and McCallum 1992). Lastly, when variation in pathogen type or
abundance changes depending on geographical or temporal variation, intensity of
directional selection upon the hosts genotype will also change (Hedrick 2002) —
consistent with fluctuating selection. Pathogen-mediated fluctuating selection can be
driven by trade-offs, whereby resistance to pathogens comes at a cost to the hosts.
When pathogens are present, hosts with resistant alleles are favoured, but when
pathogens are not present the resistant allele will be detrimental to the host (Tellier and
Brown 2011).

All three of the above proposed mechanisms, along with pathogen-mediated sexual
selection (see 1.2.2 below) are able to act singularly or in concert together. Thus, gaining
a definitive understanding of the relative importance of the different mechanisms in
driving balancing selection is extremely difficult (reviewed in Spurgin and Richardson
2010). For example, individuals which are carrying rare alleles are also likely to be
heterozygous as their low frequency in the population means it is unlikely for an individual
to inherit two copies. Moreover, the intensity of selection a pathogen exerts can fluctuate
due to differences across temporal and spatial scales, further confounding the
importance that rare allele and/or heterozygote advantage confers at a given point.
Studies which attempt to tease apart these mechanisms of pathogen-mediated selection
do so by contrasting functional immuno-genetic variation with that expected under
neutrality (e.g., Landry et al. 2001b), or by relating immuno-genetic variation with

pathogen load (e.g., Bonneaud et al. 2006b).

1.2.2. Pathogen-mediated sexual selection

There is substantial evidence that pathogen-mediated sexual selection also acts (on top
of the other mechanisms of balancing selection) to maintain variation at immune genes
(reviewed in Apanius et al. 1997, Penn and Potts 1999). Pathogen mediated sexual
selection can act prior to mating e.g., via inter-sexual mate-choice (Hamilton and Zuk
1982) and intra-sexual competition (e.g., Freeland 1976). Or post-mating e.g., through
cryptic mate-choice (Eberhard 1996), sperm competition (Birkhead and Mgller 1998),

and sperm/egg incompatibility (Fernandez, Cooper et al. 1999). Mate-choice can
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potentially help maintain immuno-genetic variation via three different routes. First,
individuals may choose mates who carry ‘good genes’ which confer resistance to current
pathogens, thus selecting for rare ‘resistant’ alleles (reviewed in Neff and Pitcher 2005,
Kempenaers 2007). The presence of sexually selected traits or ornaments may be
important here, due to their capability to be used as an honest signal of condition
(Hamilton and Zuk 1982). For example, those males carrying the alleles which confer
best pathogen resistance should be in best condition and have most extravagant
secondary sexual traits (Von Schantz et al. 1996, Moore and Wilson 2002, Eizaguirre et
al. 2009, Dunn et al. 2013). Alternatively, the best condition may be conferred by
heterozygosity at immune genes. So, choice for the best condition mate should also
increase the heterozygosity of offspring (Landry et al. 2001, Reusch et al. 2001,
Richardson et al. 2005, Brouwer et al. 2010). Lastly, being able to recognise which
potential mates have dissimilar immune genes compared to themselves, can be
beneficial for two reasons. Dissimilar mating can help alleviate the associated costs of
inbreeding depression by preventing mating with close kin (Tregenza and Wedell 2000).
Or, dissimilar (compatible) mating by mating can maximise offspring heterozygosity, and
fitness (Mays Jr and Hill 2004). Either way, preference for dissimilar mates can occur
both pre-mating and post-mating (Potts and Wakeland 1990, Gillingham et al. 2009,
Lavlie et al. 2013) and odour cues have been suggested to be the primary mode of

communication (Milinski 2006).

The relative roles of pathogen-mediated balancing selection and sexual selection in
maintaining immuno-genetic diversity are hard to disentangle as they can work in
concert, reinforcing host-pathogen co-evolution (Ejsmond et al. 2014). Alternatively, they
can trade-off against each other together, both forces effectively cancelling each other
out (Slade et al. 2019). For example, antagonistic pleiotropy between genes, results in
trade-offs between reproduction and survival (Johnston et al. 2013). Therefore, unless
all traits which could be under selection are measured, the functioning mechanism, or

mechanisms could be missed or misinterpreted (Loiseau et al. 2008).

1.3. The gut microbiome (GM) as a selective pressure

Animals evolved in a microbial world and should be studied accordingly (Amato 2013).
The complex microbial community that interacts with any given individual - comprised of
bacteria, archaea, viruses, and microbial eukaryotes — is collectively known as the host’s
microbiome. These microbiomes exist at the interface between animals and their

environments, playing a fundamental role in many host biological processes (McFall-
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Ngai et al. 2013). As the microbes within these communities can be pathogenic,
mutualistic, or commensal, they can be beneficial or detrimental to the host, thus they
can play an important role in host evolution (Kolodny et al. 2020). Thus, the microbiome
can act as a selective pressure, shaping host phenotypes (reviewed in Koskella and
Bergelson 2020, Rowe et al. 2020). Ultimately resulting in host-microbiome co-evolution,

adaptation, or speciation (Greene et al. 2020, Moeller and Sanders 2020).

In the vertebrate gut, the gut microbiome (GM) contributes to many key biological
processes from enabling nutrient uptake (Hooper et al. 2002), to pathogen defence
(Pickard et al. 2017). However, despite the recent expansion in GM studies — particularly
those focusing on bacteria, the relative importance that host genetic factors have in
governing the diversity and composition of the GM is still unclear. Additionally, it has
become apparent that captivity/unnatural environments radically affect an organism’s
microbiome (Clayton et al. 2016). By design, captive environments are carefully
controlled, and so exposure to environmental and microbial complexity is reduced
compared to wild populations. Thus, not all factors that govern the diversity and
composition of the GM would be present — including selective factors shaping co-
evolution of host-microbiome. The importance of environmental context is particularly
crucial when considering selection of the hosts immune system which has evolved with
a variety of pathogens (Maizels and Nussey 2013). Therefore, more studies on wild
populations are needed, which incorporate the complexities of real life (reviewed in
Amato 2013, Hird 2017).

A multitude of environmental and host factors appear to shape individual differences in
GM in wild populations including diet (Maurice et al. 2015), sex (Stoffel et al. 2020), age
(Videvall et al. 2018), and sociality (Raulo et al. 2021). Although the role of host genetics
has been less well studied (Kurilshikov et al. 2017), particularly in wild systems, evidence
does suggest that host genotype influences individual GM variation (Spor et al. 2011,
Suzuki et al. 2019). Specifically, variation in key immune genes has been linked to GM
characteristics (reviewed in Kurilshikov et al. 2017). Likewise, GM variation can directly
affect various host traits (Suzuki 2017) including modulating the severity of infectious
diseases (Villarino et al. 2016), host immune function (Round and Mazmanian 2009),
and ultimately, hosts survival (Benskin et al. 2015), thus providing the potential for
evolutionary adaptation. Therefore, if immune genes can regulate fithess through
modulation of the GM, then the GM can also act as a driver of selection on immune
genes (Koskella and Bergelson 2020). The same mechanisms that maintain genetic
variation via pathogen mediated selection, i.e., balancing selection and sexual selection,

could also shape host variation via the GM.
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1.4. Imnmunogenetic loci

Hosts try to avoid pathogens through behavioural modifications and external barriers
(reviewed in Loehle 1995). However, if this fails then an effective immune system is
needed to protect and mitigate against pathogenic intrusions. Consequently, to
effectively combat the myriad of pathogenic infections they may be exposed to, hosts
have evolved a complex and flexible immune system (Boehm 2012). Thus, genes
involved in controlling this immune system are good candidate genes for studying how
evolutionary processes shape genetic variation (reviewed in Sommer 2005). In
particular, immune receptor genes have a greater rate of nonsynonymous than
synonymous substitution compared to other immune gene categories, indicating greater

rates of positive selection (Ekblom et al. 2010).

In vertebrates, two main branches of the immune system work together to mount an
immune response; the evolutionary ancient innate immune system, and the more
recently evolved adaptive immune system (Delves and Roitt 2000). Following pathogenic
infection, the innate immune system is the host’s first response to pathogens, as such it
enables a broad defence to be mounted against an assortment of organisms (Aderem
and Ulevitch 2000). When pathogens are first encountered and recognised, the innate
immune system triggers an immediate, non-specific response, preventing or curbing
infections, before pathogen-specific acquired (adaptive) processes can be activated
(Iwasaki and Medzhitov 2010). This immediate response can be particularly important
when novel pathogen outbreaks occur (Bonneaud, Balenger et al. 2012). Pathogens are
recognised through detection of pathogen-associated molecular patterns (PAMPS),
which are highly conserved, non-specific, molecular structures integral to the survival of
the pathogen, and which are thus difficult for them to alter (Smith et al. 2003). PAMPs
are microbe specific, therefore there is a clear distinction between recognition of ‘self’
and ‘non-self’ (Medzhitov 2001, Akira et al. 2006), and are recognised by pattern
recognition receptors. When triggered, these receptors activate the inflammatory
response, mediate phagocytosis, and/or activate other immunity genes further down the
immune cascade (Aderem and Ulevitch 2000, Ferrer-Admetlla et al. 2008). Currently,
five major classes of pattern recognition receptors have been described (Takeuchi and
Akira 2010). Of these, the Toll-like receptors (TLRs) are the most extensively studied
(Netea et al. 2012).

1.4.1. Innate immune genes: Toll-like Receptors (TLRS)
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TLRs are type 1 trans-membrane receptors, characterised by three major domains: an
extracellular leucine-rich repeat domain; a short conserved transmembrane domain; and
a highly conserved intracellular signalling Toll/IL-1 receptor domain (Medzhitov 2001).
Once the extracellular domain recognises and binds to a specific PAMP, the intracellular
domain initiates signalling pathways, thus triggering an inflammatory immune response
(Aderem and Ulevitch 2000). When triggered, TLRs are also able to stimulate genes
involved in the acquired immune response, bridging the two arms of the immune system,
and affording the host a vast range of responses to a suit of pathogens (Akira et al. 2006,
Iwasaki and Medzhitov 2010).

TLRs can be broadly separated into those that are localised on cell surface membranes
(non-viral), or those localised on endosomes in intracellular vesicles (viral). More
specifically, as vertebrate TLRs recognise various pathogen groups, they can be further
divided into six-eight major subfamilies depending upon what PAMPs they bind to
(Roach et al. 2005, Brownlie and Allan 2011, Liu et al. 2019). For example, TLR1 binds
to bacterial lipoproteins, TLR3 binds to viral double stranded RNA (Barton 2007), TLR4
binds to bacterial lipopolysaccharide (Poltorak et al. 1998), TLRS binds to bacterial
flagellin (Brownlie and Allan 2011), and TLR7 binds to single stranded RNA (Roach et
al. 2005).

While the majority of each TLR molecule is structurally conserved across individuals and
species (Roach et al. 2005), variation in the leucine-rich repeat domain region which
binds to PAMPs does occur, resulting in differential pathogen recognition (Werling et al.
2009). Indeed, specific polymorphisms within the leucine-rich repeat domain of TLR’s
have been associated with differential host immunity (Villasefor-Cardoso and Ortega
2011), resulting in either increased resistance (Antonides et al. 2019, Armstrong et al.
2019), or susceptibility (Hawn et al. 2003, Schroder and Schumann 2005, Kloch et al.

2018) to various pathogens.

TLR genes were initially believed to have been relatively evolutionary conserved across
species (Roach et al. 2005, Chapman et al. 2016). However, recent studies have shown
evolutionary forces to be shaping TLR variation at the species, and population level
(Bagheri and Zahmatkesh 2018, Velova et al. 2018, Khan et al. 2019). At the population
level, several studies have found that genetic drift, rather than selection is important in
shaping TLR variation, particularly in small and/or bottlenecked populations, e.g.,
(Grueber et al. 2013, Gonzalez-Quevedo et al. 2015). However, in other vertebrate
populations greater TLR variation is present than expected (Grueber et al. 2012, Grueber

et al. 2015). With evidence suggesting that various modes of selection are important in
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shaping TLR variation (Alcaide and Edwards 2011, Grueber et al. 2014, Gilroy et al.
2017). Thus, indicating that pathogen-mediated balancing selection could be involved in
the maintenance of TLR diversity (Downing et al. 2010, Croze et al. 2016). Indeed, there
is evidence that past balancing selection (Ferrer-Admetlla et al. 2008, Quemere et al.
2015, Kloch et al. 2018) as well as purifying and/or positive selection (Areal et al. 2011,
Grueber et al. 2014, Nelson-Flower et al. 2018, Lara et al. 2020) has affected TLR
variation in a range of vertebrate populations. However, although studies have provided
evidence that selection has shaped the evolution of TLR genes at some point in the past,
few studies have investigated the fithess consequences, and contemporary evolution, of
TLR variation in current populations, (but see Grueber et al. 2013, Hartmann et al. 2014,
Bateson et al. 2016). Furthermore, none have investigating whether sexual selection can

also drive TLR variation.

1.4.2. Adaptive immune genes: The Major Histocompatibility Complex (MHC)

Compared to the innate immune response, the adaptive immune response evolved
relatively recently and is only found in jawed vertebrates (gnathostomes) (Flajnik and
Kasahara 2001). It involves a specialised group of host cell molecules, encoded by MHC
genes, which recognise and bind antigens (including pathogen derived peptides) and
presents them to T- and B-cell receptors. Once the combined MHC-peptide complex is
recognised as non-self, the T and B cells are activated, triggering an appropriate immune
cascade (Delves and Roitt 2000). After such a reaction, the adaptive immune system
produces memory cells, enhancing future immune response (an acquired response) if

the host is re-infected with that particular pathogen (Medzhitov 2001).

MHC genes can be classed into two main sub-groups (but see Gruen and Weissman
1997): Class | (MHC-I) molecules are expressed on the surfaces of virtually all somatic
cells and are associated with defence against intracellular pathogens. Whereas Class |l
(MHC-II) molecules are only found on the surface of specific antigen-presenting cells
and are primarily associated with defence against extracellular pathogens (Hughes and
Yeager 1998). Both classes of MHC molecules are comprised of a receptor region called
the peptide-binding region attached to an immunoglobulin ‘stalk’ which acts to anchor
the molecule to the cell surface. Similar to the leucine-rich repeat domains domain of the
TLR, it is this peptide-binding region that is responsible for antigen recognition (Klein
1986). However, unlike the leucine-rich repeat domains, the MHC peptide-binding region
is highly specific to particular antigens, although some overlap between peptides occurs
(Altuvia and Margalit 2004).
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Among immune genes, the diversity and evolution of MHC genes have been particularly
well studied, due in part to their extreme variability and key role in pathogen detection
(reviewed in Hedrick 2002, Piertney and Oliver 2005). Specific functional variants of
MHC genes, particularly those of the peptide-binding region, confer differential pathogen
recognition (Thursz et al. 1995, Sin et al. 2014, Biedrzycka et al. 2018), and hence can
have a direct effect upon fitness (e.g., Hill et al. 1991, Loiseau et al. 2008, Brouwer et al.
2010, Lukasch et al. 2017). Several studies on wild populations have shown that MHC
genes often harbour more variation than neutral loci, suggesting balancing selection is
shaping variation at this locus (Richardson and Westerdahl 2003, Aguilar et al. 2004,
Schad et al. 2004). Indeed, there is evidence from different studies to support the action
that all three of the main hypothesised mechanisms of pathogen-mediated balancing
selection - rare-allele advantage (Bonneaud et al. 2006, Alcaide et al. 2008),
heterozygote advantage (Penn et al. 2002, Oliver et al. 2009), and fluctuating selection
(Landry and Bernatchez 2001, Charbonnel and Pemberton 2005), or a combination of
the three (Westerdahl et al. 2005) - act to maintain genetic variation at the MHC (Hedrick
1994).

Sexual selection is underpinned by phenotypic secondary sexual traits or cues, which
are often condition dependent (Hamilton and Zuk 1982). Various secondary sexually
selected traits have been found to be linked to MHC variation, including weapons
(Ditchkoff et al. 2001), ornaments (Von Schantz et al. 1996, Dunn et al. 2013),
colouration (Jager et al. 2007, Setchell et al. 2009), and olfactory cues (Grieves et al.
2019, Grogan et al. 2019). Hence, MHC variation can provide a genetic foundation for
studying intra- and inter-sexual selection (reviewed in Milinski 2006). MHC variation can
be selected for as a result of intra-sexual selection through male-male competition
(Setchell et al. 2010). However, the focus of most studies has been on the role of MHC
in intersexual competition (see Kamiya et al. 2014, Brandies et al. 2018) to understand
the possible genetic benefits of female-based mate choice. Such benefits can potentially
occur via three non-mutually exclusive process (Penn and Potts 1999, Milinski 2006).
Preference could exist for mates with specific MHC alleles or ‘good genes’, which confer
resistance to current pathogens (Eizaguirre et al. 2009). Alternatively, preference could
be for MHC heterozygous (or MHC diverse) mates, i.e., those that are heterozygote at
any given loci, or across multiple duplicated MHC loci - hence overall MHC diversity -
(Landry et al. 2001). Lastly, there may be choice for MHC compatible mates, i.e., mates
are chosen based on MHC similarity or dissimilarity to themselves (reviewed in Tregenza
and Wedell 2000, Neff and Pitcher 2005). Preference for compatible mates may take the
form of disassortative mating, where preferred partners are those that are most dissimilar

(e.g., Gillingham et al. 2009, Lavlie et al. 2013). At one end of the scale, disassortative
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mating would prevent mating with close kin (who would have a similar MHC) - and thus
avoid inbreeding depression in offspring (reviewed in Brown and Eklund 1994). However,
it is thought that the benefits of disassortative mating could go beyond that to maximising
offspring MHC diversity - and thus pathogen resistance overall (Penn, Damjanovich et
al. 2002, Setchell et al. 2010, Evans et al. 2012). In contrast, MHC assortative mating
has also been observed in some species (e.g., Bonneaud et al. 2006, Bos et al. 2009,
Sin et al. 2015) — where it would counteract balancing selection (Slade et al. 2019). It is
also important to note that various other studies have found no support for MHC-
mediated sexual selection (Paterson and Pemberton 1997, Westerdahl 2004, Yu et al.
2018).

There are also potential drawbacks to high level of MHC variation in individuals. For
example, MHC variation has been associated with almost all autoimmune diseases,
although the mechanisms underlying this are still not fully understood (reviewed in
Fernando et al. 2008). However, the primary reason why high MHC diversity may be
detrimental is that individuals with increased MHC variation will be subject to greater
costs occurred during T-cell maturation, as more T-cells which bind to self-peptide MHC
molecules are killed, effectively reducing their pathogen recognising ability (Lawlor et al.
1990, Nowak et al. 1992). This has implications when considering the importance of
MHC-based mate choice. It has been argued that individuals should choose mates to
optimise MHC variation at some intermediate level rather than maximising offspring MHC
variation (Nowak et al. 1992). Indeed, some evidence for this has been put forward in
three-spined sticklebacks, Gasterosteus aculeatus (Reusch et al. 2001, Kalbe et al.
2009).

There are, however, complications with studying the MHC. Mechanisms such as gene
conversion, recombination, and duplication, which are common at the MHC, have made
it extremely difficult to identify, separate out, and characterise variation at individual loci
(Spurgin and Richardson 2010). While recent expansion of next-generation sequencing
studies provides efficient ways to characterise large number of individuals by amplicon
sequencing (Biedrzycka et al. 2017), or in-depth analysis of MHC structure using long-
read sequencing (He et al. 2020), there is still much to be done (reviewed in O’Connor
et al. 2019). Immunogenetic loci which exhibit reduced complexity compared to the MHC
(e.g., TLR genes - see 1.3.1 above), may provide more tractable candidates with which
to study how evolutionary forces, including natural and sexual selection, shape variation

in wild populations (reviewed in Acevedo-Whitehouse and Cunningham 2006).
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1.5. Seychelles Warbler: a model system for evolutionary questions

The Seychelles warbler (Acrocephalus sechellensis) is a long-lived, insectivorous,
passerine endemic to the Seychelles Archipelago in the Indian Ocean. Originally found
across the archipelago (Spurgin et al. 2014), the species underwent an extreme
bottleneck in the 1960’s primarily due to habitat loss, with only ca 29 individuals
remaining on Cousin Island (4°20’S, 55°40’E; 0.29 km?, Crook 1960). In 1968 Cousin
Island was purchased by a consortium led by the International Council for Bird
Preservation (now BirdLife International), and an intensive conservation and habitat
restoration programme began. Following successful habitat restoration, the population
reached carrying capacity on Cousin (with ca. 320 adult birds present in ca 115 territories
(Komdeur 1992, Brouwer et al. 2009)) in the 1980s, To allow continued population
growth and expand the range of the species, four additional populations have since been
successfully established (Komdeur 1994, Richardson et al. 2006, Wright et al. 2014): 29
birds were translocated to Aride in 1988 (4°12'S, 55°40’E, 0.68 km?, Komdeur 1994), 29
birds to Cousine in 1990 (4°21'S, 55°39'E, 0.25km?, Komdeur 1994), 58 birds to Denis
in 2004 (3°48'S, 55°40'E, 1.42 km?, Richardson et al. 2006), and 59 birds to Frégate in
2011 (4°35'S, 55°56'E, 2.19 km?, Wright et al. 2014). Translocated individuals were
selected based on sex, age, body condition and breeding experience, but without
reference to genetic characteristics (Wright et al. 2014). Of the translocated populations,
Aride and Cousine are now at carrying capacity (ca 1,850 individuals, and ca 210
individuals respectively (Wright et al. 2014)), while the populations on Denis and Frégate
are still increasing (ca 424 birds in 2015, Doblas and McClelland 2015, and ca 141 birds
in 2016, Johnson et al. 2018, respectively).

Regular monitoring of the original Cousin Island population has been conducted since
1986, intensifying from 1997 onwards (Komdeur 1992, Hammers et al. 2019). Nearly all
birds on the island have been caught, blood sampled, and fitted with a unique
combination of three colour rings, and a metal British Trust for Ornithology ring for easy
individual identification in the field (Richardson et al. 2001). Seychelles warblers have a
maximum lifespan of 19 years, with a median post-fledgling lifespan of 5.5 years
(Hammers & Brouwer, 2017). Mortality is greatest in the first year, but adult annual
survival is high (84%, Brouwer et al., 2006). The extensive monitoring of this, and the
neighbouring islands has shown that there is virtually no inter-island dispersal to, or from,
Cousin (0.1%, Komdeur et al. 2004)). Furthermore, annual resighting of individuals is
high (98%, (Brouwer et al. 2010)), allowing all individuals to be followed from birth till
death, and thus enabling accurate lifetime fithess component estimates to be calculated

(e.g., survival, status, and reproductive output — see data chapters for specific details)
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(Brouwer et al. 2006). The long-term fitness data, combined with a detailed pedigree
(Sparks et al. 2020), and the collection of blood samples make the Cousin population an
ideal model system with which to answer a range of evolutionary ecology questions (for
example; evolution of cooperative breeding (Komdeur 1996, Richardson et al. 2002),
inbreeding (Richardson et al. 2004), mate choice (Richardson et al. 2005, Raj Pant et al.

2020), and senescence (Hammers et al. 2013, Hammers et al. 2015) among others).

1.5.1. Life history

Seychelles warblers are facultative cooperative breeders, with socially monogamous
primary breeders defending strict territories year-round (Komdeur 1992). Breeding can
occur year-round, but is dependent on food availability, thus there are two primary
breeding seasons: the major season, June-September, and a minor season from
November-March (Komdeur 1996, Komdeur and Daan 2005). Females typically lay
single-egg clutches, although two-three egg clutches occur occasionally (Komdeur 1991,
Richardson et al. 2001). Both male and female breeders participate in territory defence
(Kingma et al. 2017) and provide offspring care (Komdeur 1994). Habitat saturation
means that the availability of good quality breeding territories is extremely limited,
consequently sexually mature birds sometimes delay independent breeding (Komdeur
1992), and instead become subordinates in natal or non-natal territories (Eikenaar et al.
2007, Kingma et al. 2016). Overall ca 50% of territories contain subordinates (Hammers
et al. 2019). Furthermore, ca 30% of subordinate birds become helpers, feeding, or
incubating young (Komdeur 1992, Komdeur 1994, Richardson et al. 2002). Although ca
40% of female subordinate helpers gain reproductive success within the territory through
joint nesting, subordinate male helpers rarely gain paternity (Richardson et al. 2002, Raj
Pant et al. 2019). Consequently, the benefits of cooperative breeding for helpers include

both direct breeding and indirect kin selected benefits (Richardson et al. 2003).

Habitat saturation, along with social fidelity (Komdeur 1992, Richardson et al. 2007) and
longevity (Hammers and Brouwer 2017) constrain social mate choice on Cousin
(Richardson et al. 2005). However, high levels of extra-pair paternity (EPP) occur in this
species, with 41% of offspring fathered by a dominant male from outside the natal
territory (Richardson et al. 2001, Raj Pant et al. 2019), thus allowing the potential for
genetic mate choice (see below 1.5.2). Social males attempt to prevent EPP in their own
group by mate guarding their social female (Komdeur et al. 1999, Komdeur et al. 2007),

and to gain EPP with other females via extra-territorial forays (Komdeur et al. 1999).

1.5.2. Genetic variation in the Seychelles warbler
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The Seychelles warbler harbours reduced genetic variation as a result of a past genetic
bottleneck (Spurgin et al. 2014), although some variation does still exist at neutral loci
across the genome (Richardson et al 2000). Importantly elevated levels of variation
appear to have been maintained at certain loci (Richardson and Westerdahl 2003, Gilroy
et al. 2017). Key immune genes have already been characterised in the Seychelles
warbler, including TLR genes (Gilroy et al. 2017), Avian B-defensins (Gilroy et al. 2016),
MHC class | exon 3 (MHC-I) (Richardson and Westerdahl 2003, Hansson and
Richardson 2005), and MHC class Il exon 2 (MHC-II) (Hutchings 2009). These studies
identified signatures of past positive selection at two TLR loci -TLR3 and TLR15, in a
sub-sample of individuals (Gilroy et al. 2017). Of these, one of the three SNPs present
in TLR3 appeared particularly important as it was non-synonymous, found within the
functionally important leucine-rich repeat domain region, and had a relatively high minor
allele frequency (32%, n = 28). Likewise, (Richardson and Westerdahl 2003) found
variation still existed at the MHC-I locus, and evidence that this has been maintained by
selection. However, the degree of functional variation at the MHC-II in the Seychelles
warbler remains unresolved, though there is evidence of past selection (Hutchings 2009).
Previous attempts to examine MHC-II, using cloning and reference strand-mediated
conformation analysis (RSCA) proved to be inefficient and failed to resolve individual
characteristics, though there was evidence of at least 10 functional alleles (Hutchings
2009).

As well as signatures of past selection, genetic variation has been linked to differences
in individual fitness in the Seychelles warbler. For example, relatively low individual
genome-wide homozygosity compared to the population mean (as the result of
inbreeding) is negatively correlated to condition (Bebbington et al. 2016) and
reproductive success (Brouwer et al. 2007). Likewise, both MHC-I diversity, and a
specific MHC-I allele, Ase-ua4, are positively associated with survival (Brouwer et al.
2010). Sexual selection also seems to be acting on MHC-| variation, with females more
likely to gain extra-pair fertilisations if their social mate has reduced MHC diversity. When
this occurs, females are then more likely to gain fertilisations with males who have
greater MHC diversity than their social mates (Richardson et al. 2005). This leads to
offspring with greater MHC diversity and increased survival (Richardson et al. 2005,
Brouwer et al. 2010). However, whether TLR variation is under contemporary selection,

and what factor is causing this selective pressure at the MHC genes, remains unknown.
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1.6. Thesis outline

In this thesis, | investigate how evolutionary forces shape immunogenetic variation in the
Seychelles warbler (Acrocephalus sechellensis). In Chapter 2, focusing on a functional
TLR3 locus. | assess temporal and spatial changes in allele frequencies in the Cousin
population, and four other derived populations. | then test whether selection could be
driving any change on in the Cousin population. In Chapter 3, | test a suite of questions
to determine whether pre- or post- copulatory sexual selection, as well as natural
selection, may act to shape TLR3 variation. In Chapter 4, | investigate whether host-
microbiome co-evolution may play a role in maintaining functional immunogenetic
variation. | use next-generation sequencing to characterise MHC-I, MHC-II, and the gut
microbiome. | then investigate the potential role these key immune genes play in
determining characteristics of the GM. Lastly, in Chapter 5, | discuss the findings and
broad implications resulting from Chapters 2 - 5 and suggest directions for future

research.
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Contemporary evolution of the viral-sensing
TLR3 gene in an isolated vertebrate
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2.1. Abstract

Understanding where genetic variation exists, and how it influences fitness within
populations is important from an evolutionary and conservation perspective. Signatures
of past selection suggest that pathogen-mediated balancing selection is a key driver of
immunogenetic variation, but studies tracking contemporary evolution are needed to help
resolve the evolutionary forces and mechanism at play. Previous work in a bottlenecked
population of Seychelles warblers (Acrocephalus sechellensis) show that functional
variation has been maintained at the viral-sensing Toll-like receptor 3 (TLR3) gene,
including one non-synonymous SNP, resulting in two alleles. Here, we characterise
evolution at this TLR3 locus over a 25-year period within the original remnant population
of the Seychelles warbler, and in four other derived, populations. Results show a
significant and consistent temporal decline in the frequency of the TLR3® allele in the
original population, and that similar declines in the TLR3° allele frequency occurred in all
the derived populations. Individuals (of both sexes) with the TLR3°C genotype had lower
survival, and males - but not females - that carry the TLR3° allele had significantly lower
lifetime reproductive success than those with only the TLR3" allele. These results
indicate that positive selection, caused by an as yet unknown agent, is driving TLR3
evolution in the Seychelles warblers. No evidence of heterozygote advantage was
detected. However, whether the positive selection observed is part of a longer-term
pattern of balancing selection (through fluctuating selection or rare-allele advantage)
cannot be resolved without tracking the TLR3° allele in the populations over an extended

period of time.
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2.2. Introduction

Genetic variation is key to both the fitness of individuals and the persistence of
populations (Reed and Frankham 2003). Loss of genetic variation can result in
inbreeding depression, and loss of heterozygote advantage in individuals, and a
reduction in the adaptive potential of the population, all of which may be especially
detrimental in small or bottlenecked populations (Lande 1995). Therefore, understanding
the factors and mechanisms that shape genetic variation within such populations is

important from both an evolutionary and conservation perspective (Frankham 1996).

Various interacting evolutionary forces act to shape genetic variation within populations,
either through ‘neutral’ processes such as genetic drift, or ‘adaptive’ processes such as
selection (Wright 1931, Lande 1976). Determining the relative importance of these forces
in shaping genetic diversity is key to understanding the adaptive potential of populations
(Lacy 1987, Sutton et al. 2011). In small populations, genetic drift is usually predominant,
resulting in a decrease in genetic variation across the genome (Robinson et al. 2016).
Nevertheless, selection can also act on functional genes, either counteracting or
reinforcing the effect of drift. Directional or purifying selection can push alleles to fixation,
resulting in a reduction in genetic variation and reinforcing drift (Mukherjee et al. 2009).
In contrast, balancing selection (caused by a suite of potential mechanisms) may

maintain genetic variation and counteract the effect of drift (Hedrick 1998).

Pathogens can have considerable negative impact on the survival and reproductive
success of individuals (Daszak et al. 2000) and are strong drivers of evolutionary change
in natural populations (Haldane 1992). Consequently, immunogenetic loci - i.e., those
involved in the detection and combating of pathogens — are excellent candidates in which
to investigate the evolutionary forces underlying the maintenance of genetic variation
(Sommer 2005, Croze et al. 2016). Indeed, pathogen-mediated selection is thought to
be a key driver of balancing selection (Spurgin and Richardson 2010). Three non-
mutually exclusive mechanisms driving pathogen-mediated selection have been
proposed: heterozygote advantage (Doherty and Zinkernagel 1975), rare allele
advantage (Slade and McCallum 1992), and fluctuating selection (Hill et al. 1991). These
three mechanisms — along with other forces such as sexual selection — can act
independently, in concert, or in trade-off with one other (Apanius et al. 1997, Spurgin and
Richardson 2010, Ejsmond et al. 2014).

Immunogenetic research on wild populations has focused mainly on receptor genes of

the acquired immune system: in particular the exceptionally polymorphic major
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histocompatibility complex (MHC) (reviewed in Piertney and Oliver 2005). However, high
levels of diversity (Hedrick 1994), gene duplication (Bollmer et al. 2010), conversion,
recombination (Miller and Lambert 2004), and epistasis (van Oosterhout 2009) makes it
hard to tease apart the evolutionary forces driving MHC variation (Spurgin and
Richardson 2010). In contrast, the genes involved in the innate immune response, while
still often polymorphic, exhibit relatively lower complexity. Furthermore, the innate
immune system is the host’s first line of response to pathogens enabling a broad defence
against an assortment of organisms (Aderem and Ulevitch 2000). Consequently, innate
immune genes can be more tractable candidates with which to study the evolutionary
forces shaping immunogenetic variation in wild populations (Acevedo-Whitehouse and
Cunningham 2006).

Toll-Like Receptor (TLR) genes encode receptor molecules which bind to pathogen-
associated molecular patterns - evolutionary conserved molecular motifs that are integral
to the pathogen’s survival (Medzhitov 2001). Once bound, the TLR molecule triggers a
cascade of processes associated with the innate and adaptive immune responses (Akira
et al. 2006). Vertebrate TLRs can be divided into six families, depending on the
pathogen-associated molecular patterns they detect (Roach et al. 2005). For example,
TLR3 binds to viral dsRNA (Barton 2007), while TLR5 binds to bacterial flagellin
(Brownlie and Allan 2011). While the majority of the TLR structure is structurally
conserved (Roach et al. 2005), there is variation in the leucine-rich repeat domain of TLR
genes, resulting in functional variation at the binding site. Such TLR polymorphisms have
been associated with resistance (Antonides et al. 2019), or susceptibility to specific
pathogens (Kloch et al. 2018), or associated with increased survival (Grueber et al. 2013,
Bateson et al. 2016). TLRs can evolve rapidly as a result of pathogen-mediated selection
(Downing et al. 2010) and evidence of balancing selection at TLR genes has been
reported for various taxa (e.g., Areal et al. 2011, Velova et al. 2018). Nevertheless, most
of these studies only inferred past selection from sequence variation and could not
determine if selection was still acting, or determine the specific mechanisms involved.
Moreover, in various bottlenecked populations, genetic drift may override selection as
the dominant evolutionary force shaping TLR variation (Grueber et al. 2013, Gonzalez-
Quevedo et al. 2015).

Here, we investigate the contemporary evolution of TLR variation in a natural population
of Seychelles warblers (Acrocephalus sechellensis). The last remaining population of
this species on Cousin island underwent a bottleneck in the 1900s resulting in decreased
genome-wide genetic variation (Spurgin et al. 2014). Extensive longitudinal monitoring

and a lack of dispersal (Komdeur et al. 2004) means that virtually all individual warblers
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on Cousin island are sampled, marked and tracked throughout their entire lives
(Komdeur, 1992, Hammers et al. 2015). This allows for accurate measures of survival
and reproductive success (Hammers et al. 2019). As part of a conservation programme,
individuals have been translocated from Cousin to establish populations on four
additional islands (Komdeur 1994, Richardson et al., 2006, Wright et al. 2014), allowing
spatial TLR variation to be investigated. A previous study found that five of seven TLR
loci examined in the contemporary population (2000-2008) of Seychelles warbler on
Cousin Island were polymorphic and detected a signature of past positive selection at
two loci, one of these being TLR3 - a viral sensing TLR (Gilroy et al. 2017). One of the
three SNPs at this TLR3 locus was singled out for investigation because it is non-
synonymous, found within the functionally important leucine-rich repeat domain region,
and had a relatively high minor allele frequency (32%, n = 28). However, if and how

balancing selection maintains variation at this locus has yet to be investigated.

We first assess how the frequency of this TLR3 SNP has changed over 25-years in the
Seychelles warbler on Cousin Island. We then test the role of selection in shaping TLR3
variation in this population; specifically, if survival and reproductive success are
associated with individual TLR3 genotypes. Lastly, we compare patterns of TLR3
evolution over time in, and between, the Cousin population and the newly established
(translocated) populations. These analyses allow us to better understand which
evolutionary forces shape immunogenetic variation in small populations of conservation

concern.

2.3. Methods

2.3.1. Study species and system

The Seychelles warbler is a small (ca 15 g) insectivorous passerine endemic to the
Seychelles. The species was distributed across the archipelago prior to human
colonisation (Spurgin et al. 2014), but underwent a severe population reduction in the
1900s due to anthropogenic effects, with just ca 29 individuals remaining on Cousin
Island (4°20’S, 55°40’'E; 0.29 km?) by the 1960s (Crook 1960). After intensive
conservation, the population recovered to carrying capacity on Cousin (ca 320 adults
present in ca 110 territories) by the 1980s (Brouwer et al. 2009, Komdeur 1992).
Additional populations were established by translocations to four nearby islands (Table
S2.1): Aride (29 birds in 1988), Cousine (29 birds in 1990), Denis (58 birds in 2004), and
Frégate (59 birds in 2011) (Komdeur 1994, Richardson et al. 2006, Wright et al. 2014).



Chapter 2 |

Founder individuals (all from Cousin) were selected based on sex, age, body condition,
and breeding experience but without reference to genetic characteristics (Wright et al.
2014). Translocations to Aride and Cousine were undertaken before blood sampling
became routine, whereas sampling of all the founders of the Denis and Frégate
populations was undertaken (Wright et al. 2014). Of the translocated populations, two
are now at carrying capacity (Aride: ca 1,850 individuals; Cousine: ca 210 individuals
(Wright et al. 2014)), while the populations on the other islands are still increasing (Denis:
ca 424 birds in 2015 (Doblas and McClelland 2015); Frégate: ca 141 birds in 2016
(Johnson et al. 2018)).

The Seychelles warbler on Cousin island has been monitored since 1986 (Komdeur
1992, Hammers et al. 2019). A comprehensive population census has taken place every
year during the major breeding season (June—September), and — since 1997 — also
during the minor breeding season (November—March) except in 2000-2002 and in 2006
(Brouwer et al. 2010). Individuals were recorded as present if caught, or observed, during
the field season. The other populations have not been censused regularly and only

sporadic census data are available.

The rate of annual resighting of individuals on Cousin is high (0.98, Brouwer et al. 2010)
and there is virtually no inter-island dispersal (0.1%, Komdeur et al. 2004), thus enabling
accurate survival estimates (Brouwer et al. 2006). Individuals can be confidently
presumed dead if not seen for two consecutive breeding seasons; the date of death is
assigned as the end of the last season in which a bird was observed (Hammers et al.
2013). Ages were rounded to the nearest 0.5 years. Adult annual survival is high (84%),
with mortality being greatest in first-year birds (Brouwer et al. 2006). Median lifespan is
5.5 years post-fledging, and maximum lifespan is 19 years (Hammers and Brouwer
2017).

Females typically lay single-egg clutches (Richardson et al. 2001) and only occasionally
two or three eggs (Komdeur 1991). They are facultatively cooperative breeders, with a
socially monogamous dominant breeder pair defending strict territories year-round
(Komdeur 1992). Some adult birds delay independent breeding and become
subordinates (Kingma et al. 2016), and may help raise offspring (Komdeur 1992,
Hammers et al. 2019). Although 44% of female subordinates gain reproductive success
by co-breeding, male subordinates rarely gain paternity (Richardson et al. 2002, Raj Pant
et al. 2019). Extra-pair paternity is frequent in this species (Richardson et al. 2001), with
41% of offspring fathered outside the natal territory (Raj Pant et al. 2019).
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Individuals are caught either by mist-net, or as nestlings, and are aged based on hatch
date, behaviour, and eye colour at first catch (for details see Komdeur 1992; Wright,
2014). Each bird is given a metal British Trust for Ornithology (BTO) ring and a unique
combination of three colour rings (Richardson et al. 2001). Routine blood sampling
began in 1993. Since 1997, >96% of the Cousin population has been ringed and blood
sampled (Raj Pant et al. 2019). Samples (ca 25 pl) are collected by brachial venipuncture

and stored in 0.8 ml of absolute ethanol at 4°C.

2.3.2. Molecular methods

Genomic DNA was extracted from blood using either a salt extraction technique
(Richardson et al. 2001) or, since 2013, the DNeasy blood and tissue kit (Qiagen,
Crawley, UK). Sex was determined via PCR (Griffiths et al. 1998). Individuals were
genotyped at 30 polymorphic microsatellite loci (Richardson et al. 2001). Parentage
assignment was carried out using MasterBayes 2.52 (Hadfield et al. 2006); for full details
see Sparks et al. (2020). Parentage assignment was conducted for 1,966 offspring that
hatched between 1993-2018, with 89% of fathers and 86% of mothers assigned at 280%
accuracy. Standardised individual and maternal microsatellite heterozygosity (Hs) was
calculated using the R package Genhet 3.1 (Coulon 2010). Two of the microsatellite loci
were excluded from this heterozygosity analysis due to pooled alleles (see Sparks et al.
2020). Variation at exon 3 of the MHC class | loci had previously been screened in
individuals from Cousin (1,148 individuals hatched between 1992-2009) (Richardson
and Westerdahl 2003, Wright 2014).

Variation within the leucine-rich repeat domain of the TLR3 exon 4 had previously been
characterised; of the three SNPs found only one SNP was non-synonymous and had a
minor allele frequency of >0.05 (Gilroy et al. 2017). This focal SNP is found at 198 bp in
the Seychelles warbler TLR3 reference sequence (NCBI accession number:
KM657704.2), where the presence of an A or C nucleotide caused a change of amino
acid from Lysine (+ charge) to Asparagine (polar). Variation at KM657704.2:9.198A>C
(hereafter referred to as TLR3 SNP) was genotyped in 1,647 individuals using the KASP
genotyping technology by LGC Genomics, Hertfordshire.

2.3.3. Statistical analyses

Unless otherwise stated, all analyses were conducted in R 3.6.1.

2.3.3.1. Temporal patterns of TLR3 variation on Cousin
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In total, 1,190 birds hatched on Cousin from four cohorts 1992-94, 1997-99, 2005-10,
and 2016-18, were sequenced at the TLR3 SNP. The earliest and latest of the sampled
cohorts were used to assess temporal changes. In addition, the years 1997-99 and
2005-10 were selected; (i) to avoid hatch years in which translocations happened (2004,
2011), as the subsequent reduction in population density may have a positive effect on
juvenile (<1 year) survival in that year (Brouwer et al. 2006), and, (ii) to focus on
individuals with the most complete MHC and life-history data. Temporal allelic variation
was analysed using a linear model (LM) and significance was assessed using the F-
statistic. Frequency of TLR3® in the sampled adult or juvenile population was the

response variable, while year was the fixed factor.

2.3.3.2. Contemporary selection on TLR3 variation on Cousin

Survival: A mixed-effects Cox proportional hazards model in the package coxme 2.2-14
(Therneau 2019), was used to determine whether TLR3 genotypes differed in survival.
Model diagnostics using Schoenfeld’s residuals confirmed that proportional hazards
assumptions were met (Grambsch and Therneau 1994). Age at death was standardised
to bi-annual levels corresponding to the major and minor seasons. Fieldwork was not
conducted for four minor breeding seasons (2000-2002, 2006), so accurate bi-annual
survival estimates could not be calculated for 77 individuals. Instead, the minimum date
of death was assigned (i.e., the last season an individual was observed). Excluding these
individuals did not qualitatively alter the results, so they were retained in the model. Birds
first caught as an adult (>1 year, n = 21) were excluded to prevent any survivorship bias
from including individuals that have already survived the first year of life, and because
Seychelles warblers cannot be reliably aged past one year of age (Wright 2014).
Individuals that were translocated to other islands (n = 39), and those still alive after the
major 2018 breeding season (n = 42) were right-censored. Previous work has found that
in low-quality seasons maternal heterozygosity affected offspring survival (Brouwer et al.
2007), and MHC diversity positively affected survival in juveniles, while individuals with
the MHC class | allele (Ase-ua4) have a greater life expectancy (Brouwer et al. 2010).
Due to these fithess component differences, and the fact that MHC-I has similar
properties to TLR3 in that it primarily binds intracellular peptides, we also include MHC-
| characteristics in subsequent analysis. TLR3 genotype (TLR3*/TLR3*°/TLR3°), MHC
diversity (2-8 different alleles), presence of the Ase-ua4 allele (Yes/No), individual
heterozygosity (Hs), maternal heterozygosity (Maternal Hs), sex (Male/Female) and
season in which born (Minor/Major) were included as fixed factors in the model, with
hatch year included as a random factor. Individuals hatched on Cousin between 1997—

99 or 2005-2010, for which these data were available, were included (n = 517). Cox
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proportional hazards models in the package survival 2.44-1.1 (Therneau and Lumley

2015), without the random effects, were used to plot Kaplan—Meier survival curves.

Reproductive success: A zero-inflated generalised linear mixed model (GLMM) with a
Poisson error structure was run using the package gimmTMB 0.2.3 (Brooks et al. 2017)
to test whether lifetime reproductive success (LRS) was associated with TLR3 variation.
LRS was measured as the number of offspring that survived to independence (3 months)
throughout an individual’s lifespan. Both social and extra-pair offspring were included.
Individuals that were translocated, or still alive after the minor 2018 season, were
excluded due to incomplete data. Individuals first caught over one year of age, for which
we did not have accurate age and longevity data, were also excluded. All other birds
hatched on Cousin between 1997-99 and 2005-2010 were included (n = 487). TLR3
genotype, MHC diversity, presence of the Ase-ua4 allele, and individual Hs were fixed
factors in the model, with year of hatch as a random factor to control for cohort effects.
The sexes were modelled separately as it is likely that different factors and constraints

act upon males and females.

As LRS is strongly correlated with longevity (GLMM, P<0.001, Table 2.2), and survival
was strongly correlated with TLR3 genotype (COXME, P = 0.026, Fig 2.2, Table 2.1), we
tested if lifetime reproductive rate (defined as reproduction controlling for longevity) was
associated with TLR3 genotype. The model and dataset used was the same as used for
LRS, except for two key differences: (i) Individuals which died before reaching adulthood
(i.e., 1 year of age) were excluded from this analysis (resulting in n = 323), (ii) Age at
death (i.e., longevity and longevity?) were included as fixed factors. The inclusion of
longevity, and the exclusion of non-adult individuals, allows reproductive success to be
isolated from survival; thus, gaining a measure of the rate of reproduction during the

individual’s adult life.

For both LRS and rate of reproduction models all continuous factors were standardised
(scaled and centred) using the package arm 1.10-1 (Gelman et al. 2018). Collinearity
between fixed effects was tested using variance inflation factors. We used the package
DHARMA 0.2.4 (Hartig 2017) to confirm that there was no over or under dispersion,
residual spatial or temporal autocorrelation in the GLMM models. We used model
averaging using the dredge function in the MUMIn package 1.43.6 (Barton and Barton
2019) to select plausible models. All models within 7 AICc of the top model were included

in the averaged model, to get the final conditional model.
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Selection coefficient: Mean values of LRS were calculated for each genotype from the
raw data, relative fitness per TLR3 genotype was calculated by dividing the mean for all
three genotypes by the mean from the genotype with the greatest fithess. The dataset
used was the same as that used for LRS — except that mean LRS was measured as the
total number of offspring produced by an individual that survived to recruitment (>1 year)

as this is a more accurate measure of genotype contribution to the next generation.

Hardy-Weinberg Equilibrium in young birds on Cousin: Deviation from Hardy-
Weinberg Equilibrium (HWE) was tested using exact tests (Guo and Thompson 1992)
based on allelic frequencies in Genepop 4.2 (Rousset 2008). P values were estimated
with Markov chain algorithms (1,000 dememorizations, 100 batches, 1,000 iterations),
and Fis values are presented using Robertson and Hill estimates (Robertson and Hill
1984). First, all birds from Cousin first caught before 3 months of age (before
independence) were tested (n = 591). Second, to determine if early-life mortality changed
HWE proportions, this test was repeated including only individuals that survived until
adulthood (n = 361). To determine if any deviation from HWE was caused by a temporal
Wahlund-like effect (as in Pusack et al. 2014) we also re-ran the analysis separately for

each hatch year.

2.3.3.3. Spatial and temporal TLR3 variation across islands

The earliest available samples from the source population, Cousin (120 birds caught in
1993 and 1994), were used to provide a proxy estimate of the initial TLR3 diversity on
Aride and Cousine (which were established in 1988 and 1990, i.e., before sampling took
place). Samples from 56 of the 58 birds translocated to Denis, and all 59 birds
translocated to Frégate were used to determine initial TLR3 diversity on these islands.
The most recent population samples were of 58 individuals caught in 2018 on Frégate,
158 individuals caught in 2015 on Denis, 54 individuals caught in 2012 and 2016 on
Aride, 72 individuals caught in 2019 on Cousine, and 196 individuals caught in 2018 on
Cousin (Table S2.1).

Genepop 4.2 (Rousset 2008) was used to test if the different island populations
conformed to HWE (as above). We tested for temporal and spatial divergence in TLR3
frequencies among populations using genic differentiation tests (Raymond and Rousset
1995) in Genepop 4.2 (Rousset 2008). Fisher's exact test and the Markov chain
algorithm parameters were as above. First, we tested for differentiation between the
initial (translocated or 1993-94 samples) and most recent samples from each population.

Second, we tested for differentiation among populations using the most recent samples.
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2.4. Results
In total, 1,608 out of 1,647 (0.98) samples were genotyped successfully at oneTLR3
SNP: 756/1608 (0.47) of these individuals had genotype TLR3*, 659/1608 (0.41) had

TLR3"°, and 193/1608 (0.12) had TLR3°C.

2.4.1. Temporal patterns of TLR3 variation on Cousin
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Fig 2.1: Allele frequency change at a nonsynonymous TLR3 SNP in the Cousin
population of the Seychelles warbler over 25 years (1993 - 2018). Points refer to TLR3
allele frequencies in the adult population in a given year, the TLR3" allele in dark green,
the TLR3C allele in yellow. Solid lines show linear regressions for the adult population.
Dashed lines indicate frequencies in sampled individuals hatched in each year. The
shaded grey area (right hand axis) shows the percentage of the adult population (mean:
310 individuals) screened in each year.

In the adult population on Cousin, the frequency of the minor TLR3° allele decreased
significantly over time from 0.40 in 1993 to 0.29 in 2018, with a corresponding increase
in the TLR3" allele (LM: R?= 0.85, F124= 140, P <0.001, Fig 2.1). Likewise, the minor
TLR3C allele also significantly decreased over time in the juvenile population from 0.44
in 1993 to 0.23 in 2018 (LM: R?=0.68, F1,12=28.7, P <0.001, Fig 2.1).
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2.4.2. Testing for contemporary selection on TLR3 variation on Cousin

There were significant differences in lifetime survival probabilities between TLR3
genotypes. Individuals (first caught as juveniles) with the TLR3°C genotype had a 37%
increased mortality risk compared to those with the TLR3”C or TLR3* genotypes, with a
median age of death of 1, 2, and 2.5 years respectively (COXME, P = 0.024, Fig 2.2,
Table 2.1). Thus, individuals with at least one copy of the TLR3" allele had increased
survival than those without (P = 0.025, Table S2.2). Independently — and as found
previously in a smaller dataset (Brouwer et al. 2010) — individuals with the Ase-ua4 MHC
class | allele had a 25% lower risk of mortality than those without, corresponding to a
median age of death at 3.5 years (compared to 2 years for those individuals without)
(COXME, P =0.028, Table 2.1). There was no significant effect of sex, Hs, maternal Hs,
or MHC diversity on lifetime survival probability (Table 2.1), or of the season in which an
individual hatched, although individuals hatched in the minor breeding season tended to
have increased survival (COXME, P = 0.062, Table 2.1).

Table 2.1: Time-dependent Cox Regression modelling to test the effects of TLR3
genotype on bi-annual survival in the Seychelles warbler population (n = 517) on Cousin.
Coef = hazard rate; SE (coef) = standard error of the hazard rate; HR = hazard ratio. An
HR >1 indicates increased hazard of mortality, and <1 indicates decreased hazard of
mortality. Coefficient estimates are in reference to TLR3 =4, Ase-ua4 = Present, Season
born = Major, Sex = Female. Significant terms are in bold and underlined

Factor coef SE (coef) HR z P
TLR3: A° -0.01 0.10 0.99 -0.08 0.940
TLR3: ¢ 0.32 0.14 1.37 2.25 0.024

Individual Hs -0.12 0.23 0.89 -0.52 0.600
Ase-ua4 -0.29 0.13 0.75 -2.20 0.028
MHC Diversity -0.02 0.03 0.98 -0.77 0.440
Maternal Hs -0.08 0.22 0.92 -0.37 0.710
Season born -0.22 0.12 0.80 -1.86 0.062
Sex -0.02 0.10 0.98 -0.19 0.850
Random effects Variance 517 individuals
Hatch year 0.015 9 hatch years
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Fig 2.2: Effect of TLR3 genotype on survival in the Seychelles warbler population on
Cousin (n=517). Lifetime survival probabilities classified into 6-month periods are shown
for individuals with TLR3* (dark green, solid), TLR3"° (light green, dotted) and TLR3°C
(yellow, dashed) genotypes. Shaded areas denote 95% confidence limits. Dotted vertical
lines indicate median lifespan (in years) of each genotype. Translocated individuals and
individuals still alive at the end of the study are right censored (indicated with the symbol
“+),

In males, individuals with different TLR3 genotypes had significantly different LRS.
Males with TLR3* had greater LRS than those with TLR3"¢ (P <0.001, Table 2.2, Fig
2.3a) or TLR3°° (P = 0.003, Table 2.2, Fig 2.3a), with TLR3* males producing on
average twice the number of independent offspring (mean + SEM: 1.40 + 0.27) than
either TLR3A° (mean + SEM: 0.63 + 0.17), or TLR3“° males (mean + SEM: 0.70 + 0.21)
over their lifetime. There was no significant difference in LRS between TLR3"® and
TLR3°C genotypes (P = 0.86) in males. Thus, males with at least one copy of the TLR3®
allele had reduced LRS than those without (P <0.001, Table S2.3). In contrast in females
there was no association between TLR3 genotype and LRS (Fig 2.3a). In males, LRS
decreased with increasing MHC diversity (P = 0.047, Table 2.2), whereas in females LRS
tended to increase with increasing MHC diversity, although this result was marginally
non-significant (P = 0.064, Table 2.2). Hs and the presence of Ase-ua4 did not predict
LRS for either sex (Table 2.2).
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As survival was strongly correlated with TLR3 genotype, we also investigated whether
TLR3 genotypes predicted reproductive rate after controlling for parental survival —i.e.,
by including longevity and controlling for breeding ability (survival to recruitment into the
adult population). In both sexes, individuals who lived longer (greater longevity) produced
significantly more offspring (GLMM, Age P <0.001, Table 2.2). There was also evidence
for a negative quadratic effect of longevity in both sexes (GLMM, Age? P <0.001, Table
2.2). Males of TLR3* genotype tended to produce more offspring (surviving >3 months;
GLMM, P = 0.049, Table 2.2, Fig 2.3b) than those of TLR3"¢ genotype, while TLR3*
and TLR3"° genotypes did not differ from TLR3°C genotypes (P = 0.38 and 0.54,
respectively). There was no association between the rate of reproduction and TLR3
genotype or quadratic age in females. Hs, MHC diversity, and the presence of Ase-ua4

did not predict reproductive rate for either sex (Table 2.2).
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Fig 2.3: Effects of TLR3 genotype on reproductive success in the Cousin population of
the Seychelles warbler: A) Lifetime reproductive success (offspring surviving >3 months)
for all birds; n = 487), B) Rate of reproduction (i.e., offspring surviving to >3 months/
longevity for focal birds that survived to adulthood; n = 323). Data are raw means and
standard errors, with female data shown in light grey and males in black separated by
genotype, with associated sample sizes at the bottom. *** P <0.001, ** P <0.01, * P
<0.05.

The difference in LRS associated with TLR3 variation equated to a selection coefficient
of 0.34 against TLR3"® and 0.46 against TLR3°C genotypes of both sexes, over ca 3
overlapping generations (assuming a generation time of 4 years (Spurgin et al. 2014)),

when the selection coefficient of TLR3* genotype was set as 1.
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2.4.3. Hardy-Weinberg Equilibrium in fledglings sampled on Cousin

There was a significant deviation from HWE among fledglings (individuals <3 months of
age) on Cousin, with a deficiency of heterozygotes (n =591, Fis= 0.12, P= 0.002, Table
S2.4, Fig S2.1a). However, there was no deviation from HWE in those individuals that
survived until adulthood (individuals >1 year, n = 380, Fis= 0.08, P = 0.13 Fig S2.1b).
Individuals caught <3 months of age were then separated into hatch year, and HWE was
assessed for each year. The heterozygote deficiency was consistent across most years
(indicated by a positive Fis), but with limited power, only 2007 showed a significant
deviation from HWE (n = 53, Fis= 0.31, P = 0.04, Table S2.4).

2.4.4. Spatial and temporal TLR3 variation across islands
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Fig 2.4: Change in the minor allele frequency (C) of the nonsynonymous TLR3 SNP
between two time points in the five isolated island populations of the Seychelles warbler.
Points refer to TLR3C allele frequencies of all caught birds at each time point with lines
added to emphasize the rate of change. The first time point for Cousin, Aride and
Cousine is the 1993-94 Cousin source population (n = 120), whereas the first time points
for Denis (2004, n = 56) and Frégate (2011, n = 59) Islands are the translocated
individuals. The second time point indicates the most recent sampling event for each
island: Cousin (2018, n = 196), Aride (2012 and 2016, n = 54), Cousine (2019, n = 72),
Denis (2015, n = 158) and Frégate (2018, n = 58). The translocation year is indicated in
the legend. Values represent annual change in frequency of TLR3C allele.

No significant deviation from HWE was observed in any of the different island

populations, either pre- or post- translocation (Table S2.5). All populations showed the
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same overall trend, with TLR3® alleles decreasing in frequency over time (Fig 2.4), but
the rate of change differed between islands (Table 2.3, Fig 2.4). As shown above for
adults and juveniles, TLR3C allele frequencies on Cousin were significantly lower for
individuals caught in 2018 compared to 1993-94 (P <0.001; Fig 2.4; Table 2.3). Of the
translocated populations, only Denis showed a significant decline in TLR3C allele
frequency between the initial and most recent sample (15 years difference; P = 0.002;
Fig 2.4; Table 2.3). TLR3 allele frequency temporal differences for Frégate (7 years
difference), and between the oldest samples from the source population (Cousin) and
the contemporary samples from Aride and Cousine (20 or 28-year difference

respectively) were not significant (Fig 2.4; Table 2.3).

Table 2.3: Allelic differentiation of one TLR3 SNP in the five isolated island populations
of the Seychelles warbler between: A) two time points for the same island, and B)
between different pairs of islands using the most recently sampled data. The first time
point for Cousin, Aride and Cousine are from the 1993-94 Cousin source population,
whereas the first time point for Denis and Frégate are from the translocated individuals.
The second time point indicates the most recent sampling event for each island.
Significant terms are in bold and underlined

Population comparisons X2 SE P
Cousin (1993-94) Cousin (2018) 19.44 0.00 <0.001
Cousin (1993-94) Cousine 2019 4.51 0.01 0.105
A) Old vs recent
population Cousin (1993-94) Aride (2012/16) 1.13 0.01 0.568
samples . .
Denis (Translocated) Denis (2015) 12.09 0.00 0.002
Frégate (Translocated) Frégate (2018) 3.07 0.01 0.216
Cousin (2018) Cousine (2019) 4.51 0.01 0.105
Cousin (2018) Aride (2012/16) 7.66 0.00 0.022
Cousin (2018) Denis (2015) 3.69 0.01 0.158
Cousin (2018) Frégate (2018) 0.41 0.00 0.816
B) Between most _ _
recent samples Aride (2012/16) Cousine (2019) 1.35 0.01 0.510
on C:iffe(; ent | Aride (2012/16) Denis (2015) 13.74  0.00  0.001
islands

Aride (2012/16) Frégate (2018) 4.28 0.00 0.118
Cousine (2019) Denis (2015) 9.41 0.00 0.009
Cousine (2019) Frégate (2018) 211 0.01 0.349

Denis (2015) Frégate (2018) 3.21 0.01 0.201




Chapter 2 |

Focusing on the most recent samples, we found significant TLR3 differentiation between
Denis and Aride (P = 0.001; Table 2.3), Denis and Cousine (P = 0.009; Table 2.3), and
Aride and Cousin (P = 0.022; Table 2.3). Denis had the lowest frequency of TLR3® alleles
(22%) while Aride had the highest (39%) (see Fig 2.4). All other pairwise comparisons

were not significant (Table 2.1).

2.5. Discussion

We detected spatial and temporal changes in TLR3 variation in the Seychelles warbler.
On Cousin, we found a consistent decline in the minor allele frequency of the
nonsynonymous TLR3C allele in the adult population from 40% in 1993, to 29% in 2018
(Fig 2.1). Importantly, differential survival was associated with TLR3 genotype;
individuals with the TLR3°C genotype had 37% increased mortality risk compared to
those with TLR3"® or TLR3* genotypes. Furthermore, males - but not females - with
TLR3C or TLR3"° genotypes had lower LRS than those with the TLR3* genotype (Fig
2.3a). Even when controlling for longevity, males with the TLR3*® genotype had reduced
reproduction compared to those with the TLR3* genotype (Fig 2.3b). Notably, the TLR3
genotypes of nestlings/fledglings deviated from Hardy-Weinberg expectations. Lastly,
although we found differences in the TLR3 minor allele frequency among the island
populations (Fig 2.4), they all showed the same pattern of a decrease in the minor allele

frequency.

The temporal pattern in our data - with the TLR3C allele declining in the population on
Cousin over a 25-year period - could be driven by a number of evolutionary forces.
However, the lack of migration in or out of Cousin (Komdeur et al. 2004), means it cannot
be caused by gene flow. Importantly, our results show that individuals of either sex that
were homozygous for TLR3 had lower survival and that TLR3® males had a lower rate
of reproduction. These differences in survival (and to a lesser degree reproductive rate)
resulted, at least in males, in a considerable reduction in LRS; males with one or two
copies of the TLR3® allele had ca half the reproductive success of those with none
(TLR3"¢: 0.63, TLR3°C: 0.70, compared to TLR3*: 1.4 average independent offspring
over their lifetime). These results indicate that selection is occurring and may explain the
observed change in the TLR3C allele frequency over time. Both TLR3"® and TLR3°°
individuals had relatively large selection coefficients of 0.34 and 0.46 respectively.
However, it should be noted that the added complication of overlapping generations in a

relatively long-lived species could act to dilute the observed selective benefit of TLR3*
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genotypes in the short term. While purifying selection in TLRs is the predominant
selective mechanism in this multigene family (Alcaide and Edwards 2011), signatures of
positive (or balancing) selection have been detected at the codon level in various wild
vertebrate species (Areal et al. 2011, Khan et al. 2019, Liu et al. 2019). Indeed, previous
work in the Seychelles warbler detected evidence of past positive selection at this TLR3
locus (Gilroy et al. 2017). The present study now shows that this TLR3 locus is under
strong positive selection (through both survival and reproductive success differences) in

the contemporary Cousin population.

Even if selection is acting upon the TLR3 locus in the Seychelles warbler genetic drift
will also occur. Other studies have shown that genetic drift can override the effect of
selection in driving immune gene variation (Miller and Lambert 2004, Sutton et al. 2011,
Quemere et al. 2015), including TLR variation (Grueber et al. 2013, Gonzalez-Quevedo
et al. 2015). However, in the Seychelles warbler the temporal change in allele
frequencies at the TLR3 locus, aligned as it is with the differential fitness of the TLR3®
allele, suggest that selection is currently the prevailing force acting upon this locus in this
population. Furthermore, a previous study showed that neither neutral microsatellite
diversity, nor functional MHC allelic richness, changed over a 18-year time period in the
Cousin population, while the mean MHC diversity per individual increased over that time
(Wright et al. 2014). This lack of a change at these other loci may suggest that the effect
of genetic drift is limited in this already genetically depauperate (Richardson and
Westerdahl 2003, Hansson and Richardson 2005) population over the timeframe

observed here.

While various studies have linked TLR variation with pathogen infection (Tschirren et al.
2013, Quemere et al. 2015), few have found direct links between TLR variation and
fitness in wild populations. In the pale-headed brushfinch (Atlapetes pallidiceps),
decreased survival was associated with high overall TLR diversity (Hartmann et al.
2014), whilst in song sparrows (Melospiza melodia) there was no relationship between
survival and TLR heterozygosity (Nelson-Flower et al. 2018), although in both cases the
effect of specific alleles was not tested. In the Stewart Island robin (Petroica australis
rakiura), early life mortality was reduced in individuals with the TLR4®E genotype,
compared to other TLR4 genotypes, despite it being a synonymous substitution (Grueber
et al. 2013). Lastly, in Attwater’s prairie-chicken (Tympanuchus cupido attwateri) the
presence of a specific TLR1B allele was associated with reduced survival (Bateson et
al. 2016). Like the latter two studies, we found the presence of a specific allele to confer
differential survival; the TLR3" allele conferred a selective advantage via increased

survival, predominantly in early life. Given the importance of TLR3 as an innate immune
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receptor (Barton 2007), and that the SNP investigated causes a functional difference in
the binding region, it is likely that the survival differences seen here are due to differential

pathogen recognition.

In this study, we also found some evidence of TLR3 genotypes conferring differential
reproductive success in male, but not female warblers. To our knowledge, this is the first-
time variation at a TLR gene has been associated with reproductive success in a wild
population. In vertebrates, longevity is generally strongly positively correlated with lifetime
reproductive success (Clutton-Brock 1988), indeed we found longevity to be the greatest
predictor of reproductive success in the Seychelles warbler. However, even after
controlling for fithess effects associated with offspring genotype, ability to breed, and
longevity we found an effect of male TLR3 genotype. Combined with differential survival,
this resulted in TLR3* males having considerably greater overall LRS than other
genotypes. This observed difference in the reproductive output of males, but not females,
could be driven by male-male competition — with males in better condition (through
differential immune response due to the TLR3 variation) better able to outcompete others
and gain more social or extra-group offspring. For example, specific alleles at both immune
and non-immune loci have been associated with increased competitive ability and
increased reproductive success in male vertebrates (Johnston et al. 2013, Sepil et al.
2013).

If female choice is occurring based on the TLR3 variant in the Seychelles warbler this could
explain how only male, and not female, individuals had differential reproduction associated
with different TLR3 genotype. Previous studies, on both the Seychelles warbler
(Richardson et al. 2005, Wright et al 2016) and other vertebrate taxa, have focused on
MHC-based female mate choice (reviewed in Milinski 2006, Kamiya et al. 2014). As we
found a TLR3 heterozygote deficiency in offspring it is possible that assortative mating
could be taking place, whereby individuals’ mate with individuals similar to themselves
more frequently than expected by chance (Sin et al. 2015). Likewise, as TLRS3
heterozygous individuals do not have greater fithess than TLR3 homozygous individuals,
mate choice is unlikely to be based on TLR3 heterozygosity. Further investigation should
focus on ‘good genes’ or assortative mating as potential candidate mechanisms in driving

the differential reproduction observed in this study.

A third possibility that could explain the pattern of reproductive success linked to TLR
variation is that the heterozygote deficit in offspring is due to selection on those offspring.
For example, males with TLR3* genotypes are unable to produce TLR3°C offspring

(whoever they breed with), so those males will never suffer from reduced reproductive
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success caused by the greater mortality of TLR3C offspring, and thus will have greater
LRS. Nonetheless, if this were the sole determinant of the differential reproductive success
found in this study, one would expect an equivalent outcome for females. However, there
was no effect of TLR3 genotype on female overall LRS or rate of reproduction, despite
females not differing from males in terms of survival linked to the TLR3 variation. To
differentiate between the three non-mutually exclusive mechanisms outlined above, future
studies could determine if differences in competitive ability such as body condition and
immune responses, and/or differential patterns of mating success are occurring based on
this TLR3 variation.

That there is contemporary positive selection acting upon the TLR3 locus in the Seychelles
warbler provides insight into the evolutionary mechanisms acting upon this important
immune locus. The decline in the TLR3® allele demonstrated in the current study only
represents a snap-shot view of positive selection acting upon this locus. That a selective
beneficial polymorphism does exist at this locus despite the considerable bottleneck this
species has undergone (Richardson and Westerdahl 2003, Hansson and Richardson
2005), may indicate that balancing selection is acting on this locus over the long-term.
Given the role this locus plays in the innate immune response, this is likely to be pathogen-
mediated. Of the three main mechanisms by which balancing selection is thought to
maintain immune variation (reviewed in Spurgin and Richardson 2010), our study shows
that this is not caused by heterozygote advantage (Doherty and Zinkernagel 1975); TLR3"¢
individuals did not gain greater LRS or have increased survival than the homozygote
genotypes. The variation observed could potentially be driven by rare allele advantage
(Slade and McCallum 1992), or fluctuating selection (Hill et al. 1991), or both. However,
differentiating the relative importance of these two mechanisms in driving genetic variation,
and separating them from other evolutionary mechanisms is complicated and beyond the

scope of the present study (Spurgin and Richardson 2010).

In the present study, we identified a decrease in the TLR3C allele frequency over time
across all five island populations (Fig 2.4) though they did differ in rate of change. These
temporal patterns of TLR3C loss suggest that whatever selective agent is acting on Cousin
is present on the other islands. Given their very close proximity, and similarity to Cousin -
compared to the more isolated islands of Denis and Frégate - the weaker effect on Aride
and Cousine is surprising as one may expect close and environmentally similar islands to
contain similar pathogens. For example, Cousine (the closest island to Cousin) is the only
island to have retained (after translocation) the single strain of the Haemoproteus
nucleocondensus pathogen that is present in the original Cousin population (Fairfield et al.

2016). A similar pattern of spatio-temporal change in TLR71LA diversity between
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translocated populations of the New Zealand South Island saddleback, Philesturnus
carunculatus, was put down to the distribution of malaria parasites (Knafler et al. 2017).
However, the distribution of the haemoproteus pathogen found in the Seychelles warbler
(not on Aride, Denis or Frégate) means that this cannot be the selective agent here. Work
is now needed to identify the pathogen responsible, and determine why the distribution, or

impact of this pathogen, differs among the islands.

The avian TLR3 is orthologous to mammalian TLR3 and recognises viral dsRNA (including
avian pox and influenza viruses) (Hutchens et al. 2008, Brownlie and Allan 2011, Chen et
al. 2013). Therefore, it is likely that the selective agent is a virus. Despite this, we have
found no obvious evidence of any viral iliness in the Seychelles warbler in over thirty years
of study. Furthermore, while viruses such avian pox are common in many parts of the world
(van Riper lll and Forrester 2007) there are no reports of this, or any other virus, circulating
in the passerines in the Seychelles (Hutchings 2009). Influenza A has been reported in
Procellariformes (petrels and shearwaters) in the Seychelles (Lebarbenchon et al. 2015),
but whether this could be passed to the warblers is unknown. It is possible that we just do
not see visible signs of a pathogen that is circulating in the warblers because of mild
virulence or evolved host tolerance (Raberg 2014, Hammers et al. 2016). Furthermore,
individuals may only show visible symptoms during the acute phase of infection when they
are also least active, consequently they may be unlikely to be observed before recovery or
death (LaPointe et al. 2009).

Even if there are no virulent pathogens currently in the populations, maintaining
immunogenetic variation could have important consequences for the future success of this
species. If selection continues, the SNP investigated here will go to fixation, and potentially
important immunogenetic variation will be lost in the system. This is particularly important
given the reduced diversity already present at this, and other innate immune genes, in the
Seychelles warbler (Gilroy et al. 2016, Gilroy et al. 2017). The innate immune response is
often the organism’s first line of defence against pathogens and plays an important role in
the evolution to novel disease outbreaks (Bonneaud et al. 2012). Thus, knowing the
underlying variation present, and understanding the mechanisms driving evolutionary
change at these key functional sites could be important for future species conservation.
This is important in small populations and/or those of conservation concern which often
have reduced genetic variation. Managing genetic variation in such populations could be
important for their adaptive potential, while monitoring pathogen presence may be
important to identify and control disease outbreaks - both of which may be crucial for the

populations long term survival.
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2.5.1. Conclusion

We found strong evidence that selection — acting through both survival and (to a lesser
degree) reproduction, was associated with TLR3 locus variation in the contemporary
Cousin population. This suggests that an unknown pathogen is present in the Seychelles
warbler population, driving evolution at this TLR3 locus. It is possible that this current
positive selection may be part of a much longer-term pattern of balancing selection, but

only further monitoring will be able to determine this.
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2.7. Supplementary material

Table S2.1: Information on translocations and follow up periods for five Seychelles
Warbler populations. Cousin Island is the source population, for which we used samples
collected in 1993/94 for the first time point, the other four Islands were established by
translocation. The follow up period indicates the most recent sampling event for each
island, and the number of individuals caught in that period.

T . Translocated Island . Population at Follow up
Island ranslocation/ individuals size Ca”y'f‘g carryin Follow sample
sample year ) M capacity ying up year np
(M:F) (km?3) capacity? size
Cousin 1993/4 120 (65:55) 0.29 320 Yes 2018 196
Aride 1988 29 (16:13) 0.68 1,850 Yes 2012/16 54
Cousine 1990 29 (15:14) 0.25 210 Yes 2019 72
Denis 2004 58 (24:34) 142 500* Increasing 2015 158
Frégate 2011 59 (23:36) 2.19 500" Increasing 2018 58
*2,000 with habitat
regeneration

Table S2.2: Time-dependent Cox Regression modelling to test the effects of TLR3 allele
presence on bi-annual survival in the Seychelles warbler population (n = 517) on Cousin.
Coef = hazard rate; SE (coef) = standard error of the hazard rate; HR = hazard ratio. An
HR >1 indicates increased hazard of mortality, and <1 indicates decreased hazard of
mortality. Coefficient estimates are in reference to TLR3" allele =Present, TLR3C allele =
Present, Ase-ua4 = Present, Season born=Major, Sex= Female.

Significant terms are in bold and underlined.

Factor coef SE (coef) HR z P
TLR3" allele -0.33 0.15 0.72 -2.24 0.025
TLR3C allele -0.01 0.10 0.99 -0.08 0.940
Individual Hs -0.12 0.23 0.89 -0.52 0.600

MHC Diversity -0.02 0.03 0.98 -0.78 0.440
Ase-ua4 -0.29 0.13 0.75 -2.20 0.028
Maternal Hs -0.08 0.22 0.92 -0.37 0.710
Season born -0.22 0.12 0.80 -1.86 0.062
Sex -0.02 0.10 0.98 -0.19 0.850
Random effects Variance 517 individuals
Hatch year 0.015 9 hatch years
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Table S2.4: Testing Hardy-Weinberg Equilibrium and inbreeding (Fis) at oneTLR3 SNP
from all Seychelles warblers first caught before 3 months of age from the Cousin
population. Data are separated by hatch year. At the bottom are the totals for the hatch
years combined. Significant terms are in bold and underlined

Hatch Year n (%) TLR3* TLR3C allele Fis SE P
1992 - - - - - -
1993 - - - - - -
1994 - - - - -
1997 31 (5 2%) 0.61 0.39 0.07 0 1
1998 50 (75%) 0.55 0.45 0.24 0.003 0.1
1999 88 (82%) 0.61 0.39 -0.16 0.004 0.17
2005 3( 5%) 0.66 0.34 0.09 0.004 0.46
2006 89 (82%) 0.66 0.34 0.08 0.004 0.49
2007 53 (76%) 0.65 0.35 0.31 0.001 0.04
2008 38 (68%) 0.63 0.37 0.11 0.001 0.72
2009 37 (45%) 0.81 0.19 0.13 0.002 0.58
2010 3 (33%) 0.61 0.39 0.30 0.002 0.21
2016 3 (25%) 0.77 0.23 0.18  0.002 052
2017 7 (53%) 0.72 0.28 0.16 0.003 0.29
2018 39 (66%) 0.77 0.23 0.29 0.002 0.09

All 591 0.65 0.35 0.12 0.001 0.004

Table S2.5: Allele frequencies, sample size, Fis, and HWE, from one TLR3 SNP across
two time points in five Seychelles Warbler populations. The first time point for Cousin,
Aride and Cousine are from the 1993-94 Cousin source population whereas the first time
point for Denis and Frégate are from the translocated individuals. The second time point
indicates the most recent sampling event for each island.

Island (Year) n TLR3" TLR3C Fis SE P
Cousin (1993-94) 120 0.59 0.41 0.12 0.005 0.11
Cousin (2018) 196 0.74 0.26 0.05 0.004 0.58
Aride (2012/16) 54 0.61 0.39 0.08 0.002 0.77
Cousine (2019) 68 0.67 0.33 -0.02  0.000 1.00
Denis (2004-translocated) 56 0.63 0.38 -0.06 0.002 0.78
Denis (2015) 158 0.78 0.22 -0.02 0.002 0.82
Frégate (2011-translocated) 59 0.64 0.36 0.02 0.000 1.00
Frégate (2018) 56 0.71 0.29 -0.13  0.003 0.51
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All individuals | | Survive to adulthood
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Fig S2.1: Observed and expected values for TLR3 genotypes in the Cousin population of
the Seychelles warbler for A) all individuals first caught before 3 months of age (n = 591),
B) individuals first caught before 3 months of age which survive to adulthood (n = 380).
Observed values are shown in black and expected values shown in light grey, separated

by genotype.
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3.1. Abstract

Sexual selection can be a powerful evolutionary force shaping genetic variation.
However, very few studies have investigated the role sexual selection may take in
shaping variation at genes involved in the innate immune system, despite evidence that
pathogen-mediated balancing selection is acting at these loci. Previous work in a
bottlenecked population of Seychelles warblers (Acrocephalus sechellensis) indicated
that viability selection is driving contemporary evolution at one non-synonymous SNP in
the viral-sensing Toll-like Receptor 3 (TLR3) gene. Here, we investigate whether pre-
and post-copulatory sexual selection is also acting at this locus. Results show that TLR3
genotype was not related to dominance gain, or extra-pair success, but TLR3°® males
had reduced annual within-group paternity, potentially explaining their reduced
reproductive success. Secondly, we found evidence of TLR3-based assortative social
pairing; TLR3* females were more likely - and TLR3"° females less likely - to pair with
TLR3* males, although TLR3°C females exhibited random pairing. Third, we found
evidence of inheritance bias against paternal — but not maternal - TLR3° haplotypes
(post-copulatory mechanism). The latter two results could explain the deficiency of
TLR3*° heterozygote offspring found in this population. Thus, both pre- and post-
copulatory sexual selection, as well as naturally selection, may act to shape TLR3
evolution in the Seychelles warbler. However, as of yet, both the phenotypic cues that
could mediate TLR3-dependent social mate choice, and the mechanistic basis behind
the paternally inherited allelic bias in offspring are unknown and warrant further

investigation.
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3.2. Introduction

Sexual selection — acting through a range of mechanisms — can be a powerful force
shaping genetic variation in natural populations (Andersson 1994). Pre-copulatory
mechanisms can act via intra-sexual competition — either for the quantity or quality of
mates, or resources that influence mating success (Clutton-Brock 2007, Rosvall 2011) —
or via inter-sexual competition, through mate choice based on specific traits in the
opposite sex (reviewed in Edward 2014). Similarly, post-copulatory mechanisms can
occur either pre-fertilization via cryptic mate-choice (Eberhard 1996) and sperm
competition (Birkhead and Mgller 1998), or post-fertilisation via sperm/egg
incompatibility and differential offspring investment (Mgller and Thornhill 1998, Birkhead
and Pizzari 2002). Preference for certain traits can provide direct advantages through
enhanced resources or parental care, or through indirect advantages, such as acquiring
heritable traits which increase offspring fithess (Andersson 1994). Disassortative mating
can help avoid inbreeding, and increase heterozygosity of offspring, whilst assortative

mating can aid adaptation to local selective pressures (Jiang et al. 2013).

Variation in the fitness-dependent traits which sexual selection acts upon may be
pathogen-mediated (Hamilton and Zuk 1982). Such traits can be specific heritable
structural or ornamental traits (Johnston et al. 2013), or more general traits such as body
size or immunocompetence (Wilkinson et al. 2015), and may be determined by genome-
wide variation, or by specific loci. Indeed, variation at immunity related genes contributes
greatly to difference in individual survival and vigour and, in turn, may be maintained by
pathogen-mediated balancing selection (Bernatchez and Landry 2003, Ferrer-Admetlla
et al. 2008, Spurgin and Richardson 2010, Eizaguirre et al. 2012). Thus, it is not
surprising if immune genes also play a role in sexual selection (reviewed in Edwards and
Hedrick 1998, Milinski 2006).

Indeed, immunogenetic variation is shaped by intra-sexual selection through male—male
competition (Setchell et al. 2010), and by inter-sexual competition (Penn and Potts 1999)
often with a focus on female mate choice (Kamiya et al. 2014, Whitcomb et al. 2014,
Brandies et al. 2018). In vertebrates, research on pathogen-mediated sexual selection
has mainly focused on the Major Histocompatibility Complex (MHC) genes (e.g., Lavlie
et al. 2013, Ejsmond et al. 2014) which play a key role in detecting pathogens and
initiating an adaptive immune response (Piertney and Oliver 2005). Polymorphisms in
these genes confer differential pathogen resistance and susceptibility (Worley et al.
2010, Westerdahl et al. 2013, Sin et al. 2014), and thus directly affect fithess (Hill et al.

1991). However, with some notable exceptions (e.g., Emlen et al. 2012, Khila et al. 2012,
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Johnston et al. 2013), there are few examples of other genes that underlie sexual
selection (reviewed in Wilkinson et al. 2015). This is despite the fact that other immune
genes, particularly those of the innate immune system, are under pathogen-mediated
balancing selection (Ferrer-Admetlla et al. 2008, Areal et al. 2011, Grueber et al. 2014,
Velova et al. 2018).

Toll-Like Receptor (TLR) genes, of the innate immune system, can evolve rapidly as a
result of pathogen-mediated selection (Downing et al. 2010, Khan et al. 2019, Liu et al.
2019). Vertebrate TLRs can be divided into six families (Roach et al. 2005), each
encoding a molecule that binds to a specific evolutionary conserved structure integral to
the functioning of the relevant pathogen group (Medzhitov 2001). For example, TLR4
binds to bacterial lipopolysaccharide (Poltorak et al. 1998), while TLR3 binds to viral
dsRNA (Barton 2007). Once bound, the TLR molecule triggers a cascade of processes
associated with the innate and adaptive immune responses (Akira et al. 2006). While the
majority of the TLR structure is conserved, variation within the pathogen associated
molecular pattern binding region confers differential pathogen resistance and
susceptibility (Schréder and Schumann 2005, Kloch et al. 2018, Antonides et al. 2019),
increasing survival likelihood (Grueber et al. 2013, Bateson et al. 2016). Unlike the MHC,
where mechanisms such as gene duplication, recombination and gene conversion
(Hedrick 1994, Miller and Lambert 2004, Bollmer et al. 2010), result in high complexity,
TLR genes show relatively simple, independent, evolution (Alcaide and Edwards 2011).
Thus, TLR genes provide more tractable candidate genes to study how evolutionary
forces shape variation in wild populations (reviewed in Acevedo-Whitehouse and
Cunningham 2006). However, whether TLR gene variation may also drive sexual

selection is unknown.

The Seychelles warbler (Acrocephalus sechellensis) harbours reduced genetic variation
as a result of a past genetic bottleneck (Spurgin et al. 2014). However, variation has
been maintained at key immune loci, including MHC class | genes (Richardson and
Westerdahl 2003, Hansson and Richardson 2005), MHC class Il genes (Chapter 4), and
some TLR genes (Gilroy et al. 2017) in the Cousin population. In particular, one non-
synonymous SNP in the TLR3 gene is under strong and consistent contemporary
selection — being associated with both differential survival and reproductive success
(Chapter 2). Specifically, individuals (of both sexes) with the TLR3°C genotype have
reduced survival, and males - but not females - that carry at least one copy of the TLR3°
allele have reduced reproductive success than those with two copies of the TLR3allele.
Furthermore, a heterozygote deficiency was observed at the TLR3 locus in young

offspring (< 3 months; Chapter 2). However, whether sexual selection plays a role in the
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differential reproductive success observed in relation to TLR3 variation in the Seychelles

warbler remains to be resolved.

The isolated population of Seychelles warblers on Cousin Island provides an excellent
system for investigating evolutionary questions (e.g. Hammers et al. 2015, Spurgin et al.
2018, Hammers et al. 2019): extensive monitoring of all individuals over their lifetimes,
combined with the lack of inter-island dispersal (Komdeur et al. 2004), allows
exceptionally accurate measures of fithess components (Chapter 2), and a wealth of
longitudinal data (Hammers et al. 2015, Raj Pant et al. 2020). Habitat saturation,
combined with social fidelity (Komdeur 1992, Richardson et al. 2007) and considerable
longevity (Hammers and Brouwer 2017) act to constrain social mate choice on Cousin
Island (Richardson et al. 2005). However, extra-pair paternity (EPP) occurs frequently
(Richardson et al. 2001), with 41% of offspring fathered by extra-pair males from outside
the natal territory (Raj Pant et al. 2019) and has been linked to MHC characteristics
(Richardson et al. 2005) and male age (Raj Pant et al. 2020). Consequently, both social

and extra-pair mate choice may be important in this system.

Various mechanisms of sexual selection may drive the observed differential male
reproductive success (and offspring heterozygote deficiency), associated with the TLR3
locus in the Seychelles warbler (Chapter 2). Here we test a suite of questions linked to
pre- and post-copulatory sexual selection (see Table 1): 1) Is TLR3 genotype associated
with variation in size or body condition — which may indicate a difference in competitive
ability? As TLR3°C individuals had reduced survival compared to TLR3*/TLR3"C
individuals, we predict that TLR3°C individuals will be smaller/ in worse condition than
their counterparts. 2) Is the ability to gain a dominant position in a breeding territory (a
prerequisite for male reproduction) linked to TLR3 genotype? 3) Is social mate choice
related - either via, a) assortative mating, or b) a directional preference, to TLR3
genotype? Assortative mating in relation to the TLR3 genotype could potentially explain
the TLR3 heterozygote deficiency found in young offspring (Chapter 2). 4) Is the
likelihood of offspring being extra-pair (EPP) dependent on either the social male’s TLR3
genotype or that of the mothers? 5) Is the annual within-group (WGP), or extra-group
paternity (EGP) success of the social male partner associated with TLR3 genotype?
Lastly, 6) does the frequency of observed offspring TLR3 genotypes deviate from
mendelian expectations given their genetic parents? Unless otherwise stated, we predict
that only males show variation based on TLR3 genotype in relation the above questions,
as only males had decreased reproductive success (Chapter 2). Furthermore, we predict
that either TLR3"C or TLR3“° males would be disadvantaged compared to TLR3** males.
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3.3. Methods

3.3.1. Study system

The Seychelles warbler is a small, insectivorous, passerine, endemic to the Seychelles
archipelago. Individuals can live for a maximum of 19 years, with a median post-fledgling
lifespan of 5.5 years (Hammers and Brouwer 2017). Most territories consist of a socially
monogamous breeding pair defending a strict year-round territory (Komdeur 1992).
Breeders of both sexes engage in territory defence (Kingma et al. 2017) and contribute
to offspring care (Komdeur 1994b). Females typically lay single-egg clutches, although
two or three eggs clutches occasionally occur (Richardson et al. 2001). Seychelles
warblers can reproduce from eight months of age (Komdeur 1997), however due to
habitat saturation some adult birds delay independent breeding and become
subordinates (Komdeur 1992), often, but not always, on their natal territory (Eikenaar et
al. 2007, Kingma et al. 2016a). One to five sexually mature subordinates exist on ca 50%
of territories per year (Hammers et al. 2019) and may help to raise offspring on that
territory (thus becoming helpers) (Komdeur 1992, Komdeur 1994b, Richardson et al.
2002). Although ca 40% of female subordinates gain reproductive success by co-
breeding, very few offspring are sired by a subordinate male (Richardson et al. 2002, Raj
Pant et al. 2019). However, EPP often occurs (Richardson et al., 2001, Raj Pant et al.,
2019). MHC class | variation has been linked to individual fitness: while social mate
choice is not MHC-dependent (Richardson et al. 2005, Wright et al. 2016) gaining extra-
pair fertilisations is (Richardson et al. 2005), resulting in greater MHC diversity and

survival in offspring (Brouwer et al. 2010).

The Seychelles warbler population on Cousin Island (4°20’S,55°40’E; 0.29km?) has been
monitored since 1985 (Komdeur 1992) but with increasing intensity from 1997 onwards
(Hammers et al. 2019). Individuals are first caught in the nest, or as dependent juveniles
on the natal territory using mist-nets (for details see Kingma et al. 2016b). Each individual
is given a British Trust for Ornithology (BTO) metal ring and a unique combination of
three colour rings (Richardson et al. 2001). Age is calculated based on hatch date, and
eye colour (Komdeur 1992, Wright 2014a). Furthermore, ca 30% of the adult population
are also recaptured each year (Brown et al. 2021). Morphometric measurements
including body mass (to the nearest 0.1g), and right tarsus (to the nearest 0.1mm), are
taken. Blood samples (25 pl) are collected by brachial venipuncture and stored in 0.8 ml

of absolute ethanol at 4°C.
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The Cousin Island population has a carrying capacity of around 320 adult individuals,
existing in ca 115 territories (Komdeur 1992, Sparks et al. 2020). Each year the identity
and status of individuals in each territory are identified through comprehensive
population censuses conducted during the major (June-September), and minor
(November-March) breeding seasons, except for the 2000-2 and 2006 minor seasons
(Brouwer et al. 2010, Hammers et al. 2019). Group membership and status are identified
based on a combination of the long-term demographic data, and field observations
including foraging location, interactions, and proximity between individuals (Richardson
et al. 2002). There is virtually no migration to or from Cousin (0.1%, (Komdeur et al.
2004)), and the rate of annual resighting of individuals is high (0.98 + 0.01, (Brouwer et
al. 2010)), thus enabling accurate survival estimates. Individuals are recorded as present
if observed during the field season and presumed dead if not seen for two consecutive
breeding seasons (Hammers et al. 2013). Territory quality is calculated based on insect
abundance, vegetation cover, and territory size (as in Komdeur 1992, van de

Crommenacker et al. 2011a).

3.3.2. Molecular methods

Genomic DNA was extracted from blood using either a salt extraction technique
(Richardson et al. 2001), or the DNeasy blood and tissue kit (Qiagen). Sex was
determined via PCR (Griffiths et al. 1998), and individuals were genotyped at 30
polymorphic microsatellite loci (Richardson et al. 2001, Sparks et al. 2020). Standardized
individual microsatellite heterozygosity (Hs) was calculated using the R package Genhet
3.1 (Coulon 2010) (excluding two microsatellite loci as they were pooled alleles (see
Sparks et al., 2020)), and parentage assigned using MasterBayes 2.52 (Hadfield et al.
2006); for full details see Sparks et al. (2020). A non-synonymous SNP within the
leucine-rich repeat domain of TLR3 exon 4 had previously been screened for individuals
as part of another study; for details see Chapter 2. Variation at exon 3 of the MHC class
I loci had also been screened for previously; for details see (Richardson and Westerdahl
2003, Wright et al. 2014b, Wright et al. 2016).

3.3.3. Statistical analysis

Unless otherwise stated, all analyses were conducted in R 3.6.1. MHC-I diversity has
previously been linked to extra-pair paternity likelihood (Richardson et al. 2005),
reproductive success (Chapter 2), and offspring survival (Brouwer et al. 2010).

Additionally, the presence of the MHC-1 allele, Ase-ua4, is also linked to increased
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survival (Brouwer et al. 2010, Chapter 2). Therefore, these variables were also included

in analyses.

3.3.3.1. Competitive ability: Physiological condition

Linear mixed models (LMM) with a Gaussian error structure were constructed to
determine whether individual condition or size were associated with TLR3 variation.
These analyses used measurements from all birds hatched between 1997-1999 and
2005-2010, for which we had TLR3 and MHC-I genotypes. To reduce the confounding
effects of development, senescence and season, individuals for which we did not have
accurate age data were excluded, as were measurements from birds under one year old
(juveniles), those potentially undergoing senescence (over six years of age) and those
taken during the minor field season, or while carrying an egg. The sexes were modelled
separately, as males are bigger than females (van de Crommenacker et al. 2011b).
Either body mass (g), as a metric of condition, or right tarsus length (mm), as a metric of
size, were used as the dependent variable. TLR3 genotype (TLR3**, TLR3"° or TLR3°)
was included as a fixed factor, along with MHC-1 diversity, Ase-ua4 (present or absent),
individual Hs, catch period (am or pm), and age (months). Tarsus length was also
included as a covariate in the body condition model to correct for structural size
differences between individuals. Individual identity and catch year were included as

random factors to control for year effects.

3.3.3.2. Social mate choice: Likelihood of gaining dominance

Generalised linear mixed models (GLMM) with a binomial error structure were
constructed to determine whether dominance gain was associated with either male or
female TLR3 genotype. Likelihood of gaining dominance by two years of age was used
as the predictor, as the mean + SE age at first dominance was 1.8 + 0.04 years in this
species (this study). Birds hatched between 1997-1999 and 2005-2010, for which we
had full TLR3, and MHC-I information were included. Individuals which died before two
years of age, and those first caught over one year of age, for which we did not have
accurate age data, were excluded. TLR3 genotype (TLR3*, TLR3*° or TLR3°),
individual Hs (continuous), MHC-I diversity (continuous), and Ase-ua4 (present, absent)
were included as fixed factors, with hatch year included as a random factor to control for
cohort effects. We also included season hatched (Major, Minor), natal group size
(continuous), and natal territory quality (continuous), as these factors could affect
dispersal likelihood and dominance gain (Eikenaaret al. 2007, Kingma et al. 2016a). The
sexes were modelled separately as females, but not males, can co-breed (Richardson

et al. 2001), thus it is likely that different factors and constraints related to gaining
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dominance act upon males and females. As all males with the Ase-ua4 allele gained

dominance, this allele was excluded from the male analysis, to aid model convergence.

3.3.3.4. Social mate choice: Randomisation tests

First, to test for assortative mating, a TLR3 pair similarity value was calculated for all
social male/female pairs (observed and potential pairings), with zero denoting no shared
alleles, 0.5 denoting one shared allele, and 1 denoting that both alleles were shared.
Second, to test for directional preferences by the social female based on social male
TLR3 genotype, the number of TLR3" alleles the social male had (zero, one, two) was
calculated for all observed and potential pairings, and separate randomisation tests run
for each female TLR3 genotype. For both questions, randomisation tests were conducted
using Monte Carlo simulations following (Santos et al. 2016, Santos et al. 2017) in
Python 3.8.5. Observed means were calculated for all real pairs, then a distribution was
created with all potential pairs re-assembled randomly 10,000 times with replacement.
Potential pairs were calculated from the pool of available males and females for each
year, based on which individuals gained dominance that year. For both questions the
female was considered the chooser. Two-tailed P values were calculated by comparing
the proportion of times the simulated means were further away from the distribution mean

than the observed mean, of these only the lowest value is presented here.

3.3.3.5. Genetic mate choice: Offspring EPP likelihood

GLMMs with a binomial error structure were constructed to determine whether offspring
EPP likelihood was associated with either the dominant female’s or male’s TLR3
characteristics. We used the same dataset as in (Raj Pant et al. 2020), i.e., offspring
produced by the dominant female in all the major seasons from 1997-2014, but only
individuals from this dataset with both TLR3 and MHC-I data were included. Dominant
birds of each sex were analysed separately, i.e., 369 offspring from 130 dominant female
mothers and 107 dominant males in 209 breed groups with offspring. TLR3 genotype
(TLR3*, TLR3%° or TLR3°C), Hs (continuous), MHC-I diversity (continuous), and Ase-
ua4 (present, absent) were included as fixed factors, as were other factors previously
found to be important predictors of offspring EPP likelihood: offspring’s natal group size
(continuous) (Raj Pant et al. 2019), the age difference between the mother and her social
male, and either the social male’s or female’s chronological age (linear term), and age?
(quadratic term) (Raj Pant et al. 2020). All ages were measured in years. Breed year
(cohort), territory, mother identity, and social male identity were initially included as
random factors. To aid model convergence territory identity was removed from both
models, and offspring breed year was removed from the male model, as they explained

Zero variance.
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3.3.3.6. Genetic mate choice: Dominant male annual EGP and WGP success

Two GLMMs with a Poisson error structure were constructed to determine whether the
dominant male’s A) annual extra-group offspring (EGP success) or B) within-group
offspring (WGP success), was associated with TLR3 variation. The same dataset as in
(Raj Pant et al. 2020) was used, i.e., annual records for all dominant males alive between
1997 and 2014 that were genetically assigned at least one offspring across the data
period, except that only individuals with TLR3 and MHC-I data were included (584 annual
records from 96 dominant males). Only offspring which survived to at least 3 months of
age were included in annual success measures. TLR3 genotype (TLR3*, TLR3"° or
TLR3), Hs (continuous), MHC diversity (continuous), and Ase-ua4 (present, absent)
were included as fixed factors, along with the social males chronological age (linear
term), and age? (quadratic term). As in (Raj Pant et al. 2020), either annual WGP or
annual EGP were entered as a fixed factor in either the EGP, or WGP model respectively,
as these factors may affect one another. All ages were measured in years. Breed year,

territory, and social male identity were all included as random factors in the models

All GLMM, GLM and LMM models, were constructed using gimmTMB 0.2.3 (Brooks,
Kristensen et al. 2017). Continuous factors were standardised (scaled and centred) using
the package arm 1.10-1 (Gelman et al. 2018). In all models, TLR3** genotype was set
as the reference value. However, to gain pairwise comparisons of TLR3%° and TLR3%¢
individuals, we re-ran the models with TLR3%° genotype set as the reference value — but
all other factors held constant. Collinearity among fixed effects was tested using variance
inflation factors, with an upper limit of three. To confirm that there was no over- or under-
dispersion, residual spatial or temporal autocorrelation in the models we used the
package DHARMA 0.2.4 (Hartig 2017). Model averaging - an information-theoretic
approach - was used to select plausible models using the dredge function in MUMIn
1.43.6 (Barton and Barton 2019). All biologically relevant interactions were initially
included in models, and non-significant (P > 0.05) interactions were removed prior to
model averaging to prevent over-parametrisation, and to allow assessment of first-order
effects. All models within seven AICc of the top model were included in the averaged

model, to get the final conditional (natural) model (Burnham et al. 2011).

3.3.3.6. Post-copulatory: Mendelian expectations

We tested whether observed offspring genotypes conformed to Mendelian expectations
given their genetic parents using 272 offspring for which we had TLR3 genotypes for the
mother, genetic father, and offspring. Where both parents were homozygous, the

offspring genotype cannot deviate from the expected genotype, so these cases were
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excluded — i.e., TLR3" fathers with TLR3** mothers, and TLR3CC fathers with TLR3°C

mothers (n = 99), leaving only offspring where one or more parents are heterozygous (n
= 173). Second, we tested whether the father contributed a TLR3" or TLR3C allele when
the mothers TLR3 allele was fixed —i.e., TLR3"C fathers with TLR3* or TLR3°C mothers
(n = 52). For both questions, we tested whether observed genotypes were significantly

different to expected genotype using x? tests.

3.4. Results

3.4.1. Competitive ability: Physiological condition

TLR3*“ males tended to be in better condition than TLR3** males, but this result was not
significant (P = 0.054, Table 3.2, Fig 3.1a), and there was no difference in condition
between TLR3%° (Table 3.2) and TLR3°° males (P = 0.466). TLR3"° females were in
better body condition than TLR3C females (B + SE = -0.68 + 0.23, z = 2.93, P = 0.003,
Fig 1b) and tended to be in better condition than TLR3* females, but this result was not
significant (P = 0.062). TLR3* females also tended to be in better condition than TLR¢
females, but this result was also not significant (P = 0.073, Table 2, Fig 1b). TLR3

genotype was not correlated with tarsus size in either sex (Table 3.2).
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Fig 3.1: The effect of TLR3 genotype on body condition (mass) in A) adult male (n = 97),
and B) adult female (n = 120) Seychelles warbler. In bold are raw means + SE, with raw
data points shown in fade. TLR3 genotype indicated by colour (TLR3* = dark green,
TLR3"C = light green, TLR3°C = yellow), with associated sample sizes in grey above the
x axis. ** P < 0.01.
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MHC diverse males were larger in size, whereas MHC diverse females were smaller in
size (Table 3.2). Males with at least one copy of the Ase-ua4 alleles were also larger in
size, but presence of Ase-ua4 did not predict female size (Table 3.2), and there was no

effect of MHC diversity, or presence of Ase-ua4 on condition in either sex (Table 3.2).

Table 3.2: Predictors of A) body mass and B) size for adult male and female Seychelles
warblers. LMMs were used to generate conditional model-averaged estimates (§3), their
standard error (SE), z value, P value, and relative importance (w) are shown for all
predictors featuring in the top model set (AAIC. < 7). Bird identity and catch year were
included as random factors. All continuous factors were standardised. Estimates are in
reference to catch period = AM, and TLR3 genotype = TLR3*. Significant terms are in
bold and underlined. *** P < 0.001, * P < 0.05, P < 0.1.

Male (97 males, 191 catches) Female (120 females, 206 catches)
Model Factor
w B SE z P w B SE z P
(Intercept) 16.32 0.13 128.64 <0.001 *** 14.69 0.14 106.61 <0.001 ***
Catch Period 0.84 026 011 229 0.022 * 1.00 041 0.12 3.36 0.001 ***
Tarsus 072 024 042 197 0.049 * | 069 025 013 1.93 0.053
Age 025 -0.06 0.11 048 0.632 026 007 0.14 0.48 0.630
A) Condition Hs 024 005 014 034 0.737 024 003 014 020 0.838
MHC Diversity | 0.26 -0.08 0.15 0.53 0.595 035 -0.14 0.4 098 0.326
Ase-ua4 025 011 023 045 0.650 030 014 017 079 0.432
TLR3: A€ 040 029 015 1.93 0.054 . 095 027 014 1.88 0.060
TLR3: < 0.11 0.23 0.47 0.642 040 023 176 0.078 .
(Intercept) 25.79 0.08 313.31 <0.001 *** 24.17 0.06 386.20 <0.001 ***
Catch Period | 0.22 0.00 008 0.2 0.981 058 0.1 0.07 165 0.099
Age 024 -0.03 010 026 0.794 025 -0.02 0.07 033 0.741
) Hs 031 010 012 085 0.398 038 010 010 1.07 0.283
BISize | MuCDversity | 0.80 027 013 214 0032 * | 082 -022 010 219 0028 *
Ase-ua4 0.83 042 019 223 002 * | 024 -003 013 021 0.831
TLR3: A¢ 0.18 -0.01 013 007 0.945 007 000 011 004 0.970
TLR3: < 026 020 128 0201 0.07 017 042 0.674

3.4.2. Social mate choice: Likelihood of dominance gain likelihood

Overall, the likelihood of gaining a dominance position before two years of age was not
directly related to TLR3 genotype in either males or females (Table 3.3). However, in
males - but not females - natal group size was related to dominance gain, with individuals
hatched from bigger groups more likely to gain dominance before two years of age (Table
3.3). Furthermore, there was an interaction between male TLR3 genotype and natal
group size; TLR3"° and TLR3“C males were more likely to gain dominance as natal group
size decreased, whereas TLR3* males were more likely to gain dominance with
increasing natal group size (Table 3.3; Fig 3.2). There was no difference between group
size interacted with TLR3"® and TLR3°C males (P = 0.339). There was no interaction

between natal group size and TLR3 genotype in females (P > 0.1).
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Fig 3.2: Effect of TLR3 genotype and natal group size on likelihood of gaining dominance
by 2 years of age for male Seychelles warblers. The fit lines for TLR3 genotype (TLR3*
= dark green, TLR3° = light green, TLR3°C =yellow) are derived from conditional model
averaged GLMMs (see Table 3), and the shaded areas are the 95% confidence intervals.
Sample sizes (number of individuals) are indicated in grey in the key.

There was no significant effect of individual Hs, MHC diversity, presence of Ase-ua4, or
natal TQ on dominance gain in males or females (Table 3.3). In females, season hatched
was marginally related to dominance gain (Table 3.3). Females hatched in the major
season were more likely to become dominant by 2 years of age than those hatched in
the minor season, the same trend was observed for males, but was not significant (P =
0.065).
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Table 3.3: Likelihood of gaining a dominant breeding position before two years of age
for male and female Seychelles warblers in relation to TLR3 genotype. A GLMM
(females) and a GLM (males) were used to generate conditional model-averaged
estimates (B), their standard error (SE), z value, P value, and relative importance (w) are
shown for all predictors featuring in the top model set (AAIC. < 7). Hatch year is included
as a random factor in female models. All continuous factors were standardised.
Estimates are in reference to: Season hatched = Minor, Ase-ua4 = present, and TLR3
genotype = TLR3*. Significant terms are in bold and underlined. *** P < 0.001, ** P <
0.01,*P<0.05,.P<0.1.

Male (n = 128) Female (n = 142)
Factor
w B SE z P w B SE z P
(Intercept) 1.79 0.49 3.59 <0.001 *** 0.63 0.26 2.43 0.015 *
Season hatched 0.65 -1.04 0.56 1.84 0.065 . 0.78 -0.87 0.42 2.06 0.039 *
Natal group size 091 283 117 240 0.016 * | 0.35 -0.38 0.37 1.01 0.313
Natal TQ 0.27 -0.37 0.53 0.69 0.492 049 0.62 049 1.27 0.204
Hs 0.26 -0.29 045 0.63 0.532 0.70 -0.72 0.38 1.85 0.064
MHC Diversity 0.72 1.05 0.53 1.96 0.051 . 0.73 -0.75 0.39 1.93 0.054
Ase-ua4 - - - - - 0.28 0.32 0.47 0.67 0.504
TLR3: "¢ 0.87 -0.50 0.58 0.84 0.401 0.12 -0.18 0.40 0.45 0.653
TLR3: ¢ -0.59 0.76 0.77 0.442 -0.60 0.58 1.02 0.307
Natal group size * TLR3:”¢| 0.87 -3.61 1.24 2.88 0.004 **
Natal group size * TLR3: ce -6.18 2.84 2.16 0.031 *

3.4.3. Social mate choice: Assortative mating and/or directional mate choice

There was some evidence of assortative mating relative to TLR3 genotype. Observed
social pairs shared the same TLR3 alleles more often than simulated social pairs (mean
+ SEM pair TLR3 similarity for: observed pairs = 0.69 + 0.02, n = 364, and simulated
pairs = 0.66 £ 0.01, n = 7890; P = 0.026; Fig 3.3a).

Furthermore, TLR3* females paired with males with a greater number of TLR3* alleles
than expected by chance (mean + SEM male TLR3" alleles for: observed pairs = 1.50 +
0.05, n = 174, and simulated pairs = 1.39 + < 0.01, n = 3720; P = 0.026; Fig 3.3b). In
contrast, TLR3"C females paired with males with a reduced number of TLR3* alleles than
expected (observed pairs = 1.29 + 0.06, n = 146, and simulated pairs = 1.36 £ < 0.01, n
= 3233; P = 0.043; Fig 3.3c). There was no difference between observed and simulated
pairings for TLR3°C female (observed pairs = 1.36 + 0.11, n = 44, and simulated pairs =
1.36 £ < 0.01, n=937; P =0.628; Fig 3.3d)
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Fig 3.3: The association between TLR3 genotype and social mate-choice in Seychelles
warblers. A) Assortative social mating based on pair TLR3 similarity (purple), or
directional female social pair preference of B) TLR3* females (dark green), C) TLR3"C
females (light green), D) TLR3°C females (yellow), based on the number of TLR3" alleles
in the social male. Frequency distributions of TLR3 genotypes in simulated social
pairings are generated by Monte Carlo simulations of 10,000 randomised male—female
pairings for the Cousin population. Dotted line indicates the mean value of the observed
social pairings. P value are calculated by comparing the proportion of times the observed
mean was further away from the distribution mean, compared to the simulated means.

3.4.4. Genetic mate choice: Offspring EPP likelihood

Dominant male genetic characteristics (TLR3 genotype, Hs, Ase-ua4, or MHC diversity)
had no effect on the likelihood of them being cuckolded, neither did their age (linear or
quadratic; Table 3.5; Fig 3.4a). As previously shown using this data set (Raj Pant,

Hammers et al. 2020) dominant males were more likely to be cuckolded when the age
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difference between them and the dominant female was greater, and they were in bigger

groups (Table 3.5).
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Fig 3.4: The likelihood of offspring being extra-pair in relation to the parent's TLR3
genotype in the Seychelles warbler: A) social males (n = 107), B) mothers (n = 137).
Data are raw means + SE, with TLR3 genotype indicated by colour (TLR3* = dark green,
TLR3"C = light green, TLR3C =yellow), with associated sample sizes (offspring number)
in grey just above the x axis for within-pair offspring, and at the top for extra-pair offspring.
No genotypes were significantly different from another.

Table 3.5: Offspring extra-pair paternity likelihood based on the social male and mother
characteristics in the Seychelles warbler in relation to TLR3 genotype. GLMMs were
used to generate conditional model-averaged estimates (B), their standard error (SE), z
value, P value, and relative importance (w) are shown for all predictors in the top model
set (AAIC. <7). All continuous factors were standardised. Mother and social male ID are
included as random factors in both models, and breed year is additionally included in the
mother model. Estimates are in reference to Ase-ua4 = present, and TLR3 genotype =
TLR3". Significant terms are in bold and underlined. ** P< 0.01, * P< 0.05, . P<0.1.

Social male (107 social males, 299 offspring) Mother (137 mothers, 369 offspring)

TIR3: < 0.13 0.48 0.27 0.786 0.08 044 0.19 0.853

Factor
w B SE z P w B SE z P
(Intercept) -0.59 0.18 3.18 0.001 ** -0.55 0.25 2.23 0.026 *
Age 0.32 -0.65 1.01 0.64 0.522 0.72 219 125 1.75 0.080
Agez 0.28 055 1.02 0.54 0.592 0.80 -2.24 125 1.79 0.073 .
Social pair age difference | 0.91 0.89 0.39 2.29 0.022 * 0.80 0.75 0.36 2.04 0.041 *
Group size 0.77 0.61 0.31 1.97 0.049 * 0.55 041 0.26 1.56 0.119
Hs 0.28 -0.25 0.34 0.75 0.453 0.24 -0.04 0.28 0.13 0.899
MHC Diversity 0.22 0.02 0.34 0.06 0.955 0.84 064 0.29 216 0.030 *
Ase-ua4 0.23 0.18 0.47 0.38 0.705 0.52 0.51 0.34 152 0.130
TLR3: AC 0.05 0.12 0.38 0.31 0.758 0.51 -0.58 0.31 1.88 0.061
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TLR3*° dominant mothers were marginally less likely to produce offspring sired by extra
group males than TLR3* females, but not TLR3°C females, but this result was not
significant (P = 0.061 and P = 0.135 respectively), and there was no difference between
TLR3* and TLR3°C mothers (Table 3.5; Fig 3.4b). The proportion of offspring produced
via EPP was positively correlated with the dominant mother’'s MHC diversity (Table 3.5).
But the proportion of offspring produced via EPP was not affected by the dominant
mothers’ Hs or presence of Ase-ua4, and there was no effect of group size, or age (linear
or quadratic; Table 3.5). Dominant mothers were more likely to gain EPP when there

was a greater age difference between themselves and their social partner (Table 3.5).
3.4.5. Dominant male annual EGP and WGP success

There was no significant effect of dominant male TLR3 genotype on annual EGP success
(Table 3.6; Fig 3.5a), but TLR3°C males had reduced annual WGP success compared
to TLR3* (Table 3.6; Fig 3.5b), but not TLR3*® males (P = 0.184), and there was no
difference between TLR3* and TLR3“¢ males. This corresponded to TLR3°C males
producing on average 33% fewer within-group offspring per year (mean + SEM: 0.20 +
0.04) than TLR3* (mean + SEM: 0.32 + 0.03), or TLR3*° (mean + SEM: 0.29 + 0.04)
males. There was no effect of Hs, Ase-ua4, or MHC diversity on annual EGP or WGP
success (Table 3.6). Additionally, annual EPP and WPP success were not influenced by

male age (linear or quadratic; Table 3.6).
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Fig 3.5: Annual A) extra-group paternity (EGP), and B) within-group paternity (WGP)
gained by dominant male Seychelles warblers in relation to their TLR3 genotype (n= 96).
Data are raw means and standard errors, with TLR3 genotype indicated by colour (TLR3*
= dark green, TLR3° = light green, TLR3C = yellow), and associated sample sizes (years)
in grey above the x axis. * P <0.05.
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Table 3.6: Annual extra-group (EGP) and within-group (WGP) paternity gained by
dominant male Seychelles warblers in relation to TLR3 genotype. GLMMs were used to
generate conditional model-averaged estimates (8), their standard error (SE), z value, P
value, and relative importance (w) are shown for all predictors featuring in the top model
set (AAIC. 7). Years refers to total number of years included for all males. All continuous
factors were standardised. Breed year, territory and individual ID are included as random
factors. Estimates are in reference to Ase-ua4 = present, and TLR3 genotype = TLR3".
Significant terms are in bold and underlined. *** P < 0.001, * P < 0.05.

Factors Annual EGP (96 males, 584 years) Annual WGP (96 males, 584 years)
w B SE z P w B SE z P
(Intercept) -1.90 0.18 10.40 <0.001 *** -1.21  0.12 9.69 <0.001 ***
Age 0.64 1.63 1.03 1.58 0.114 035 0.32 0.64 0.50 0.617
Age’ 062 -1.62 1.03 157 0.116 0.42 -0.49 0.59 0.83 0.408
Annual EGP - - - - - 025 0.03 0.15 0.20 0.842
Annual WGP 023 0.03 0.19 0.14 0.891 -
Hs 024 0.01 0.24 0.06 0.955 0.25 -0.01 0.17 0.07 0.943
MHC Diversity | 0.40 0.26 0.24 1.12 0.261 0.25 -0.01 0.16 0.05 0.96
Ase-ua4 025 0.14 0.32 0.44 0.663 025 0.01 0.22 0.03 0.979
TLR3: A¢ 0.15 -0.18 0.28 0.66 0.512 0.56 -0.14 0.18 0.79 0.428
TLR3: < 0.16 0.30 0.54 0.589 -0.48 0.24 2.03 0.042 *

3.4.6. Post-copulatory: Mendelian expectations

There was no significant difference between observed and expected offspring genotype
based on their combined parental genotypes (n = 173, df = 1, x2 = 1.19, P = 0.275; Fig
3.6). However, when focusing on the inheritance of paternal TLR3 alleles there was a
difference, with offspring from TLR3A° fathers less likely to inherit the TLR3C allele, and
more likely to inherit the TLR3" allele than expected (n =52, df = 1, x?> = 4.96, P = 0.026;
Fig 3.7).
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Fig 3.7: Observed and
expected values of whether
offspring paternally inherit a
TLR3” or TLR3C allele when
genetic father is heterozygous
(TLR3%°), and the mother is
homozygous (TLR3* or
TLR3%) (n = 52) in the
Seychelles warbler. Observed
values are shown in black and
expected values in grey. * P
<0.05.

L
=
1

Number of offspring
o
=

=
=
1

A C
Paternally inherited TLR3 allele

3.5. Discussion

Our result show that TLR3 genotype was associated with a difference in body condition
(but not in skeletal size); TLR3%° adult females were in better condition. Though there
was no difference between TLR3 genotypes in the likelihood of gaining a dominant
breeding position early in life, we did detect evidence of a link between TLR3 genotype
and social mate choice; TLR3* females were more likely to pair with TLR3** males, and
TLR3%° females were less likely to pair with TLR3* males. However, there was no
evidence of extra-pair mate choice based on male TLR3 genotypes, although TLR3%¢
males had reduced within-group paternity. Lastly, while offspring genotypes overall
conformed to Mendelian expectations, we did find that when the genetic father was
heterozygous for the TLR3 SNP, offspring were more likely to inherit the TLR3" allele
from the father than the TLR3C allele.

3.5.1. TLR3 associated condition dependent cues and dominance gain

There were no skeletal size differences between Seychelles warblers with the different
TLR3 genotypes. In contrast, TLR3 heterozygous individuals had a non-significant
tendency to have greater body mass (controlling for skeletal size) than did TLR3

3°C individuals of both sexes would be

homozygous individuals. We predicted that TLR
in worse condition than their counterparts (based on the logic of this genotype having
greater mortality), and likewise that TLR3** males — which had increased lifetime

reproductive success than other genotypes - would be in better condition. As expected,
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TLR3° females were lighter than other TLR3 genotypes, suggesting that there could be
condition-dependent consequences at this TLR3 locus. However, there was no

difference in the condition of TLR3¢¢

males with any of the different TLR3 genotypes. It
must be noted that our power to resolve such differences was limited because the
sample size of TLR3C individuals was low (22 measurements, from 12 individuals) due
to the lower frequency of the TLR3® allele and greater early mortality of TLR3°C
individuals in this population (see Chapter 2). Furthermore, relative mass is only one
aspect of condition, and it could be that TLR3 genotype is linked to other differences in
condition or vigour. Future studies could expand the data set and incorporate status and
reproductive state into the analysis, assess different metrics of condition (e.g., telomere
length (Bebbington et al. 2016), and oxidative stress (van de Crommenacker et al. 2017),
or include potentially secondary sexual characteristics and signals such as song (Saino

et al. 1997).

We found no difference in the likelihood of gaining dominance before two years of age
relative to TLR3 genotype for either sex, but there was an interaction between TLR3
genotype and natal group size in males. TLR3* males were more likely to gain a
dominant position when from larger natal groups, whilst the opposite was true for TLR3“¢
males - with heterozygous TLR3"® males showing an intermediate pattern. While this
result could partly be due to few individuals originating from very big or small natal
groups, it raises some intriguing possibilities. There are differences in strategies and
costs of dispersal between the sexes (Eikenaar et al. 2008b, Kingma et al. 20163,
Groenewoud et al. 2018), and intra-sexual competition for territories may be stronger in
males (Eikenaar et al. 2009). Male Seychelles warblers suffer greater mortality from
dispersal than do females (Kingma et al. 2017). Likewise, individuals are more likely to
become floaters when natal group sizes are larger, and floaters suffer from increased
mortality (Kingma et al. 2016a). And so, condition could be an important determinant of
male survival and successful dominance gain post dispersal. As TLR3** males exhibited
greatest fitness (Chapter 2), they may be better able to survive and successfully gain

dominance after dispersing from the natal territory.

3.5.2. TLR3 mediated social mate choice through assortative mating

Our result provided evidence of assortative social pairing in respect to the TLR3 locus,
which could potentially explain the previous finding of a deficiency of heterozygotes in
young individuals (Chapter 2). This increased social pair similarity could be driven by
directional social pairing, rather than assortative mating per se. Indeed, we found that

TLR3* females were more likely to pair with TLR3** males, while TLR3%° females were
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less likely to pair with TLR3** males — and presumably paired more often with TLR3*¢
males than TLR3°C males due to the greater number of TLR3“C individuals in the
population. There was no detected pattern of pairing relative to TLR3°C females, though
this could be a power issue, due to the small number of adults of this genotype in the
population - and thus our sample. In socially monogamous species, particularly those
with long partnerships, we would expect both sexes to be selective about their partner
and be mutually choosy (Hooper and Miller 2008, Baldauf et al. 2009). Individuals of both
sexes that are in better condition should be more discriminatory and pair together - as
they would both be better at defending and holding high quality territories. While
individuals in worse condition would be less selective. This may explain the lack of
directional preference in TLR3°C females (Fawcett and Johnstone 2003). Although
mutual mate choice, whether it be based on direct or indirect mechanisms, is an obvious
possible cause of the observed bias in TLR3* pairings, it is possible that intra-sexual
competition could be causing these mating patterns. In studies on free living organisms,
it can be very difficult to separate competition from mate choice, with the same signals
or traits driving both mechanisms and feeding back on each other, i.e., bigger males may
be more likely to win against smaller males, and also be more likely to be preferred as
mates (Wong and Candolin 2005).

Evidence for a genetic basis to social or genetic assortative mating patterns is relatively
uncommon in vertebrates, with the examples that do exist mainly based on measures of
heterozygosity (Garcia-Navas et al. 2009, Ortego et al. 2009), or MHC variation
(Bonneaud et al. 2006, Sin et al. 2015, Santos et al. 2016, Santos et al. 2017). Typically,
disassortative rather than assortative mating based on genetic characteristics is
predicted, as this would reduce inbreeding likelihood and/or increase offspring
heterozygosity, thus increasing offspring fithess (reviewed in Kamiya et al. 2014)).
However, many studies have found no genetic effects either way (Westerdahl 2004,
Sepil et al. 2015, Indykiewicz et al. 2017). Assortative mating based on phenotypic traits
has been well studied (Jiang et al. 2013, Wang et al. 2019), although whether this
evolves due to selection or constraint is debated. Whilst there is evidence for MHC-
mediated olfactory (Grieves et al. 2019) and visual cues (Dunn et al. 2013), acting as
sexually selected traits in passerines, TLR3-mediated cues are more likely to be
condition dependent - due to TLR3's role in resistance to viral infection (Barton 2007).
While we found little difference in mass or size in relation to TLR3 genotype in this study,
there are many different potential cues which we did not measure (see Indykiewicz et al.
2017).
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Assortative mating patterns could potentially be explained by passive mechanisms such
as active inbreeding or reduced natal dispersal (as discussed in Slade et al. 2019) but
these mechanisms are unlikely to be driving the TLR3 dependent pairing pattern we find
in the present study. While inbreeding does occur in the Seychelles warbler (Eikenaar et
al. 2008a), there is no evidence for active inbreeding in social pair formation (Richardson
et al. 2004, Wright et al. 2016). Likewise, there is no evidence for assortative social pair
mate choice based on MHC variation (Richardson et al. 2005), which we would expect if
our result is due to inbreeding. Unlike the more common TLR3* and TLR3"€ genotypes,
TLR3°C individuals exhibited random mating. We also found no effect of TLR3 genotype
on the overall likelihood of gaining dominance, and that available frequency of TLR3
genotypes in the paired population was similar to that of the larger adult population
(including subordinate and floater birds), suggesting inclusion into a pair per se was not

biased towards certain TLR3 genotypes, but rather who you paired with.

3.5.3. TLR3 dependent genetic mate choice

We found no evidence of dominant males being more likely to be cuckolded, or of gaining
more EPP in relation to their TLR3 genotype. The lack of association between male TLR3
genotype and EPP suggests that genetic mate choice is not driving the differential
reproductive success found previously (Chapter 2). Although we found more MHC
diverse females to be more likely to produce EPP offspring, we didn’t find any effect of
male MHC diversity on offspring EPP, despite previous evidence that male based MHC-
dependent EPP takes place (Richardson, Komdeur et al. 2005), though due to sample
size limitations we were not able to directly compare the genotype of the social male
being cuckolded and the chosen genetic male. There was a marginal (but non-
significant) result suggesting that TLR3"¢ females could be less likely to produce EPP
offspring than other genotypes. Based on the assortative pairing results, we would
expect that to result in TLR3*° dominant males being less likely to lose within pair-
paternity, however this was not the case. As these females were in better condition
(greater body mass) than TLR3** or TLR3°C females, this seems odd. Females in better
physical condition are usually more attractive to other males, or better able to avoid mate-
guarding, both of which would result in increased EPP offspring (Gowaty 1996, Hoi-
Leitner et al. 1999).

In contrast to levels of EPP, we did find that TLR3°C males had reduced annual WGP
compared to TLR3* or TLR3"° males. While this can explain the reduced LRS of TLR3C
males, we also previously found that TLR3"° males had reduced reproductive success

(Chapter 2). Given there appears to be no bias against gaining a social or genetic mate
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for TLR3°C males, and they do not appear more likely to lose paternity, reduced WGP is
likely due to post-copulatory rather than pre-copulatory mechanisms. This could be via
poorer parental care, resource allocation, or through increased early life mortality of

offspring (which we know selects against TLR3°¢

offspring). Incorporating measures of
territory quality, male nest guarding, and provisioning rate with TLR3 genotype
information could provide further resolution on if, and why, TLR3 dependent post-
copulatory selective mortality occurs and explain the lower reproductive rate of TLR3*¢
males. If TLR3CC offspring mortality is contributing to reduced WGP, this would, to a
lesser extent, also affect TLR3"® males that may also produce such offspring depending
on their partner's TLR3 genotype. Indeed, although not significant, our results suggest
that TLR3"° males may tend to do slightly worse in gaining dominance, EGP, and WGP,
and are cuckolded more often, than TLR3* males. Although separately, there was not
sufficient power to detect TLR3 bias, perhaps together the combined accumulation of
slightly deleterious effects could cause the overall reduction in male TLR3C individuals’

reproductive success.

3.5.4. Mendelian inheritance and post-copulatory selection

Offspring TLR3 genotype conformed to Mendelian expectations when considering all
parental genotypes. However, we then focused on offspring where the genetic father
was TLR3C (heterozygous) and the mother was homozygous. In these cases, the
offspring could inherit either allele from the male, but the maternal allele was fixed, so
we could resolve which allele was paternally inherited. We found offspring were
significantly more likely to inherit the TLR3" allele rather than the TLR3® allele from the
father. TLR3* females are more common in the population than TLR3°C females,
consequently, this bias in the inheritance of paternal TLR3" alleles could contribute to
the heterozygote deficiency in offspring that we previously found in this population
(Chapter 2). Repeating this test for heterozygous females showed no bias in the
inheritance of maternal allele, which would be expected if post-fertilization processes
were driving this skew. This result, and that the overall offspring genotypes conform to
Mendelian expectations, indicates that bias in the inheritance of male alleles is not due
to sperm-egg incompatibility, or early embryo/offspring mortality. Instead, the bias in
paternal allele inheritance we observe is likely due to pre-, rather than post-fertilization
processes, either through cryptic mate-choice (Eberhard 1996) or sperm competition
(Birkhead and Mgller 1998).

There is increasing appreciation of the role within-male sperm competition may play in

driving evolutionary processes (reviewed in Sutter and Immler 2020). Within-male
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variation in sperm can be expressed via differential longevity, performance, and
morphology (Holt and Look 2004) and have consequences for offspring development
and survival (Immler et al. 2014, Alavioon et al. 2017). There is some evidence that
sperm variation can be correlated with genetic variability (Borowsky et al. 2019), and that
this can result in balancing selection at the haploid level (Joseph and Kirkpatrick 2004).
There is also mounting evidence that the MHC can play a role in gamete-mediated mate
choice (Reusch et al. 2001, Yeates et al. 2009, Ziegler et al. 2010, Lavlie et al. 2013,
Kekalainen and Evans 2018). However, why there would be differential inheritance of
the TLR3 molecule — which recognises viral dsRNA intracellulary (Hutchens et al. 2008,
Brownlie and Allan 2011 (Chen et al. 2013)) —is unclear. Though in mice (Mus musculus)
TLR3 expression has been linked to infertility through severe inflammation in testicular
cells (reviewed in Dutta, Sengupta et al. 2020). In the Seychelles warbler, testing for
differences in sperm quality between TLR3 genotypes could be a valuable avenue for
future research, with various methods to collect sperm from passerines existing (Wolfson
1952, Immler and Birkhead 2005). Likewise, the reproductive microbiome can be an
important driver of sexual selection (reviewed in Rowe et al. 2020). Specifically, sexually
transmitted infections - including viruses - can damage sperm, resulting in differences in
success (Wigby et al. 2019), and are widespread in avian species (Sheldon 1993).
Although difficult (reviewed in Garmaeva et al. 2019), conducting virome analysis of the
reproductive tract could provide insight on what is driving this difference in paternal TLR3

allele inheritance.

3.5.5. Conclusion

Our results provide evidence that both pre- and post-copulatory sexual selection are
associated with TLR3 variation in the Seychelles warblers, a population where we
previously found evidence of strong positive selection on variation at this locus (Chapter
2). Unidirectional assortative mating appears to be occurring in terms of social pairs
(precopulatory mechanism), while a bias in the inheritance of a specific TLR3 haplotype
from the heterozygous genetic father was also observed (post copulatory mechanism).
These mechanisms could explain the offspring heterozygote deficiency previously
observed in this population. We also found TLR3°C males had reduced WGP, this
combined with their reduced survival can explain their lower LRS compared to other
genotypes. These results outline that multiple mechanisms of selection, including both
pre- and post-copulatory sexual selection, as well as natural selection may act to affect

contemporary evolution within a natural population.
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4.1 Abstract:

The gut microbiome (GM) can influence many biological processes in the host, impacting
its health and survival, but the GM can also be influenced by the host’s traits. In
vertebrates, Major Histocompatibility Complex (MHC) genes play a pivotal role in
combating pathogens and are thought to shape the host's GM. However, despite this -
and the importance of both MHC and GM variation for individual fitness - few studies
have investigated the associations between the MHC and GM in the wild. Here, we
characterised MHC class | (MHC-I), MHC class Il (MHC-II), and GM variation across
individuals in a wild population of the Seychelles warbler, Acrocephalus sechellensis.
We determined how the diversity and composition of the GM varied with MHC
characteristics, in addition to other environmental and host intrinsic traits. Our results
show that the presence of specific MHC alleles, but not MHC diversity, influences both
the diversity and composition of the GM in this population. We found that MHC-I alleles
rather than MHC-II alleles had the greatest impact on the GM. The presence of three
MHC-I alleles, and one MHC-II allele (Ase-dab4) were negatively associated with GM
diversity, while the presence of four MHC-| alleles were associated with changes in GM
composition. Genome-wide heterozygosity was positively correlated with GM diversity,
probably due to decreased inbreeding. These results indicate that components of the
host's immune system may play a role in shaping the GM of wild animals, either directly,

or indirectly via differential fitness.
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4.2 Introduction

Most animals harbour a complex microbial community including bacteria, archaea,
viruses, and microbial eukaryotes, collectively known as the host’s microbiome.
Members of this diverse community have coevolved with their hosts over evolutionary
time and, as a result, play a fundamental role in their host’s biology and function (Hird
2017). Consequently, it is important to understand both the ecological and evolutionary
processes that shape host-associated microbial communities (McFall-Ngai et al. 2013).
This is particularly true of the vertebrate gut, where the gut microbiome (GM) contributes
to many key biological processes in the host, from enabling nutrient uptake (Hooper et
al. 2002), to pathogen defence (Pickard et al. 2017). As such, studies on domestic or
laboratory animals have demonstrated that disrupting the GM can have significant
consequences for host health and survival (Round and Mazmanian 2009). However, the
factors that govern the diversity and composition of the GM often remain unclear,
particularly in wild populations where organisms are exposed to far greater levels of

environmental and microbial complexity (Amato 2013).

Studies on wild vertebrates are now attempting to unravel the importance of extrinsic
factors, such as the environment, season, and diet in contributing to GM variation
between species, populations, and individuals (e.g., Hird et al. 2015, Maurice et al. 2015,
Greene et al. 2020). Within a population, individual variation in the GM has also been
linked to a multitude of host factors including sex (Stoffel et al. 2020), age (Videvall et al.
2018), body condition (Bolnick et al. 2014), cognition (Davidson et al. 2018), sociality
(Tung et al. 2015), and hormones (Noguera et al. 2018, Mallott et al. 2020). Host genetics
may also play an important role in determining individual GM variation within a population
(Spor et al. 2011). For example, genetic relatedness predicts GM dissimilarity (Perofsky
et al. 2017, Stoffel et al. 2020) and composition (Suzuki et al. 2019, Couch et al. 2020).

Immunogenetic variation may play a particularly important role in driving differences in
the GM across individuals (reviewed in Marietta et al. 2015). Microbial complexity
presents a unique challenge to the host immune system, which has evolved to prevent
pathogenic microbes from proliferating, whilst still allowing beneficial microbes (i.e.,
those that form mutualistic and commensal interactions) to remain (Hooper et al. 2012).
In humans, inappropriate immune responses can lead to detrimental changes to the GM
via a loss of diversity and stability, as well as the proliferation of pathogenic bacteria
(Claesson et al. 2012). In turn, such changes in GM composition have been linked to
serious health concerns (Round and Mazmanian 2009, Cho and Blaser 2012), so

accurate detection of pathogenic microbes by the host is essential. Variation in immune
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receptor genes (which detect pathogens, inducing an immune response), have been
associated with variation in GM composition (Kurilshikov et al. 2017), making them key
candidate genes through which to investigate the relationship between host genotype
and the GM. In particular, pattern recognition receptor genes involved in the innate
immune response, including toll-like receptors (TLR), nucleotide-binding oligomerization-
like receptors, RIG-I-like receptors, and C-type lectin receptors, play an important role in
recognising and regulating the GM in humans and captive animals (reviewed in Thaiss
et al. 2016, Kurilshikov et al. 2017).

In vertebrates, Major Histocompatibility Complex (MHC) genes, which play a key role in
pathogen detection for the adaptive immune response (Piertney and Oliver 2005), may
also shape GM variation. MHC genes code for receptor molecules which bind to specific
non-self antigens, initiating an adaptive immune response. MHC class | (MHC-I)
molecules, expressed on the surface of virtually all somatic cells, mainly recognise
intracellular pathogens, while MHC class [l (MHC-II) molecules are found on antigen-
presenting cells and mainly recognise extracellular pathogens, including bacterial GM
species (Hughes and Yeager 1998). Functional variants of MHC genes can confer
differential pathogen recognition and directly affect fitness (Hill et al. 1991, Loiseau et al.
2008), with pathogen-mediated selection thought to drive the extraordinary within- and
among-population variation observed at the MHC (Hedrick 1994, Spurgin and
Richardson 2010). Individuals with different MHC genotypes are, therefore, likely to
recognise different microbial species, which could contribute to the inter-individual GM
variation seen in wild vertebrate systems. Likewise, comparing functional immunogenetic
variation with the diversity and composition of the GM could provide further
understanding of the selective pressures acting on the maintenance of host genetic
variation, with the GM being one factor driving pathogen-mediated selection at MHC

genes.

Various studies on captive animals have found links between individual MHC variation
and GM composition (Toivanen et al. 2001, Lin et al. 2014, Khan et al. 2019). However,
captivity can profoundly affect an organism’s microbiome (Clayton et al. 2016) and the
complexities associated with natural populations cannot be captured in such studies
(Amato 2013). Few studies have investigated associations between individual MHC
variation and the microbiome in wild animals. Those that have, all focus on MHC-II
variation as this is central to humoral immunity against extracellular microbes (Jensen
2007). For example, in a population of threespine sticklebacks (Gasterosteus aculeatus),
MHC-II and GM diversity were negatively correlated, and the presence of specific MHC-

Il alleles was associated with changes to GM composition and diversity (Bolnick et al.



Chapter 4 |

2014). In contrast, in two species of giant salamander, while the presence of MHC-II
alleles was associated with the composition of the cutaneous microbiome, individual
MHC-II divergence was positively correlated with GM diversity and composition
(Hernandez-Gémez et al. 2018). Lastly, two studies on seabirds found that MHC-II
variation is associated with variation in the body surface (feather and glandular) bacterial
communities that are responsible for the production of volatile cues involved in mate
choice (Pearce et al. 2017, Leclaire et al. 2019). To our knowledge no studies have
tested the association between MHC-I genes (or any other host immune genes), and the
microbiome in wild systems. This is despite the fact that MHC-I variation could impact
the GM indirectly, for example via differences in individual susceptibility to intracellular
infections (such as viruses), that would then impact the health and/or GM of the host (Li
et al. 2019).

The natural isolated population of Seychelles warbler (Acrocephalus sechellensis) on
Cousin Island has been extensively monitored since 1997 (Komdeur 1992, Hammers et
al. 2019), and DNA samples, as well as the age, sex, status and territory, of nearly all
individuals are available from this time. This population harbours reduced genetic
variation as a result of a past genetic bottleneck (Spurgin et al. 2014). However, variation
still exists at neutral loci across the genome (Richardson et al. 2000) and also,
importantly, at both MHC-I (Richardson and Westerdahl 2003) and MHC-II (Hutchings
2009) loci, as well as at some TLR genes (Gilroy et al. 2017). This genetic variation has
been linked to differences in individual fitness. For example, genome-wide homozygosity
has been negatively linked to individual condition (Bebbington et al. 2016) and
reproductive success (Brouwer et al. 2007). Likewise, variation in the viral-sensing TLR3
gene has been linked to differential survival and reproductive success (see chapter 2).
Lastly, both a specific MHC-I allele, ase-ua4, and MHC-I diversity overall is positively
associated with survival (Brouwer et al. 2010) and extra pair paternity (Richardson et al.
2005). Whether there is functional variation at MHC-II in the Seychelles warbler, and if

this is linked to variation in fithess remains unresolved.

Here we aim to test whether immunogenetic variation is associated with individual GM
variation in the Seychelles warbler. Specifically, we test if bacterial diversity and
community composition are associated with individual MHC-l and MHC-II gene diversity,
or the presence of specific alleles at MHC-I, MHC-II genes or TLR3. It is difficult to make
clear predictions about how such associations may be structured. Individual GM diversity
could be negatively associated with immunogenetic variation (e.g., Bolnick et al. 2014),
if it enables hosts to recognise and eliminate more bacterial species overall, meaning

that a reduced diversity of mutualistic strains, or a few highly competitive strains, can
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proliferate in the gut. Alternatively, greater, or optimal, immunogenetic diversity may be
positively associated with GM diversity. This could occur via two different pathways. First,
directly, with greater immunogenetic diversity helping eliminate a greater number of
highly competitive (potentially pathogenic) bacterial taxa, while still allowing tolerance of
a network of commensal and mutualistic bacterial species. Second, indirectly with
greater, or optimal, immunogenetic diversity conferring increased fitness or host health,
which has often been associated with greater GM diversity in captive animals (Claesson
et al. 2012). We also predict that GM composition and diversity would differ with the
presence/absence of specific immune alleles, via differences in immunity and tolerance.
This is expected to be most marked for MHC-Il alleles as these are expressed
extracellularly on antigen-presenting cells that can extend into the gut lumen and so are

important in the recognition of gut microbes (Hooper et al. 2012).

4.3 Methods

4.3.1. Study species and sample collection

The Seychelles warbler is a small insectivorous passerine, endemic to the Seychelles
archipelago. They are facultative cooperative breeders, defending strict year-round
territories (Komdeur 1992). The population on Cousin Island (4°20’S,55°40’E; 0.29km?)
has been extensively monitored since 1985, increasing in intensity from 1997 onwards
(Komdeur 1992, Hammers et al. 2019). The Cousin Island population is small, with a
carrying capacity of around 320 adult individuals, existing in 115 territories (Komdeur
1992, Brouwer et al. 2009, Sparks et al. 2020) and there is virtually no migration to or
from Cousin (Komdeur et al. 2004). Individuals can live for a maximum of 19 years, with
a median post-fledgling lifespan of 5.5 years (Hammers and Brouwer 2017). A
comprehensive population census is conducted bi-yearly during the major breeding
season (June-September) in the south-east monsoon, and the minor breeding season
(January-March) in the north-west monsoon (Komdeur and Daan 2005). Territory quality
varies quantifiably within and between years (Komdeur et al. 2016); thus, it is possible
to separate the influence of environmental factors from host-intrinsic factors when

investigating GM variation at the individual level.

Individuals are either caught as chicks in the nest, or by mist net. At first catch, each bird
is given a metal British Trust for Ornithology (BTO) ring and a unique combination of
three colour rings, allowing them to be individually identifiable. Birds are aged based on

hatch date, behaviour or eye colour; grey eyes indicate (< 5 months), light brown eyes
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are sub-adults (5—12 months), and those with red-brown eyes are adults (>12 months)
(Komdeur 1992, Wright 2014). Blood samples (25 ul) are collected by brachial

venipuncture and stored in 0.8 ml of absolute ethanol at either room temperature or 4°C.

Caught birds were placed into a bag immediately following capture. In the first major
breeding season (2017) this was a cleaned cotton bag, however, for all following
seasons, birds were placed into a single use plastic-lined, flat-bottomed paper bag
containing a plastic tray covered by a metal grate according to an established protocol
(Knutie and Gotanda 2018). The metal grate and tray were sterilised with a 10% bleach
solution between use. Once individuals had defecated, or after a maximum of 30
minutes, individuals were removed from the bag. A sterile flocked swab was used to
transfer faecal material into a sterile microcentrifuge tube with 1 ml of absolute ethanol.
If the bird defecated outside of the bag/tray this was also collected providing it was
possible to do so in as sterile a manner as possible. Control samples from possible
contaminants such as the bag, grate, tray, and fieldworkers’ hands were taken
throughout the sampling seasons using the sterile flocked swabs. Faecal samples were
stored in the field at 4°C, before being transported to the lab where they were stored at

-80°C prior to extraction.

4.3.2 Molecular methods

Genomic DNA was extracted from blood using the DNeasy blood and tissue kit (Qiagen)
Individuals were genotyped at 30 polymorphic microsatellite loci (Richardson et al. 2001,
Sparks et al. 2020) and standardized individual microsatellite heterozygosity (Hs) was
calculated using the R 3.6.1 function Genhet 3.1 (Coulon 2010). Sex was determined via
PCR (Griffiths et al. 1998, Sparks et al. 2020). Variation at one non-synonymous SNP
within the leucine-rich repeat domain of TLR3 exon 4 was determined following chapter
2.

4.3.2.1 MHC sequencing and bioinformatics

In total 314 samples were MHC sequenced, including 229 samples from individuals
which had microbiome data and 31 samples from individuals previously MHC screened
at either MHC-I (Wright et al. 2014) or MHC-II (Hutchings 2009) using older techniques.
The remainder included 30 repeat samples, 23 negative controls (making up at least 5%
of each plate), and four samples (one per plate) from one great reed warbler

(Acrocephalus arundinaceus) individual to serve as a positive control.
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MHC-I exon 3 and MHC-II exon 2 were amplified using previously validated primer sets
(Richardson and Westerdahl 2003, Hutchings 2009) (Table 4.1), with the addition of
lllumina index sites. Additionally, six random hexamers (N) were added to the first round
PCR (PCR1) primers to increase diversity and improve cluster separation (Miya et al.
2015). The two primer pairs amplifying MHC-I each have a motif-specific primer situated
within exon 3, and one general primer situated in intron 3 and so amplify a 262 bp of the
full exon (274 bp). These primers had been designed to preferentially amplify functional
variants while avoiding known pseudogenes (Richardson and Westerdahl 2003,
Westerdahl et al. 2004). The primers for MHC-II, situated within the flanking introns 1
and 2 of exon 2, amplify a 291 bp fragment. These sequences were then edited to the
270 bp MHC-Il exon 2 (Hutchings 2009). The term ‘allele’ is used to describe the different
variants amplified for each class of MHC, consistent with other publications investigating
MHC diversity, however alleles cannot be assigned to specific (duplicated loci) loci within
each MHC class. Previously work suggests that in the Seychelles warbler there is a
minimum of four duplicated MHC-I loci and six MHC-II loci (Richardson and Westerdahl
2003, Hutchings 2009).

MHC class Primer name 5’ to 3’ sequence Direction
MHC-II exon 2 c033 CACCNCCTGACCTGTGTCC F
MHC-II exon 2 c043 CGAGGGGACAYGCTCTGCC R
MHC-I exon 3 HN36 TCCCCACAGGTCTCCACACAGT F
MHC-I exon 3 HN38 TCCCCACAGGTCTCCACACACG F
MHC-I exon 3 HN46 ATCCCAAATTCCCACCCACCTT R

Table 4.1: Primer sequences used for MHC sequencing. Degenerate bases are
shown according to IUPAC codes: Y = C/T, N = any base.

All gDNA was normalised to 10 ng/ul. PCR1 amplification occurred in a total volume of
20 pl and used 2 pl gDNA (20 ng), 2 ul of forward and reverse MHC specific primers (5
MM, Table 4.1), 10 pl of 2x Qiagen Multiplex PCR Master Mix (Qiagen) and 4 ul of sterile
double-distilled water. PCR1 conditions were as follows: 95°C for 15 minutes followed
by cycling (35x) conditions of 94°C for 30 seconds, 61°C for 90 seconds and 72°C for 60
seconds, and a final elongation step at 72°C for 10 minutes. Products were verified on a
1% agarose gel and cleaned using AMPure XP beads at a 1:1 ratio following the
Agencourt AMPure XP PCR Purification Kit protocol (Beckman Coulter Genomics,
Indianapolis) to remove primer dimers and nontarget DNA fragments. Purified products
were resuspended in 15 pl of low TE. Following this, cleaned PCR1 products from the

two MHC-I primer combinations (forward primers: HN36 and HN38, Table 4.1) were
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combined. Second round PCR (PCR2) amplification to add lllumina indexes occurred in
a total volume of 20 pl and used 8 ul of template (separately for pooled products from
PCR1 for MHC-I, and PCR1 products for MHC-II), 1 ul of Fi5 and Ri7 illumina indexes (2
pUM), and 10 ul of 2x Qiagen Multiplex PCR Master Mix (Qiagen). PCR2 conditions were
as follows: 95°C for 15 minutes followed by cycling (12x) conditions of 98°C for 10
seconds, 65°C for 30 seconds and 72°C for 30 seconds, and a final elongation step at
72°C for 10 minutes.

Peak distribution from products before and after PCR2 were checked using an Agilent
Tapestation 4200 (Agilent Technologies) with a subset of 8 samples to confirm barcodes
had been attached. Concentrations of all PCR2 products were then quantified using
QuantiFluor dsDNA kit (Promega) assay. Subsequently, MHC-I and MHC-II PCR2
products were separately pooled on an equimolar basis into groups of 24, resulting in a
total of 26 pools, each pool equalised to 80 ng in 20 ul. Pooled amplicons were cleaned
first with a 0.5 amplicon :1 bead ratio, and then again with a 1:1 ratio, of AmPure XP
beads and eluted with 20 ul of low TE. Each pool was quantified via gqPCR (Applied
Biosystems, California) using the KAPPA library quantification kit (Kappa Biosystem) and
checked using a Qubit™ 4.0 Fluorometer (Invitrogen, Carlsbad) with a Qubit dSSDNA BR
assay kit (Invitrogen, Carlsbad) before being pooled to create two pools (MHC-I and
MHC-II) both at 4 nM. Each final amplicon pool was purified, and size selected by Pippin
prep. Final concentrations were quantified with gPCR, and correct peak distribution
checked with the Agilent Tapestation 4200 (Agilent Technologies) before the MHC class
| and Il pools were combined at a 4 nM concentration for subsequent sequencing using

2x250 bp paired-end lllumina MiSeq (lllumina, San Diego).

Processing and MHC genotyping of raw lllumina MiSeq data was conducted using the
Amplicon Sequencing Assignment (AmpliSAS) tool (Sebastian et al. 2016). First,
FastQC was used to check read quality, before merging pair-ended reads together using
AmpliIMERGE (10,257,832 merged sequences). AmpliCLEAN was then used to remove
low quality reads (Phred score of <30) and those that were missing either primers or
barcodes (e.g., from residual PhiX). MHC-I and MHC-II sequences were separated at
this stage, resulting in 3,044,897 raw MHC-I sequences, and 6,144,575 raw MHC-II
sequences. Following this step, all downstream bioinformatics and analyses were
conducted separately for MHC-I and MHC-II. Cutadapt version 1.2.1 (Martin 2011) was
used to remove MHC specific primers, the six random hexamers and short reads
(<100bp). For MHC-II sequences, remaining intron regions were also removed, leaving
a 270bp fragment spanning the full exon. AmpliCHECK was used for preliminary data

exploration, using illumina based default settings. Lastly, AmpliSAS was used for



Chapter 4 |

demultiplexing, clustering, and filtering reads. First, a subset of 30 duplicated samples
were used to optimise parameters for MHC-I and MHC-II, testing both minimum
dominant frequency settings for the clustering step, and minimum amplicon depth for the
filtering step, as recommended in (Sebastian et al. 2016). Based on these results (Table
S4.1, S4.2) lllumina default clustering settings were used (1% substitution errors, 0.001%
indel errors, 25% minimum dominant frequency) for both MHC classes. For the filtering
step, chimeras and sequences that only appeared in one sample were removed, and the
minimum amplicon frequency was set as 1.6% for MHC-I, and 1.8% for MHC-II. This
resulted in 1,267,410 raw MHC-I sequences, and 1,385,049 raw MHC-Il sequences. Due
to computational limitations the MHC-II dataset was split into two halves and analysed
using AmpliSAS separately, before being combined using AmpliCOMBINE in the web
version of AmpliSAS.

For MHC-I, the majority of putative alleles were 262 bp, although three sequences <262
bp - that were not homologous to any known MHC gene when checked using blastn -
were present in >80% individuals. These shorter fragments were removed from
downstream analysis. The majority of MHC-II putative alleles were the full 270 bp length,
although there were also sequences between 267-269 bp which were similar to MHC
genes (see results). All MHC-IlI sequences <267 bp in length were not similar to any
known MHC genes and so were removed from downstream analysis as putative
sequencing artifacts. MHC-I and MHC-II putative alleles were first checked against all
known Seychelles warbler alleles. Any unknown putative alleles were then checked
against the GenBank (NCBI) nucleotide database (accessed on 25" June 2020) to
assess similarity to known MHC alleles from other related species. Additionally, samples
of insufficient read depth based on rarefaction curves were removed, which equated to
a minimum read depth of 150 per amplicon for MHC-I, and 100 per amplicon for MHC-
II. For 30 individuals sequenced twice for repeatability estimates, the sample with the
greatest read depth was retained. After processing, the total number of reads assigned
to an allele was 1,071,525 for MHC-I (mean £ SEM = 4391.5 + 149.3 per sample) and
1,123,211 for MHC-Il (mean £ SEM = 4603.3 + 888.2 per sample) in the Seychelles

warbler.

4.3.2.2. Microbial extraction, sequencing, and bioinformatics

In total 400 samples were sequenced across three sequencing runs (two plates per
sequencing run). This included 343 unique faecal samples (from 235 individuals), 14
control samples, including six extraction negative controls, four positive controls (using

a microbial community standard), and four sampling controls. Additionally, 43 faecal
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samples were sequenced twice (20 within the same run and 23 across different runs) to

determine sequencing repeatability.

Faecal samples were centrifuged for 10 minutes at 10,000 rpm and supernatant was
removed. To remove ethanol residue the resulting pellet was washed with 100 pl
RNase/DNA free molecular grade water by centrifuging at 10,000 rpm for 10 minutes.
Supernatant was then removed, and the washing step repeated a further two times.
Microbial DNA was then extracted from 0.05-0.1 g of each sample using the DNeasy
PowerSoil Kit (Qiagen), according to an optimised version of the manufacturer’s
instructions. Modifications included a heat block step (65°C for 10 minutes) prior to bead-
beating and elution of DNA in a final volume of 60 pl elution buffer. A ZymoBIOMICS
microbial community standard (D6300) was extracted as a positive control using a
ZymoBIOMICS DNA miniprep kit (Zymo Research), according to the manufacturer’s

instructions.

Extracted gDNA was quantified using a Qubit™ 4.0 Fluorometer (Invitrogen) with a Qubit
dsDNA HS assay kit (Invitrogen). Aliquots of gDNA were shipped on dry ice to the Centre
for Genomic Research, University of Liverpool for library preparation, pooling and
sequencing. Bacterial barcoding was performed with a 2-step amplification process
using the primers 515F (5'TGCCAGCMGCCGCGGTAAZ) and 806R
(5GGACTACHVGGGTWTCTAAT3’) (Caporaso et al. 2011) which amplify the V4 region
of the 16S rRNA gene. In brief, PCR1 amplification occurred in a total volume of 20 pl
and used 5 ng gDNA, 0.5 ul of forward and reverse 16S V4 specific primers (10 uM),
and 10 ul of 2x Kapa Hi Fi amplification mix. PCR1 conditions were as follows: 95°C for
2 minutes (hot start) followed by cycling (15x) conditions of 98°C for 20 seconds, 65°C
for 15 seconds and 72°C for 30 seconds. Reactions were finished with a 72°C incubation
for 5 minutes. PCR products were cleaned using AMPure beads at a 1:1 ratio and
resuspended in a total volume of 9 yl. PCR2 amplification occurred using 0.5 ul of the
forward i7 and reverse i5 primers (as in MHC methods) using the same conditions as
PCR1, but with 20 cycles. PCR2 products were again cleaned with a 1:1 ratio of AMPure
beads. Concentrations of each pool were quantified using a Qubit Fluorometer and the
correct peak distribution was checked with the Agilent Bioanalyzer DNA HS chip. PCR2
Products were then pooled on an equimolar basis. The amplicon pool was purified, and
size selected by Pippin prep, then checked via qPCR before sequencing using 2x250 bp
paired-end lllumina MiSeq (lllumina, San Diego).

For each lllumina run, raw reads were first trimmed using Cutadapt 1.2.1 (Martin 2011)

to remove lllumina adapter sequences. Reads were further trimmed using Sickle 1.200
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with a minimum window quality score of 20, resulting in totals of 12,308,047, 9,397,303,
9,831,508 demultiplexed reads for the three runs (mean + SEM per sample: 102,567.1
+10454.8,67,123.6 £ 6633.1, 70,225.1 £ 5423.5). Sequences were then analysed using
QIIME2 2019.10 (Caporaso et al. 2010). Based on overall quality scores the first 10
bases of each read were trimmed, and sequences truncated to 210 bp for both forward
and reverse reads. The DADA2 plugin 2019.10.0 was used to join paired-end reads,
denoise, remove chimeras and residual PhiX reads, dereplicate and call amplicon
sequence variants (ASVs) (Callahan et al. 2016, Callahan et al. 2017). Following this,
results from the three separate runs were merged, resulting in a total of 22,997,693 reads
(mean £ SEM per sample: 57,494.3 + 3424.8) with 36,182 ASVs. A mid-point rooted
phylogeny was then constructed using the masked alignment MAFFT (Katoh et al. 2002)
and the Fast Tree approach (Price et al. 2009). Taxonomic assignment of ASVs was
performed by training a naive-Bayes classifier on the SILVA 132 16S dataset using 99%
sequence similarity (Quast et al. 2012, Yilmaz et al. 2013). Plastid-like sequences and
archaeal sequences were removed, as well as singletons which likely represent
sequencing errors. Additionally, two ASVs — one from the genus Defltia (relative
abundance of 90.5% in a negative extraction control from the first run) and one from the
genus Limnobacter (relative abundance of 99.9% in a negative extraction control from
the third run) were removed as probable contaminants. This resulted in a total of
21,904,965 reads (mean = SEM per sample: 54,899.7 + 3429.5) with 35,428 ASVs. The
final sample metadata, ASV and taxonomy tables were all exported from QIIMEZ2 into R
3.6.1 where they were processed using phyloseq 1.28.0 (McMurdie and Holmes 2013).
Sample completeness and rarefaction curves were generated using INEXT 2.0.20 (Hsieh
et al. 2016); completeness plateaued at approximately 10,000 reads and samples with
fewer reads were excluded from downstream analyses. Following sequence processing,
34 samples (including all six negative extraction controls) were removed from
downstream analysis due to insufficient read depth. Overall, 320 unique samples (93%)

remained from 224 individuals.

The repeatability of GM sequencing was tested by comparing the 37 samples that were
sequenced multiply within and across sequencing runs. Dissimilarity between pairs of
samples were compared using one metric of alpha diversity (the Shannon diversity
index), and two metrics of beta diversity (unweighted and weighted UniFrac of between

and within duplicated samples) using Kruskal-Wallis tests.

4.3.3. Statistical analysis

Unless otherwise stated, all analyses were conducted in R 3.6.1.
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To characterise the Seychelles warbler GM, samples sequenced twice for repeatability
analysis were filtered such that only the sample with the greatest read-depth was
retained for downstream analysis. Samples collected from the same catch were also
filtered to retain a single sample based on their potential exposure to external
contamination i.e., samples collected from cleaned trays were prioritised over those
collected from other substrates, then the sample with the highest read depth was
prioritised. The removal of sample and catch duplicates resulted in 281 samples (from
224 individuals). For all alpha diversity, beta diversity and differential abundance
analyses, microbiome samples taken from chicks were excluded due to a small sample
size (n = 11). Individuals with incomplete MHC genotype data (n = 25) were also
excluded. Lastly, to prevent pseudo-replication, a single sample was selected at random
for each individual that had multiple samples taken from different catches, giving an
overall sample size of 195 samples from 195 individuals from Cousin Island. This
resulted in a total of 10,998,587 reads (mean + SEM per sample: 56,403 + 4181.0) with
35,428 ASVs in the un-rarefied dataset.

4.3.3.1. Alpha diversity

All 195 samples were rarefied to a depth of 10,000 reads, based on sample
completeness curves, leaving a total of 1,950,000 reads and 27,861 ASVs across
samples in the rarefied dataset. Analyses were run using both rarefied and non-rarefied
data, however, as results were comparable between datasets and library size was highly
variable across samples, only the outcome of models using the rarefied dataset are
presented here. Three metrics of alpha diversity were calculated: Chao1 (Chao 1984) (a
measure of microbial species richness), Shannon diversity index (Shannon 1948) (a
measure of species richness, taking into account sample evenness), and Faith’s
phylogenetic diversity index (Faith 1992) (a measure of the phylogenetic diversity of a
sample). Chao1 and Shannon diversity indices were calculated using phyloseq 1.28.0
(McMurdie and Holmes 2013), and Faith’s phylogenetic diversity was calculated using
btools 0.0.1 (Battaglia 2018). Both Chao1 and Faith’s phylogenetic diversity were log-

transformed to improve residual fit.

Linear models with a Gaussian distribution were constructed using gimmTMB 0.2.3
(Brooks et al. 2017) to determine whether the alpha diversity of the GM differed with: 1)
the presence or absence of individual immune genes, and 2) immune gene diversity. The
first set of models contained the presence or absence of all MHC-I and MHC-II alleles
that were present in at least 15% of sampled individuals, and that were the correct length

(see above). This included the following alleles: Ase-ua1/10, Ase-ua3, Ase-ua4, Ase-
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uab, Ase-uab, Ase-ua7, Ase-ua8, Ase-ua9, ASe-ual1, Ase-dab3, Ase-dab4, Ase-dabb.
The second set of models contained MHC-I diversity, MHC-II diversity and a squared
term for both of these terms, since optimal, rather than a greater diversity of MHC alleles
could be more beneficial (Nowak et al. 1992) and may result in optimal GM alpha
diversity. Both sets of models also included individual heterozygosity (Hs), and TLR3
genotype (TLR3*, TLR3"C or TLR3°°). The following factors were also included in all
models; field period sampled (major 2017, major 2018 or minor 2018), sex (male,
female), age (fledgling, old fledging, sub-adult or adult), as these have been shown to be
important factors in determining GM variation in other wild studies. Alpha diversity
(Shannon, logChao1, or logFaith) was entered as the response variable. In all models,
continuous factors were standardised (scaled and centred) using arm 1.10-1 (Gelman et
al. 2018). All biologically relevant interactions were initially included in models but were
removed prior to model averaging to prevent model over-parametrisation as all were
non-significant (P < 0.1). Field season and territory quality were correlated (linear model;
F2185 = 117.2, P < 0.001), and so only field season was included in the models.
Collinearity between independent variables was tested using variance inflation factors
with an upper limit of three. Collinearity between the presence and absence of immune
alleles was further assessed using GGally 2.0.0 (Schloerke et al. 2011). The alleles Ase-
ua1 and Ase-ua10 were perfectly correlated, and so only Ase-ua? was included in the
analysis. DHARMA 0.2.4 (Hartig 2017) was used to confirm that there was no over or
under dispersion, or residual spatial or temporal autocorrelation in the models. Model
averaging - an information-theoretic approach using the dredge function in MUMIn 1.43.6
(Barton and Barton 2019) - was used to select plausible models. All models within seven
AlCc of the top model were included in the averaged model, to get the final conditional

model (Burnham, Anderson et al. 2011).

4.3.3.2. Beta diversity

The unrarefied dataset was further filtered to remove ASVs which appeared in fewer than
five samples, and that had a total read depth of <50 across samples, based on an
assessment of overall ASV prevalence and abundance (Fig S4.1. Overall, 1,944 out of
35,428 ASVs were retained following filtering. To account for uneven sequencing depth
across samples, reads were normalised using the cumulative sum scaling function
(Paulson et al. 2013a) in metagenomeSeq 1.26.3 (Paulson et al. 2013b). Two beta
diversity metrics which incorporate phylogenetic distance were then calculated using
phyloseq 1.28.0 (Lozupone et al. 2006); these were unweighted UniFrac distance (based
on the presence/absence of microbial taxa) and weighted UniFrac distance (a
quantitative measure which also accounts for differences in the abundances of microbial

taxa) (Lozupone et al. 2007). Marginal Permutational Analysis of Variance tests
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(PERMANOVAs) were used to assess whether GM community composition differed with
immune gene characteristics, using the adonis2 function in Vegan 2.5.6 (Oksanen et al.
2007) with 10,000 permutations. As with alpha diversity models, two sets of
PERMANOVA tests were constructed for each beta diversity metric, with the first set of
models including the presence/absence of MHC alleles, and the second set of models
including MHC diversity, other variables were included as in alpha diversity models. To
clarify whether significant differences detected in PERMANOVA tests were caused by
differences in mean values, rather than variation in dispersion across groups (Anderson
2001), homogeneity of group dispersions was tested using the betadisper function in
Vegan 2.5.6 (Oksanen et al. 2007). Principle coordinate analysis (PCoA), based on
weighted and unweighted UniFrac distances, was used to visualise the differences in

composition between groups.

4.3.3.3. Differential abundance analysis

To assess whether particular ASVs were differentially abundant between groups of
individuals with different immune gene characteristics, DESeq2 1.24.0 (Love et al. 2014)
was used. For this analysis, unrarefied reads were filtered but untransformed, as DeSeq2
uses its own variance stabilising transformation to account for variation in library size
across samples. DeSeq2 estimates the log2-fold change in microbial abundance
between sample groups, using a negative binomial distribution to model ASV counts.
Only variables that were associated with significant compositional shifts in PERMANOVA
tests (see above) were included in this analysis to avoid over-parametrization (Table
S4.3). To account for the large number of zero counts for individual ASVs, the poscounts
estimator was included when estimating size factors. Differential ASV abundance was
assessed using negative binomial Wald tests and P values were adjusted using the
Benjamini and Hochberg false-discovery rate correction, with a significance cut-off of P
<0.01. Two ASVs did not converge due to a high number of zero counts across samples;

these were removed from the analysis.

4.4 Results

4.4.1. Seychelles warbler GM profile

The overall profile of the Seychelles warbler GM was similar to other passerine bird

species (Kropackova et al. 2017). A total of 40 bacterial phyla were identified across the

281 samples, however, of these, Proteobacteria (42% of total reads), Firmicutes (22%)

and Actinobacteria (17%) dominated, with all other phyla being present at lower relative
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abundances (summing to <5% of the total read count). The dominant bacterial classes
were Gammaproteobacteria (25%), Alphaproteobacteria (16%), Actinobacteria (16%),
Bacilli (16%) and Clostridia (6%) (Fig 4.1).

The core microbiome was further characterised at the family level by extracting bacterial
families that appeared in at least 50% of samples with a minimum relative abundance of
0.1%. This resulted in the detection of 28 core families, with ASVs from these families
making up 74% of all reads. Of the core families, eight were present in at least 80% of
samples, and four accounted for >5% of all reads; this latter group consisted of
Enterobacteriaceae (23% of total reads), Streptococcaceae (10%), Rhizobiaceae (6%)
and Enterococcaceae (5%). Of the assigned genera, 20 were present in at least 50% of
samples and ASVs from these genera made up a total of 28% of all reads. However, of
these, only two genera (Microbacterium and Enterococcus) were present in more than

80% of samples.

Despite the presence of a core microbiome, the abundance of individual bacterial taxa
was highly variable across individuals (Fig 4.1). Additionally, there was considerable
individual variation in alpha diversity when measured as Chao1 (mean = 323.2 + 14.63
SEM), Shannon (mean = 4.0 £ 0.07), and Faith’s phylogenetic diversity (mean = 18.8
0.62).

Repeatability of GM sequencing was tested using three metrics of diversity (Shannon,
unweighted, and weighted UniFrac). Between-sample comparisons, i.e., pairwise
distances between different samples, were significantly greater (or more dissimilar) than
for within-sample comparisons, i.e., pairwise distances when gDNA from the same
sample had been sequenced twice (n = 37, P < 0.001) (Fig S4.2).

4.4.2. MHC characteristics

244 individuals were successfully genotyped at MHC-I exon 3 and MHC-Il exon 2 genes.
The repeatability of MHC-I genotypes was 95.0% and repeatability of MHC-Il was 90.1%,
based on 26 and 24 duplicate samples respectively (Table S4.1, S4.2). The great reed
warbler positive control sample had four MHC-I and four MHC-II alleles — all of which
mapped with 100% similarity to previously sequenced great reed warbler MHC alleles.
Barring one MHC-I sample, which was adjacent to a positive control sample during
sequencing and was subsequently removed from the analysis, no other Seychelles

warbler samples contained these alleles.
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On average, individuals had 5.0 MHC-I alleles: 2-7 alleles per individual. Of these, 10

MHC-I alleles were present in >5% but <95% individuals, and another 10 were present
in 5% of individuals (Fig 4.2). Comparing these 20 alleles to previously sequenced data
(Richardson and Westerdahl 2003) nine of the ten common alleles matched previously
sequenced alleles, with an average of 98% sequence similarity. One allele, Ase-uaZ2,
was not present in the current sequencing cohort. When comparing 29 individuals also
genotyped using reference strand-mediated conformation analysis (Wright, Spurgin et

al. 2014) and excluding Ase-uaZ2, there is 95% similarity between genotyping methods.

Including all MHC-II alleles, individuals had on average 5.8 alleles (range 3-11) out of a
total of 24 alleles (Fig 4.2a). However, of these 24 MHC-I| alleles, only 14 were of the full
exon length (270 bp), six alleles had a 1 bp deletion (269 bp in length), two alleles had a
2 bp deletion (268 bp) and two alleles had a 3 bp deletion (267 bp). Of the 10 alleles
which contained indels, three of these also contained stop codons, and all were missing
the Cys74 residue, which along with Cys10 residue creates a disulfide bridge which is
important for conformation of the mature MHC protein, therefore, these alleles were
removed as putative pseudo or non-functional alleles. Concentrating on putative
functional MHC-II alleles, there were 2.9 alleles on average per individual (range from 1-
5 alleles per individual). Of these only 3 were present in >5% but < 95% of individuals
(Fig 4.2b). Of the other putatively functional alleles, 2 were present in virtually all

individuals, while 9 alleles were at a frequency of <5%.

For downstream analysis only alleles of the full, correct length (i.e., MHC-I: 262 bp, MHC-
II: 270 bp) were included when calculating diversity or for presence/absence.
Additionally, for the presence/absence of alleles, only alleles present in >5% but <95%
of individuals were included. Of those alleles included in the final presence/absence
analyses, all 10 of the MHC-I and three of the MHC-I| alleles translated into unique amino

acid sequences.

4.4.3. The effect of MHC and other host variables on GM alpha diversity

The presence of four MHC alleles was associated with reduced diversity and richness
of the GM (Fig 4.3). Individuals with the Ase-ua5 allele had significantly lower alpha
diversity for all calculated metrics, compared to individuals without a copy (Table S4.3,
Fig 4.3), indicating that Ase-uab negatively influences the richness, evenness and the
phylogenetic diversity of the GM. Presence of the Ase-ua3 allele was also associated
with a decrease in both Shannon diversity and Chao1 richness (Table S4.4a, Fig 4.3),

but there was no significant difference in the phylogenetic diversity of the GM between
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Fig 4.2: Variation in MHC-I exon 3 and MHC-Il exon 2 in 244 Seychelles warblers. Each
bar represents the frequency (%) of each A) MHC-I allele and B) MHC-II allele. Colours
in bars represent MHC alleles included (in yellow) or not included (in purple) in
presence/absence analysis. Dashed lines indicate 5% or 95% frequency cut offs.

individuals with or without the Ase-ua3 allele (Table S4.4a, Fig 4.3). Presence of the
Ase-ua4 allele was associated with reduced GM richness (Table S4.4a, Fig 4.3) and
this effect was approaching significance when taking phylogenetic diversity into
account (logFaith’s phylogenetic diversity: P = 0.059, Table S4.4a, Fig 4.3). None of
the remaining MHC-I alleles or the TLR3 genotype were associated with alpha diversity
metrics (Table S4.4a, Fig 4.3). Likewise, the majority of MHC-II alleles were not
associated with changes in GM diversity. However, the presence of one allele, Ase-
dab4, was associated with a reduction in Shannon diversity (Table S4.4a, Fig 4.3), but
not Chao1 richness or Faith’s phylogenetic diversity (Table S4.4a, Fig 4.3). There was
no significant effect of MHC-I or MHC-II diversity, or diversity? on alpha diversity (Table
S4.4b). In contrast, individual heterozygosity was positively associated with Shannon
diversity (Fig 4.3e, Table S4.4a, Fig 4.3), but not Chao1 or Faith’s phylogenetic

diversity, though these both show the same pattern.
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Fig 4.3: Effects of the presence of specific MHC alleles, TLR3 genotype and genome-
wide heterozygosity and other host variables on alpha diversity in 195 Seychelles
warblers. Alpha diversity metrics are A) Shannon diversity, B) Chao1, and C) faiths
phylogenetic diversity. Estimates and standard errors are plotted based on linear
conditional mode- averaged estimates. An estimate size >0 indicates increased alpha
diversity, while <0 indicates decreased alpha diversity. Significant terms (P < 0.05) are
highlighted in purple, and terms approaching significance (P < 0.1) are indicated with a
purple point. Estimates are in reference to MHC allele = Absent, TLR3 genotype =
TLR3™, Sex = Female, Age class = fledgling, Field period = Major 2017.

In regard to other factors, males had a borderline tendency to have reduced richness
compared to females (logChao1 P = 0.062, logFaith P = 0.066, Table S4.4, Fig 4.3).
There was also an association between age and GM diversity, with old fledglings having
reduced Shannon diversity and Chao1 richness compared to all other age classes (Table
S4.4, Fig 4.3), although the phylogenetic diversity of the GM did not change between
age classes (Table S4.4, Fig 4.3). There was no association between GM diversity and
field period (Table S4.4a, Fig 4.3), suggesting that environmental variation across field
periods had little influence on the observed variation in alpha diversity values across

individuals.
4.4.4. The effect of host variables on GM composition

In addition to effects on alpha diversity, compositional differences in the GM of individuals

with, or without, specific MHC-I alleles were identified, although these alleles were not
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the same as those associated with shifts in GM alpha diversity. PERMANOVA tests
showed that the overall composition of the GM was significantly different for individuals
with the Ase-ua11 allele versus those without it (Table S4.3, Fig 4.4a). GM composition
was also significantly different for individuals possessing either the Ase-ua7 allele (Table
S4.3, Fig 4.4b) or the combined Ase-ua1/10 alleles (Table S4.3, Fig 4.4c) compared to
individuals without these alleles, but only when weighted UniFrac distances were used
as a beta diversity metric. None of the differences detected in PERMANOVA tests were
due to differential dispersion (All betadisper tests: P > 0.05), indicating that results
reflected differences in mean values across groups. However, although statistically
significant, the presence and absence of specific alleles only explained between a
minimum of 0.4% and a maximum of 1.7% per allele of the variation in GM composition,
suggesting that each allele only had a small individual influence on GM composition
overall (Table S4.3). The remaining MHC-I and MHC-II alleles, as well as MHC-| and
MHC-II diversity (or diversity?) had no effect on GM composition (Table S4.3).
Additionally, TLR3 genotype and Hs were not associated with any of the beta diversity
metrics (Table S4.3).

Looking at other host factors, age class was associated with a compositional shift in the
GM, in PERMANOVA'’s based on unweighted UniFrac distances (Table S4.3), explaining
1.9% of the variance in GM composition. Based on the Principal Coordinate analysis
plots, this difference was due to old fledglings being slightly more differentiated
compared to other age classes (Fig S4.3). However, this effect was absent in models
based on weighted UniFrac which takes the abundance of ASVs into account (Table
S4.3). This suggests that the changes in composition with age class may be due to
differences in the presence/absence of different bacterial taxa in the GM, rather than
differing abundances of these taxa. There were no differences in beta diversity between
males and females (Table S4.3). Focusing on the influence of extrinsic factors on the
GM, there were significant compositional differences in the GM between field periods
which overall explained either 1.7% or 2.0% variance for unweighted and weighted

UniFrac distance, respectively (Table S4.3).

4.4.5. The influence of host variables on the abundance of specific ASVs

The correlated Ase-ua1/10 alleles were associated with the greatest change in ASV

abundance, with 32 ASVs (across 15 orders) being significantly more abundant when
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the alleles were absent and 70 ASVs (across 33 orders) being more abundant when they
were present (Fig 4.5c). Fewer taxa were differentially abundant between groups of
individuals with/without Ase-ua71. In this instance, 32 ASVs (across 17 orders) were
significantly more abundant when the allele was absent, and 12 ASVs (across 7 orders)
were more abundant when the allele was present (Fig 4.5a). Overall, 29 ASVs were
significantly more abundant when the allele Ase-ua7 was present and 22 ASVs were

more abundant when the allele was absent (Fig 4.5b).

Many ASVs were significantly more abundant in old fledglings when compared to
fledglings (149 of the 175 differentially abundant taxa were more abundant in old
fledglings, Fig S4.4), sub-adults (133 out of 190 taxa), or adults (169 out of 188 taxa). In
comparison, the numbers of differentially abundant taxa between other age groups were
more even (fledglings compared to sub-adults: 55 compared to 48; fledglings compared
to adults: 22 compared to 35; sub-adults compared to adults: 104 compared to 22, Fig
S4.4).

Concentrating on extrinsic associations with GM, 229, 225, and 146 ASVs differed
significantly in abundance between the three field periods (Fig S4.5). The majority of
ASVs were overrepresented in the minor 2018 season compared to either major season
(166 in the Minor 2018 compared to 59 in the Major 2017 season, and 192 in the minor
2018 season and 37 in the major 2018 season). Of these, 150 ASVs from the minor

season were differently abundant across analysis.

4.5. Discussion

In this study we have screened both the GM variation and the MHC class | and Il
characteristics of individuals in a natural population of the Seychelles warbler. This has
also allowed us to test how individual immunogenetic variation - i.e., MHC genes and the
TLR3 loci - is linked to the bacterial diversity and composition of the GM. Our results
indicate that presence of certain MHC alleles within an individual, result in differences in
the bacterial diversity within the GM (specifically, four out of the 13 tested MHC alleles
are associated with lower diversity). Furthermore, the presence/absence of four
(different) MHC-I alleles was linked to differences in GM composition, including the
differential abundance of certain bacterial taxa. While we found no effect of MHC
diversity or TLR3 genotype on GM diversity or composition, we did find a positive

association between individual genome-wide heterozygosity and bacterial GM diversity.
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Lastly, several other extrinsic and host specific variables were also associated with GM

characteristics, namely sex, age and sampling period.

4.5.1. MHC variation in the Seychelles warbler

Although previous studies have already characterised MHC variation in the Seychelles
warbler (Richardson and Westerdahl 2003, Hutchings 2009), here we screened variation
at the MHC-I exon 3 and MHC-Il exon 2 genes using next-generation sequencing for the
first time. We found reduced functional allelic diversity at MHC-II compared to MHC-I,
consistent with what has been found in other passerines (Minias et al. 2018). Previous
studies on the Seychelles warbler have provided evidence that balancing selection has
maintained variation at both the MHC-I (Richardson and Westerdahl 2003) and MHC-II
(Hutchings 2009). However, the latter study —did not resolve individual MHC-II
characteristics because of difficulties with the cloning and reference strand-mediated
conformation analysis techniques used. In the present study we are able to confirm
(class-l) and fully characterise (class-Il) individual MHC variation. Our results, showing
that variation has been maintained at both sites in this species, despite reduced genome-
wide variation (Spurgin et al. 2014), supports the idea that balancing selection could be
maintaining variation at both MHC classes. Given the MHCs role in pathogen detection,
this is likely to be pathogen-mediated selection. Previous work on the Seychelles warbler
has found only one MHC-I allele, Ase-ua4 predicts survival (Brouwer et al. 2010). Fitness
associations with MHC-II have not yet been explored. Though, as survival is a definitive
measure, which can be confounded by factors other than an individual’s fitness, such as
stochastic mortality, it could be that we are missing more minimal detrimental costs of
MHC variation. Correlating non-lethal accumulative costs with MHC variation would
provide more resolution of the impact of immunogenetic variation on individual fitness,

and if this could in part, be driven by pathogen-mediated selection.

We detected a number of non-functional MHC-II alleles (with stop codons, or frameshift
deletions) at relatively high frequency. Although such pseudogenes are not uncommon
in passerines (Westerdahl 2007) these alleles had as high variability and frequency as
the putatively functional MHC-II alleles, suggesting drift, as well as balancing selection,
could still be playing a large part in driving variation at MHC-II. We did not detect any
non-functional alleles in MHC-I, likely because the primers were designed to avoid the

amplification of pseudogenes (Westerdahl et al. 2004).

4.5.2. Does MHC variation shape GM variation?
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We found that the presence of three (out of 10) MHC-I alleles (Ase-ua3, Ase-ua4, Ase-
uab), and one (out of three) MHC-II allele (Ase-dab4) were negatively associated with
GM diversity. All three MHC-I alleles were consistently associated with a reduction in GM
bacterial richness and Ase-uab was additionally associated with reduced phylogenetic
diversity in the GM. This suggests that these alleles may lead to the selective elimination
of certain bacterial taxa from the gut, but the tolerance of a reduced community of species
with a narrower phylogenetic range. This is similar to the findings of another study which
identified MHC-II motifs associated with reduced GM diversity in wild threespine
sticklebacks (Bolnick et al. 2014). It is likely that MHC-II alleles - such as Ase-dab4 in
the Seychelles warbler - directly impact GM diversity, since MHC-II molecules are
produced in antigen-presenting cells, which are abundant in the lamina propria behind
the gut epithelium (Hooper et al. 2012). Such dendritic cells can extend between
epithelial cells and phagocytose particles, including microbes, from the gut lumen (Niess
et al. 2005). Antigens from these microbes are then exported to the cell surface by MHC-
Il molecules, so that they can be presented to B- and T-cell populations (Hooper and

Macpherson 2010) and thus instigate an immune response.

Our study expands on previous work by also investigating how variation at MHC-I genes
may impact GM variation. To our knowledge it is the first-time individual MHC-I variation
has been shown to be associated with differences in GM characteristics in a wild
population. MHC-I molecules typically respond to intracellular pathogens, rather than
extracellular microbes and play a central role in anti-viral and anti-tumour immunity
(Hughes and Yeager 1998). As such we would not necessarily expect them to recognise
bacterial antigens, although cross reactivity via the presentation of exogenously derived
antigens can occur (Ackerman and Cresswell 2004). Alternatively, MHC-| variation may
indirectly affect GM characteristics by impacting other aspects of the host’s health and
physiology. In the Seychelles warbler we know that a specific MHC-I allele (Ase-ua4) is
linked to differential survival (Brouwer et al. 2010) and, although we do not know what
drives this effect (i.e., we have not identified the host-pathogen interaction responsible),
any such interaction could also shape changes in the GM. In our study, Ase-ua4 allele
was associated with a reduction in GM richness but did not significantly change the
composition of the GM. Numerous studies have linked MHC-| variation and susceptibility
to malarial infection in passerines (Westerdahl et al. 2005, Biedrzycka et al. 2018) and
other taxa (Hill et al. 1991). Malaria infections can alter the GM, via disruption to immune
homeostasis (Mukherjee et al. 2020). Pathogen screening of the Seychelles warbler has
identified a single strain of Haemoproteus nucleocondensus (Fairfield et al. 2016), but
no evidence of gastrointestinal macroparasites (Hutchings 2009). Although the malarial

strain is not highly pathogenic in the Seychelles warbler (Hammers et al. 2016) it likely
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has some impact on individual condition and fitness across the lifespan - as shown in a
close congener (Asghar et al. 2015). In the Seychelles warbler malarial infection has
been linked to more rapid telomere shortening (Brown et al. 2021), although not reduced
survival (Hammers et al. 2016). Thus, it is possible that a malarial-host MHC interaction
can consequently impact the host GM. Alternatively the MHC-I may alter an individual's
susceptibility to other, as yet unidentified pathogens, such as viruses, that could in turn,
drive differences in the diversity of the GM (Rosshart et al. 2017, Li et al. 2019).

Given the negative, but lack of positive, associations identified between MHC alleles and
GM alpha diversity, it is surprising that there was no significant effect of overall MHC
diversity on the GM. One might expect the cumulative negative effect of each of those
alleles (Fig 4.3) to cause at least a weak negative correlation between MHC and GM
diversity. However, given the multitude of factors involved in determining both the host
GM and immune response, this lack of association between MHC diversity and GM could
simply be due limited power to detect weak effects, as is often the case when examining
associations between immunocompetence and MHC variation (Gaigher et al. 2019).
Assessing how the functional divergence of MHC alleles within an individual — which
provides information about the range of antigens that can be detected (Wakeland et al.
1990) - rather than just the number of MHC genes has provided additional resolution in
other MHC studies e.g. (Pineaux et al. 2020). This approach could provide extra clarity,
particularly when considering the diversity of bacterial taxa that are present within the
GM.

We also observed compositional differences in the GM associated with four MHC-I
alleles (Ase-ua7, Ase-ual1, and the linked Ase-ua1/10 alleles) but no MHC-II alleles.
These alleles were different to those negatively associated with GM alpha diversity.
Changes in GM composition linked to these MHC-I variants may not have translated into
changes in alpha diversity because similar numbers of taxa, at comparable abundances,
can be present overall, even with compositional shifts. It is likely that MHC-I genes are
having an indirect, rather than direct effect on GM composition (see discussion above).
The biggest compositional shift, causing the greatest number of differentially abundant
ASVs, was associated with the co-occurring Ase-ua1/10 allele combination. This is
perhaps not surprising as individuals with both of these alleles would be able to recognise
a larger number of antigens, thus providing a broader immune response compared to a
single allele. However, the presence/absence of the Ase-ua1/10 alleles only explained
0.5-1.4% (depending on the metric of beta diversity) of the variance in GM composition,

suggesting each allele only has a relatively small impact on the GM overall.
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Several ASVs were not assigned beyond the level of bacterial family and many bacterial
taxa have not been fully characterised, making it difficult to draw conclusions about the
functional significance of compositional changes for the host. However, there were
several potentially interesting, shared candidate taxa that were differentially abundant
between individuals with/without the Ase-ua1/10 and Ase-ua1 alleles. For example,
individuals with these alleles had greater abundance of ASVs from the order
Lactobacillales, a lactic acid producing bacteria, generally thought to be beneficial
members of the GM. Indeed, members of this order are used as probiotics in poultry
farms to boost the immune response of chickens (Brisbin et al. 2011). Although the ASVs
present were largely different between individuals with Ase-ua1/10, and Ase-uai1
alleles. In contrast, individuals with the Ase-ua1/10 and Ase-ua1 alleles had reduced
abundance of ASVs from Bacteroidales, an order commonly associated with chronic
intestinal inflammation (Zitomersky et al. 2013). Two of these ASVs were from the genus
bacteroides; while species from this genus can be mutualistic, opportunistic pathogenic
infections can occur in humans and other animals (Wexler 2007). The third ASV was
from the genus Alistipes, which has a pathogenic role in various diseases (Parker et al.
2020), this was only differentially abundant for individuals with the Ase-ua1/10 alleles.
The patterns of change associated with Ase-ua7 were different to those arising from the
presence/absence of Ase-ua1/10 and Ase-ua11, with fewer ASVs from the orders
Lactobacillales and Bacteriodales differentially abundant. Instead, several ASVs in the
order Clostridiales were significantly more abundant when the Ase-ua7 allele was
present (and less abundant when the Ase-ua11 or Ase-ua1/10 alleles were present),
suggesting that this order could have been selectively tolerated, or that ASVs in this

order proliferated when other competing taxa were removed.

Cumulatively, the variance in composition explained by overall MHC allele presence or
absence was 6.3% or 9% when unweighted or weighted UniFrac were used,
respectively. Although this is low, it is not unusual when looking at factors causing
compositional changes between individuals within a single population e.g.,
environmental and host factors explained between 0.4 — 10% variance in a population of
North American red squirrel (Tamiasciurus hudsonicus) (Ren et al. 2017). Even sampling
period, the most significant predictor of beta diversity in our study, only explained around
2% of variation in the GM. One explanation for the low level of explained variance, could
be due to a greater presence of transitionary microbiota in the avian gut (Song et al.
2020). Adaptations for flight have placed constraints on avian morphology, one of which
is a comparatively shorter gut and, consequently, shorter food retention times (Caviedes-
Vidal et al. 2007); this may constrain the potential for adaptation of bacterial species to

the avian gut and to variation in host ecology. A second explanation is that if a large
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number of bacterial taxa carry out the same function in the host gut, there could be a
high turn-over of species without any consequences for the host (Huttenhower et al.
2012). This can give rise to high inter-individual variation in the GM and may explain why
the variables analysed here (or indeed in most within population studies of the GM e.g.,
(Bolnick et al. 2014, Ren et al. 2017)) explain a low proportion of the overall variance.
Indeed, functional diversity in GM may be more important than species diversity;
differences in GM characteristics associated with host variables, do not necessarily
equate to a biologically difference in microbial function between individuals (Louca et al.
2018). To address this, future work incorporating metagenomic analysis would allow
greater resolution of bacterial species and an accurate assessment of the functional

composition of the GM (Ranjan et al. 2016).

The GM may also be affected by the innate immune response (underpinned by genes
such as the toll-like receptors), as well as the acquired immune response (Thaiss et al.
2016), However, we detected no effect of TLR3 genotype on the GM in the Seychelles
warbler - one of the few TLRs to have functional variation in this system (Gilroy et al.
2017). This is perhaps not surprising given TLR3’s role in recognising viral dsRNA
(Barton 2007) rather than any bacterial conserved structures. Although, as the influenza
A virus causes changes in the cloacal microbiome in wild waterfowl (Ganz et al. 2017),
it is possible that TLR3-viral interactions could have led to indirect effects on the GM in
the present study. Not least as variation in TLR3 is significantly associated with survival

and reproductive success in the Seychelles warbler (chapter 2).

Individual heterozygosity (Hs) was positively correlated with GM bacterial richness in the
Seychelles warbler, though this was not associated with differences in GM phylogenetic
diversity or composition. A decrease in individual heterozygosity (or increase in
homozygosity) may reflect increased inbreeding. In the Seychelles warbler increased
inbreeding has been linked to individual condition, via reduced telomere length
(Bebbington et al. 2016), and reproductive success, with maternal homozygosity
negatively predicting offspring survival (Richardson et al. 2004, Brouwer et al. 2007) in
this species. This suggests we may be detecting an overall indirect effect of increased
inbreeding, resulting in decreased fitness or health of individuals, which in turn negatively
impacts GM diversity (Grosser et al. 2019). Although it is also possible this association
could be driven by a direct effect of heterozygosity of currently unknown, functional loci.
In future studies, it could be informative to use either quantitative trait locus mapping
(Snijders et al. 2016), or genome-wide association studies to identify candidate genes
associated with GM variation e.g. (Bonder et al. 2016, Suzuki et al. 2019). The

Seychelles warbler could be particularly useful for this as it underwent a bottleneck in
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the 1960’s, resulting in 25% reduction in genome-wide variation (Spurgin et al. 2014),
thus making it a more tractable study system to disentangle the associations between

host genetic variation and the GM.

What impact the identified relationships between MHC alleles and GM variation have on
the host is difficult to assess. Typically, greater GM alpha diversity is thought to be
beneficial as it correlates with increased health and survival in humans (Claesson et al.
2012), and other captive animals. Thus, the decreased GM diversity associated with
particular MHC alleles may be detrimental to individuals in the Seychelles warbler.
However, other studies have shown that high alpha diversity can indicate dis-regulation
and GM instability (Coyte et al. 2015). Thus, lower GM diversity and a difference in
composition could be indicative of a stable network of beneficial bacteria which can
proliferate once competing, non-beneficial bacterial strains have been removed. Given
the key role MHC genes play in pathogen resistance, it is possible the reduction in alpha
diversity we observe is beneficial to the host. Indeed, in mice, MHC-mediated changes
to GM composition influence susceptibility to enteric infection, and can hence, be
important for host health (Kubinak et al. 2015). In the Seychelles warbler, the negative
correlation between Ase-ua4 and GM alpha diversity could be beneficial, due to the
survival advantage conferred by Ase-ua4 (Brouwer et al. 2010). However, to fully unpick
the consequences of these GM/MHC relationships in the Seychelles warbler, further
work is needed to test whether there are fitness differences between individuals with
particular MHC alleles and GM characteristics. This is no small undertaking and will

require extensive and powerful datasets, which are not yet available.

4.5.3. Can the GM drive the evolution of inmune genes?

Variation in the GM can affect traits important to the host’s own fithess (Suzuki 2017)
including host immune function (van Veelen et al. 2020), modulating severity of diseases
(Villarino et al. 2016), and ultimately, survival (Benskin et al. 2015), providing the
potential for evolutionary adaptation. If immune genes can regulate fithess through
modulation of the microbiome, then the microbiome can also influence selection on
immune genes. Our results indicate that immune genes can play a role in regulating GM
composition and diversity in the Seychelles warbler. However, to explore coevolution of
immune genes and the GM we would need to first establish the degree to which GM
characteristics and their interaction with immune genes are associated with the fitness
(see 4.5.1.). Coevolution between host immune genes and their microbiota can occur by
direct pathways (i.e., by MHC genes actively recognising and removing non-beneficial

bacteria or by tolerating commensal and mutualistic bacteria), or indirect pathways (i.e.,
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by protection from pathogens through competition by commensal bacteria (Hooper et al.
2012, Kubinak et al. 2015). Path analysis could be a powerful way of determining
connections between host variables and the direct and indirect influences these have on
the GM, and vice versa (Woodhams et al. 2020). Linking host genotype to microbiome
variation and exploring how this effects host fitness will help in understanding the

evolution of host—microbial interactions.

Pathogen-mediated selection is thought to be central in maintaining diversity at MHC
genes (Hedrick 2002, Bernatchez and Landry 2003, Eizaguirre et al. 2012). If
components of the GM are acting as a driver of MHC variation, this could explain how
variation at MHC genes is maintained in the previously bottlenecked Seychelles warbler
(Richardson and Westerdahl 2003, Spurgin et al. 2014), despite the very limited
macroparasite fauna in this population (Hutchings 2009). We detected no effect of either
MHC diversity (or optimality) associated with the GM, and therefore no evidence of MHC
heterozygote advantage in relation to the GM (Doherty and Zinkernagel 1975). However,
we did find an effect of specific alleles in determining GM composition, which would be
consistent with either rare allele (Slade and McCallum 1992) or fluctuating selection (Hill
et al. 1991) mechanism at play in the interaction between the MHC genes and the GM,
although differentiating between these two mechanisms is extremely difficult (Spurgin
and Richardson 2010). Identifying the exact taxa that are associated with MHC alleles,
whether they be pathogenic, beneficial, or commensal, could help infer the significance

and direction of these associations.

4.5.4. Effects of age, sex, and field period on the GM

In addition to genetic factors, several other key variables which have been shown to
influence individual variation in the GM were included in the analysis. Our results
indicated a relationship between age class and GM composition in the Seychelles
warbler. Specifically, the GM of newly independent old fledglings had reduced alpha
diversity and compositional differences compared to all other age group comparisons
(which did not differ from one another). In the Seychelles warbler old fledglings have to
forage for themselves for the first time and so may be eating different - perhaps lower
quality - food items compared to older birds. This may explain the greater number of
differentially abundant taxa present in this age group, including the greater abundance
of environmentally derived Planctomycetes order, which are typically transient colonisers
of the gut. Alternatively, increased stress in these young individuals encountering new
situations and pathogens could contribute to differences between age groups; indeed,

mortality is greatest at this point in the Seychelles warbler (Brouwer et al. 2007).
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Exposure to stress via glucocorticoids has been shown to alter host GM in other species
(Noguera et al. 2018).

While sex is an important determinant of individual variation in wild populations, its
importance as a driver of GM variation is unclear. In wild populations, sex often has a
weak, if any link to the GM, (Tung et al. 2015, Ren et al. 2017, Teyssier et al. 2018)
although some species show more pronounced sex differences in GM, especially
sexually dimorphic vertebrates, such as southern and northern elephant seals (Mirounga
Leonine and Mirounga angustirostris respectively) (Nelson et al. 2013, Stoffel et al.
2020). Sex was only associated with a minor difference in the GM in the Seychelles
warbler, with males having marginally reduced diversity, but no difference in composition
compared to females. It is, perhaps, not surprising that the effect of sex on the GM was
so limited, given that Seychelles warblers of both sexes have the same diet, and exhibit
limited differences in morphology and behaviour. In threespine stickleback’'s MHC-GM
associations were also found to be sex dependent (Bolnick et al. 2014), however we

found no evidence of this in the Seychelles warbler.

Within a species, seasonal changes in diet can be an important factor in driving GM
variation (Bolnick et al. 2014, Ren et al. 2017, Michel et al. 2018). In the Seychelles
warbler, we found that field period explains 1.7 — 2% of the variance in GM composition.
Although the temperature on Cousin Island is relatively stable, there are measurable
differences between seasons and years (van de Crommenacker et al. 2011) which could
cause a resulting change in diet between seasons, i.e., in the type and abundance of
insect prey species. This could explain the observed difference in GM composition, but
not diversity, between field periods. For example, average island-wide territory quality
increased by 80% in the major 2017 field period and 75% in the minor 2018 field period,
compared to the later major 2018 field period. Alternatively, increases in food availability
between season could also act indirectly on the GM by buffering individuals against

stress or susceptibility to pathogens.

Lastly, it is important to note that the present study is cross-sectional. However, to fully
separate and understand how extrinsic and host-intrinsic factors (such as prey
availability and age respectively) are driving GM characteristics, longitudinal data and
analyses accounting for within- and between-individual differences need to be

incorporated (Bjork et al. 2019).
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4.5.5. Conclusion

Our results show that variation has been maintained at MHC-I and MHC-II genes in the
Seychelles warbler, and that the presence of specific alleles, but not MHC diversity, was
associated with differences in GM diversity and composition. It is possible that such
MHC-GM interactions may explain previous results in this population showing that
specific MHC alleles are associated with greater survival. However, further data are
needed to establish whether these associations equate to fithess differences between

individuals and to better understand host immunogenetic-GM coevolution.
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Table S4.1: Testing repeatability of MHC-I (n = 26) and MHC-II (n = 24) genotyping for
different dominant frequency thresholds while keeping minimum amplicon frequency at
0.3%. Threshold with greatest repeatability is in bold and underlined.

dominant MHC-I MHC-II
frequency Repeatability | average number | Repeatability | average number
threshold (%) (%) of alleles (%) of alleles

5 77.83 10.17 78.63 29.00
10 77.67 10.13 84.38 34.42
15 77.48 8.79 85.58 36.31
20 77.89 7.85 86.09 36.52

25 (default) 78.69 7.48 86.37 36.44

Table S4.2: Testing repeatability of MHC-I (n = 26) and MHC-II (n = 24) genotyping for
different minimum amplicon frequencies while keeping minimum dominant frequency
threshold at 25%. Minimum amplicon frequency with the greatest repeatability for each
MHC class is in bold and underlined. — indicates frequency not run.

Minimum MHC-I MHC-II
amplicon Repeatability | average number | Repeatability | average number
frequency (%) (%) of alleles (%) of alleles
0 70.79 13.85 91.09 58.94
0.1 70.74 10.58 88.12 54.19
0.2 74.97 8.96 87.99 42.81
0.3 78.69 7.48 86.37 36.44
0.4 83.54 6.77 81.94 30.52
0.5 86.45 6.31 82.03 25.27
0.6 87.01 6.13 84.00 21.31
0.7 90.93 5.79 84.01 18.00
0.8 91.58 5.71 85.05 15.88
0.9 91.46 5.52 84.19 14.10
1 90.9 5.44 83.93 12.46
1.5 94.11 5.06 87.18 7.71
1.6 95.48 4.96 - -
1.7 94.78 4.92 88.87 6.73
1.8 93.03 4.87 90.12 13.04
1.9 - - 89.70 12.79
2 93.34 4.75 87.80 6.02
3.00 (default) 90.3 413 79.89 3.50
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Table S4.4: PERMANOVA tests investigating the effect of host variables on the composition of the
Seychelles warbler gut microbiome (n = 195). Unweighted and weighted UniFrac were used as beta
diversity metrics in separate models. A) including the presence/absence of MHC alleles or, B) MHC
diversity. Significant terms are in bold and underlined. ** P < 0.01, * P < 0.05.

Unweighted UniFrac Weighted UniFrac
Model Factors y 3
Df R F P Df R F P
Field period 2 0.017 1.69 0.002  ** 2 0.02 2.04 0.042 *
Sex 1 0.006 126  0.105 1 0.005 099  0.352
Age class 3 0019 126 0035 * 3 0018 122  0.231
Individual Hs 1 0006 122  0.129 1 0.009 185  0.096
TLR3 2 0011  1.04  0.337 2 001 099 039
Ase-ual/10 1 0.005  1.04  0.339 1 0014 281 003 *
Ase-ua3 1 0.005 093  0.556 1 0.008 156  0.147
A Ase-ua4 1 0006 111  0.227 1 0006 129 0225
Ase-uas 1 0.005 092  0.59 1 0.003 069  0.611
Presence/ab
comce of Ase-ua6 1 0.005 104  0.339 1 0003 07 0597
Ase-ua7 1 0.005 107  0.285 1 0017 347 0012 *
MHC alleles
Ase-ua9 1 0.004 0838  0.682 1 0004 076 0529
Ase-ua8 1 0004 079  0.883 1 0004 071  0.581
Ase-uall 1 0.008 1.54 0.024 * 1 0.016 3.28 0.015 *
Ase-dab3 1 0.006 114  0.199 1 0.005 101 0344
Ase-dab4 1 0004 077 0921 1 0.002 044  0.889
Ase-dab5 1 0006 125 0.1 1 0.007 134  0.202
Residual 173 0.876 173 0.864
Total 194 1 194 1
Field period 2 0017 172 0002 ** 2 0020 196  0.052
Sex 1 0.006 119  0.149 1 0.005 107  0.3031
Age class 3 0018 121  0.063 3 0017 114  0.2879
Individual Hs 1 0.006 124  0.116 1 0.009  1.81  0.1028
TLR3 2 0011 108 0234 2 0010 103  0.3629
B) MHC MHC-I diversity 1 0.005 104  0.339 1 0.004 087  0.4341
PVersity | MHC1 diversity? 1 0.005  1.08 0271 1 0.004 088 04271
MHC-II diversity 1 0.004 089  0.668 1 0.003 060  0.7013
MHC-I1 diversity? 1 0005 091  0.62 1 0.003 057  0.7304
Residual 181 0.919 181 0.920
Total 194 1 194 1
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Fig S4.2: Sequencing repeatability of the gut microbiome tested using 37 faecal samples
taken from Seychelles warblers, sequenced twice. A) Relative abundance (%) of the 10
most abundant taxa at the Phylum level for the 37 duplicated samples. Each column
represents one sample, black lines separate duplicated samples. All other taxa within
each sample are collapsed into the low abundance category. B) The pairwise
dissimilarity between different samples, versus within pairs of duplicated samples (same
DNA sequenced twice) for i. Shannon dissimilarity ii. Unweighted uniFrac dissimilarity
and iii. Weighted uniFrac dissimilarity.
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Fig $4.3: Beta diversity of Seychelles warbler gut microbiome composition in different
age classes. The principal coordinate plots are based on A) unweighted UniFrac
distances, and B) weighted UniFrac distances. Points represent a single faecal sample
from a different individual (n = 195). Sample sizes are specified in brackets in the legend,
and colours indicate the age class which was either fledgling (yellow), old-fledgling

(green), sub-adult (indigo) and adult (purple). Ellipses represent a 95% confidence
interval around the cluster centroids.
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Fig S4.4: Differentially abundant ASV’s (Pagj < 0.01) in the gut microbiome of
Seychelles warblers between different age categories seasons. ASVs are grouped at
the level of bacterial order and coloured according to bacterial phylum. ASVs shown
with a logz fold change greater than zero are significantly more abundant in seasons on
the left and ASVs with a logz fold change smaller than zero are significantly more
abundant in seasons on the right.
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5.1. Thesis synthesis

The overall objective of this thesis has been to investigate the forces that shape
immunogenetic variation in small populations, utilizing data from the long-term,
intensively monitored Seychelles warbler (Acrocephalus sechellensis) system. First,
focusing on a functional variant at the Toll-like receptor 3 (TLR3) locus, | asked whether
the allele frequencies changed over time and space, and whether selection was driving
any such evolution (Chapter 2). Second, based on my results from Chapter 2 (discussed
below), | tested whether pre- and/or post-copulatory sexual selection was also acting
antagonistically or synergistically with natural selection to shape TLR3 variation in the
population of Seychelles warblers on Cousin (Chapter 3). Third, | investigated whether
host-microbiome coevolution may play a role in maintaining functional immunogenetic
variation in this same population. Specifically, | looked at the potential role of key
candidate immune genes that are important in the Seychelles warbler, i.e., Major
histocompatibility complex (MHC) genes and the TLR3 gene, in determining
characteristics of the gut microbiome (GM) (Chapter 4). In the current final chapter, |
discuss the broad implications of my findings, and outline some directions for future

research.

5.2. Understanding immunogenetic variation in the Seychelles warbler

Throughout this thesis, | have used the candidate gene approach to investigate the role
of different evolutionary forces in shaping genetic diversity. | specifically focused on
immune genes which still harbour functional variation in the Seychelles warbler, despite
the population bottleneck this species has been through (Richardson and Westerdahl
2003, Gilroy et al. 2017). However, first | had to develop efficient methods to characterise

variation at these loci.

In Chapters 2-4 | used a single SNP assay to investigate variation at the viral sensing
TLR3 locus (Barton 2007). This SNP was previously found be the only functionally
relevant TLR SNP showing a signature of past positive selection, and with a minor allele
frequency sufficient for further analysis, in the Seychelles warbler (Gilroy et al. 2017). In
my thesis, use of the single SNP assays allowed a large number of individuals (ca 1600)

to be rapidly sequenced at relatively low cost. Thus, TLR3 variation could be combined
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with the long-term, individual-based dataset, including fitness component measures, to

investigate evolutionary processes in depth.

In Chapter 4, | used next-generation sequencing (NGS) to characterise MHC class |
(MHC-I) and class Il (MHC-II) genes in the same individuals. Importantly, | found MHC-I
genotyping using NGS to be highly consistent with previously sequenced alleles (98%
similarity (Richardson and Westerdahl 2003)), and samples genotyped using reference
strand-mediated conformation analysis (95% similarity; Wright et al. 2014).
Reproducibility is important when comparing results that are based on genotypes derived
using different protocols, for example, the survival results from Chapter 2 and (Brouwer
et al. 2010), and changes in GM diversity (Chapter 4). Consistent with other studies in
passerines (Minias et al. 2018), | found reduced functional allelic diversity at MHC-II,
compared to MHC-I in the Seychelles warbler. Indeed, two of the MHC-II alleles were
present in virtually every individual. Intriguingly, | also found evidence of several non-
functional MHC-II alleles, which were present at high frequency. Although this is not
completely unexpected in passerines (Westerdahl 2007), this does suggest that genetic
drift could be playing a larger role in driving variation at MHC-II genes, compared to
MHC-I genes.

Although | targeted MHC regions of known importance (Richardson and Westerdahl
2003), use of specific primers which only amplify a short fragment from each gene mean
that some putatively functional MHC alleles may be missed. Additionally, high levels of
MHC gene duplication and conversion in passerines mean that alleles cannot be
assigned to specific loci using short-read amplicon sequencing. Together this hampers
the accurate estimation of functional allele numbers, and thus diversity (heterozygosity)
(reviewed in O’Connor et al. 2019). Using long-read and linked-read sequencing
technologies such as PacBio and Oxford Nanopore would allow full-length MHC alleles
to be sequenced, and fully characterised (e.g., Westbrook et al. 2015, He et al. 2020).
Utilising this approach in the Seychelles warbler, would aid knowledge of the structure
of MHC genes, and allow accurate locus-specific genotyping, thus improving our
understanding of how variation is maintained by selection — including at the non-
functional genes found in MHC-II (Chapter 4). This could also give further insight into

how evolutionary process such as gene conversion have shaped the MHC.

Throughout this thesis, | have used a bottom-up approach, based on candidate genes
we knew had functional variation in this species. However, there are many other genes
involved in the immune system which could also be under selection (Acevedo-
Whitehouse and Cunningham 2006, Ekblom et al. 2010). While it is not feasible to
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sequence all these immune genes using the methods utilized in this thesis; low-coverage
whole-genome resequencing would capture a large number of SNPS throughout the
genome. This is currently being done for ~1500 individuals as part of a different project
in the Seychelles warbler. A top-down approach using SNPs identified across the entire
genome would provide greater resolution on relative contributions different evolutionary
forces exert on each SNP (Monnahan et al. 2021). For example, utilizing the extensive
pedigree (Sparks et al. 2020) and conducting gene dropping simulations on all SNPs,
would provide insights to evolutionary forces governing temporal allele frequency
dynamics (as in Chen et al. 2019). This approach would allow identification of specific
alleles which are changing more than expected (i.e., are also under contemporary
selection, not just drift). Once identified, selected loci could then be correlated with
temporal and/or spatial change, and associations with various fitness metrics (e.g.,
survival, reproductive success) and selective pressures (e.g., gut microbiome and
malaria infection), to try and disentangle which evolutionary forces and mechanisms

could be shaping variation.

5.3. Contemporary selection of TLR3

While various studies have identified signatures of past selection at key immune genes
(such as the MHC), very few have mapped how evolutionary forces are shaping genetic
variation over multiple generations in contemporary wild populations (but see Chen et al.
2019). In Chapter 2, | track evolution of the TLR3 variants across ca 10 generations in
the Seychelles warbler. The evidence shows that the minor TLR3® allele consistently
declined in frequency over a 25-year period in the Cousin Island population.
Furthermore, similar temporal declines occurred in the four other warbler populations
that have been established by translocation from Cousin island (Komdeur 1994,
Richardson et al. 2006, Wright et al. 2014). Intriguingly, the rate of TLR3 allele
frequency change between island populations appears to differ — although sample size
is small. The rate of change in the TLR3 alleles was weaker on Aride and Cousine,
compared to Cousin, Frégate and Denis. Why the rate of change of this TLR3 allele
differs between islands is not known. Indeed, only when we know what causes the
contemporary evolution of this locus on Cousin (see below) will it be possible to then

determine why it may differ between islands.

| then tested whether selection is currently acting on this locus in the Cousin population.
| found that TLR3°C individuals of both sexes had a 37% increase in overall mortality risk,

and that this difference in mortality was largely in the first year of life before reaching
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adulthood. Thus, the TLR3" allele conferred a viability advantage. Indeed, TLR3
genotype had the largest effect upon survival of the factors tested in this analysis,
including MHC-1 diversity, and presence of the Ase-ua4 allele — both previously been
shown to be important determinants of survival in this population (Brouwer et al. 2010).

But what could be driving this?

To date - and despite extensive screening - only one pathogen (a single strain of
intracellular protozoan blood parasite - Haemoproteus nucleocondensus (GRW1)) has
been observed in any Seychelles warbler populations (Hutchings 2009, Fairfield et al.
2016). Furthermore, | found no association between TLR3 genotypes and the bacteria
in the gut (Chapter 4). However, given TLR3’s role as a specific receptor for viral dSSRNA
(Barton 2007), genotypic differences in survival are likely due to differential recognition
of a viral pathogen. Yet there is no evidence of any virus circulating in the Seychelles
warblers, although Influenza A has been reported in Procellariformes (petrels and
shearwaters) in the Seychelles (Lebarbenchon et al. 2015). Dead warblers are rarely
found, and no visible signs of disease have been observed over the entire 35+ years this
bird has been studied in the Seychelles. Nonetheless, individuals may be asymptomatic,
or only show visible symptoms during the acute phase of infection when they are also
least active and least likely to be caught or observed (LaPointe et al. 2009). Therefore,
the exact nature of the selective factor remains unknown. In the absence of any obvious
symptoms, virome screening (see below) may enable us to determine what viruses may
drive the TLR3 selection observed in Chapter 2. This could also provide insight into what
could be maintaining MHC-| variation (Chapter 2 and 4). Currently virome analysis is
difficult for a range of reasons, including the absence of universal primers, difficulty in
nucleic acid extraction and lack of comprehensive viral databases (reviewed in
Garmaeva et al. 2019). However, with the fast pace of genomic technologies this is
becoming an important avenue of future research. For example, using metagenomic, or
metatranscriptomic sequencing would enable characterisation of the faecal or blood
virome (see Frangois and Pybus 2020, for recommendations), and has been successfully
used in wild species (Ramirez-Martinez et al. 2018, Vibin et al. 2018, Wang et al. 2019,
Bergner et al. 2020).

Another key result | found was that males - but not females - that were heterozygous
(TLR3*°) had a reduced rate of reproduction. Furthermore, combining the survival and
reproductive rate results, males that were TLR3* produced double the number of
offspring over their lifetimes than males with at least one copy of the TLR3® allele.

This difference in LRS could be due to offspring mortality — as we know that TLR3°C

offspring that have reduced survival are never produced by TLR3** males. Unfortunately,
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nests on Cousin are generally too high to reach. Therefore, it is difficult to accurately
determine pre-fledgling mortality in this system. However, as there were no TLR3 related
differences in female lifetime reproductive success (LRS), offspring mortality is highly
unlikely to be the sole cause of reduced male LRS. Instead, the differential LRS in males
is likely due to another mechanism — for example sexual selection (Chapter 3).
Alternatively, it is possible that TLR3* males are better at providing parental care. This
could be resolved using social and extra-pair offspring and testing whether offspring
fledgling or recruitment success is dependent on parental (genetic or social), or offspring
TLR3 genotype. Incorporating nest guarding, incubation and provisioning rates into this
analysis would enable further insight into whether reproductive success is due to pre-

copulatory choice, or early offspring mortality through reduced male parental care.

Taken together, the survival and reproductive success results provide solid evidence that
strong positive selection is currently causing the evolution of the TLR3 locus in the
Seychelles warbler. In time this should lead to the loss of the TLR3C allele in the Cousin
population of Seychelles warbler, and indeed the species overall. However, it is
surprising that this functional variant exists at all in the Seychelles warbler considering
the severe bottleneck that this species suffered, which has resulted in decreased
genome-wide genetic variation (Spurgin et al. 2014). Indeed, variation is limited or non-
existent across many other immunogenetic loci (Gilroy et al. 2016, Gilroy et al. 2017). It
may be that variation in the TLR3 locus has been maintained through the bottleneck by
balancing selection, but we are investigating too small a window of (evolutionary) time to
detect this.

It is important to consider the different mechanism that could be acting to cause
balancing selection in the Seychelles warbler. Based on the above survival and
reproductive success results, there is no evidence that heterozygote advantage (Doherty
and Zinkernagel 1975) is driving variation at this locus. But what about rare allele
advantage (Slade and McCallum 1992) and/or fluctuating selection (Hill et al. 1991)7?
Differentiating the relative importance of these two mechanisms in driving genetic
variation, and separating them from other evolutionary mechanisms, is extremely
complicated (Spurgin and Richardson 2010). To conclusively assign rare-allele or
fluctuating selection as the mechanism driving TLR3 variation would require an extensive
temporal study, across multiple replicate populations. Under a rare-allele mechanism,
different alleles would be selected for in different populations with the same pathogen.
Selected alleles would fluctuate in frequency, with rare-alleles conferring resistance
initially selected for, before the pathogen gains resistance and a different rare-allele is

selected for. Under a fluctuating selection mechanism, spatio-temporal variation in
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pathogen abundance would equate to spatio-temporal variation in alleles. To do so, the
selective agent responsible needs to be identified (as already discussed), and its
presence in time and space tracked in relation to TLR3 variation, across populations.
The present 25-year time period would need to be extended by including past, or future
population samples of Seychelles warbler, to capture any potential change in the rate of
TLR3C allele frequency loss. Forward extrapolation from the current temporal pattern
suggests that it will take ca 40 years before the TLR3C allele reaches <5% frequency in
the adult population on Cousin. Likewise, backwards extrapolation suggests that TLR3
alleles were at roughly equal frequency in the mid-1970s. Previously, it has been
possible to use museum samples (collected between 1876-1940) - from 26 warblers to
examine pre-bottleneck diversity of microsatellite markers, MHC class | alleles (Spurgin
et al., 2014), and avian B-defensin genes (Gilroy et al., 2016). In the future, it would be
useful to sequence these samples to determine what TLR3 variation existed prior to the
bottleneck. A previous study by Gilroy et al. (2017) including six other closely related
species only found the A variant at this site, thus suggesting that the TLR3" allele may
be ancestral, and the TLR3C allele a recent mutation which increased, then decreased
in frequency. But further phylogenetic analysis across a wide range of bird species would

be needed to confirm this.

5.4. Is TLR3 under sexual selection?

Given that the TLR3 locus is under viability selection and linked to differences in
reproductive success (Chapter 2), it is possible that this locus could also be being shaped
by sexual selection. Importantly, | found that TLR3 genotype conferred sex specific
differences in reproductive success. Which, along with evidence of heterozygote
deficiency in offspring could be explained by various mechanisms, including non-random
mating. Therefore, in Chapter 3, | asked a suite of questions to test this idea. Based on
the results from Chapter 2, | predicted that TLR3** males who had the greatest LRS
would have an advantage in terms of sexual selection compared to TLR3"C or TLR3¢

males, but that there would be no differences associated with female TLR3 genotype.

| found no overall difference in likelihood of gaining a dominant breeding position based
on TLR3 genotype in either sex. However, TLR3** males in larger groups, and TLR3°C
males in smaller groups were more likely to gain a dominant position, with heterozygous
TLR3"° males showing an intermediate pattern. Male warblers need to become dominant
to successfully breed, although female subordinates can gain reproductive success by

co-breeding (Richardson et al. 2002, Raj Pant et al. 2019). Thus, male Seychelles
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warblers have stronger intra-sexual competition for territories (Eikenaar et al. 2009), than
do females. Although not significant, effect sizes provided indication that beneficial
genetic characteristics (Chapter 3) could potentially be positively correlated with
likelihood of males gaining a dominant position. In future, increasing sample size, and
incorporating TLR3 (and other genetic metrics) into analysis on dispersal strategy and
success, could provide clarity on the importance of genetic characteristics in gaining a
dominant breeding position. Indeed, studies based on the MHC have suggested that
rather large sample sizes are usually needed to detect significant allele effects —

particularly in wild systems (Kamiya et al. 2014, Gaigher et al. 2019)

In Chapter 2, a heterozygote deficiency was observed at the TLR3 locus in young
offspring. In Chapter 3 | found evidence that TLR3-based assortative social pairing might
help explain this. Whether this heterozygote deficiency was caused by directional or
assortative social-mate choice is unclear. TLR3* individuals were more likely to pair
together, than were TLR3"° females and TLR3* males, but TLR3°C females exhibited

random-pairing — which suggests that directional social mate choice is more likely.

Based on the analysis in this thesis, there is no apparent physiological difference
between individuals of the two genotypes subject to directional social pairing (TLR3*
and TLR3°); both have similar survival probabilities (Chapter 2), and there were no clear
differences in adult size or condition (Chapter 3). Therefore, the cue underlying this social
choice, and indeed who is making the choice, is unknown. Gaining a finer understanding
of phenotypic differences between TLR3 individuals would be beneficial, and aid in
understanding the selective benefits of these preferences. Non-lethal accumulative costs
of a given trait can be detrimental in the long-term, and so be under selection. Biomarkers
such as telomere length, which have been shown to be an accurate measure of somatic
costs in the Seychelles warbler (Bebbington et al. 2016), could be used to provide a more
precise proxy of phenotypic quality. Correlating non-lethal costs with TLR3 and MHC
variation could provide a stronger indication of the benefits of immune characteristics
confer in the long-term, and if this is driven by morbidity effects. As immune gene
variation should have a direct effect on immunocompetence, incorporating direct
measures of baseline immune function (e.g., measuring complement and natural
antibodies from plasma samples (Salvante 2006, Hegemann et al. 2017, Smyth et al.
2018) could also provide insight into the sub-lethal costs conferred by different immune
genotypes (Gaigher et al. 2019). These measures would be particularly informative in
looking at whether genes were sexually selected via condition dependent traits, where

small differences between individuals could result in reduced reproductive success.
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| found no evidence of genetic mate choice occurring; the likelihood of being cuckolded,
and number annual extra-pair offspring were no different between male TLR3 genotypes
(Chapter 3). TLR3°C males did have increased mortality (Chapter 2) and produced fewer
within-pair offspring (Chapter 3), which could explain their reduced LRS. But as TLR3"®
males did not have different mortality, or within-pair offspring success compared to
TLR3™ males, and there is no significant difference in male TLR3 genotype in gaining a
social position, or of gaining and losing paternity, | am still unable to fully explain the
reduced reproductive success results for TLR3*¢ males found in Chapter 2. It's worth
noting that, although not significant, TLR3"° males tended to do slightly worse in gaining
dominance, paternity, and were cuckolded more often, than TLR3* males. It is possible
the combined accumulation of slightly deleterious effects across life stages could cause
the observed reduction in male TLR3*° reproductive success compared to other

genotypes. But until more data is available, this is speculative.

Intriguingly, in Chapter 3 | found evidence that within-male post-copulatory sexual
selection was occurring; when the genetic father assigned was heterozygous at the TLR3
locus, offspring were significantly more likely to inherit the paternal TLR3* allele rather
than the TLR3C allele. Along with the assortative mating found in Chapter 3 this
preference could contribute to the heterozygote deficiency found in young offspring
(Chapter 2). This bias in within-male paternal allele inheritance may be due to cryptic
mate-choice (Eberhard 1996) or sperm competition (Birkhead and Mgller 1998). There
is now a wider appreciation of the role that gametic selection — including within-males -
may play in organisms (reviewed in Sutter and Immler 2020). Within-male variation in
sperm can be expressed via differential longevity, immunity, performance, and
morphology (Holt and Look 2004), which could be due to genotypic differences.
However, the mechanism behind the result in the Seychelles warbler is unknown. One
interesting avenue of future research is the reproductive microbiome, which can
influence post-copulatory sexual selection through a range of mechanisms (reviewed in
Rowe et al. 2020). Of particular relevance here, sexually transmitted infections can affect
sperm success (Wigby et al. 2019). If TLR3® sperm are either of worse quality, or more
vulnerable to pathogens in the reproductive tract, then this could explain the allelic bias
observed. Future work could investigate this through comprehensive analysis of the
reproductive microbiome (including the virome — using techniques discussed in 5.2 and
5.4) which could indicate presence of pathogens. Correspondingly, as it is possible to
collect sperm from passerines via various methods (Wolfson 1952, Immler and Birkhead
2005), differences in morphology and longevity from TLR3 homozygous males could be
quantified— although transporting these samples from field to lab before degredation

occurs might be tricky.
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5.5. Could the gut microbiome be a selective pressure?

There is now considerable evidence showing that selection is acting to shape
immunogenetic variation in the Seychelles warbler e.g., at the MHC (Richardson and
Westerdahl 2003, Brouwer et al. 2010) and the TLR3 (Chapters 2 and 3), but which
pathogen(s) are acting as the selective agent in the Seychelles warbler remains
unknown. Variation in the GM directly affect hosts fitness in many ways, for example
through proliferation of pathogenic microbes (Uddin et al. 2017), or by enabling nutrient
uptake (Hooper et al. 2002). Therefore, the GM has the potential to act as a selective
pressure (Amato 2013). In Chapter 4 | found associations between specific MHC alleles
and gut microbiome characteristics in the Seychelles warbler. The presence of specific
MHC alleles was associated with a reduction in GM diversity, and the differential
abundance of certain bacteria. This is consistent with the few other studies (Bolnick et
al. 2014, Hernandez-Gémez et al. 2018) that have investigated associations between

MHC and the GM in wild systems — although these were only based on MHC-II diversity.

Presence of associations between specific MHC alleles and the GM suggests that the
GM could act as a selective pressure in shaping immuno-genetic vacation in the
Seychelles warbler. Investigating fitness associations with the GM is needed to test the
GMs role as a possible selective pressure — this work is already being conducted. In
future, it would be beneficial to test for direct, or indirect associations between all three
components (immune genes, GM, and fitness), this would help place associations into
context — e.g., we found presence of MHC alleles resulted in reduced GM diversity — but

is this detrimental or beneficial to the host?

MHC-I molecules mainly recognise intracellular pathogens, while MHC-II molecules
mainly recognise extracellular microbes such as bacteria (Hughes and Yeager 1998).
Thus, it was unexpected that most of the associations | found between GM and
immunogenetic variation were with MHC-I alleles, although the presence of one MHC-II
(Ase-dab4) was associated with reduction in GM diversity. It is possible the MHC-GM
interactions | have detected may be caused by indirect effects e.g., reduced health or
condition. Given that MHC-I do not usually recognise extracellular microbes, this is likely

the case.

As well as virome screening, investigating associations between MHC-I and MHC-II
variation and malaria infection could provide resolution on which alleles may result in
susceptibility to infection — and thus be detrimental. This would have the dual purpose of

providing insight into whether pathogen-mediating selection could be shaping diversity
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at these loci (reviewed in Westerdahl, Asghar et al. 2011). Although presence of this
malarial strain does not result in reduced survival in the Seychelles warbler (Hammers
et al. 2016), it has been linked to more rapid telomere shortening (Brown et al. 2021).
Suggesting it does have some impact on individual condition and fithess across the
lifespan - as shown in a close congener (Asghar et al. 2015). If this is the case in the
Seychelles warbler, then malaria infection could detrimentally impact the GM (Mukherjee
et al. 2020). However, the screening currently done in the Seychelles warbler only tests
whether an individual is infected or not, rather than the severity of infection. In related
species, it has been possible to use gPCR to successfully measure intensity, as well as
prevalence, of malaria infections, (Biedrzycka et al. 2015). By incorporating intensity, it
is possible to separate out those birds which are susceptible and those which have a
quantitative form of resistance (i.e., are infected but able to limit any deleterious effects
selection, Westerdahl et al. 2011, Hayward et al. 2014). Variation at MHC-1 has
previously been linked to malarial intensity (Westerdahl et al. 2013, Aguilar, Westerdahl
et al. 2016, Biedrzycka et al. 2018) in other species, suggesting malaria could be an
important selective pressure shaping variation at these genes. Thus, in future this would

be preferred method for malaria screening in the Seychelles warbler.

In this thesis, | screened the bacteria of the GM, however this is only one taxonomic
component of the microbiome. The GM is also comprised of archaea, viruses, and
microbial eukaryotes (including fungi), all of which could be important for host biological
functions and fitness (Harrison et al. 2020). In addition to bacteria and viruses, other
components of the microbiome can also be important for the host. For example, many
microbial eukaryotes such as nematodes are parasitic, (reviewed in Wegener Parfrey et
al. 2011), and various fungi taxa have been related to host disease and mucosal health
(reviewed in Huffnagle and Noverr 2013). Host-archaea associations also occur,

although the role and importance of these are still unclear (reviewed in Borrel et al. 2020).

While most research has focused on the bacterial component, there are several
methodologies which enable sequencing of the whole microbiome (reviewed in Knight et
al. 2018, Vemuri et al. 2020). Primers are already optimised for metabarcoding marker
genes in different taxa e.g., 18S rRNA for eukaryotic microbes, internal transcribed
spacer for fungi, and 16S rRNA for bacteria and archaea (e.g., Kittelmann et al. 2013,
Hoggard et al. 2018). An alternate to the metagenetic approach is whole genome
sequencing. This would capture the entire diversity of the microbiome, enabling greater
taxonomic resolution. This would also allow functional information to be collected
(Quince et al. 2017). As well as providing a fuller knowledge of the impact changes in

GM could infer on the host, this would allow identification of likely pathogenic microbes.



Chapter 5 |

While metagenomic and metatranscriptomic analysis of microbiomes is becoming
increasingly popular, this technology is still very costly and complicated. In future, a
combination of metagenetic and metagenomic approaches may be recommended. For
example, sequencing a large number of samples at targeted GM marker genes and using
integrated statistical approaches (e.g., Sweeny et al. 2020) would elucidate which host
factors are associated with changes in the GM — such as key alleles e.g., Ase-ua1, or
host factors e.g., age (as seen in Chapter 4), and the direction of these broad scale
changes Based on these results, targeted metagenomic sequencing of the GM could be
used to help disentangle significance of host traits in shaping the GM e.g., comparing
individuals from different genetic backgrounds, or comparing those that survived vs those
that died, or comparing within-individual changes with age. Combining the various
methodologies outlined above, with the detailed knowledge of life-history in the
Seychelles warbler system would allow many exciting research questions to be

investigated in the future (e.g., Antwis et al. 2017)

5.6. Conclusion

The Seychelles warbler as a long-term study system, provides a wealth of accurate
individual-based data, without which it would not have been possible to study
evolutionary processes shaping genetic variation in such detail. Utilizing this extensive
dataset, | found evidence of contemporary evolution - through both viability and sexual
selection - at one innate immune receptor (TLR3). | then characterised MHC-1, MHC-2
and the GM and found associations between specific alleles and diversity and
composition of the GM, raising the possibility that the GM could act as a selective
pressure, in turn shaping immunogenetic variation. Taken together, these results
emphasize the importance of immune gene variation within a population. More generally,
this thesis opens the way for future research into GM variation and its association with

traits such as condition, senescence, and inbreeding, and ultimately its effect on fitness.
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