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Abstract 

In recent years, sexual selection theory has redefined genetic quality to consider not only 

additive genetic effects on fitness but also non-additive genetic effects, such as 

heterozygote advantage or disadvantage. In jawed vertebrates, the major histocompatibility 

complex (MHC) gene family has been shown to exhibit both additive and non-additive 

genetic effects on fitness. MHC gene products are involved in initiating adaptive immune 

responses, and MHC genotype determines the range of pathogens to which an individual 

can respond. Therefore, parasite-mediated selection at MHC may favour locally-adapted, 

rare, or particular combination of alleles. Because heterozygote advantage at MHC is 

widespread, sexual selection should favour mechanisms by which individuals assess the 

MHC genotypes of potential mates, and mate non-randomly. Studies exploring the role of 

MHC in immunity and sexual selection are widespread amongst mammals and fish, but in 

birds (especially songbirds) there is relatively scant evidence for MHC-mediated mating 

and the mechanism by which this might be accomplished remains unknown. First, I 

assessed differentiation at MHC class I and II that might underlie locally-good gene effects 

in two populations of song sparrows (Melospiza melodia) previously shown to exhibit 

higher resistance to sympatric malaria (Plasmodium) strains. I found no population 

differentiation, suggesting no locally-good gene effects at MHC, but individuals with 

higher class I diversity were less likely to be infected when experimentally inoculated 

with Plasmodium. Second, I explored whether song sparrows convey information on MHC 

class II genotype through chemical (preen oil) or auditory (birdsong) cues. Pairwise 

similarity at MHC was related to pairwise similarity of preen oil chemical composition, 

but not to pairwise similarity in song repertoire content. Song repertoire size, a sexually 

selected trait in this species, was nonlinearly related to MHC diversity, such that males 

with intermediate MHC diversity sang the most songs. Finally, to investigate MHC-

mediated mate choice, I compared MHC similarity of socially mated pairs of free-living 

song sparrows to random expectations. Contrary to my prediction of MHC-disassortative 

mating, social pairs were more similar at MHC than expected by chance. This work 
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emphasizes the importance of considering mate choice in the context of fitness effects at 

MHC.  
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Chapter 1 

1 General Introduction 

1.1 Genetic effects on fitness and mate choice  

In many animal species, females do not mate with the first male they encounter, but instead 

invest time and energy into mate choice (Andersson 1994; Andersson and Simmons 2006; 

Clutton-Brock 2007). The field of sexual selection attempts to explain the persistence of 

mate choice, as well as the widespread existence of conspicuous, costly, and sexually 

dimorphic traits (Zahavi 1975; Andersson 1986, 1994; Andersson and Simmons 2006). 

Originally, female choice and male ornamentation were explained solely on the basis of 

high-quality males providing resources (direct benefits) for females (Emlen and Oring 

1977). Eventually additive genetic effects were investigated to explain female choice and 

male ornamentation (Mays and Hill 2004). That is, the fitness effect of a given allele is 

independent of the rest of the genome (Neff and Pitcher 2005). Recently, however, sexual 

selection theory has expanded to recognize the importance of non-additive genetic effects 

on fitness and mate choice. Under non-additive genetic effects, the fitness effect of a given 

allele depends on the rest of the genome (the allele’s homologue at the same locus, and/or 

alleles at other loci; Neff and Pitcher 2005). Alleles that enhance fitness through additive 

versus non-additive effects have been termed “good genes” and “compatible genes”, 

respectively (Mays and Hill 2004; Neff and Pitcher 2005). 

1.1.1 Additive (good gene) effects 

Additive, or good gene, effects on fitness have historically been the main explanation for 

high quality ornaments in animals where mate choice exists (Mays and Hill 2004). The co-

evolutionary relationship between female choice and male ornamentation is posited as an 

honest signals of quality, whereby males provide direct (material resources, Emlen and 

Oring 1977) and indirect (genetic) benefits, and that the sexually selected characteristic 

and preference for said characteristic is heritable (e.g., Zuk et al. 1990; Andersson 1994). 

An explanation of additive good gene models of fitness and mate choice is the Hamilton-
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Zuk hypothesis, whereby animals that possess bright and elaborate ornamentation possess 

heritable good genes to fight off parasites, because resources can be allocated to produce 

extravagant ornamentation rather than in immunity (Hamilton and Zuk 1982). Thus, these 

traits act as honest indicators of genetic quality whereby selection acts on the heritable 

variance of these traits.  

 Because environments, and thus selective pressures, vary spatially, additive genetic 

effects on fitness and mate choice can include locally-good gene effects (Reinhold 2004). 

Geographically variable selection pressures may result in individuals originating from the 

local population having locally-good genes that confer heritable resistance to the local 

pathogens or other aspects of the local environment. Common garden experiments have 

provided evidence of local adaptation, such as salinity in frogs (Bufo calamita, Gomez-

Mestre et al. 2003), ecotype differentiation in anoles (Anole oculatus, Thorpe et al. 2005), 

and basal metabolic rates in great tits (Parus major, Broggi et al. 2005), whereby 

genetically local individuals hold a fitness advantage over those from other populations. 

For example, in song sparrows (Melospiza melodia), males that sing local song types had 

lower parasite load over birds with less local songs (Stewart and MacDougall-Shackleton 

2008). This may help explain preference for local traits, such as birdsong (Searcy et al. 

2002) since females may acquire locally-good genes for their offspring.  

1.1.2 Non-additive (compatible gene) effects 

Non-additive, or compatible gene, effects on fitness occur when the fitness effect of an 

allele depends on the rest of the genome. Thus, compatible alleles may increase the fitness 

of the bearer through dominance or overdominance effects at homologous alleles in 

diploids or through epistatic effects at other loci (Neff and Pitcher 2005). Overdominance, 

also known as heterozygote advantage (Brown 1997), is widely invoked as a benefit of 

individual genetic diversity; in particular, genetically diverse individuals may have 

superior pathogen resistance (e.g., Penn et al. 2002; McClelland et al. 2003b; MacDougall-

Shackleton et al. 2005; Oliver et al. 2009). Individuals that select mates with dissimilar 

genotypes should produce offspring with higher fitness, for example due to heterozygote 

advantage, than individuals choosing mates with similar genotypes (Tregenza and Wedell 
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2000). For example, in white-crowned sparrows (Zonotrichia leucophrys), individuals that 

had higher levels of genome-wide heterozygosity were not infected with bloodborne 

parasites when compared to homozygous individuals (MacDougall-Shackleton et al. 

2005). Also, in common bluethroats (Luscinia svecica), extra-pair young were more 

immunocompetent than within-pair young, implying a compatible gene effect obtained 

through extra-pair copulations (Jonsen et al. 2000). However, non-additive genetic effects 

are not always associated with maximally heterozygous genotypes having the highest 

fitness. For example, individuals selecting mates with maximally divergent genotypes may 

produce offspring of low fitness due to outbreeding depression (Tregenza and Wedell 

2000). 

 Although extravagant ornaments are frequently explained by invoking indirect 

(genetic) benefits (Zahavi 1975; Kodric-Brown and Brown 1984; Andersson 1986, 1994; 

Andersson and Simmons 2006), these ornaments can also provide information on direct 

benefits, whereby the choosier sex obtains material resources, such as territory quality (e.g., 

Keyser and Hill 2000). In particular, ornaments may signal direct benefits in species where 

males provide substantial parental care, such as in birds. For example, male eastern 

bluebirds (Sialia sialis) with high quality plumage (larger and brighter breast patches) 

provisioned their offspring more than males of lesser quality (Siefferman and Hill 2003). 

Likewise, the complexity of birdsong (an acoustic ornament) predicted parental effort in 

sedge warblers (Arcocephalus schoenobaenus, Buchanan and Catchpole 2000).  

1.2 The major histocompatibility complex (MHC) 

The major histocompatibility complex (hereafter, MHC) is a gene family of particular 

interest to behavioural and evolutionary ecology, and to the field of sexual selection, 

because both additive and non-additive genetic effects on fitness and mate choice have 

been well-documented at these loci (Bernatchez and Landry 2003; Milinski 2006; Piertney 

and Oliver 2006; Trowsdale 2011). The MHC is the cornerstone of the adaptive immune 

system in jawed vertebrates. MHC genes encode cell-surface receptors that present both 

self and non-self proteins to T cells to elicit an immune response (Trowsdale 2011). MHC 
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gene products can be categorized into class I and class II molecules, which interact 

primarily with intracellular and extracellular pathogens, respectively. 

1.2.1 MHC class I 

MHC class I genes are expressed in all nucleated cells and are involved with presenting 

intracellular peptides to the immune system (Yewdell and Bennink 1992). Peptides from 

intracellular pathogens, such as viruses and protozoan parasites including malaria 

(Plasmodium spp.) bind to the peptide-binding region (PBR) of MHC class I, and are then 

transported to the outside of the cell. Cytotoxic T cells bind to the MHC class I molecule, 

and through interacting with the antigen presented, recognize that the cell is infected. This 

prompts cytotoxic T cells to destroy the infected cell to prevent the spread of the pathogen 

(Kulski et al. 2002). In contrast, MHC class I molecules from healthy cells present self-

derived peptides to cytotoxic T cells and are not destroyed. The most variable region of 

MHC class I is exon 3, which encodes part of the peptide-binding region (PBR; 2 

domain). Both class I and class II are under high selective pressure due to the co-

evolutionary arms race between pathogens and their host (Kubinak et al. 2012). 

1.2.2 MHC class II 

MHC class II genes are expressed only in antigen-presenting cells (e.g., dendritic cells, 

macrophages, and B cells; Klein 1986). Such cells phagocytize extracellular pathogens 

such as bacteria and nematodes, and present their peptides to helper T cells. This prompts 

an immune response to the site of infection. The highly variable exon 2 of MHC class II 

encodes the PBR ( domain), which is the main focus for studies on this class of MHC 

(Bernatchez and Landry 2003). 

1.3 Processes driving MHC diversity 

MHC is of biological interest due not only to its important role in disease resistance, but 

also to its tremendous diversity: the majority of jawed vertebrates express multiple MHC 

alleles at both classes. Moreover, levels of MHC diversity vary tremendously between taxa, 

as well as between class I and II molecules. For example, the entire human (Homo sapiens) 
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population contains over 6000 MHC class I alleles and over 1000 class II alleles (Robinson 

et al. 2013), while a population of lake whitefish (Coregonus sp.) possess 15 class I alleles 

and 20 class II alleles (Binz et al. 2001). Some of this diversity reflects duplication events: 

over evolutionary time, MHC genes in many vertebrate lineages have become duplicated 

and eventually acquire new mutations that may allow individuals to recognize additional 

new pathogens (Kulski et al. 2002). Within birds, the passerines have undergone high 

levels of duplication at MHC (O’Connor et al. 2016). For example, at MHC class I, at least 

38 different gDNA alleles (implying a minimum of 19 genomic loci) have been confirmed 

within a single individual in willow warblers (Phylloscopus trochilus, O’Connor et al. 

2016). Similarly, at MHC class II, 39 different gDNA alleles and 16 different cDNA alleles 

have been confirmed within a single individual in common yellowthroats (Geothlypis 

trichas, Bollmer et al. 2010), implying a minimum of 20 genomic loci, and at least eight 

transcribed loci. Over shorter time-scales, however, MHC diversity is also thought to be 

maintained in natural populations through balancing selection. Specifically, heterozygote 

advantage at MHC, negative frequency-dependent selection favouring rare MHC alleles, 

and MHC-mediated disassortative mating have all been proposed to contribute to high 

levels of MHC diversity found in most natural populations (Kubinak et al. 2012). 

1.3.1 Heterozygote advantage, antagonistic co-evolution, and 
positive selection at MHC 

Heterozygote advantage is at the forefront of research to explain polymorphisms at the 

PBR of both MHC class I and II (e.g., Penn et al. 2002; Oliver et al. 2009; Kubinak et al. 

2012; Niskanen et al. 2014; Galaverni et al. 2015). Originally, models of pathogen-

mediated selection assumed that increased diversity at MHC should always be selectively 

favoured (Kubinak et al. 2012; Ruff et al. 2012), as individuals with a greater diversity of 

alleles (particularly at the PBR, involved in antigen recognition and binding) should be 

able to recognize and respond to a greater diversity of pathogens. Supporting this model, 

many studies examining the role of MHC diversity in surviving multi-strain infections 

and/or effects of low MHC allelic diversity (e.g., inbred strains) on disease resistance do 

support the idea that increased individual genetic diversity at MHC is associated with 

enhanced disease resistance (e.g., mice Mus musculus domesticus, Penn et al. 2002; 
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McClelland et al. 2003; Atlantic salmon Salmo salar, Evans and Neff 2009; and water 

voles Arvicola terrestris, Oliver et al. 2009). However, other studies have found fitness 

advantages associated with intermediate rather than maximal MHC diversity (e.g., three-

spined sticklebacks Gasterosteus aculeatus, Wegner et al. 2003, 2004, Jäger et al. 2007). 

This phenomenon may be explained by the immune system only being able to respond to 

a finite number of antigens (Yewdell and Bennink 1999). Alternatively, individuals 

presenting too many peptides to T cells could be more susceptible to autoimmune responses 

(Bottazzo et al. 1986; Apanius et al. 1997) or a dilution effect may occur, whereby 

individuals only have limited copies of protective alleles (Wegner et al. 2003; Kubinak et 

al. 2012). Therefore, even though some taxa show evidence of heterozygote advantage at 

MHC, in other taxa the optimal level of MHC diversity may be intermediate rather than 

maximal.  

 Antagonistic co-evolution with pathogens is also thought to be a driver of MHC 

diversity (Sutton et al. 2011). Through an evolutionary arms race, pathogens evolve to 

evade the host population’s most common MHC alleles, particularly at the PBR. Negative 

frequency-dependent selection then favours hosts that possess rare alleles (Clarke and 

Kirby 1966; Slade and McCallum 1992). This process is thought to increase MHC diversity 

because new mutations add rare alleles to the host population, which then become prevalent 

through antagonistic co-evolution and negative frequency-dependent selection (Potts and 

Wakeland 1990; Jeffery and Bangham 2000).  

Geographic variation in parasite assemblages (Pagenkopp et al. 2008) may generate 

geographic variation in selection pressures at MHC, which may drive population 

differentiation at these loci (e.g., Loiseau et al. 2009; Bichet et al. 2015). Sarquis-Adamson 

and MacDougall-Shackleton (2016) showed experimentally that song sparrows were more 

resistant to a sympatric Plasmodium strain over an allopatric strain. They hypothesized that 

population differences at MHC may explain resistance to local parasites through (additive) 

locally-good gene effects. Alternatively, however, such effects might reflect immune 

memory resulting from individuals having prior exposure to the local Plasmodium strains. 

In Chapter 2 of this thesis, I test for additive (locally-good genes) effects and non-additive 
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(heterozygote advantage) effects at class I and class II of MHC, on the resistance of song 

sparrows to Plasmodium parasites.  

 Considering pathogen-mediated selection on MHC, codons within the PBR often 

show signatures of positive selection (i.e., higher levels of nonsynonymous base 

substitutions in comparison to synonymous ones). Because pathogens are constantly 

evolving, and the PBR makes direct contact with their antigens, mutations that give rise to 

functional change that recognize new pathogens are likely to be maintained in the 

population (Hughes and Nei 1988; Yang and Swanson 2002). To shine light on selection 

at the PBR, in chapter 5 of this thesis, I test for signatures of positive selection at the PBR 

in class II MHC of song sparrows.   

1.4 MHC-mediated mate choice 

1.4.1 Mate choice based on MHC genotype (compatibility)  

MHC-mediated mate choice often implies the choosier sex mates with an individual that 

has an optimally-dissimilar MHC genotype (Milinski 2006). MHC-disassortative mate 

choice is normally explained using the previously described models of maximizing 

offspring fitness through heterozygote advantage, negative-frequency dependent selection, 

and/or inbreeding avoidance (Kubinak et al. 2012). However, MHC-assortative mate 

choice does occur, and is posited to reduce outbreeding depression in populations and/or 

the maintenance of co-adapted gene complexes (Tregenza and Wedell 2000; Bos et al. 

2009; Sin et al. 2015). 

Studies have revealed extensive MHC-mediated mate preference in mammals. 

Yamazaki et al. (1976) first discovered MHC-disassortative mate preference when they 

noted male mice chose females in oestrus that were dissimilar at MHC. The majority of the 

research in mammals documents MHC-disassortative over MHC-assortative mate 

preference, such as in bank voles (Clethrionomys glareolus, Radwan et al. 2008), humans 

(Wedekind et al. 1995; Havlicek and Roberts 2009), mandrills (Mandrillus sphinx, Setchell 

et al. 2010), fat-tailed lemurs (Cheirogaleus medius, Schwensow et al. 2008b), and grey 

mouse lemurs (Microcebus murinus, Schwensow et al. 2008a). However, MHC-assortative 
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mating has been documented in the Malagasy jumping rat (Hypogeomys antimena, 

Sommer 2005), and European badgers (Meles meles, Sin et al. 2015). Regardless of the 

direction of MHC genotype-based mate choice in mammalian systems, these studies 

showcase the adaptive importance of MHC-mediated mating in mammalian systems, such 

as heterozygote advantage (disassortative) (e.g., Radwan et al. 2008) or outbreeding 

avoidance (assortative) (e.g., Sin et al. 2015). 

Further research has identified MHC-mediated mating in other jawed vertebrates 

(Ruff et al. 2012). In fish, MHC-disassortative mate preference has been documented in, 

for example, Atlantic salmon (Landry et al. 2001; Rajakaruna et al. 2006; Consuegra and 

Garcia de Leaniz 2008), Chinook salmon (Oncorhyncus tshawytscha, Neff et al. 2008), 

and the rose bitterling (Rhodeus ocellatus, Agbali et al. 2010). In reptiles, MHC-

disassortative mate preference has been documented in sand lizards (Lacerta agilis, Olsson 

et al. 2003), and tuatara (Sphenodon punctatus, Miller et al. 2009). Contrary to other trends 

in MHC-mediated mate preference, the only documented case in any amphibians is MHC-

assortative preference in tiger salamanders (Ambystoma tigrinum, Bos et al. 2009). Finally, 

research in birds has revealed both directions of MHC-mediated mate preferences. MHC-

disassortative mating has been documented in savannah sparrows (Passerculus 

sandwichensis, Freeman-Galant et al. 2003), and in red jungle fowl (Gallus gallus, 

Gillingham et al. 2009). Complex MHC-assortative mating has been documented in house 

sparrows (Passer domesticus, Bonneaud et al. 2006), whereby males with high MHC 

diversity were preferred as mates but only if they shared MHC alleles with females. 

Overall, studies examining MHC-mediated mating preferences do not follow a single trend 

of MHC-disassortative or –assortative mate choice. This highlights how selection may 

favour either direction of preference depending on the adaptive importance of MHC in 

these various mating systems. In chapter 5 of this thesis, I investigate the hypothesis that 

song sparrows choose social mates that are dissimilar to themselves at MHC class II. 

1.4.2 Mate choice based on MHC diversity 

In contrast to choosing a mate based on its MHC similarity or dissimilarity, thus 

influencing MHC diversity of the resultant offspring, some taxa show evidence for mate 
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choice based on MHC diversity of the potential mate itself. That is, individuals may prefer 

a mate with optimal (whether this involves maximal or intermediate) levels of MHC 

diversity. Particularly in species where direct benefits are important to mate choice and 

fitness, the choosier sex may benefit through pairing with an optimally MHC-diverse 

partner because such individuals are expected to be in superior condition and thus better 

able to provide direct or material benefits. As noted above, optimal MHC diversity may 

correspond to either maximal or intermediate levels of diversity, and is likely to vary 

among taxa.  

 Preference for maximally-diverse individuals at MHC has been documented in 

several species. For example, in fat-tailed dwarf lemurs, females preferred MHC-dissimilar 

males, but also preferred males with maximal MHC diversity (Schwensow et al. 2008b). 

In house sparrows, males that successfully acquired a mate had higher MHC diversity than 

those that did not (Bonneaud et al. 2006). Meanwhile, female Seychelle warblers 

(Acrocephalus sechellensis) tend to produce extra-pair young with males that are more 

diverse at MHC than their social mates, implying that this preference for maximally diverse 

males may confer indirect benefits, despite the fact that females in this species do not 

appear to prefer maximally dissimilar social males with whom they would produce 

maximally diverse offspring (Richardson et al. 2005). Similarly, peahens (Pavo cristatus) 

paired with maximally MHC-diverse males lay larger than average eggs and larger than 

average clutches (Hale et al. 2009).  

In other species, individuals choose mates based on MHC diversity but prefer 

intermediate rather than maximal MHC diversity (e.g., house sparrows, Bonneaud et al. 

2006; brown trout Salmo trutta, Forsberg et al. 2007). An extensive example of this 

phenomenon is in three-spined sticklebacks, where females prefer mates with intermediate 

MHC diversity (e.g., Reusch et al. 2001; Milinksi 2006). These intermediately-diverse 

males also made the best nests (Jäger et al. 2007) and had the lowest parasite loads (Wegner 

et al. 2003), traits which presumably reflect direct benefits.  
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1.5 Signals of MHC 

1.5.1 Signals of MHC genotype 

The discovery of MHC-mediated mate choice in lab mice by Yamazaki et al. (1976) 

prompted research into understanding how vertebrates may evaluate MHC genotypes of 

potential mates. Mammals, and in particular, rodents, have an olfactory structure called the 

vomeronasal organ (VNO), which is used to detect nonvolatile molecules used in 

conspecific social and sexual status signals (Ruff et al. 2012). In mice, specific VNO 

neurons respond to synthetic MHC class I peptide-ligands that have identical amino acid 

sequences to naturally derived MHC peptides (Leinders-Zufall et al. 2004). This provides 

a direct physiological mechanism to detect and differentiate MHC genotypes based on 

nonvolatile cues in mammals. Although not all vertebrates possess a VNO, all have main 

olfactory epithelia (MOE) (Müller-Schwarze 2006). Indeed, olfactory sensory neurons in 

the MOE in mice also respond to MHC class I peptide-ligands, highlighting that MHC 

genotypes can be detected via both physiological pathways (Spehr et al. 2006). This implies 

that jawed vertebrates lacking a VNO may still process signals of MHC genotypes. 

Similar to studies in mice, altering concentration of synthetic MHC peptides 

directly influences mating decisions in three-spined sticklebacks (Milinski et al. 2005), but 

the direct mechanism for peptide-detection in fishes is still unknown (Boehm and Zufall 

2006). Additionally, a study on female humans revealed that they preferred their own scent 

when presented with various synthetic MHC class I peptides, highlighting discrimination 

between self and non-self MHC (Milinski et al. 2013). Overall, these studies indicate that 

mammals and fish have the capability to directly detect MHC genotypes of conspecifics, 

which has mate choice implications.  

Discriminating MHC genotypes directly through olfactory cues dominates the 

research performed in mammals and fish. In most bird species, however (with the exception 

of seabirds, Nevitt 2000) olfactory ability has traditionally been assumed to be weak, 

because birds have poorly developed olfactory bulbs (Bang and Cobb 1968) and lack a 

vomeronasal organ (Keverne 1999). As a result, the role of olfaction in communication and 
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mate choice in birds has received little study. However, recent studies (Leclaire et al. 2012, 

2014) have identified a potential source of odour cues through which birds may be able to 

assess the genetic makeup of potential mates and other conspecific individuals. Avian 

preen oil is a waxy secretion from the uropygial gland that functions primarily in protecting 

feathers and maintaining hydrophobicity (Jacob and Ziswiler 1982). The oil is composed 

of monoesters (Thomas et al. 2010) and diesters (Tuttle et al. 2014) as well as volatile 

compounds such as linear alcohols (Whittaker et al. 2010). MHC profiles may be 

associated with preen oil composition either relatively directly (through potentially 

influencing the microbiome, which modifies preen oil odour components, Strandh et al. 

2012) and/or indirectly (if geographic variation in preen oil profiles (Whittaker et al. 2010) 

corresponds to geographic variation at MHC). Supporting a potential association between 

preen oil profile and genetic makeup, dark-eyed juncos (Junco hyemalis) exposed to 

conspecific preen oil can discriminate between sexes, and between populations (Whittaker 

et al. 2010, 2011). Moreover, in seabirds, the diversity of an individual’s preen oil 

compounds reflects its neutral-locus genetic diversity (Leclaire et al. 2012), and pairwise 

similarity in preen oil composition is associated with pairwise genetic similarity at class II 

MHC loci (Leclaire et al. 2014), and MHC-disassortative mate preference (Leclaire et al. 

2017). Therefore, in birds, the mechanism by which they may be able to discriminate MHC 

genotypes is likely to be indirectly influenced by preen oil composition rather than direct 

detection of MHC peptide-ligands found in mammals and fish. Chemical signals of MHC 

in songbirds remains unexplored, therefore, in Chapter 3 I examine the relationship 

between the chemical composition of preen oil and MHC class II genotype in song 

sparrows.  

Ornamentation and other condition-related traits may indirectly signal MHC 

genotype through the effects of MHC on disease resistance and body condition. In great 

snipe (Gallinago media), males with particular MHC genotypes were larger and preferred 

as mates (Ekblom et al. 2004). Similarly, MHC genotype predicted spur length, a sexually 

selected trait in ring-necked pheasants (Phasianus colchicus, von Schantz et al. 1997). 

Therefore, even though the majority of MHC genotype signalling appears to involve 
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chemical communication, other modalities may also contribute to signals of MHC 

genotype.  

 In light of exploring indirect signals of MHC, geographic variation in learned 

vocalizations represents a compelling candidate mechanism by which females may be able 

to assess a potential mate’s population of origin. In oscine songbirds (Passeri), birdsong is 

learned from older conspecifics, and such learning is often restricted to a sensitive period 

during early life (Marler and Peters 1987). As a result, in many species, song varies 

geographically (Podos and Warren 2007), such that the songs within a male’s repertoire 

may reflect his population of origin. Geographic variation in song is behaviourally salient, 

as females of many species prefer local song types (Baker et al. 1981; Searcy et al. 2002). 

Such preferences may enable females to obtain locally-good genes at MHC for their 

offspring. Conversely, in populations where non-additive effects on fitness at MHC are 

important, females might use song to avoid inbreeding (Grant and Grant 1996), for example 

by preferentially pairing with males of non-local origin. Locally-good gene effects at MHC 

may operate concurrently with and in opposition to non-additive genetic effects such as 

heterozygote advantage (Marr et al. 2002; MacDougall-Shackleton et al. 2005). Whether 

females use song as a cue to obtain locally-good genes (Baker et al. 1981), or to avoid 

inbreeding (Grant and Grant 1996), assessing a potential mate’s population of origin should 

be particularly important if geographic variation in parasite assemblages (Pagenkopp et al. 

2008) has generated geographic variation at MHC. In Chapter 4, I explore the relationship 

between variation in birdsong composition and MHC class II genotypes in song sparrows. 

The possibility that geographic variation in song might advertise geographic variation at 

MHC suggests an important potential mechanism by which songbirds may assess the 

genetic quality (including compatibility) of potential mates.  

1.5.2 Signals of MHC diversity 

Whereas most research into MHC-mediated mate choice has focused on signals of MHC 

dissimilarity, there is also substantial evidence in several species that individuals prefer 

mates with a particular level of MHC diversity (reviewed by Ruff et al. 2012). By choosing 

a mate that is optimally diverse at MHC, the choosier sex may accrue direct (material) 
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benefits, such as nest quality (Jäger et al. 2007), and offspring care (Knafler et al. 2012) 

since their mate would be more resistant to parasites, thus allowing them to allocate energy 

to provisioning offspring, in comparison to less MHC-diverse individuals. Importantly, this 

does not exclude the possibility that the choosier sex may also accrue indirect genetic 

benefits when selecting mates that are optimally diverse at MHC. For example, preferences 

for optimally MHC-diverse mates may increase the likelihood of obtaining locally-adapted 

alleles for one’s offspring, potentially providing these offspring an advantage in defending 

against common pathogens (Milinski 2016). 

 Sexually selected signals of MHC diversity have been documented in most 

vertebrate groups. In mammals, antler size and body size of male white-tailed deer 

(Odocoileus virginianus) were positively associated with MHC diversity (Ditchkoff et al. 

2001); MHC-diverse individuals were also more resistant to nematode infection. In fish, 

intensity of the sexually-selected red coloration of male three-spined sticklebacks was 

positively associated with diversity at MHC class I, whereas males with the highest quality 

nests had intermediate, rather than maximal, diversity at MHC class II (Jäger et al. 2007). 

In birds, train length of male peacocks varied positively with MHC class II diversity (Hale 

et al. 2009). Similarly, in common yellowthroats the expression of sexually selected 

plumage traits such as mask size (Wisconsin population, Dunn et al. 2013), and yellow bib 

brightness (New York population, Whittingham et al. 2015) varies positively with MHC 

class II diversity. Collectively, these studies suggest that sexually selected visual ornaments 

may indirectly signal the level of MHC diversity in jawed vertebrates. However, the 

relationship between a sexually selected acoustic ornament, such as birdsong, has yet to be 

explored. Song sparrows are an excellent candidate organism to explore the relationship 

between birdsong repertoire size and MHC diversity. Females prefer males with complex 

songs (Searcy 1984), and more MHC-diverse males may sing more songs as they would 

have better immunity during early life when they learned their songs. Therefore, in Chapter 

4, I examine the relationship between song repertoire size and MHC class II diversity in 

song sparrows.  
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1.6 Study species 

The song sparrow is the model organism used in this thesis to study additive and non-

additive effects at MHC on fitness and mate choice, and signals of MHC. Song sparrows 

are oscine songbirds that are widespread across North America (Arcese et al. 2002). Most 

of the research presented in my thesis was conducted on a seasonally migratory population 

of song sparrows breeding near Newboro, Ontario (44.6338○ N, 76.3308○ W). Relatively 

few females in this population produce extra-pair young (~20% of nests containing any 

extra-pair young, Potvin and MacDougall-Shackleton 2009), making patterns of social 

mate choice a good proxy for genetic mate choice. Identifying and pairing with high-

quality mates is essential in this species, as direct (material) benefits in the form of paternal 

care are critical for offspring survival. These benefits include territory quality, mate 

guarding, nest defence, and provisioning to offspring in the nest and during the fledgling 

period (Arcese et al. 2002). Male song sparrows learn their songs during the first year of 

life (Arcese et al. 2002), such that early-life condition is critical to song development 

(Schmidt et al. 2013). Males vary substantially in the number of songs they can produce: 

repertoire size ranges from five to 12 songs in this population and is the best supported 

sexually selected trait for this species, as females prefer to mate with males the largest song 

repertoires (Searcy 1984).  

Song sparrows in the study population interact with a diversity of pathogens, 

including but not limited to haemosporidian parasites such as Plasmodium spp. (Sarquis-

Adamson and MacDougall-Shackleton 2016). Sarquis-Adamson and MacDougall-

Shackleton (2016) found evidence for a home-field advantage such that song sparrows are 

more resistant to local Plasmodium strains and relatively susceptible to nonlocal strains. 

This pattern might suggest locally-good genes effects at immune loci, such as MHC. 

Alternatively, song sparrows may also exhibit compatible-gene effects at MHC, as the 

immune function decreases with inbreeding level for this species (Reid et al. 2003). 

Furthermore, in my population, females adjust parental effort based on neutral-locus 

similarity to their social mate (Potvin and MacDougall-Shackleton 2009). This finding 
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suggests that song sparrows may be capable of assessing genetic similarity, potentially 

mediated by MHC cues.  

1.7 Dissertation structure 

My thesis contains four data chapters, collectively addressing the over-arching hypothesis 

that MHC affects disease resistance of song sparrows through additive and non-additive 

genetic effects; that the chemical composition of preen oil and the content of learned song 

repertoires provide information regarding MHC genotype dissimilarity and diversity; and 

that song sparrows use this information to pair disassortatively with respect to MHC 

genotype. 

Chapter 2 examines the role of MHC class I and class II in song sparrows’ 

resistance to local and nonlocal strains of Plasmodium, previously studied by Sarquis-

Adamson and MacDougall-Shackleton (2016). I examined whether locally-good gene 

effects at MHC class I exon 3 and/or II explained the apparent local adaptation of two 

song sparrow populations ~ 440 km apart. Additionally, I explored if heterozygote 

advantage at either MHC class also explained their resistance to Plasmodium.  

Chapter 3 and 4 explore two candidate signals of MHC in songbirds. In Chapter 3, 

I explored whether the chemical composition of preen oil covaried with MHC class II 

genotypes, and which if any specific compounds explained the majority of variation at 

MHC. In Chapter 4, I explored whether birdsong composition covaried with MHC class 

II genotypes. Because male song sparrows learn their song at their population of origin, 

and there may be geographic variation in MHC, I explored whether birdsong reliably 

signalled MHC genotype. I also explored whether birdsong complexity (repertoire size) 

might convey information regarding MHC class II diversity.  

In Chapter 5, I investigated whether free-living song sparrows show evidence of 

non-random mating at MHC class II.  Furthermore, because codons subject to positive 

selection might be particularly salient to mate choice, I screened for particular codons at 

MHC class II that show evidence of past positive selection. I compared patterns of social 
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mate choice observed in the field to those expected under random mating, to explore 

whether song sparrows pair non-randomly based on evolutionary or functional distance at 

the entire exon, and/or at the subset of codons showing evidence of positive selection.  

Chapter 6 integrates the findings from the four data chapters and assesses progress 

towards the goal of testing whether pathogen-mediated selection favours certain MHC 

alleles or combination of alleles, what mechanisms might allow individuals to assess the 

MHC of a potential mate, and whether disassortative mating at MHC occurs in this study 

population, together with identifying promising directions for future research. Collectively, 

this dissertation tests a leading candidate locus hypothesized to underlie previous findings 

of enhanced resistance to local parasite strains (chapter 2), identifies two new candidate 

modalities by which songbirds may assess MHC dissimilarity and diversity of potential 

mates (chapter 3 and 4), identifies signals of molecular selection, and provides unexpected 

findings regarding the nature of MHC-mediated mating in a wild population of songbirds. 
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Chapter 2 

2 Population differences at MHC do not explain enhanced 
resistance of song sparrows to local parasites1 

2.1 Introduction 

Infectious disease constitutes an emerging threat to natural populations. Geographic ranges 

of parasites are expected to shift in response to human activity and changes in climate 

(Harvell et al. 2002; McCallum et al. 2002), intensifying the risk of invasive new parasites 

spreading to naïve host populations (Altizer et al. 2011; Garamszegi 2011). For example, 

malarial parasites (Plasmodium spp.) have recently been detected in hatch-year and non-

migratory birds as far north as Alaska (Loiseau et al. 2012), demonstrating that malaria is 

now transmitted at this latitude. The introduction of novel parasites is particularly 

concerning in systems in which hosts are more vulnerable to infection by unfamiliar 

(allopatric) parasites than they are to local (sympatric) parasites. The devastating effects of 

avian malaria (P. relictum) and poxvirus on immunologically naïve birds in the Hawaiian 

and Galápagos Islands represent particularly dramatic examples of susceptibility to novel 

parasites (Warner 1968; Zylberberg et al. 2012), but similar patterns have been found 

across a variety of taxa (Greischar and Koskella 2007). 

A growing body of evidence now supports the idea that in many systems, hosts are 

more likely to be infected by or suffer more severe infections from allopatric than 

sympatric parasites. However, the mechanisms that might contribute to this pattern remain 

uncertain. Field studies of wild birds have found greater prevalence and/or intensity of 

infection in dispersing than in philopatric individuals (white-crowned sparrows 

Zonotrichia leucophrys, MacDougall-Shackleton et al. 2002; song sparrows Melospiza 

                                                 

1
 A version of this chapter has been published and is presented with permission from the Journal of Heredity. 

 

Citation: Slade JWG, Sarquis-Adamson Y, Gloor GB, Lachance M-A, MacDougall-Shackleton EA. 2017. 

Population differences at MHC do not explain enhanced resistance of song sparrows to local parasites. J 

Hered. 108:127–134. 



30 

 

 

melodia, Stewart and MacDougall-Shackleton 2008; barn swallows Hirundo rustica, Saino 

et al. 2014). These associations are consistent with hosts being more susceptible to 

allopatric than sympatric parasites, but cannot rule out the alternative explanation that 

dispersing versus philopatric individuals may differ in inherent quality. Reciprocal 

infection experiments, in which host individuals from two or more sites are exposed to 

sympatric versus allopatric parasites, have the advantage of controlling for individual 

variation in quality and can more directly address whether hosts are more susceptible to 

allopatric parasites. For example, Canarian lizards (Gallotia galloti) are relatively resistant 

to sympatric and susceptible to allopatric haemogregarine parasites (Oppliger et al. 1999), 

with similar patterns reported for interactions between three-spined sticklebacks 

Gasterosteus aculeatus and eye flukes Diplostomum pseudospathaceum (Kalbe and Kurtz 

2006); great tits Parus major and Plasmodium spp. (Jenkins et al. 2015); and song sparrows 

and Plasmodium spp. (Sarquis-Adamson and MacDougall-Shackleton 2016).  

At least two mechanisms may contribute to hosts being more susceptible to 

allopatric than sympatric parasites. First, host populations may differ in allele frequencies 

at immune loci, due to historical coevolution with local parasite strains increasing the 

frequency of locally-protective alleles within each population (i.e., local adaptation of hosts 

to parasites; Loiseau et al. 2009). Second, host individuals may have previously 

encountered sympatric parasite strains, resulting in antigen-specific immune memory 

(Krzych et al. 2014) such that re-infections are less likely and/or less severe. Local 

adaptation of host populations and immune memory of host individuals are not mutually 

exclusive explanations for why hosts could be more susceptible to allopatric than sympatric 

parasites. However, evaluating their relative importance is valuable because it informs as 

to whether this pattern arises primarily over an evolutionary or an ecological time-scale.  

In jawed vertebrate animals, genes of the major histocompatibility complex (MHC) 

encode cell-surface proteins that discriminate self from non-self antigens (i.e., pathogens), 

and present them to T-cell receptors to initiate an immune response (Klein 1986). Two 

major classes of MHC molecules are involved in antigen presentation: class I molecules 

interact primarily with intracellular pathogens, and class II molecules primarily with 
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extracellular pathogens. The MHC thus represents a key component of immune defence 

(Trowsdale 1995). MHC loci are compelling candidates at which host populations may 

show genetic differentiation, because geographic variation in parasite communities 

(Pagenkopp et al. 2008) may generate variation in selection pressures on hosts (Kaltz and 

Shykoff 1998). Thus, local variation in parasite-mediated selection pressures could induce 

population differentiation at MHC (Loiseau et al. 2009), which is a requirement for locally 

protective alleles contributing to enhanced resistance to sympatric parasites. Alternatively, 

however, balancing selection at MHC loci may reduce population differentiation. 

Immigrants bearing locally-rare alleles might be favoured by negative frequency-

dependent selection (Schierup et al. 2000, Muirhead et al. 2001, Fraser et al. 2010) or the 

offspring of such immigrants may benefit from heterozygote advantage (Penn et al. 2002). 

If populations are not genetically differentiated at MHC, local adaptation at MHC cannot 

explain enhanced resistance to sympatric parasites and susceptibility to allopatric parasites. 

This would suggest that host individuals’ previous experience with local parasites, rather 

than population-level adaptation to the local parasites, is the main contributor to host 

resistance to sympatric parasite strains.   

In a recent study, Sarquis-Adamson and MacDougall-Shackleton (2016) inoculated 

wild-caught adult song sparrows, captured from two sites 440 km apart, with either 

sympatric or allopatric lineages of Plasmodium. Infection risk was lower for birds exposed 

to sympatric as opposed to allopatric parasites, a pattern which might reflect population 

differentiation and locally protective alleles at immune-related loci such as MHC, or some 

other explanation such as previous exposure and immune memory. In the current study, I 

characterize MHC (class I and II) of birds from each source population, in order to assess 

population genetic differentiation and thus, the potential that locally protective alleles 

might contribute to enhanced resistance to sympatric parasites. I also investigate individual 

diversity at MHC of subjects used in the cross-infection experiment, and relate this to 

infection success in order to assess evidence for balancing selection (heterozygote 

advantage) at these loci.  
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2.2 Materials and Methods 

2.2.1 Population sampling and infectivity experiment 

I characterized MHC genotypes of 36 song sparrows previously used in a cross-infection 

experiment (Sarquis-Adamson and MacDougall-Shackleton 2016). Subjects in the cross-

infection study were captured at their summer breeding grounds in Ontario, Canada during 

late summer and early fall (July-October). Nineteen birds were captured at a site in eastern 

Ontario (44°38'38.77"N, 76°20'4.86"W), and 17 at a site 440 km away in western Ontario 

(43°00'34.00"N, 81°16'52.50"W). Song sparrows are abundant in both these locations, and 

neither site was physically isolated from species-suitable breeding habitat (old fields and 

wetlands), thus I assume that neither population is currently isolated from other 

surrounding populations. Lab members collected a small blood sample from each bird’s 

brachial vein for genetic analysis, and then housed the birds indoors in individual cages 

with ad libitum access to food and water under ambient photoperiod. 

Details of the cross-infection experiment are available in Sarquis-Adamson and 

MacDougall-Shackleton (2016), but in brief, they used nested PCR to amplify and 

sequence haematozoan mitochondrial DNA (Hellgren et al. 2004) and identified lineages 

of Plasmodium that were apparently confined only to the eastern or only to the western 

site. Lineage P-SOSP9 (GenBank accession # KT19635; 99% sequence identity to 

morphospecies P. relictum) was found only in birds from the eastern site, and lineage P-

SOSP10 (GenBank accession # KT19636; 99% sequence identity to morphospecies P. 

homopolare) was found only in birds from the western site. Additional screening of over 

300 song sparrows at and around the eastern site confirmed the absence of P-SOSP10 from 

this location, although comparable screening at and around the western site to confirm the 

absence of P-SOSP9 was not conducted (Sarquis-Adamson and MacDougall-Shackleton 

2016). Although several other lineages of Plasmodium were detected, these occurred at 

both the eastern and western sites. Sarquis-Adamson and MacDougall-Shackleton (2016) 

thus used P-SOSP9 and P-SOSP10 as the eastern and western lineages, respectively. DNA 

sequence divergence between these two experimental lineages was 8%. All of the other 
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lineages detected within experimental subjects upon capture showed at least 5.2% sequence 

divergence to both experimental lineages (GenBank accession # KT193627-193634 and 

KT19637; Sarquis-Adamson and MacDougall-Shackleton 2016). 

Lab members inoculated a suspension of whole blood from an eastern bird infected 

with P-SOSP9 into two previously-uninfected “amplifiers” (i.e., birds inoculated with 

parasites, allowed to develop an acute infection, then used to inoculate experimental 

subjects) from the eastern site. Similarly, two previously-uninfected amplifiers from the 

western site were inoculated with a suspension of whole blood from a western bird infected 

with P-SOSP10 (details in Sarquis-Adamson and MacDougall-Shackleton 2016). At 18 

days post-inoculation, all four amplifiers had infectious stages of Plasmodium (asexual 

meronts) detectable in peripheral blood (eastern average = western average = 2.0 parasites 

per 10,000 erythrocytes, scored by microscopic examination of thin-film blood smears). 

Blood from amplifiers was then mixed with buffer and used to inoculate birds in the 

experimental groups, such that all experimental groups received the same dose of 

Plasmodium. Experimental birds comprised four groups of six birds each (i.e., eastern birds 

inoculated with their sympatric lineage P-SOSP9, eastern birds inoculated with their 

allopatric lineage P-SOSP10, western birds inoculated with their allopatric lineage P-

SOSP9, western birds inoculated with their sympatric lineage P-SOSP10).  

To assess infection success, Sarquis-Adamson and MacDougall-Shackleton (2016) 

monitored parasitemia in the 24 experimental birds every three days, from six to 30 days 

post-inoculation. 20 μL of blood was collected via brachial venipuncture and used to 

prepare a thin-film blood smear. Smears were air-dried, fixed in absolute methanol, and 

treated with Wright-Giemsa stain, after which researchers examined 10,000 red blood cells 

per smear and noted the number of cells containing one or more Plasmodium. Birds with 

at least one observation of at least four infected erythrocytes per 10,000 examined (0.04% 

parasitemia) were considered to have been successfully infected (Sarquis-Adamson and 

MacDougall-Shackleton 2016). However, because they did not confirm via PCR that 

‘successful infections’ involved the lineages of interest, they could not conclusively 

exclude the possibility that some may have involved coinfections by multiple lineages or 
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recurrences of earlier infections. All experimental birds survived to the 30-day endpoint of 

the experiment, and 15 of 24 (63%) became successfully-infected as defined above. 

2.2.2 Characterizing MHC 

Passerine birds have undergone extensive gene duplications at MHC (Westerdahl et al. 

2000; Hess and Edwards 2002), and this combined with high heterozygosity expected at 

the peptide-binding region (PBR) precluded direct sequencing of class I and II loci. I 

characterized most of class I, exon 3 by cloning and sequencing, and characterized class II, 

exon 2 by next-generation sequencing. 

2.2.2.1 Class I 

I used polymerase chain reaction (PCR) to amplify most of exon 3 of MHC class I, a region 

encoding the α2 domain of this molecule’s highly variable peptide-binding region (PBR). 

I amplified a 213 bp fragment of exon 3 using primers that bind within this exon (GCA21M 

and fA23M; Loiseau et al. 2009). These primers were designed from cDNA sequences, in 

order to preferentially amplify transcribed alleles (Loiseau et al. 2009). PCR was 

performed in a total volume of 25 μL, and included 0.2 U of Taq polymerase (Life 

Technologies), 0.2 μM of each primer, 0.2 mM of dNTPs, 1 mM of MgCl2, 1 x PCR buffer 

(Sigma-Aldrich: 10 mM Tris-HCl, pH 8.3 at 25°C, 50 mM KCl, 0.001% gelatin), and 

approximately 25 ng of genomic DNA template. The thermocycler profile consisted of 2 

min at 94 °C; 32 cycles of 30 s at 94 °C, 30 s at 57 °C, and 30 s at 72 °C; and a final 

extension step of 10 min at 72 °C.  

I used the pGEM-T Easy Vector System (Promega) to ligate PCR products into a 

vector which I then introduced into competent cells and screened for colonies containing 

the desired insert. I selected 20 insert-containing colonies per bird, and used a sterile 

toothpick to transfer each of these colonies into a new PCR reaction. PCR conditions for 

these second-round amplifications were the same as described above. After PCR, I treated 

each reaction with 10 U of Exo I and 10 U of FastAP Thermosensitive Alkaline 

Phosphatase (Thermo Scientific) for 15 min at 37 °C to degrade any remaining primers, 
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followed by a 15 min treatment at 85 °C to inactivate the enzymes. Each colony was then 

sequenced using the forward primer GCA21M, on an Applied Biosystems 3730 DNA 

Analyzer at the London Regional Genomics Centre.  

I aligned class I sequences in MEGA 6 (Tamura et al. 2013), queried them against 

the Basic Local Alignment Search Tool (BLAST; Altschul et al. 1990) implemented in 

GenBank, and confirmed that the most similar sequences retrieved were other class I, exon 

3 sequences from passerine birds. Alignments were trimmed to 192 bp, corresponding to 

codons 11 through 74 of the putative exon 3. I used the cluster command in the program 

mothur 1.33.3 (Schloss et al. 2009) to identify each individual’s alleles based on 100% 

DNA sequence identity. Low-quality reads (i.e., those containing Ns) were discarded. To 

reduce potential effects of PCR and sequencing errors, I also discarded singleton 

sequences, i.e., those found only in a single colony. Thus, only clear sequences that were 

recovered from two or more colonies (either within the same individual or across multiple 

individuals) were considered to be true alleles. In all, the number of usable sequences per 

individual was 16.00 ± 0.36 (mean ± s.e.m.). This number was not related to the number 

of unique alleles detected for an individual (Pearson’s r35 = 0.14, p = 0.43). 

2.2.2.2 Class II 

Due to high levels of duplication and polymorphism of MHC class II found in other 

passerine birds (e.g., upwards of 20 loci in common yellowthroats Geothlypis trichas; 

Bollmer et al. 2010), I used next-generation sequencing to characterize class II variation 

within and between populations. With the help of a collaborator, I designed a degenerate 

forward primer (SospMHCint1f: priming sequence 5’-AGY GGG GAY CCG GGG TGG-

3’), to bind to intron 1 of class II MHC. I used this in combination with the reverse primer 

Int2r.1 (Edwards et al. 1998) binding to intron 2, to amplify all of exon 2, which encodes 

the hypervariable PBR (β chain) of class II MHC. In addition to the priming sequences, 

each primer included an adaptor sequence for the Illumina MiSeq platform, four wobble 

bases, and an individually-unique barcode sequence of eight bases.  
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PCR was conducted in a total volume of 30 μL, and included 12.5 μL of GoTaq® 

Hot Start Colorless Master Mix (Promega), 0.2 μM of each primer, and 25 ng of genomic 

template. The thermocycling profile consisted of 3 min at 94 °C; 28 cycles of 30 s at 94 

°C, 30 s at 62 °C, and 45 s at 72 °C; and a final step of 10 min at 72 °C. I confirmed 

amplification success for each individual by running part of the PCR product on an agarose 

gel, and then pooled PCR products from all individuals to form a library. This library was 

used in next-generation sequencing at the London Regional Genomics Centre, using 300 

bp paired-end reads on a single flow cell in the Illumina MiSeq platform.  

A collaborator used a pipeline developed by Gloor et al. (2010) to extract 

sequences, sort by individuals, and collapse into clusters of identical reads. To identify very 

rare sequences likely to have resulted from PCR errors, I amplified class II, exon 2 of MHC 

using the primers and PCR conditions described above for one individual, and used cloning 

(Promega pGEM-T Easy Vector System) to generate multiple colonies each containing a 

single allele. I included PCR products from four colonies in the flow cell run, along with 

the library described above. In the absence of PCR or sequencing errors, each colony 

should generate only one individual sequencing unit (ISU), thus the frequency of rare 

secondary ISUs provides an estimate of error rates. Based on the observed frequency of 

secondary ISUs averaged across the four colonies, I established a threshold error rate of 

1%. Thus, sequences appearing in <1% of an individual’s reads were considered to result 

from PCR or sequencing errors, and were discarded. Retained sequences were checked for 

similarity to published exon 2 sequences of passerine class II MHC using BLAST as 

described above. 

2.2.3 Population genetic differentiation at MHC 

If locally protective alleles at MHC explain enhanced resistance to sympatric parasites 

(Sarquis-Adamson and MacDougall-Shackleton 2016), I would expect that MHC allele 

frequencies differ between sites. I investigated population genetic differentiation at MHC 

class I exon 3 and class II exon 2. Class I genotypes were available for 35 individuals (18 

from the eastern site, 17 from the western site) and class II genotypes for 35 individuals 

(19 eastern, 16 western).  
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I observed a large number of MHC alleles (27 unique DNA sequences at class I; 

192 unique DNA sequences at class II) with relatively little overlap between individuals, 

and because of this, classical FST analyses were not possible. Instead, a collaborator and I 

performed the analyses on distance matrices constructed from reduced data following 

Lachance et al. (2013). For each class of MHC, I used MEGA 6.0 (Tamura et al. 2013) to 

align the putative exon sequences (a 192 bp fragment of class I exon 3, and 222 bp 

corresponding to the entire putative class II exon 2) from all the observed alleles, and 

constructed neighbour joining trees. Alleles were then assigned to ‘superalleles’ based on 

membership in well-defined clades (Appendix A.1, A.2). As a result, the number of alleles 

detected in the entire sample was reduced from 27 alleles to four superalleles for class I, 

and from 192 alleles to 76 superalleles for class II. For each individual, I noted the number 

of alleles belonging to each superallele, and then my collaborator calculated Euclidean 

distances between all pairwise combinations of individuals based on their superallele 

genotypes at class I or class II. FST was calculated from the formula (DT – DS)/DT, where 

DS is the mean within-site distance and DT the between-site distance. To evaluate the 

significance of each FST value, the coefficient was recalculated for 500 distance matrices 

constructed from similarly sized demes of randomized membership. The fractional rank of 

the observed FST value was taken to be the probability p of a type I error (Lachance et al. 

2013). 

To further examine population genetic differentiation at MHC, I used Bayesian 

cluster analysis implemented in structure 2.3.4 (Pritchard et al. 2000). The multilocus 

nature of MHC sequence data meant that I could determine superallele presence vs. 

absence in each individual, but not homozygous vs. heterozygous state. Thus, I treated 

MHC superallele profiles as being analogous to AFLP data (presence or absence of a given 

band) and used settings for dominant markers (Falush et al. 2007). I used the admixture 

model with correlated allele frequencies, and to maximize power to detect subtle genetic 

structuring, I included capture location (east or west) as prior information. For each of class 

I and class II MHC datasets, I compared support for models with and without genetic 

differentiation between the two sites (K = 1, K = 2). Running conditions included an initial 

burn-in of 100 000 iterations, followed by a run length of 100 000 MCMC iterations, after 
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which all parameters had stabilized. I used ln likelihood scores to calculate posterior 

probability for each value of K (Pritchard and Wen 2003). To assess consistency between 

trials, for each of the class I and class II MHC datasets I performed five runs for each value 

of K.  

2.2.4 Individual diversity at MHC and infection risk 

Of the birds genotyped at both class I and class II, 22 had been experimentally inoculated 

with Plasmodium as part of a previous study (Sarquis-Adamson and MacDougall-

Shackleton 2016). Thus, infection outcome was known for these individuals: 14 became 

successfully infected (as defined by a criterion of 0.04% parasitemia; Sarquis-Adamson 

and MacDougall-Shackleton 2016) and eight did not. To assess whether individual genetic 

diversity at MHC influenced infection likelihood, I used the ExPASy translate tool 

(Gasteiger et al. 2003) to identify the correct reading frame and to convert nucleic acid 

sequences of MHC class I and class II alleles into the corresponding amino acid sequences. 

For each of the 22 birds with known infection outcome, I noted the number of unique amino 

acid sequences at MHC class I and at MHC class II. 

I used glm in base R 3.2.3 (R Core Team 2015) to construct generalized linear 

models with binomial error distribution, each with infection outcome (i.e., whether or not 

the individual developed parasitemia of 0.04% or higher within 30 days of inoculation) as 

the dependent variable. I used an information theoretic approach (Burnham & Anderson 

2002) to compare support for four alternative models (Table 2.1): univariate models of 

diversity (i.e., number of different amino acid sequences detected within the individual) at 

MHC class I and class II, a combination model including MHC class I diversity and MHC 

class II diversity, and a null model (intercept only).  

As a complementary analysis, I also tested a broader candidate set of eleven 

candidate models (Table 2.1) predicting infection outcome. Predictor variables in this 

broader model set included MHC class I and class II diversity; eastern vs. western bird 

origin; eastern vs. western parasite origin; bird origin × parasite origin interaction; and 

previous infection status (i.e., whether or not the individual was determined to have been 
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naturally-infected with Plasmodium prior to capture). The broader candidate model set also 

included a null model (intercept only). I calculated model-averaged parameter estimates 

and unbiased 95% confidence intervals from the full set of AICc-ranked candidate models 

using the functions model.avg and confint in the R package MuMIn (Bartoń 2015).  

2.3 Results 

2.3.1 Individual variation at MHC 

I detected 37 variable sites within the 192 bp examined for class I exon 3, and 188 variable 

sites within the 222 bp examined for class II exon 2. I found between 1 and 4 alleles (i.e., 

different DNA sequences) per individual at class I (mean ± s.e.m., eastern: 2.78 ± 0.22, n 

= 18; western: 2.24 ± 0.29, n = 17) and between 10 and 26 alleles per individual at class II 

(eastern: 17.38 ± 0.96, n = 19; western: 18.89 ± 0.89, n = 16).  

2.3.2 Population genetic differentiation at MHC 

My collaborator and I found no evidence of genetic differentiation between eastern and 

western song sparrows, for either class I or class II of MHC (class I: DT = 3.42, DS = 2.78, 

FST = 0.111, p = 0.12; class II: DT = 32.7, DS = 31.1, FST = 0.050, P = 0.61). Consistent with 

this lack of genetic differentiation, I found little evidence for alleles that were common at 

one site but rare at the other site (Figure 2.1a and 2.1b for class I and class II, respectively). 

Two-thirds (18/27) of the class I alleles were private, i.e., restricted to either the eastern or 

the western birds. However, each of these were observed in only 1-2 individuals (Figure 

2.1a), and I observed no private superalleles at MHC class I.  

Bayesian (structure) analysis of MHC class I differentiation did not conclusively 

support either K = 1 (panmixia) or K = 2 (two genetic clusters). Two of the five trials 

identified an optimal K of 1 (posterior probabilities 0.52, 0.84); two identified an optimal 

K of 2 (posterior probabilities 0.55, 0.87) and one showed identical support (posterior 

probability = 0.50) for K = 1 and K = 2. By contrast, all five trials for class II identified K 

= 2 as the most probable (posterior probabilities = 0.98 – 1.00). However, for both class I 
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and class II datasets, under K = 2 models all individuals were highly admixed regardless 

of capture location (40-60% genetic membership in each cluster; no individuals strongly 

assigned to either cluster; Figure 2.2a, b), consistent with a lack of true underlying 

population genetic structure (Pritchard and Wen 2003). In light of the apparent lack of 

population differences in superallele frequencies at either class of MHC, and because 

sample sizes were low relative to the diversity of MHC alleles observed, I did not test 

further for locally protective effects of specific alleles or superalleles. 

2.3.3 Individual diversity at MHC and infection risk 

Of the four models predicting infection outcome (MHC class I diversity, MHC class II 

diversity, combination of both MHC class I and MHC class II diversity, and null), the 

strongest was the MHC class I diversity model (Table 2.2). This model was approximately 

three times as likely as the next best model (MHCI + MHCII; Table 2.2) and 10-34 times 

as likely as either model without MHC class I diversity (intercept only, MHCII; Table 2.2). 

Based on this top model, the effect of MHC I diversity on infection outcome was 

significantly different from zero (Estimate ± SE = -1.54 ± 0.72, Z = -2.14, p = 0.033, 95% 

CI = -3.35 − -0.36). Individuals that remained uninfected following experimental exposure 

to Plasmodium had more amino acid alleles at MHC class I (uninfected: 2.63 ± 0.38 alleles, 

n = 8; infected: 1.57 ± 0.17 alleles, n = 14) but not at class II (uninfected: 16.86 ± 1.04 

alleles, n = 8; infected: 16.38 ± 1.07 alleles, n = 14).  

Comparison and averaging of the broader candidate set of models yielded similar 

results: the best model was that containing only MHC class I diversity (Table 2.1), and 

model averaging revealed a significant effect of MHC class I diversity but not of other 

variables tested (Table 2.3). 
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Table 2.1 AICc-ranked set of candidate models predicting infection success in 22 song 

sparrows experimentally inoculated with Plasmodium. Predictor variables were MHC class 

I diversity (i.e., number of distinct amino acid sequences at class I; MHCI), MHC class II 

diversity (MHCII), bird origin (BO), parasite origin (PO), bird origin × parasite origin 

interaction (BOPO), and previous infection status (PREV). All models were fit with 

binomial error distribution. 

Candidate models K logLik AICc ΔAICc Weight 

MHCI 2 -10.86 26.35 0 0.46 

MHCI + PREV 3 -10.19 27.70 1.36 0.23 

MHCI + MHCII 3 -10.60 28.53 2.19 0.15 

MHCI + MHCII + PREV  4 -10.06 30.47 4.13 0.06 

INTERCEPT ONLY (null model) 1 -14.42 31.04 4.70 0.04 

PREV 2 -14.06 32.75 6.40 0.02 

MHCII 2 -14.37 33.37 7.03 0.01 

MHCII + PREV 3 -13.79 34.92 8.58 0.01 

BO + PO + BOPO 4 -12.76 35.87 9.52 0 

MHCI + MHCII + BO + PO + BOPO 6 -9.78 37.17 10.82 0 

MHCI + MHCII + BO + PO + BOPO + 

PREV 

7 -9.50 40.99 14.65 0 
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Table 2.2 AICc-ranked set of candidate models predicting infection success in 22 song 

sparrows experimentally inoculated with Plasmodium. Predictor variables were MHC class 

I diversity (i.e., number of distinct amino acid sequences at class I; MHCI), and MHC class 

II diversity (MHCII). All models were fit with binomial error distribution. 

 

  

Candidate models 
K logLik AICc ΔAICc Weight Evidence ratio 

MHCI 2 -10.86 26.35 0 0.68 -- 

MHCI + MHCII 3 -10.60 28.53 2.19 0.23 2.96 

NULL (intercept only) 1 -14.42 31.04 4.70 0.07 9.71 

MHCII 4 -14.37 33.37 7.03 0.02 34 
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Table 2.3 Model-averaged predictors of infection success in 22 song sparrows 

experimentally inoculated with Plasmodium. Bold type indicates predictor for which 95% 

confidence interval does not include zero. Model averaging was conducted on all eleven 

candidate models from Table 2.1, weighted by Akaike weight. 

 

 

Predictor Estimate SE 

95% CI 

(2.5%, 97.5%) 

MHC class I diversity -1.49 0.91 -4.79, -0.29 

MHC class II diversity -0.026 0.11 -0.65, 0.29 

Previous infection status (yes) -0.43 1.00 -4.26, 1.60 

Parasite origin (western) 0.0053 0.17 -4.26, 4.03 

Bird origin (western) -0.0051 0.15 -5.39, 1.71 

Bird origin (western) × parasite origin (western) 0.0049 0.20 -3.84, 6.46 

Intercept 4.33 3.26 -2.28, 23.50 
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Figure 2.1 Allele frequencies (proportion of individuals in which an allele occurs) for (a) 

exon 3 of MHC class I, (b) exon 2 of MHC class II. Shaded bars show frequencies at the 

western site (n = 17 individuals for class 1, 16 for class II), white bars show frequencies at 

the eastern site (n = 18 individuals for class 1, 19 for class II). Alleles are arranged in 

decreasing order of frequency. Due to the large number of sequences found at class II, 

panel (b) presents superalleles rather than alleles, and only those found in five or more 

individuals. 
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Figure 2.2  Structure plots for (a) exon 3 of MHC class I, (b) exon 2 of MHC class II. Each 

column represents an individual, and each shade denotes a population cluster. Plots were 

generated for K = 2 populations, using the admixture model with correlated allele 

frequencies, and included capture location as prior information. No individuals were 

strongly assigned to either putative cluster. 
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2.4 Discussion 

Enhanced resistance to sympatric parasites and susceptibility to allopatric parasites may 

result from evolutionary and/or ecological processes. Over evolutionary time, spatial 

variation in selection pressures may generate geographic variation among host populations 

at immune-related loci, resulting in host local adaptation. Over ecological time, individual 

hosts may have previously encountered local parasite strains, resulting in immune memory. 

I investigated the first of these potential explanations in a study system already determined 

to show enhanced resistance to sympatric parasites (Sarquis-Adamson and MacDougall-

Shackleton 2016). I found no evidence of population genetic differentiation at either class 

I or II of MHC, suggesting that locally protective alleles at these loci cannot explain greater 

resistance to sympatric than allopatric parasites. Instead, my findings suggest that 

individuals’ prior immune experience may contribute to home-field advantage in this 

system. I also found evidence for heterozygote advantage at class I loci, suggesting that 

variation at MHC is maintained by balancing selection rather than by spatial variation in 

parasite-mediated selection. 

Consistent with many studies of natural populations, I found substantial variation 

at MHC. Based on the maximum number of different sequences recovered per individual 

(4 and 26 for class I and class II, respectively), I amplified at least two class I loci and at 

least 13 class II loci. This finding supports the hypothesis that evolution at MHC in 

passerine birds has been characterized by multiple gene duplications (e.g., Edwards et al. 

1998; Bollmer et al. 2010). Importantly, to reduce effects of PCR or sequencing errors, I 

retained only sequences that had been recovered from multiple PCR amplifications (class 

I) or those found in >1% of ISUs (class II). Thus, the diversity reported here may 

underestimate actual diversity at MHC. As well, because I did not sequence the full PBR 

at class I, there might be additional, undetected functional variation at exon 2 or at the 

unsequenced portion of exon 3. I used class I primers designed from cDNA sequences, 

albeit from another passerine species (house sparrow Passer domesticus, Loiseau et al. 

2009), thus the class I sequences I recovered are presumably also expressed in song 

sparrows. By contrast, in order to sequence the entire second exon of class II MHC I used 
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primers derived from the sequences of the flanking introns, so it is possible that a subset of 

the class II loci I amplified are not expressed. 

Despite considerable variation within and among individuals, my collaborator and 

I found little evidence for between-site variation (i.e., population genetic structuring) at 

either class I or class II of MHC. FST was not significantly different from zero for either 

class of molecule, we observed no alleles that were common at one site but rare at the other, 

and my structure analysis failed to assign any individuals conclusively to one or the other 

population based on superallele frequencies at MHC class I or class II. Importantly, sample 

sizes in my study were low (fewer than 20 individuals genotyped per site) and this restricts 

they power to detect subtle population structuring. This is a concern particularly at 

hypervariable loci such as MHC, in which many alleles likely occur at frequencies below 

5% and may thus have been missed. More extensive sampling at MHC and at other 

immune-related loci is required before population genetic differentiation can be 

conclusively ruled out as an explanation for enhanced resistance to sympatric parasites. 

Still, based on the apparent lack of differentiation at the MHC regions surveyed, it seems 

unlikely that locally-protective alleles at MHC can explain Sarquis-Adamson’s and 

MacDougall-Shackleton’s (2016) previous finding that song sparrows are less likely to be 

infected by sympatric than allopatric strains of Plasmodium. 

I focused on the PBR of class I and class II loci as candidate regions for local 

adaptation and locally-protective alleles, because protein-sequence variation at these loci 

determines the repertoire of antigen peptides that can be bound and presented to T-cells. I 

do not exclude the possibility that locally-protective alleles could be operating at other loci 

related to immunity (e.g., innate defenses such as β-defensins; Gilroy et al. 2016), or at 

portions of MHC not sequenced in my study. Locally protective allele effects at MHC have 

been described mainly in inhabitants of relatively small-scale environments (e.g., river-

dwelling Atlantic salmon Salmo salar, Dionne et al. 2009; Chinook salmon Oncorhynchus 

tshawytscha, Evans and Neff 2009, Evans et al. 2010; yellow-necked mouse Apodemus 

flavicollis, Meyer-Lucht and Sommer 2005), and could be less pronounced in highly 

mobile animals such as migratory birds that encounter multiple environments, and multiple 
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parasite fauna, each year. Alternatively, if one or both populations have been recently 

bottlenecked, genetic drift at MHC may outweigh selection (e.g., Miller and Lambert 2004) 

and thus the potential for local adaptation at these loci. However, the high levels of 

variation I observed at both class I and class II, together with both sites’ apparently large 

population sizes and lack of physical isolation make this latter explanation unlikely.  

In light of the apparent lack of population genetic differentiation at MHC, greater 

resistance to sympatric than allopatric parasites in this system may be driven primarily by 

ecological rather than evolutionary processes. That is, host individuals may be relatively 

resistant to the local parasites because they have previously encountered these strains or 

similar, resulting in immune memory reducing the risk or intensity of re-infections (Møller 

and Szép 2011; Krzych et al. 2014). Although none of the birds in the cross-infection 

experiment showed evidence of having been naturally infected by strains with > 95% DNA 

sequence identity to those used in the experiment (Sarquis-Adamson and MacDougall-

Shackleton 2016), molecular screening can fail to detect certain lineages (Valkiūnas et al. 

2006). Thus, establishing with certainty the infection history of wild-caught animals is 

challenging. Conducting experimental infections on captive-raised hosts known to be 

immunologically naïve (e.g., Jenkins et al. 2015), or using enzyme-linked immunosorbent 

assays (ELISA) to screen individuals for anti-Plasmodium immunoglobulins (e.g., Graczyk 

et al. 1994), represent promising future directions.  

Whereas I found no evidence for population genetic structuring at MHC that would 

suggest locally-protective alleles might be operating, I did observe an advantage of 

diversity at MHC class I. Individuals with more amino acid alleles at class I were less likely 

to become infected when experimentally exposed to Plasmodium. This pattern was not 

observed at class II, quite possibly because Plasmodium spp. occur inside the cells of their 

vertebrate hosts and are thus targeted mainly by class I gene products. Among free-living 

animals encountering multiple pathogens, non-additive genetic effects at MHC are often 

observed: individuals with either more alleles at MHC (e.g., striped mouse Rhabdomys 

pumilio, Froeschke and Sommer 2005) or an intermediate number of alleles (three-spined 

stickleback, Wegner et al. 2003) are less heavily parasitized than individuals with fewer 
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alleles. In laboratory mice (Mus musculus domesticus), similarly, diversity at MHC confers 

an advantage in resisting and clearing multi-strain bacterial infections (Penn et al. 2002). 

Although a large body of literature supports the idea that MHC diversity permits 

recognizing and responding to a broader spectrum of pathogens (i.e., dominant effects), 

experimental evidence that MHC diversity improves resistance to specific parasites (i.e., 

overdominant effects) is relatively scant. However, MHC diversity of Gila topminnows 

(Poeciliopsis occidentalis) predicted survival following experimental exposure to a 

parasitic fluke (Hedrick et al. 2001), suggesting that MHC diversity can influence 

resistance to specific pathogens.   

Overall, the pattern previously observed in this study system, whereby host 

individuals are relatively resistant to sympatric and relatively susceptible to allopatric 

strains of Plasmodium (Sarquis-Adamson and MacDougall-Shackleton 2016) appears not 

to be attributable to population differentiation and local adaptation at MHC class I or class 

II. Although I cannot rule out local adaptation at other immune-related loci, the absence of 

population differentiation at MHC suggests that immune experience acquired during the 

course of an individual’s lifetime may be a relatively important contributor to home-field 

advantage in this system. If so, this is cause for some optimism regarding the time-scale 

over which birds may be able to respond to invasive new parasites. I also observed a 

protective effect of diversity at MHC class I, emphasizing the importance of adaptive 

genetic variation in natural populations. Evidence to date suggests that balancing selection, 

rather than spatial variation in pathogen-mediated selection pressures, contributes to the 

maintenance of MHC polymorphism in this system. 
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Chapter 3 

3 Chemical composition of preen wax reflects major 
histocompatibility complex similarity in songbirds2 

3.1 Introduction 

In jawed vertebrate animals, the major histocompatibility complex (MHC) is a key 

component of immune defense. MHC genes encode cell-surface proteins that recognize 

and bind foreign peptides (antigens), and present them to T cells to initiate an adaptive 

immune response (Trowsdale 1995). MHC genotype determines the range of antigens to 

which individuals can respond. Thus, pathogen-mediated selection at MHC often favours 

locally-adapted alleles (Evans et al. 2010), rare alleles (Takahata and Nei 1990), or certain 

combinations of alleles (e.g., heterozygote advantage; Penn et al. 2002).  

In light of the adaptive importance of MHC, sexual selection should favour 

mechanisms by which receivers can assess MHC profiles -- and thus the quality or 

compatibility -- of potential mates. Indeed, MHC influences mating behaviour or 

preferences in all major vertebrate groups, including fish (Milinski et al. 2005), reptiles 

(Miller et al. 2009), amphibians (Bos et al. 2009), mammals (Wedekind et al. 1995), and 

birds (Freeman-Gallant et al. 2003). Although not universal (Westerdahl 2004), these 

taxonomically widespread patterns imply that MHC profile often varies with some 

detectable aspect of phenotype. 

MHC signalling has been most extensively studied in mammals and fish, taxa in 

which olfaction is well developed. In mice, for example, MHC peptide ligands (Brennan 

and Zufall 2006) and volatile nonpeptides (Kwak et al. 2009) occur in urine, and can be 

                                                 

2
 A version of this chapter has been published and is presented with permission from Proceedings of the 

Royal Society B. 

Citation: Slade JWG, Watson MJ, Kelly TR, Gloor GB, Bernards MA, MacDougall-Shackleton EA. 2016. 

Chemical composition of preen wax reflects major histocompatibility complex similarity in songbirds. Proc 
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smelled by conspecific receivers. Similarly, female three-spined sticklebacks (Gasteroseus 

aculeatus) assess MHC profiles of potential mates based on their MHC peptide ligands 

(Milinski et al. 2005). Chemical communication in birds has received comparatively little 

study, because birds are generally considered microsmatic relative to other vertebrates 

(Jones and Roper 1997). However, recent evidence suggests that chemical signalling may 

be more important in avian communication than previously thought (Balthazart and 

Taziaux 2009; Caro et al. 2015). Preen wax is secreted from the avian uropygial gland and 

functions in plumage maintenance (Jacob and Ziswiler 1982), but may also generate 

semiochemical odour cues. In black-legged kittiwakes (Rissa tridactyla), seabirds with 

well-developed olfaction, pairwise similarity of preen wax chemical profiles correlates 

with genetic similarity at neutral loci and at MHC (Leclaire et al. 2012; Leclaire et al. 

2014). Whether preen wax reflects MHC profiles in other birds − in particular, songbirds 

(Passeri), in which chemical communication is much less well documented − remains an 

open question. However, recent work has established that preen wax chemical profiles vary 

within and between songbird species (Whittaker et al. 2010; Zhang et al. 2013). Further, 

songbirds can perceive species and sex differences in preen wax composition (Whittaker 

et al. 2010; Whittaker et al. 2011), making this substance a strong candidate mechanism 

for chemosignalling.  

I examined whether dissimilarity in chemical profiles of preen wax correlates with 

dissimilarity in MHC genotype in song sparrows (Melospiza melodia). Females in the study 

population adjust levels of parental care based on neutral-locus (microsatellite) similarity 

to their mates (Potvin and MacDougall-Shackleton 2009), suggesting the presence of some 

mechanism to assess relatedness. I quantified pairwise chemical distances between 

individuals’ preen wax secretions, measured via gas chromatography, and genetic distances 

at MHC, measured via next-generation sequencing of the hypervariable peptide-binding 

region (PBR) of MHC class II, exon 2. I also examined whether chemical diversity of preen 

wax reflects diversity at MHC. Finally, to further explore the chemical basis by which 

MHC profiles might be communicated, I identified specific subsets of compounds that best 

signalled MHC dissimilarity. 
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3.2 Materials and Methods 

3.2.1 Field methods and sample collection 

The field research team used seed-baited Potter traps to capture sixty adult song sparrows 

(19 females, 41 males) at their breeding grounds near Newboro, Ontario, Canada 

(44°38'38.77"N, 76°20'4.86"W) between April 14 and May 6, 2014. This period 

corresponds to pair formation and early nesting (first return from wintering grounds April 

3rd; first egg May 8th). Upon capturing each bird, a collaborator applied gentle pressure to 

the uropygial gland at the base of the tail to express ~ 5-10 L of preen wax. They collected 

preen wax in an unheparinized glass capillary tube, snapped the capillary tube to fit inside 

a sterile 1.5 mL microcentrifuge tube, and stored at -20 ºC. They used brachial 

venipuncture to collect ~ 25 L of blood, which they blotted onto high wet-strength filter 

paper saturated with 0.5 M EDTA. They determined sex based on the presence (male) or 

absence (female) of a cloacal protuberance, supplemented by wing chord measurements. 

They outfitted birds with unique combinations of coloured leg bands, then released them. 

In most cases, sex was further confirmed by field observations of sex-specific behaviours 

including singing, nest-building, or copulation solicitation. 

3.2.2 Genetic analysis of MHC 

I used polymerase chain reaction (PCR) to amplify the second exon of MHC class II, using 

a degenerate forward primer (SospMHCint1f; 5’-AGY GGG GAY CCG GGG TGG-3’) 

and the reverse primer Int2r.1 (Edwards et al. 1998) to bind within introns 1 and 2 

respectively. In addition to the priming sequences, each primer included an adaptor 

sequence for the Illumina MiSeq platform, four wobble bases, and a unique ‘barcode’ of 

eight bases to assign recovered sequences to individuals. PCR conditions are outlined in 

section 2.2.2.2. 

I confirmed amplification by agarose gel electrophoresis, then pooled products into 

a library, which I sent for next-generation sequencing using 300 bp paired-end reads on an 

Illumina MiSeq (London Regional Genomics Centre). A collaborator used a pipeline 
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(Gloor et al. 2010) to assign sequences to individuals and collapse into clusters of identical 

reads, and filtered out chimeric sequences (generally fewer than 0.1% of reads) through de 

novo checking in UCHIME (Edgar et al. 2011). I established an error rate of 1% and 

discarded sequences occurring below this threshold (procedure outlined in section 2.2.2.2).  

To confirm that some of the alleles recovered through PCR of genomic DNA 

(gDNA) are transcribed and expressed, a collaborator and I compared sequences derived 

from two individuals’ gDNA to those derived from the same individuals’ cDNA. A 

collaborator and I collected blood samples for gDNA analysis from two captive-housed 

song sparrows, then euthanized the birds and dissected out their livers and spleens. We 

pooled the organs for each bird and homogenized them with 1 mL of TRIzol reagent 

(ThermoFisher Scientific), isolated total RNA according to the manufacturer’s protocol, 

and quantified RNA using a NanoDrop 2000 spectrophotometer (ThermoFisher Scientific). 

We reverse-translated RNA to cDNA using the Quanta cDNA synthesis kit (Quanta 

Biosciences) following the manufacturer’s protocol, quantified cDNA by 

spectrophotometry, and diluted to a working concentration of 20 ng/L.  

For PCR-amplifying class II, exon 2 from cDNA template, I used the forward 

primer SongEX1F.2 and the reverse primer SongEX3R.1 (Aguilar et al. 2006), which bind 

to exon 1 and 3 respectively.  Like the primers used in gDNA PCR, the cDNA primers also 

included an Illumina MiSeq adaptor sequence, four wobble bases, and a unique barcode of 

eight bases. PCR and thermocycling conditions were otherwise identical to those used for 

gDNA. PCR products from each individual’s cDNA and gDNA were pooled along with 

other samples to form a library, which was sent for sequencing at the London Regional 

Genomics Centre using 300 bp paired-end reads, in a second flow-cell run on an Illumina 

MiSeq.  

Sequences were sorted, collapsed into stacks of identical reads, checked for 

chimeras and filtered to remove very rare reads, then aligned, trimmed to exon 2, and 

translated into the corresponding amino acid sequence using MEGA 7.0. One individual 

had 21 amino acid alleles in its gDNA, seven of which (33.3%) also occurred in its cDNA. 

The second individual had 26 amino acid alleles in its gDNA, four of which (15.4%) also 
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occurred in its cDNA. In both cases, the most common alleles in each individual’s gDNA 

were also present in its cDNA, such that shared alleles constituted 49.6% and 30.7% of 

gDNA sequence reads for the first and second bird, respectively.  

 I aligned nucleotide sequences in MEGA 7.0 (Kumar et al. 2016), and trimmed out 

intron sequence based on comparison to other songbird sequences in GenBank. Trimming 

resulted in alleles of 70-74 amino acids (median = 73), corresponding to the entire putative 

second exon. I generated a maximum likelihood phylogeny of alleles within each grouping 

(males only, females only, both sexes) in MEGA 7.0 (Kumar et al. 2016), using a WAG 

model (Whelan and Goldman 2001) with five discrete gamma categories. I calculated 

amino acid distances between all pairwise combinations of individuals using the 

phylogenetic comparison tool UniFrac (Lozupone and Knight 2005). Because genetic data 

were binary (allele presence vs absence) rather than continuous, I calculated unweighted 

UniFrac distances, using the R package GUniFrac (Chen 2012). 

3.2.3 Chemical analysis of preen wax 

A collaborator and I used gas chromatography with flame ionization detection (GC-FID) 

to separate and quantify chemical compounds in preen wax. Capillary tubes containing 

preen wax samples were transferred to glass vials and the waxes dissolved in 3 mL of 

chloroform. A mixture of alkane retention time standards (C19, C30 and C36, 25 ng each 

in 5 L) was added to a 100 L aliquot of each sample. For GC-FID analysis, 1 L samples 

were injected into a 5% phenyl methyl siloxane column (DB-5 (Agilent Technologies), 30 

m ×0.32 m ID ×0.25 m film thickness) on an Agilent 6890N instrument. Samples were 

injected at 70 ºC (held for one minute), ramped to 130 ºC at 20 ºC per minute, ramped to 

320 ºC at 4 ºC per minute, then held at 320 ºC for 10 minutes. Hydrogen was used as a 

carrier gas at 2.5 mL/min. For preen wax compound identification, a representative sample 

was analyzed by gas chromatography-mass spectrometry (GC-MS), on a Varian 3800 GC 

coupled with a Varian MS220 ion trap mass spectrometer. We used the same GC 

parameters as for the GC-FID analysis, except that He was used as a carrier gas at 1 

mL/min. Monoesters were identified on the basis of their [M]+ ion and the fatty acid-
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alcohol composition determined by the presence of a protonated fatty acid fragment 

(Thomas et al. 2010). A mock extraction prepared from an empty glass capillary tube stored 

inside a microcentrifuge tube, and subsequently extracted as above, yielded no signal in 

the GC-MS (data not shown). 

Because samples varied in the volume of preen wax collected, I quantified relative 

peak sizes based on peak area relative to that of the full chromatogram. I retained data from 

peaks comprising at least 0.1% of total chromatogram area (Leclaire et al. 2012) To prevent 

large peaks from disproportionately influencing distance measures (Leclaire et al. 2014), I 

normalized data using the deconstand function in the R package VEGAN (Dixon 2003). I 

generated matrices of standardized Bray-Curtis dissimilarity based on chemical distances 

between all same-sex (male-male, 41 × 41; female-female, 19 × 19) and cross-sex dyads 

(male-female, 41 × 19) using bcdist in the R package ecodist (Goslee and Urban 2007). 

3.2.4 Data analysis 

I assessed correlations between Bray-Curtis dissimilarity of preen wax and amino acid 

distance at MHC separately for male-male and female-female dyads, using Mantel tests 

(mantel in VEGAN; Dixon 2003) with 9999 permutations. Using partial Mantel tests to 

control for capture date did not alter the statistical significance of results, so below I present 

results derived from simple Mantel tests. Because the pairwise matrix for male-female 

dyads was not square, a Mantel test was not possible, so I used Spearman’s correlation 

permutation test (perm.cor.test in the R package jmuOutlier; Garren 2016), run with 10 

000 permutations. 

To determine whether individual diversity at MHC (number of alleles) influences 

chemical diversity of preen wax, I used two measures of chemical diversity for each 

individual: number of chromatogram peaks, and Shannon’s diversity index (calculated 

using diversity in VEGAN; Dixon 2003). I used simple linear regression to model each 

measure as a function of MHC diversity.  
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I used BIOENV (Clarke and Ainsworth 1993) implemented in PRIMER v7 (Clarke 

and Gorley 2007) to identify the subset of preen wax components that best reflect MHC 

distance (Stoffel et al. 2015). This approach considers all possible combinations of 

variables (peaks) at increasing levels of complexity up to a user-specified maximum (here, 

8 peaks), and identifies those that maximize the rank correlation between two distance 

matrices (here, chemical and genetic distance).  

Analyses were run in R 3.3.1 (R Core Team 2015). Values are reported as means ± 

s.e.m., and all statistical tests were two-tailed. 

3.3 Results 

Across sixty birds, I detected 250 unique DNA sequences (18.47 ± 0.41 alleles/individual) 

and 69 preen wax peaks (30.05 ± 0.50 peaks/individual). Figure 3.1 shows a sample 

chromatogram. Males and females did not differ in chemical richness (# peaks; t58 = 1.64, 

p = 0.11), but pairwise chemical distances were lower for male-male dyads (0.329 ± 0.003) 

than for female-female (0.384 ± 0.008) or male-female dyads (0.370 ± 0.005; Kruskal-

Wallis test, H2, 2717 = 63.82, p < 0.0001). Consistent with findings from a closely related 

species (Thomas et al. 2010), GC-MS indicated that all peaks corresponded to monoesters 

of varying chain lengths, with total carbon numbers ranging from 23-39 (Appendix B).  

Chemical distance of preen wax was positively related to MHC amino acid distance 

for male-female dyads (correlation permutation test; Spearman’s r = 0.111, p = 0.002, 

Figure 3.2). This relationship was not significant, however, for same-sex dyads (Mantel 

test; male-male: r = -0.058, p = 0.80; female-female: r = 0.145, p = 0.10). Genetic diversity 

at MHC (number of alleles) did not predict chemical richness (number of peaks: R2
1,58 = 

0.005, p = 0.58) or diversity (Shannon index: R2
1,58 = 0.001, p = 0.78). 

BIOENV identified a best combination of four peaks at which chemical and genetic 

dissimilarity matrices were maximally correlated (r = 0.222; Table 3.1). Each of these 

peaks also occurred repeatedly in the top combinations for other subset sizes (k = 1-8), 

further suggesting that they are strong candidates for chemosignalling MHC genotype. All 
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four peaks occurred in the sample used for GC-MS, and could thus be identified (Appendix 

B). Two were pure substances (peak 32c was a C15 acid esterified to a C17 alcohol, 

hereafter C15:C17, i.e., heptadecanyl pentadecanoate; peak 33c was C19:C14, i.e., 

tetradecanyl nonadecanoate). The other two peaks (28b, 34d) were monoester mixtures 

with the same total carbon number but varying lengths of acid vs alcohol components. 
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Table 3.1 BIOENV analysis identified subsets of peaks that maximize the rank correlation 

between chemical (preen wax) and genetic (MHC) distance matrices. The top-ranked 

subset comprised four peaks (28b, 32c, 33c, 34d), each of which occurred frequently in 

other subset sizes (denoted by bold type). Chemical composition of peaks is described in 

Appendix B. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Subset size Mantel’s r Peaks 

1 0.125 35c 

2 0.190 28b, 34d 

3 0.212 28b, 32c, 34d 

4 0.222 28b, 32c, 33c, 34d 

5 0.221 28b, 32c, 33c, 34d, 35b 

6 0.219 28b, 32c, 32b, 33c, 34d, 36c 

7 0.219 28b, 32c, 32b, 33c, 34d, 35b, 36c 

8 0.215 28b, 32c, 32b, 33c, 34d, 35b, 36c, 37b 
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Figure 3.1 Annotated total ion chromatogram from GC-MS analysis of song sparrow preen wax. Peak numbers correspond to the total 

number of carbons in the compound(s) contributing to the peak; peak letters indicate a subset of monoesters within a given total carbon 

number category. Asterisks denote peaks for which chemical distance best reflects genetic distance (Table 3.1). IS: internal standard. 

Chemical compositions of peaks are detailed in Appendix B. 
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Figure 3.2 Pairwise chemical distances (Bray-Curtis dissimilarity) in preen wax composition of 

cross-sex song sparrow dyads reflect genetic distances at MHC class II. Solid line shows least-

squares regression. 
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3.4 Discussion 

Two conditions are needed for animals to use chemical cues in assessing MHC profiles. 

First, these cues must covary with MHC; second, animals must be able to perceive such 

cues. Whereas both conditions are met in fish (Milinski et al. 2005) and mammals (Brennan 

and Zufall 2006), evidence for chemosignalling in birds has until recently been lacking. 

Similarity in preen wax composition has recently been shown to reflect MHC similarity in 

seabirds (Leclaire et al. 2014), and my findings show for the first time that the preen wax 

of songbirds conveys comparable information. Determining whether song sparrows 

perceive this variation in chemical signatures, much less use it in mating or other contexts, 

will require behavioural testing. Still, findings that other songbirds mate nonrandomly at 

MHC (Freeman-Gallant et al. 2003) and that birds in my study population adjust parental 

effort based on overall genetic similarity to their mates (Potvin and MacDougall-

Shackleton 2009) suggests that some cue exists.  

The mechanism by which chemical similarity of preen wax reflects pairwise 

similarity at MHC remains uncertain (Leclaire et al. 2014). MHC genotype may influence 

microbial community composition within the uropygial gland, which might generate 

individual variation in odour profiles either directly or via differences in metabolites 

(Leclaire et al. 2014; Strandh et al. 2012). Uropygial glands of a closely related species 

(dark-eyed junco) harbour bacteria capable of synthesizing wax esters (Acinetobacter spp.) 

and others (Burkholderia spp., Pseudomonas spp.) that may metabolize preen wax into 

breakdown products of fatty acids and alcohols (Ishige et al. 2002; Whittaker and Theis 

2016). 

Chemical composition of preen wax is influenced by multiple factors beyond MHC 

genotype, including diet (Thomas et al. 2010) and seasonal variation in endocrine profiles 

(Whittaker et al. 2011). For male-male dyads, the effects of seasonal variation in androgens 

on chemical profiles may have outweighed and obscured effects of MHC. For cross-sex 

and female-female dyads, I found correlations between MHC and chemical distances (r = 

0.11 and 0.15 respectively) comparable to those of free-living seabirds (r = 0.12 and 0.08 
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respectively; Leclaire et al. 2014). Captive studies, standardizing diet and photoperiod, 

should generate stronger correlations between MHC and preen wax composition. However, 

studies on free-living animals (this study; Leclaire et al. 2014) are useful because they 

permit estimating the degree to which chemosignals reflect MHC under natural conditions. 

Finally, whereas my study focused on the hypervariable PBR of class II MHC, other 

genetic factors such as MHC class I and non-MHC loci may also influence chemical 

signatures.   

Of the preen wax compounds detected in this study, likely only a subset can be 

detected through olfaction. Behavioural experiments represent a key next step in 

identifying which, if any, compounds might function in chemosignalling. Of particular 

interest are the four wax esters that best predict MHC genotype (heptadecanyl 

pentadecanoate, tetradecanyl nonadecanoate, and the mixtures of 28-carbon and 34-carbon 

waxes), and their fatty acid and alcohol metabolites.  

I found a maximum of 26 MHC class II alleles in a single individual, implying at 

least 13 loci. This is within the range of diversity reported for other New World nine-

primary oscines (e.g., 39 alleles in a single individual, implying at least 20 loci, in common 

yellowthroats Geothlypis trichas; Bollmer et al. 2010). Extensive duplication at the avian 

MHC has generated multiple expressed loci, but also several non-transcribed pseudogenes 

(Edwards et al. 1998). Indeed, my comparison of gDNA to cDNA profiles suggests that 

not all gDNA alleles are transcribed: this almost certainly introduces variation into my 

analyses. However, MHC expression varies with tissue type and infection status (Rohn et 

al. 1996) thus my estimate of 16-37% of gDNA alleles being transcribed likely 

underestimates the proportion of loci that are functional. 

The salience of MHC genotype to fitness in songbirds (Dunn et al. 2013) suggests 

that selection should favour the ability to signal and assess MHC profiles. The relationship 

between MHC and chemical distances for mixed-sex dyads suggests that provided song 

sparrows can detect chemical cues, this information should be useful in the context of mate 

choice, regardless of whether a self-referent or a known-kin criterion is used. By contrast, 

chemical cues do not appear to reflect MHC diversity. My findings implicate preen 
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secretions as potential semiochemicals in songbirds, a group in which chemical 

communication has only recently been explored. Further testing is warranted to determine 

if songbirds can perceive MHC-related variation in chemical profiles. Still, my findings 

suggest that chemosignalling may be more taxonomically widespread than previously 

thought, and could help to maintain adaptive genetic diversity in natural populations. 
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Chapter 4 

4 Birdsong signals individual diversity at MHC3 

4.1 Introduction 

The major histocompatibility complex (MHC) plays a fundamental role in vertebrate 

immunity. MHC molecules recognize exogenous peptides (antigens) and present them to 

T cells, initiating an immune response (Klein 1986). Because MHC genotype determines 

the suite of antigens that can be recognized, pathogen-mediated selection often favours 

particular alleles or allelic combinations. Evolutionary arms races with pathogens can 

impose selection favouring rare alleles, while balancing selection (e.g., heterozygote 

advantage) often favours individuals with multiple alleles at MHC (Piertney and Oliver 

2006). Thus, receivers should benefit by assessing potential mates’ MHC profiles (Klein 

1986; Piertney and Oliver 2006; Kamiya et al. 2014). Choosing mates with MHC alleles 

that are dissimilar to one’s own or locally-rare should yield offspring that are MHC-diverse 

or possess rare alleles, conferring genetic benefits via disease resistance (Klein 1986; Potts 

et al. 1991; Piertney and Oliver 2006; Kamiya et al. 2014). Choosing mates that are 

themselves MHC-diverse may also enhance offspring MHC diversity (Reusch et al. 2001) 

and/or inheritance of rare alleles (Hale et al. 2009). Moreover, MHC-diverse mates may 

provide enhanced parental investment (Knafler et al. 2012) due to superior condition. 

Signals of locally-rare MHC profiles, and of individual diversity at MHC, are thus likely 

to be salient to mating decisions (Kamiya et al. 2014). 

In mammals, fish, and seabirds, groups with well-developed chemical 

communication, receivers identify specific (e.g., locally-rare) MHC alleles through 

olfactory cues from sweat, urine, or preen oil (Penn and Potts 1998; Milinski et al. 2005; 
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Leclaire et al. 2017). Conversely, because individual diversity at MHC affects disease 

resistance, condition-dependent ornaments may signal MHC diversity (von Schantz et al. 

1997; Whittingham et al. 2015). In oscine songbirds, however, learned birdsong could 

theoretically reflect similarity to the surrounding population as well as individual diversity 

at MHC. Song learning is generally restricted to early life, meaning that song repertoire 

content can advertise population of origin (Podos and Warren 2007). Conversely, song 

complexity can advertise early-life condition (Schmidt et al. 2013) and/or adult 

immunocompetence (Reid et al. 2005). Song repertoire content and complexity may signal 

the singer’s MHC similarity versus dissimilarity to others in the population (and 

presumably, compatibility with potential mates), and/or individual diversity at MHC (and 

presumably, and capacity for parental care). MHC diversity may also influence current 

body condition, whereby individuals of high MHC diversity are predicted to be in the best 

condition (for example, have the highest mass corrected for structural size) due to a 

superior immune system (e.g., Wegner et al. 2003; Lenz et al. 2009). 

In song sparrows (Melospiza melodia), males learn song during early life. Song 

varies geographically, and locally-typical repertoires are associated with locally-typical 

microsatellite genotypes (Stewart and MacDougall-Shackleton 2008), suggesting that 

repertoire content reflects population of origin. Females prefer local over non-local song 

(Searcy et al. 2002), and larger over smaller song repertoires (Searcy 1984). I characterized 

the peptide-binding region of MHC class IIβ to test whether pairwise dissimilarity in song 

repertoire content reflects MHC dissimilarity to other males in the population (a proxy for 

locally-rare alleles), and whether song repertoire size and body condition reflects 

individual diversity at MHC.  

4.2 Materials and Methods 

4.2.1 Field Sampling 

Subjects were 32 male song sparrows at a single breeding site (< 1 km diameter, and not 

physically isolated from other suitable habitat) near Newboro, Ontario, Canada (44.633°N, 

76.330°W). Between 13 April - 3 May, 2015, I captured sparrows in seed-baited traps, 
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measured the length of tarsus and wing chord to the nearest 0.1 mm with calipers, and 

measured body mass to the nearest 0.2 g using a Pesola spring scale. I also collected blood 

for genetic analysis, applied individually-unique colour band combinations for field 

identification, then released birds.  

4.2.2 Song Analysis 

A collaborator and I recorded song onto Marantz Professional PMD 671 recorders using 

Telinga Twin Science Pro parabolic microphones. Recording 200 songs per individual, not 

necessarily consecutive, is sufficient in most cases to characterize complete repertoires in 

this population (Potvin et al. 2015). To be conservative, we recorded 300 songs per 

individual and confirmed by accumulation curves that a plateau had occurred. I digitized 

recordings in Raven Pro 1.5 (Cornell Lab of Ornithology), inspected spectrograms to 

identify song types, and noted song repertoire size as the number of different song types 

each individual produced. I identified a total of 235 syllables (i.e., one or more traces on a 

spectrogram that always occurred together (Stewart and MacDougall-Shackleton 2008) 

across all song types. As detailed elsewhere (Stewart and MacDougall-Shackleton 2008), 

I screened each individual’s repertoire for each syllable, constructed a presence-absence 

syllable matrix, and calculated pairwise Jaccard dissimilarity coefficients adjusted for 

differences in syllable repertoire size. 

4.2.3 Body Condition 

I assessed body condition using a scaled mass index (Peig & Green 2009). The formula  

M̂i =  Mi [
L0

Li
]

bsma

 incorporates mass (M) and a linear measurement (L; tarsus or wing cord 

length) to calculate a scaled mass index (M̂i). To determine which linear measurement is 

appropriate to use (tarsus vs. wing cord length), I calculated the correlation of both linear 

measurements against mass on a log-log scale (Peig and Green 2009). Tarsus length 

correlated significantly with mass (r = 0.436, p = 0.014), while wing cord length did not (r 

= 0.115, p = 0.545). Therefore, the linear measurement I used was tarsus length. Following 

the formula, Mi is individual body mass, L0 is a standardized (mean) tarsus length, and bsma 
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is the regression coefficient (
bOLS

r
; OLS = ordinary least squares) derived from fitting a line 

to the formula lnM = ln a + b lnL.  

4.2.4 Genetic Analysis 

A collaborator and I used primers SospMHCint1f (Slade et al. 2017) and Int2r.1 (Edwards 

et al. 1998) to amplify exon 2 (β subunit). Details of PCR and sequencing conditions are 

outlined in section 2.2.2.2 of this thesis. A collaborator sorted sequences into stacks of 

identical reads using a pipeline (Gloor et al. 2010) and removed chimeras using UCHIME 

(Edgar et al. 2011). As detailed in section 2.2.2.2, I used a 1% threshold frequency to 

remove rare reads that could represent PCR or sequencing errors, and compared a subset 

of reads to cDNA-derived sequences to confirm transcription of some alleles.  

I trimmed sequences to remove introns, translated into amino acid sequences of 70-

74 codons, and removed apparent pseudogenes based on premature termination codons. 

Based on a maximum likelihood allele phylogeny with WAG substitution and five discrete 

gamma categories, I used the unweighted UniFrac algorithm in the R package GUniFrac 

(Chen 2012) to calculate pairwise genetic distances between individuals. Alleles in the 

same clade are presumably similar functionally, so to be conservative in estimating genetic 

diversity, I clustered into “superalleles” based on well-defined clade membership (Slade et 

al. 2017). I scored each individual’s MHC diversity as the number of different superalleles.    

4.2.5 Data Analysis 

To test whether song dissimilarity signals MHC dissimilarity to other males in the 

population, I assessed the correlation between Jaccard dissimilarity and UniFrac genetic 

distance, using a Mantel test with 9999 permutations (mantel in VEGAN (Dixon 2003)).  

To test whether song complexity and/or scaled body mass varies with MHC 

diversity, I compared support for three models predicting song repertoire size: a linear 

model (number of superalleles), a quadratic model (number of superalleles + squared 

number of superalleles), and a null model. I ranked models using Akaike’s corrected 
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information criterion (AICc), setting a threshold of 2 AICc units for model averaging. I 

checked models for highly influential points, and confirmed Cook’s distance < 0.5 in all 

cases. 

Analyses were performed in R 3.4.0 (R Core Team 2017); values reported are means ± 

s.e.m. 

4.3 Results 

I detected 186 unique alleles at MHC IIβ, which clustered to 91 superalleles (Appendix 

C.1; 13.6 ± 0.5 superalleles per individual). Repertoire size ranged from 5-12 song types 

(7.8 ± 0.3 per individual). 

Song dissimilarity was not associated with genetic distance at MHC (Mantel’s r = 

-0.01, p = 0.55).  

In predicting song repertoire size, the quadratic model received 5-16 times more 

support than the null or linear models (table 4.1; parameter estimates in table 4.2). The 

largest song repertoires occurred in males with intermediate MHC diversity (Figure 4.1). 

Excluding one individual with low repertoire size and high MHC diversity (Figure 4.1, 

upper leftmost point) did not qualitatively alter significance of results (Appendix C.2, C.3). 

There was low support for MHC in predicting scaled body mass as all three models 

had similar model weights (table 4.3). 
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Table 4.1 Ranked set of candidate models predicting song sparrow song repertoire size. 

Predictors were number of MHC superalleles and squared number of MHC superalleles. 

 

 

 

 

 

  

Model df logLik AICc ΔAICc Model Weight 

Quadratic: #MHC + (#MHC)2 4 -54.8 119.0 0 0.78 

Null: intercept only 2 -58.9 122.2 3.20 0.16 

Linear: #MHC 3 -58.8 124.4 5.40 0.05 
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Table 4.2 Parameter estimates from the best-supported model predicting song sparrow 

song repertoire size. Repertoire size increased with number of MHC class IIβ superalleles, 

but decreased with squared number of superalleles. R2 = 0.23, F2,29 = 4.24. 

 

 

 

 

  

Parameter Estimate ± SE 95% CI 

Intercept -5.27 ± 4.97 -15.4, 4.89 

#MHC 2.12 ± 0.76 0.56, 3.67 

(#MHC)2 -0.082 ± 0.029 -0.14, -0.02 
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Table 4.3 Ranked set of candidate models predicting song sparrow scaled body mass. 

Predictors were number of MHC superalleles and squared number of MHC superalleles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Model df logLik AICc ΔAICc Model Weight 

Quadratic: #MHC + (#MHC)2 4 -61.9 133.39 0 0.39 

Linear: #MHC 3 -63.2 134.42 0.03 0.38 

Null: intercept only 2 -65.0 134.40 1.01 0.23 
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Figure 4.1 Relationship between song repertoire size and MHC class IIβ superallele 

diversity. Curve depicts best-supported model described in tables 4.1 and 4.2. 
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4.4 Discussion 

MHC-related mating preferences have been observed in all vertebrate classes (Kamiya et 

al. 2014), raising the question of how animals assess MHC profiles. Cues of compatibility 

and diversity are generally studied in the contexts of chemosignalling (Penn & Potts 1998; 

Milinski et al. 2005; Leclaire et al. 2017) and visual ornaments (von Schantz et al. 1997; 

Hale et al. 2009; Whittingham et al. 2015), respectively. I investigated birdsong, an 

acoustic ornament as a signal of MHC class IIβ dissimilarity to other individuals in the 

population (a proxy for locally-rare genotypes). I also investigated birdsong repertoire size, 

and scaled body mass in respect to individual MHC genetic diversity.  

Geographic variation in song has long been proposed to advertise population of 

origin, suggesting receivers might use song to achieve an optimal balance between 

inbreeding and outbreeding (Nottebohm 1969; Podos & Warren 2007). Finding no 

relationship between song and MHC dissimilarity could reflect low genetic differentiation 

at MHC in this system (Slade et al. 2017): if MHC does not vary with population of origin, 

song is unlikely to signal MHC dissimilarity. However, I examined only one class of MHC 

and cannot rule out associations between song repertoire content and class I loci, whose 

products interact with intracellular pathogens such as viruses (Klein 1986).  

 Whereas MHC class IIβ dissimilarity to other males at the site was not associated 

with song dissimilarity, individual diversity at MHC explained 23% of the variation in song 

repertoire size. This supports previous findings that MHC diversity influences 

ornamentation (von Schantz et al. 1997; Hale et al. 2009; Whittingham et al. 2015), but an 

association with an acoustic ornament is novel (although see Reid et al. (2005) for evidence 

that song repertoire size advertises cell-mediated immunity in this species). Also notable 

is the nonlinear nature of this relationship: larger song repertoires were associated with 

intermediate, not maximal, MHC diversity. This might reflect trade-offs between 

susceptibility to pathogens versus autoimmune disorders (Klein 1986; Piertney & Oliver 

2006), or a dilution effect whereby overly-diverse MHC profiles have too few copies of 

protective alleles. In choosing social mates with complex song, females may obtain 
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material benefits through increased paternal investment. To the extent that males with 

optimal MHC diversity produce optimally-diverse offspring, preferences for complex song 

may also confer genetic benefits.  

In light of the significance from a condition-dependent trait learned in early life 

(birdsong) being associated with MHC class IIβ diversity, I did not find any association 

with adult body condition. In contrast, long-tailed giant rats (Leopoldamys sabanus) with 

a diversity of highly divergent alleles (thought to be functionally dissimilar) were in better 

body condition than individuals with less divergent alleles (Lenz et al. 2009), which is 

thought to be linked to their immunocompetence, as MHC-divergent individuals also had 

fewer parasites. Thus, my results indicate that a quadratic model of MHC class IIβ diversity 

is good at predicting birdsong complexity (which is learned during the early stages of a 

songbird’s life) rather than MHC diversity predicting adult male song sparrow’s body 

condition. 
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Chapter 5 

5 Signatures of positive selection at class II MHC 
accompanied by assortative, not disassortative, mating 
in song sparrows 

5.1 Introduction 

The major histocompatibility complex (MHC) is the cornerstone of the immune system in 

jawed vertebrates (Klein 1986; Trowsdale 1995), as MHC molecules recognize multiple 

non-self antigens and present them T cells to elicit an immune response (Trowsdale 1995). 

The MHC is composed of two main classes: class I and class II molecules interact primarily 

with intracellular and extracellular antigens, respectively. Parasite-host interactions are 

expected to impose strong selective pressure at MHC genes, particularly at codons within 

the peptide-binding region (PBR) which encode for amino acids that interact directly with 

antigens; these amino acids determine the suite of pathogens that can be recognized (e.g., 

Spurgin and Richardson 2010).  

Positive selection, defined as an excess of nonsynonymous substitutions relative to 

synonymous substitutions, is relatively common at codons within the PBR of both classes 

of MHC (Hughes and Hughes 1995; Piertney and Oliver 2006). By contrast, positive 

selection tends to be rare at other protein-coding loci, which generally show evidence of 

negative (purifying) selection, associated with the removal of deleterious mutations from 

a population (Yang and Swanson 2002). Indeed, MHC codons that encode amino acids that 

contact antigens directly due to their position within the PBR show the highest levels of 

positive selection (Hughes and Nei 1989; Kasahara 2000), presumably due to parasite-

mediated selection favouring rare and new variants at these amino acids. Thus, the PBR is 

generally the major site of genetic variation at both class I and class II MHC (Hughes and 

Hughes 1995).  

At least two, non-mutually exclusive, hypotheses may explain how balancing 

selection maintains high genetic diversity at MHC and particularly within the PBR. First, 

non-additive genetic effects, such as heterozygote advantage, often confer a fitness benefit 
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to individuals that are highly diverse at MHC (e.g., McClelland et al. 2003). For example, 

heterozygosity at MHC predicted external parasite load in water voles (Arvicola terrestris, 

Oliver et al. 2009). Individuals with more MHC alleles can recognize a wider variety of 

pathogens than can less MHC-diverse individuals (Kubinak et al. 2012) and are therefore 

assumed to be more immunocompetent. Second, models of antagonistic co-evolution 

between hosts and parasites posit that hosts with common alleles may be relatively 

vulnerable to infection, while individuals with new, rare alleles at MHC have a fitness 

advantage in the population (Kubinak et al. 2012). Over evolutionary time, negative-

frequency dependent selection increases the frequency of the rare allele until it is 

widespread throughout the population, at which time new rare alleles are favoured (Hughes 

and Nei 1992; Slade and McCallum 1992). Overall, balancing selection via heterozygote 

advantage and negative-frequency dependent selection can help maintain MHC diversity.  

 The fitness advantages associated with being diverse at MHC and/or possessing 

rare alleles have also been hypothesized to favour MHC-mediated mate choice (Yamazaki 

et al. 1976; Penn and Potts 1998; Neff and Pitcher 2005; Kubinak et al. 2012; Huchard et 

al. 2013). Compatible genes models of mate choice predict that genetic quality reflects 

non-additive interactions between paternal and maternal genomes (Neff and Pitcher 2005). 

To the extent that MHC heterozygosity improves disease resistance, the most compatible 

mate for a given individual may be the one with a maximally dissimilar MHC genotype 

(Mays and Hill 2004; Neff and Pitcher 2005). Supporting this, MHC-disassortative mate 

preference has been found in multiple vertebrate taxa, including mammals (e.g., lab mice 

Mus musculus domesticus Yamazaki et al. 1979; bank voles Myodes glareolus, Radwan et 

al. 2008; mandrills Mandrillus sphinx, Setchell et al. 2010; and humans, Wedekind et al. 

1995); fish (e.g., brown trout Salmo trutta, Forsberg et al. 2007; rose bitterlings Rhodeus 

ocellatus, Agbali et al. 2010); and birds (Savannah sparrows Passerculus sandwichensis, 

Freeman-Gallant et al. 2003). Indeed, rose bitterling females that paired with MHC-

dissimilar males had greater embryo survival when the phylogenetic and functional 

distance of positively selected codons were the highest (Agbali et al. 2010). However, 

MHC-disassortative pairings or preferences are not universal (reviewed by Ruff et al. 

2012). In some systems, pairing with MHC-similar mates might be beneficial in terms of 
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avoiding outbreeding depression at this or other loci (Mays and Hill 2004; Bonneaud et al. 

2006; Galaverni et al. 2015). In particular, in species with multiple loci expressed at MHC, 

natural selection may favor intermediate diversity at MHC since being too diverse at these 

loci may cause autoimmune disorders (Wegner et al. 2003). Therefore, sexual selection 

might not promote disassortative mating at MHC in order to control for being too outbred 

at these immune genes. 

In this study, I examined MHC-mediated mate choice in a population of free-living 

song sparrows (Melospiza melodia). In my population, class II MHC profiles covary with 

the chemical composition of preen oil, which provides a potential candidate mechanism 

for assessing class II MHC profiles (Slade et al. 2016). I hypothesized that these birds select 

social mates based in part on MHC genotypes, preferentially pairing with MHC-dissimilar 

individuals. In particular, I expected mating to be disassortative at MHC codons subject to 

positive selection; thus, I examined patterns of molecular selection within exon 2 

(comprising the PBR) of MHC class II to identify specific codons under positive selection 

in this population. I calculated multiple measures of pairwise genetic distance at MHC, 

including evolutionary and functional distance measures, at the entire exon 2 and 

considering only the codons under positive selection. Using these four measures of genetic 

distance at class II MHC (evolutionary vs functional; entire exon vs positively selected 

codons only), I calculated pairwise genetic distances at MHC for observed breeding pairs 

and compared these values to distributions of pairwise genetic distance that would be 

expected under random mating. 

5.2 Materials and Methods 

5.2.1 Field methods and sample collection 

The field team collected blood samples for genotyping, MHC and identified naturally-

occurring social pairs, during the breeding seasons of 2014 and 2015 on a long-term study 

population of song sparrows breeding near Newboro, Ontario, Canada (44.6338°N, 

76.3308°W). Field data collection occurred between April 14 - June 2 in 2014, and April 

13 - June 6 in 2015. This time frame corresponds to pair formation, nesting, and offspring 
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provisioning in this population.  

The field team used two-cell, seed-baited Potter traps, checked once per hour three 

times each day, to capture 69 birds in 2014 (nmales = 44, nfemales = 25) and 87 birds in 2015 

(nmales = 49, nfemales = 38), with 28 birds overlapping between the two years. The field team 

used brachial venipuncture to collect ~ 25 μL of whole blood from each individual, which 

was blotted onto high-strength filter paper saturated with 0.5M EDTA. Blood blots were 

dried and stored for subsequent DNA extraction. The field team used wing chord 

measurements and the presence (male) or absence (female) of a cloacal protuberance to 

identify sex. All birds received a unique combination of color bands for field identification, 

and were released at their capture site.  

5.2.2 Assigning social pairs 

I focused on social mate choice, rather than genetic mate choice as my study population 

shows a very low occurrence of extra-pair paternity (less than 20% of nests; Potvin and 

MacDougall-Shackleton 2009). Thus, social mate choice appears to be a good proxy for 

genetic mate choice in this population. I identified social pairs through a combination of 

opportunistic behavioral observations on colour-banded individuals (observing a female 

and male interacting on a territory and noting the occurrence of reproductive behaviours 

such as nest-building, copulation, provisioning offspring) and trapping records. My criteria 

for considering a male and female to be socially paired based on trapping records were: 

(1), the male and female being trapped at the same time in the same trap (occurred in 8.7% 

of all trappings), or (2) the male and female were trapped in the same trap within 48 hours 

of each other and were the only two song sparrows to be trapped at that location (occurred 

in 8.8% of all trappings). Using these criteria, I identified 18 social pairs in 2014 and 22 

pairs in 2015 (npairs = 40). One social pair remained the same over both study years, and 

was only included once in the analysis. Another three birds (one male, two females) from 

the 2014 dataset were also included in the 2015 analysis as they paired with different mates 

each year.   
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5.2.3 MHC characterization 

I extracted DNA from blood blots using an ammonium acetate protocol to salt out proteins 

(Laitinen et al. 1994). DNA quantity and quality was checked on a spectrophotometer 

(Thermo Scientific Nanodrop 2000).  

I used polymerase chain reaction (PCR) to amplify MHC class II exon 2 (β chain; 

hypervariable PBR). I used a degenerate forward primer (SospMHCint1f; Slade et al. 2017) 

and used a previously developed reverse primer (Int2r.1; Edwards et al. 1998) to bind 

within introns 1 and 2 respectively. Each primer also consisted of a barcode sequence, four 

wobble bases, and an adaptor for the Illumina MiSeq platform.  

PCR took place in 30 μL reactions using 12.5 μL of GoTaq® Hot Start Master Mix 

(Promega), 0.2 μM of each primer, and 25-60 ng of gDNA. Thermocycler conditions 

comprised of 3 min at 94 °C; 28 cycles of 30 s at 94 °C, 30 s at 62 °C, and 45 s at 72 °C; 

with a final extension step of 10 min at 72 °C. 

MHC amplification was checked on a 2% agarose gel. Amplicons were pooled 

together based on the year (2014 and 2015) to form a library and run on a separate Illumina 

MiSeq flow cells at the London Regional Genomics Center. Using the barcode sequence, 

a colleague and I retrieved individual MHC data through a pipeline developed by Gloor et 

al. (2010). Chimeric sequences were removed using UCHIME (Edgar et al. 2011). To 

recognize potential sequences that resulted from PCR or sequencing errors, I removed all 

sequences below 1% of the total reads for each individual following the protocol outlined 

in section 2.2.2.2 of this thesis. I aligned sequences using MEGA 7.0 (Kumar et al. 2016) 

and confirmed similarity to other passerine MHC class II exon 2 sequences queried via the 

Basic Local Alignment Search tool (BLAST; Altschul et al. 1990) implemented in 

GenBank. 

5.2.4 Models of selection at MHC 

Using codeml (PAML 4.9; Yang 2007) implemented in the program PAMLx 1.3.1 (Xu 

and Yang 2013), I tested for positive selection at MHC class II exon 2 using 518 DNA 
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alleles from my population dataset, each containing up to 225 bases. Codeml does not make 

a priori assumptions on which codons would be under positive selection, such as those that 

encode peptide-binding amino acids (Yang and Swanson 2002; Bollmer et al. 2010). I used 

the M1a (nearly neutral; ω0 < 1, ω1 = 1), M2a (positive selection; ω2 > 1), M7 (β; null 

model for M8), and M8 (β and ω; 0 < ω < 1, ω > 1) models. The M2a (positive selection) 

and M8 (β and ω) models were of particular interest since they test for which codons are 

under positive selection. Positively selected codons were determined using the Bayes 

empirical Bayes approach (Yang et al. 2005). I aligned sequences to MHC class II exon 2 

from a New Zealand saddleback (Philesturnus carunculatus; Accession No. AGO86446.1; 

Sutton et al. 2016), and following Brown et al. (1993), I determined putative codons that 

encode peptide-binding amino acids. Finally, I used Akaike information criterion (AIC; 

Burnham and Anderson 2002) to evaluate which maximum likelihood codon model best 

fits the data, using a threshold of > 2 AIC units to identify the best supported model. 

5.2.5 Mate choice analysis 

To test if song sparrows paired non-randomly at MHC, I calculated genetic distances 

between social pairs observed in the wild, and compared them to all possible opposite-sex 

combinations based on genotypes recovered in each year. I used measures of evolutionary 

(phylogenetic) and functional (chemical) distances using all amino acids in exon 2, and the 

positively selected amino acids determined using the Bayes empirical Bayes from the 

positive selection model in codeml. All male-female pairwise distances were calculated 

using an unweighted UniFrac algorithm (Lozupone and Knight 2005) in the package 

GUniFrac (Chen 2012) in R 3.4.0 (R Core Team 2017). 

5.2.5.1 Evolutionary distance 

I aligned MHC amino acid sequences using MEGA 7.0 (Kumar et al. 2016). I calculated 

pairwise evolutionary distances, based on sequences at the full exon 2 and on the subset of 

codons found to be under positive selection, with a maximum likelihood phylogeny. This 

phylogeny was modeled using Whelan and Goldman substitution (Whelan and Goldman 

2001) with five discrete gamma categories. 
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5.2.5.2 Functional distance 

The functional properties of amino acids may explain MHC-mediated mate choice (Strandh 

et al. 2012; Leclaire et al. 2017). To calculate functional distance, I used the chemical 

properties of each amino acid using five z-score descriptors described by Sandberg et al. 

(1998): z1 (hydrophobicity), z2 (steric bulk), z3 (polarity), z4 and z5 (electronic properties). 

I aligned MHC amino acid sequences using MEGA 7.0 (Kumar et al. 2016). Because 

functional amino acid data are continuous, I developed functional trees for both exon 2 and 

the positively selected amino acids using contml in PHYLIP 3.695 (Felsenstein 2005). 

Contml requires identical lengths of values for each allele. Therefore, I removed any 

sequences with indels, which retained 278 alleles for the mate choice analysis for both 

distance measures. 

5.2.5.3 Simulation analysis 

Using a Monte Carlo simulation (Manly 1997) in Microsoft Excel, a colleague and I 

compared the mean distances (evolutionary and functional) of all true pairs to 10 000 

randomized pairs sorted by year. The model assumed that every female had the potential 

to choose a male during their field season. Two-tailed p-values were calculated for each 

distance measure. 

5.3 Results 

Song sparrows had an average of 14.1 ± 0.23 MHC class II alleles per individual. M1a 

(nearly neutral) model indicated that 98.1% of sites within exon 2 of MHC class II were 

under purifying selection (Table 5.1), while 1.93% of sites had neutral base substitutions. 

The M2a (positive selection), which is the best representative model for my data (Table 

5.1) showed that 94.3% of sites were under purifying selection, while 4.76% had neutral 

base substitutions, and 0.99% were under positive selection (Table 5.1). Using a β 

distribution (M7 and M8), 99.1% of sites were under purifying selection, while 0.862% of 

sites were under positive selection (Table 5.1). Both M2a and M8 estimated the same 

positively selected codons using the Bayes empirical Bayes approach.  
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The mean evolutionary distances from true pairs were significantly lower than those 

of simulated pairs for exon 2 (Figure 5.1; mean evolutionary distance = 0.623, p = 0.0176), 

implying song sparrows may pair assortatively at MHC class II exon 2. The rest of the 

mean distances from the true pairs were not significantly different than the simulated 

distances, implying that song sparrows do not pair according to the functional distance of 

MHC class II exon 2, nor do they pair based on the evolutionary distance and functional 

distance of the amino acids encoded by positively selected codons within exon 2.
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Table 5.1 Codon site models determined using phylogenetic analysis by maximum likelihood. Positively selected codons with 

asterisks correspond to peptide-binding codons as described by Brown et al. 1993. 

Codon ML Model lnL AIC AIC Parameter Estimates Positively Selected Sites 

M1a: nearly neutral -145 658 291 324 464 
p0 = 0.981, (p1 = 0.0193) 

ω0 = 0.0492, ω1 = 1 
Not allowed 

M2a: positive selection -145 424 290 860 
0 

(best model) 

p0 = 0.943, p1 = 0.0476, 

(p2= 0.0099) 

ω0 = 0.12, ω1 = 1, ω2 = 4.27 

1, 2*, 15, 24*, 30, 34, 37*, 

38*, 43, 44, 47*, 49* 

M7: β -145 705 291 414 554 p = 0.0149, q = 0.104 Not allowed 

M8: β & ω -145 426 290 862 2 
p0 = 0.991, (p1 = 0.00862), 

p = 0.190, q = 1.56, ω = 3.36 

1, 2*, 15, 24*, 30, 34, 37*, 

38*, 43, 44, 47*, 49* 
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Figure 5.1 Histograms of 10 000 randomized male-female distances of MHC class IIβ. 

Mean distance of true pairs (i.e., social mates, inferred from behavioural and trapping 

records) is indicated by a vertical black line. Socially mated pairs were less dissimilar than 

expected under random mating in terms of evolutionary distance across the entire exon 2, 

but not in terms of other distance measures. 
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5.4 Discussion 

Evaluating the levels of selection on individual codons within exon 2 (PBR) of MHC class 

II provides insights for evolutionary processes that may be occurring in the population 

(e.g., pathogen-mediated selection). These codons encode amino acids that may be 

involved in direct antigen-recognition and/or are of structural importance to the peptide-

binding groove of MHC class II. In my study, I found that the best representative maximum 

likelihood codon model was the positive selection model (M2a), implying importance for 

positively selected codons when modeling the evolutionary history of MHC class II exon 

2 for my song sparrow population. I found that out of the 12 codons under positive 

selection, only six encoded for putative peptide-binding amino acids (Brown et al. 1993). 

This result implies that selection may be acting on codons that encode amino acids which 

are of structural support for antigen recognition. Alternatively, amino acids that are not 

putative peptide-binding residues may indeed bind to antigens in song sparrows, as studies 

model putative peptide-binding amino acids after the human MHC (Brown et al. 1993) and 

structural changes may have occurred between avian and mammalian lineages. 

Offspring from parents with maximally dissimilar MHC genotypes should have 

maximal MHC diversity, and presumably the ability to recognize more antigens (Klein 

1986). Thus, most studies predict disassortative pairing at MHC, as this is generally 

expected to yield the most disease-resistant offspring (Yamazaki et al. 1976, 1988; Potts et 

al. 1991; Wedekind and Füri 1997; Landry et al. 2001; Freeman-Gallant et al. 2003; Agbali 

et al. 2010; Juola and Dearborn 2012; Leclaire et al. 2017). Contrary to this prediction, I 

did not observe MHC-disassortative pairing in song sparrows, and found that social mates 

were more, not less, similar at some measures of MHC than predicted by chance. This 

observation could reflect a mechanism to reduce outbreeding depression and/or reduce the 

disruption of co-adapted gene complexes (Tregenza and Wedell 2000). Such that, if a 

female were to pair with a MHC-divergent male, their offspring may have lower fitness 

since pairing with a divergent mate may disrupt other beneficial loci linked to MHC. 

Furthermore, pairing with individuals that are highly MHC-dissimilar may disrupt optimal 

(intermediate) MHC diversity (Bonneaud et al. 2006). Indeed, in my system, song 
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repertoire size is highest in males with intermediate MHC class II diversity (Slade et al. 

2017b); this is consistent with intermediate MHC diversity being optimal because females 

prefer males with the largest repertoires as mates (Searcy 1984). Additionally, male song 

sparrow birdsong varies geographically, and female preference for sympatric over 

allopatric song types (Searcy et al. 2002) may reinforce outbreeding avoidance for this 

species (Butlin and Tregenza 1997; Tregenza and Wedell 2000). 

Similar to my results are those found in tiger salamanders (Ambystoma tigrinum, 

Bos et al., 2009), house sparrows (Passer domesticus, Bonneaud et al. 2006), and European 

badgers (Meles meles, Sin et al. 2015). In tiger salamanders, males have a reproductive 

disadvantage if they are MHC-divergent from females. Female house sparrows tend to pair 

with males that shared some alleles (Bonneaud et al. 2006). Likewise, European badgers 

paired assortatively based on the evolutionary and functional distance of MHC class II 

exon 2 (Sin et al. 2015). These results contradict previous findings of avoiding MHC-

similar mates (Yamazaki et al., 1976, 1988; Potts et al. 1991; Freeman-Gallant et al. 2003; 

Juola and Dearborn 2011, Leclaire et al. 2017), and imply that maximizing MHC diversity 

may not translate to fitness benefits to offspring for every vertebrate species. 

Whereas evolutionary distance of the entire MHC class II exon 2 predicted MHC-

mediated mate choice, I did not find that song sparrows paired assortatively or 

disassortatively based on the positively selected codons or functional distances. In contrast, 

blue petrels (Halobaena caerulea), paired disassortatively based on the functional rather 

than evolutionary distance at MHC class II exon 2 (Strandh et al. 2012). Furthermore, since 

I see positive selection on codons directly involved in antigen-binding, but song sparrows 

do not pair based on these codons, then the observed patterns of molecular evolution at 

these sites is most likely due to natural selection (e.g., pathogen-mediated selection), not 

sexual selection (mate choice). 

MHC-mediated mate choice has been described in a variety of taxa. However, 

evidence tends to support disassortative mating in mammals (e.g., Penn and Potts 1998; 

Jacob et al. 2002), fish (e.g., Landry et al. 2001; Reusch et al. 2001; Eizaguirre et al. 2009), 

reptiles (e.g., Olsson et al. 2003), and birds (e.g., Freeman-Gallant et al. 2003). I found 
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positive selection acting on 12 codons within exon 2 of MHC class II. Such variation is 

likely due to natural selection pressures (pathogen-mediated selection) rather than sexual 

selection (mate choice), as song sparrows did not pair disassortatively by any measure, and 

paired assortatively with respect to evolutionary distance of MHC class II exon 2. My 

results add to a growing body of evidence that MHC-mediated mate choice is not 

necessarily disassortative (Ruff et al. 2012). Particularly in species in which with highly 

duplicated MHC, the presence of MHC-assortative mating in my system is likely due to 

outbreeding avoidance.  
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Chapter 6 

6 General Discussion 

6.1 Summary of findings 

In this dissertation, I addressed the over-arching hypothesis that MHC genotype affects 

disease resistance of song sparrows (Melospiza melodia) through additive (locally-good 

genes) and/or non-additive (heterozygote advantage) genetic effects; that the chemical 

composition of preen oil and the content of learned song repertoires provide information 

regarding MHC genotype dissimilarity and/or diversity; and that free-living song sparrows 

pair disassortatively with respect to MHC genotype. In Chapter 2, I assessed the importance 

of additive (e.g., locally-protective alleles) and non-additive (e.g., heterozygote advantage) 

genetic effects at MHC to explain enhanced resistance to sympatric parasites previously 

described for this species (Sarquis-Adamson and MacDougall-Shackleton 2016). Because 

natural selection operating at MHC may influence sexual selection, in Chapters 3 and 4 I 

explored potential mechanisms by which songbirds might signal MHC profiles to potential 

mates or other conspecifics. Specifically, I tested whether the chemical composition of 

preen wax varies with MHC profile, which would suggest a potential role for olfaction in 

MHC-mediated mate choice. Because learned birdsong is an important sexually selected 

trait in this species, I also addressed whether song type sharing, and song complexity, might 

signal MHC similarity and diversity, respectively. Finally, in Chapter 5 I investigated 

whether free-living song sparrows pair disassortatively based on MHC genotypes. This 

analysis quantified MHC similarity at two scales: over the entire second exon of MHC 

class II and at codons within exon 2 which I identified as showing the signature of positive 

molecular selection. 

6.1.1 Additive and non-additive genetic effects at MHC on 
Plasmodium resistance 

Additive genetic effects at MHC have been experimentally documented, and have been 

shown to be associated with single-strain infection (e.g., Lohm et al. 2002), however, a less 

explored area of additive MHC fitness benefits are locally-good genes at MHC. Genetic 
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differentiation between populations is likely to occur if there is a selective advantage for 

choosing locally-adapted mates (Reinhold 2004). Therefore, given that geographic 

variation in parasite assemblages occur (Pagenkopp et al. 2008), then there should be 

selection for geographically-specific MHC alleles across populations (Loiseau et al. 2009). 

Also, non-additive genetic effects, such as heterozygote advantage at MHC, may confer 

fitness benefits against a single-strain infection (e.g., Westerdahl et al. 2005). Therefore, 

both mechanisms can increase MHC diversity across populations via diversifying selection 

(e.g., Loiseau et al. 2009) and balancing selection (e.g., Kubinak et al. 2012). 

Sarquis-Adamson and MacDougall-Shackleton (2016) experimentally 

demonstrated that song sparrows separated by 440 km are more resistant to a sympatric 

Plasmodium lineage than to an allopatric Plasmodium lineage. In chapter 2, I tested 

whether genetic differentiation at either MHC class I exon 3 or MHC class IIβ might 

explain the apparent local adaptation to sympatric strains of Plasmodium. I characterized 

both classes of MHC and recovered up to four class I alleles and 26 class II alleles per 

individual. However, I did not find any population genetic differentiation at either class of 

MHC. This suggests that ecological processes (i.e., prior experience with local parasite 

strains) rather than evolutionary processes (i.e., locally-protective alleles at MHC) may 

best explain song sparrows’ enhanced resistance to local Plasmodium reported by Sarquis-

Adamson and MacDougall-Shackleton (2016). Prior exposure to the local or similar strain 

is expected to result in immune memory, potentially reducing the infection intensity or 

overall infection risk (Møller and Szép 2011; Krzych et al. 2014; Sarquis-Adamson and 

MacDougall-Shackleton 2016). Furthermore, other immune genes such as β-defensins 

and/or toll-like receptors may vary geographically and better explain the observed 

resistance to local Plasmodium strains.  

 Whereas geographic variation at MHC failed to explain Sarquis-Adamson and 

MacDougall-Shackleton’s (2016) results, overall allelic diversity at MHC class I exon 3 

did appear to influence song sparrows’ infectivity risk. Individuals that were more diverse 

at MHC class I exon 3 were less likely to become infected with Plasmodium, indicating a 

parasite-mediated heterozygote advantage at class I. Therefore, although I found no 
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evidence of population genetic structuring at MHC that would indicate spatial variation in 

selection pressures, balancing selection in the form of heterozygote advantage is likely to 

maintain MHC class I diversity within each population. 

6.1.2 Signals of MHC genotype 

In chapter 3, I explored whether pairwise chemical distances of preen wax reflected 

pairwise genetic distances at MHC class IIβ. I found that for male-female dyads, the 

comparison most salient to mate choice, pairwise distance in preen wax composition varied 

positively with amino acid distance of MHC class IIβ. This relationship suggests that preen 

wax is a potential cue of MHC similarity that may be used during cross-sex interactions. 

Although the explanatory power of this relationship is low (r = 0.111), yet statistically 

significant (p = 0.002), it is difficult to estimate whether the potential signal from preen 

wax is biologically important. However, given that diet can influence preen wax 

composition (Thomas et al. 2010), and that not all gDNA MHC alleles may be translated, 

then it would be beneficial to reduce noise by studying this relationship in a controlled 

environment (e.g., standardized diet), whereby cDNA MHC alleles are considered. 

Overall, this finding demonstrates that avian chemical secretions do covary with MHC 

genotype: such a finding has the potential to considerably expand our understanding of 

sexual signalling in birds, a taxon previously assumed to communicate exclusively through 

visual and auditory signals.  

 MHC has been found to vary geographically in a variety of taxa (e.g, Rodríguez et 

al. 2011). This raises the possibility that geographically variable cues such as birdsong may 

also signal MHC genotype, in so far as both birdsong and MHC vary geographically. In 

song sparrows, song varies geographically (Peters et al. 2000), and more locally-typical 

song types are correlated with locally-typical neutral locus (i.e., microsatellite) genotypes 

(Stewart and MacDougall-Shackleton 2008). Therefore, I hypothesized that geographic 

variation in birdsong might signal variation in MHC. In Chapter 4, I examined whether 

syllable sharing across male song sparrows is associated with MHC class IIβ similarity. 

Contrary to my expectation, I found that syllable sharing was not associated with similarity 

at MHC. Therefore, even though birdsong reliably indicates population of origin, my 
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findings potentially support results in chapter 2, whereby I found a lack of population 

genetic structuring at MHC class IIβ.  

6.1.3 Signals of MHC diversity 

Although most research on MHC-mediated mate choice has addressed preferences for 

MHC-dissimilar mates, in many systems (particularly those in which males provide 

extensive material benefits to females and offspring, as is the case in song sparrows) 

assessing the overall MHC diversity of a potential mate may also be favoured because 

mates with optimal MHC diversity are presumably healthier and may provide superior 

material benefits. In Chapter 4, I investigated whether male song complexity (i.e., 

repertoire size) in song sparrows is associated with MHC diversity. Unexpectedly, I found 

that MHC diversity varied non-linearly with song complexity, such that males with 

intermediate numbers of alleles at MHC class IIβ had the largest song repertoires. This is 

the first study to demonstrate a learned courtship signal being associated with MHC 

diversity. It also demonstrates that for song sparrows, as in other taxa such as three-spined 

sticklebacks (Milinski 2003; Wegner et al. 2003, 2004), optimal diversity at class II MHC 

may involve intermediate rather than maximal numbers of alleles. This finding is in 

contrast to patterns seen in rodents (McClelland et al. 2003; Oliver et al. 2009), salmonids 

(Landry et al. 2001; Evans and Neff 2009) and another songbird species (Dunn et al. 2013; 

Whittingham et al. 2015), where pathogen-mediated selection appears to favour maximal 

rather than intermediate diversity at MHC. Because male song sparrows learn their songs 

within their first year of life, my results imply that early-life condition in general, and brain 

development in particular, may reflect a balance between pathogen resistance and the 

disadvantages of being too diverse at MHC. 

6.1.4 Selection and mate choice at MHC 

Theory suggests that jawed vertebrates should prefer mates with MHC alleles dissimilar to 

their own in order to maximize or optimize (Kubinak et al. 2012; Ruff et al. 2012) the MHC 

diversity of their offspring. In Chapter 5, I tested for positive selection at the peptide-

binding region (PBR) of MHC class II (β chain) in song sparrows, and whether these birds 

socially paired disassortatively based on their MHC class IIβ genotypes. I found 12 
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positively selected codons within the PBR, half of them belonging to putative peptide-

binding codons (Brown et al. 1993). This reflects that the PBR of song sparrows in my 

populations are most likely under balancing selection, which diversifies the range of 

pathogens they can detect (Piertney and Oliver 2006). However, observed patterns of social 

mate choice, a proxy for genetic mate choice (i.e., low level of extra-pair young in my 

population; Potvin and MacDougall-Shackleton 2009), revealed that song sparrows paired 

with individuals that are more MHC-similar than expected by chance (i.e., assortative 

rather than disassortative mating).  

6.2 New Insights 

6.2.1 Immunity and MHC  

Additive and non-additive genetic effects at MHC on immunity have been documented in 

various vertebrate taxa (e.g., Langefors et al. 2001; Madsen and Ujvari 2006; Pitcher and 

Neff 2006; Oliver et al. 2009). Theory predicts that non-additive effects (heterozygote 

advantage or selection favouring maximal diversity) at MHC should be most pronounced 

when encountering multi-strain infections (Kubinak et al. 2012). For example, in water 

voles (Arvicola terrestris), individuals that were more diverse at MHC class IIβ had fewer 

ectoparasites (Oliver et al. 2009). Conversely, resistance to infection by a single pathogen 

strain should be mediated primarily by additive rather than non-additive effects, such that 

we might expect to find one ‘best’ allele at MHC conferring maximal protection against a 

specific pathogen. Supporting this, in an experiment on Atlantic salmon (Salmo salar), 

heterozygous individuals did not have a fitness advantage against a bacterial infection of 

Aeromonas salmonicida, but individuals carrying a particular allele had a fitness advantage 

of up to 49%, implying an additive genetic effect (Lohm et al. 2002). Indeed, there are a 

variety of studies that showcase additive and non-additive effects at MHC against infection 

(table 6.1). In chapter 2, I found there was a heterozygote advantage at MHC class I exon 

3 against single-strain Plasmodium infections in song sparrows. In birds, both good genes 

and heterozygote advantage may influence resistance to avian malaria. In great tits (Parus 

major), the presence of a specific MHC supertype conferred protection against a specific 

Plasmodium strain (Sepil et al. 2013). However, supporting my findings, in great reed 
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warblers (Acrocephalus arundinaceus), being more diverse at MHC class I exon 3 provided 

protection against the GRW2 Plasmodium strain (Westerdahl et al. 2005). Additionally, 

even a single strain of Plasmodium has the capability of producing multiple antigens 

thereby helping it to evade the host’s immune system (Singh et al. 2014). Therefore, it may 

be possible that being diverse at MHC confers protection against multiple antigens from a 

single Plasmodium strain.  

6.2.2 Diversity at MHC  

MHC diversity varies greatly among vertebrate taxa (table 6.1). Many early studies used 

restriction fragment length polymorphism or single strand conformation polymorphism to 

identify MHC alleles. Although these tools were sufficient to generate an estimate of allelic 

richness at MHC loci, it was difficult to look at fine-scale variation at the nucleotide level, 

or to estimate the number of putative loci at either MHC class. These older approaches may 

have greatly underestimated the number of loci at MHC for many species, and may explain 

the vast differences between similar taxa (e.g., mice vs. voles) (table 6.1) studied using 

older techniques instead of DNA sequencing. 

 In song sparrows, I observed a maximum of four MHC class I alleles per individual 

implying at least two class I loci (chapter 2). However, class IIβ was much more diverse 

(chapter 2, 3, 4, and 5), with up to 26 alleles recovered from a single individual: this 

indicates that song sparrows have at least 13 MHC class II loci. In birds, diversity at MHC 

class I and class II varies substantially within and between taxa (table 6.1). In general, 

Galliformes tend to have low MHC diversity (Hess and Edwards 2002). For example, 

golden pheasants (Chrysolophus pictus) only have a maximum of two alleles (one locus) 

per individual at MHC class I (Zeng et al. 2016). Furthering this, greater prairie chickens 

(Tympanuchus cupido) have minimal MHC class I (one locus), and relatively low class II 

diversity (two loci) (Bateson et al. 2015). Supporting my findings, other songbird species 

tend to have high MHC diversity (Hess and Edwards 2002, table 6.1). For example, an 

early study using gene cloning showed that great reed warblers have a minimum of four 

loci at both MHC class I (Westerdahl et al. 1999) and class II (Westerdahl et al. 2000). 

With the advent of technological advances such as next-generation sequencing, MHC class 
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II has been further characterized in songbirds, revealing extensive diversity. For instance, 

using high-throughput sequencing revealed high MHC class II diversity in common 

yellowthroats (20 putative loci, Bollmer et al. 2010), New Zealand saddlebacks 

(Philesturnus spp., 10 putative loci, Sutton et al. 2013), and little greenbuls (Andropadus 

viren, seven loci from cDNA, Aguilar et al. 2006). Thus, there is evidence for high MHC 

diversity in songbirds, and it is speculated that this diversity occurred through recent 

duplication events (Hess and Edwards 2002), and may be maintained through heterozygote 

advantage, antagonistic co-evolution, and MHC-mediated mate choice (Kubinak et al. 

2012). 

6.2.3 Signals of MHC genotype  

Research on mice (Yamazaki et al. 1976) and fish (Milinski et al. 2005) revealed that 

signals of MHC genotypes could be sent through urine and detected by conspecifics. The 

information contained in the chemical signal was found to mediate mate choice decisions 

(Penn and Potts 1998). Chemical signals of MHC genotype were found mainly in mammals 

(including humans), sand lizards (Lacerta agilis), and three-spine sticklebacks (table 6.1). 

However, while chemical signals of MHC were studied in mammals and fish, research on 

signals of MHC genotype in birds remained unexplored. This is most likely due to Bang 

and Cobb’s (1968) review on olfactory bulb sizes across avian taxa. The study revealed 

that seabirds had the largest olfactory bulb to brain size (25%), while songbirds had the 

smallest (5%). Since then, scientists assumed that seabirds had high olfactory senses and 

songbirds were either microsmatic or anosmic. Indeed, seabirds are macrosmatic (Nevitt 

2000), and research on blue petrels (Halobaena caerulea) reveal that they pair 

disassortatively based on MHC class II (Strandh et al. 2012), and that these signals are 

chemical (Leclaire et al. 2017). This research provides support for preen wax to be a 

semiochemical that signals MHC genotype to conspecifics. Chapter 3 provides the first 

indicator that songbirds may chemically signal MHC genotype, as I found that the chemical 

composition of preen wax covaries with MHC amino acid distances. Along with my results, 

and the relationship between preen wax and MHC in blue petrels and black-legged 

kittiwakes (Rissa tridactyla, Leclaire et al. 2014), the field of chemical communication has 

the potential to greatly expand.   
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6.2.4 Signals of MHC diversity 

Signals of MHC diversity are found predominately in sexually selected signals, such as 

plumage (table 6.1). For example, peacocks (Pavo cristatus) with longer tails had greater 

MHC diversity (Hale et al. 2009). Likewise, MHC maximal diversity was associated 

plumage quality in common yellowthroats (Geothlypis trichas, Dunn et al. 2013; 

Whittingham et al. 2015). By expanding the field of honest signals of genetic quality by 

using candidate loci, researchers can obtain a better understanding of how ornamentation 

signals genetic quality (Mays and Hill 2004). Chapter 4 is the first study to show how a 

learned courtship signal (birdsong) is related to MHC diversity, indicating how MHC 

diversity could affect song learning during early life. Furthermore, my study adds to the 

small evidence that intermediate (four studies, table 6.1) rather than maximal MHC 

diversity may increase fitness.  

6.2.5 Positive selection at the peptide-binding region (PBR) of MHC 

The MHC comprises the most polymorphic genes in jawed vertebrates (Klein 1986). The 

main cause of this polymorphism is thought to be the intense selective pressure that 

pathogens place on their hosts (Borghans et al. 2004). Pathogen-mediated balancing 

selection and/or diversifying selection leads to the evolution of new MHC alleles at both 

class I (Prugnolle et al. 2005; Loiseau et al. 2009), and class II (Alcaide et al. 2008; Hawley 

and Fleischer 2012), which, combined with gene duplication at these loci (Bollmer et al. 

2010; O’Connor et al. 2016), diversifies the MHC. The peptide-binding region (PBR) of 

each class of MHC is the contact area between antigens and MHC, and the MHC-bound 

antigen gets presented to T cells to elicit an immune response (Trowsdale 2011). Compared 

to other areas of MHC genes, the codons in the PBR are under the strongest positive 

selective pressure to combat emerging pathogens and enhance the adaptive immunity of 

their host (Hughes and Hughes 1995). When comparing codons between alleles within this 

region (exon 2 and 3 for MHC class I, and exon 2 for class II) within and between species, 

there are high levels of nonsynonymous base substitutions over synonymous ones (table 

6.1). In most vertebrates, whereby researchers have explored MHC-mediated mate choice 

and/or MHC fitness relationships, studies also show positive selection at the PBR (table 
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6.1). Many of these studies compare the ratio of nonsynonymous (dN) to synonymous (dS) 

substitutions, and infer positive selection when dN/dS >1. However, theory suggests that 

codons which encode amino acids that bind directly to antigens should have higher levels 

of dN than codons that encode amino acids that do not make contact with antigens. Indeed, 

in chapter 5, I found that six of the codons that encode amino acids which make direct 

contact with antigens in the PBR of song sparrow MHC class II showed signs of positive 

selection. However, these codons were inferred by Brown et al (1993), who mapped the 

amino acids that make direct contact with antigens for MHC class II in humans. This is one 

of the best proxies to infer peptide-binding amino acids, but it is possible that the other six 

codons do encode amino acids that do directly contact antigens in song sparrows, or have 

structural importance to support other peptide-binding amino acids. Ideally, crystallization 

of MHC proteins in other taxa would shine light on the variation in peptide-binding sites 

between vertebrates.  

6.2.6 MHC-mediated mate choice 

MHC mating preferences vary across taxa (table 6.1). MHC-disassortative pairing appears 

to be the most dominant pattern observed (50% of species, able 6.1), with MHC-assortative 

mating being the second most prevalent pattern observed (13.8% of species, table 6.1). 

Other MHC mate preferences incorporate choosing a mate based on maximum MHC 

diversity (11.5% of species, table 6.1), and optimal diversity, whereby the animal chooses 

a mate that has intermediate MHC diversity (3.8% of species, table 6.1). Finally, some 

animals appear to pair randomly with respect to MHC (19.2% of species, table 6.1).  

 MHC-disassortative pairing corroborates evidence of heterozygote advantage at 

MHC. Individuals that pair with MHC-dissimilar mates will produce offspring that are 

more diverse at MHC, thus giving them the ability to fight off a wide range of pathogens 

(Neff and Pitcher 2005); this mating pattern seems to occur for most vertebrates where 

MHC mate preference was studied. Mating systems and MHC diversity may have an 

influence on MHC-disassortative pairing. For example, in strictly monogamous animals 

(such as many seabirds), the female cannot choose an extra-pair mate if they are paired 

with a male of poor genetic quality. Therefore, monogamous animals that have few MHC 
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loci should particularly benefit by pairing with MHC-dissimilar mates. For example, blue 

petrels (Halobaena caerulea) have only two MHC class II loci (Strandh et al. 2012). Thus, 

it would be advantageous for these monogamous seabirds to choose a mate that is 

compatible at MHC to increase pathogen resistance for their offspring.  

 MHC-assortative pairing can pose a paradox, since the resulting offspring should 

be less diverse than average at MHC, and thus would not benefit from heterozygote 

advantage. Possible explanations for this phenomenon include avoiding outbreeding 

depression, especially if the animals have local adaptations to the environment (Tregenza 

and Wedell 2000). Avoiding divergent genotypes may also be due to retaining co-adapted 

gene complexes. It is possible that MHC is linked to other beneficial loci within the 

genome, and by choosing divergent mates, these co-adapted gene complexes would be 

disrupted, and thus produce offspring with lower fitness. In chapter 5, I found that song 

sparrows pair assortatively based on the evolutionary distances of the PBR at MHC class 

II. The evolutionary history at this class of MHC in my population may be important to 

other adaptive loci within the song sparrow. 

6.2.7 MHC diversity, signalling, mate choice and parasite-mediated 
selection in other species: the need for an integrated 
approach 

In the five classes surveyed (mammals, birds, reptiles, amphibians, and fishes), there was 

little consistency between the level of MHC diversity in closely related taxa, except for 

salmonids (table 6.1). Also, there does not seem to be a relationship between MHC 

diversity, direction of MHC mate preference, or fitness relationship (table 6.1).  However, 

not all studies (including this thesis) have determined what proportion of alleles in the 

genome are expressed. This could overestimate the number of loci present in each animal. 

Furthermore, many alleles are functionally similar (Sepil et al. 2013) and to treating each 

allele as if its function is unique to other alleles in the species may overestimate MHC 

functional diversity in a population.  

The majority of studies investigating signals of MHC revealed that MHC genotype 

is signalled via olfactory (chemical) cues (table 6.1). These studies were found mainly in 
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mammals, seabirds, and in one reptile, which are believed to have a good sense of smell 

(Müller-Schwarze 2006). Interestingly, the majority of these studies also found MHC-

disassortative mating preferences, implying heterozygote advantage. In contrast, my study 

showed the opposite trend, whereby I found a candidate chemical cue of MHC genotype 

(chapter 3), but found these birds pair assortatively based on MHC class IIβ (chapter 5). 

Supporting MHC-assortative pairing are studies on two mammals, one songbird, and a 

salamander (table 6.1). These studies propose MHC-assortative pairing as a mechanism to 

reduce outbreeding depression and/or prevent the disruption of co-adapted gene 

complexes.  

MHC is of key selective importance since there is high non-synonymous base 

substitutions over synonymous ones at the PBR. I found 100% of the studies that 

investigated selection at MHC found positive selection at the PBR (table 6.1), implying 

pathogen-mediated selection. Out of the 29 species surveyed in table 6.1, 15 studies 

showed a benefit for being diverse at MHC. The majority of these studies analyzed 

heterozygote advantage against multi-strain infections (except Westerdahl et al. 2005), 

however, not all studies measured defense against pathogens. For example, female 

Megallanic penguins (Spheniscus magellanicuas) that had maximal MHC diversity 

hatched more eggs than homozygotes (Knafler et al 2012). This was most likely a proxy 

for general health, and those females diverse at MHC were less likely to become infected, 

and more able to provide direct benefits. In the 15 species that showed heterozygote 

advantage at MHC, only six paired disassortatively at MHC (table 6.1). One would expect 

that if heterozygote advantage is widespread at MHC, then the majority of jawed 

vertebrates would pair disassortatively to maximize MHC diversity in their offspring. Even 

though some studies do not show heterozygote advantage and MHC-disassortative mate 

preference for a species, it could be possible that tests against multi-strain infection would 

reveal a heterozygote advantage. Also, the two songbird species that showed a 

heterozygote advantage against infection but lacked MHC-mediated mate choice, may pair 

randomly at MHC because they are already highly diverse at these loci (table 6.1), which 

may still provide offspring with sufficient MHC diversity. 
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Three studies showed a fitness advantage for having intermediate MHC diversity 

(table 6.1), and were not specific to any taxonomic class. Bank voles (Clethrionomys 

glareolus, Kloch et al. 2010) and three-spine sticklebacks (Gasterosteus aculeatus, Wegner 

et al. 2003) with intermediate MHC diversity had fewer parasites than those with low or 

high MHC diversity. Also, house sparrow (Passer domesticus) females with intermediate 

MHC diversity had larger clutch sizes (Bonneaud et al. 2004). Supporting fitness benefits 

for intermediate MHC diversity, male song sparrows in my system with intermediate MHC 

class IIβ diversity had the largest song repertoires (chapter 4). By having too few MHC 

alleles, individuals may be prone to infection as they do not have the MHC molecules to 

fight off emerging pathogens. Multiple hypotheses exist for being too diverse at MHC. For 

example, when an individual is too diverse at MHC, only a certain amount of T cells 

survive during development, and the missing T lymphocytes would not be able to respond 

to the many antigens presented by multiple MHC variants, but those with an intermediate 

level of MHC diversity may produce the appropriate matching T lymphocytes (De Boer 

and Perelson 1993; Milinski 2006). Another explanation is that autoimmune disorders can 

develop (e.g., Wegner et al. 2003, Trowsdale 2011). The majority of research on MHC-

related autoimmune disorders have been studied in humans (Trowsdale 2011), therefore, it 

would be beneficial to study MHC-related autoimmune disorders in other organisms to 

understand how being too diverse at MHC could negatively impact fitness.  

A taxonomic bias is evident in MHC-associated studies. Mammals, birds, and fish 

dominate studies exploring MHC-mediated mate choice and MHC fitness relationships 

(table 6.1). Based on my literature review (table 6.1), it is evident that reptiles and 

amphibians are highly underrepresented on studies investigating the role of MHC on mate 

choice and fitness. To fully understand the role of adaptive immune genes in jawed 

vertebrates, future studies need to focus on these underrepresented taxa.  

Finally, because there is a lack of consistent patterns between allele number, mate 

choice, and fitness, then the evolutionary and ecological processes at MHC are more 

complex than theorized. Furthermore, there are many animals whereby information on 

MHC signals, MHC-mediated mate choice, and MHC fitness components are missing, but 
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the genes have been characterized. Thus, to fully understand the role that MHC plays on 

the evolutionary fitness in a species, more research must be done in these areas of 

evolutionary ecology. 
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Table 6.1 Subset of MHC studies highlighting the putative number of MHC loci, how MHC is signaled for mate choice, MHC mating 

preferences, MHC fitness relationship, and whether the peptide binding region (PBR) of the MHC class is undergoing positive selection. 

Species 
MHC 

class 

Putative 

no. of 

MHC loci 

MHC signal  
MHC mating 

preference 
MHC fitness relationship 

Positive 

selection at 

the PBR? 

Mammals       

House mouse (Mus 

musculus 

domesticus) 

I 

>30 
(Kumánovics 

and Lindahl 
2004) 

Chemical 

(genotype) (Leinders-

Zufall 2004) 

Disassortative 
(Yamazaki et al. 1976; 

Yamazaki et al. 1988) 

Maximal diversity against 

multi-strain infection (Penn et 

al. 2002) 

Yes 
 (Hughes et al. 

1990) 

Bank vole 

(Clethrionomys 

glareolus) 

II 
4 

(Kloch et al. 

2010) 

Chemical 

(genotype) (Radwan et 

al. 2008) 

Disassortative 
(Radwan et al. 2008) 

Intermediate diversity 

against parasite infection 
(Kloch et al. 2010) 

Yes 
 (Axtner & 

Sommer 2007) 

Water vole 

(Arvicola 

terrestris) 

II 
1 

(Oliver and 

Piertney 2006) 
Unknown Unknown 

Maximal diversity against 

multi-strain ectoparasite 

infection (Oliver et al. 2009) 

Yes (Oliver and 

Piertney 2006) 

Malagasy giant 

jumping rat 

(Hypogeomys 

antimena) 

II 
1 

(Sommer et al. 
2002) 

Unknown Assortative (Sommer 

2005) 
Unknown Yes  

(Sommer 2003) 

European badgers 

(Meles meles) 
II 

1 
(Sin et al. 2012) 

 
Unknown Assortative 

 (Sin et al. 2015) 

Maximal diversity against 

parasite infection (Sin et al. 

2014) 

Yes  
(Sin et al. 2012) 

Fat-tailed dwarf 

lemur 

(Cheirogaleus 

medius) 

II 
2 

(Schwensow et 

al. 2008) 

Chemical 

(genotype) (Schwensow 

et al. 2008) 

Disassortative 
(Schwensow et al. 2008) 

Rare alleles against parasite 

infection (Schwensow et al. 2007) 

Yes  
(Schwensow et al. 

2007) 

Mandrill 

(Mandrillus 

sphinx) 

II 
6 

(Abbott et al. 
2006) 

Chemical 

(genotype) 
 (Setchell et al. 2011) 

Disassortative 
(Setchell et al. 2010) 

Good alleles cause 

increased male red facial 

coloration (Setchell et al. 2009) 

Yes 
(Abbott et al. 
2006) 
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Human (Homo 

sapiens) 
I, II 

6 (I) 

11 (II) 
(Shiina et al. 

2004) 

Chemical 

(genotype) 
(Wedekind et al. 1995; Jacob 

et al. 2002; Milinski et al. 

2013) 

Disassortative 
(Wedekind et al. 1995; Jacob 

et al. 2002) 

Complicated. Heterozygote 

advantage and 

disadvantage. Good alleles, 

and bad alleles 

(autoimmune diseases) 
(Trowsdale 2011) 

Yes (I) 
(Hughes et al. 

1990) 
Yes (II) 
(Salamon et al. 

1999) 

Birds        

Red jungle fowl 

(Gallus gallus) 
I, II 

2 
(Worley et al. 

2008) 
Unknown 

Disassortative 

(cryptic) (Gillingham et 

al. 2009) 

Maximal diversity against 

coccidosis; (Worley et al. 2010) 

Yes  
(Worley et al. 

2008) 

Ring-necked 

pheasant 

(Phasianus 

colchicus) 

II 
2 

(Baratti et al. 
2012) 

Unknown 
Intermediate MHC 

similarity (Baratti et al. 

2012) 

Good alleles associated 

with male spur length (von 

Schantz et al. 1997) 

Yes 
 (Baratti et al. 
2012) 

Peafowl (Pavo 

cristatus) 
II 3 

(Hale et al. 2009) 

Visual (male tail 

length; diversity)  
(Hale et al. 2009) 

Maximal diversity  
(Hale et al. 2009) 

Maximal diversity 

increases immune response, 

egg weight, and clutch size 
(Hale et al. 2009) 

Unknown  

Great snipe 

(Gallinago media) 
II 

2 
(Ekblom et al. 

2004) 

Unknown None  
(Ekblom et al. 2004) 

Males with good alleles 

likely to reproduce 
(Ekblom et al. 2004) 

Yes 
(Ekblom et al. 
2010) 

Blue petrel 

(Halobaena 

caerulea) 

II 
2 

(Strandh et al. 

2011) 

Chemical 

(genotype) (Leclaire et 

al. 2017) 

Disassortative 
(Strandh et al. 2012; Leclaire 

et al. 2017) 
Unknown 

Yes 
 (Strandh et al. 

2011) 

Black-legged 

kittiwake (Rissa 

tridactyla) 

II 
2 

(Leclaire et al. 

2014) 

Chemical 

(genotype) (Leclaire et 

al. 2012; Leclaire et al. 2014) 

Disassortative 

(implied) (Leclaire et al. 

2014) 
Unknown 

Yes 
(Leclaire et al. 

2014) 

Magellanic 

penguin 

(Spheniscus 

magellanicus) 

II 
1 

(Knafler et al. 

2012) 

Unknown None 
(Knafler et al. 2012) 

Maximal diversity 

associated with more 

hatched eggs (Knafler et al. 2012) 

Yes 
(Knafler et al. 

2012) 
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House sparrow 

(Passer 

domesticus) 

I 
5 

(Loiseau et al. 

2011) 
Unknown 

Assortative and 

maximal (Bonneaud et al. 

2006) 

Good alleles against avian 

malaria infection (Loiseau et al. 

2011). Intermediate diversity 

associated with larger 

clutch sizes (Bonneaud et al. 2004) 

Unknown 

Seychelle warbler 

(Acrocephalus 

sechellensis) 

I 
4 

(Richardson et 

al. 2005) 

Unknown 

Maximal diversity 

for extra-pair 

copulations (Richardson 

et al. 2005) 

Unknown 
Yes 
(Richardson & 

Westerdahl 2003) 

Great reed warbler 

(Acrocephalus 

arundinaceus) 

I 
6 

(Westerdahl et 

al. 2005) 
Unknown None 

 (Westerdahl 2004) 

Good allele and 

heterozygote advantage 

against avian malaria 
(Westerdahl et al. 2005) 

Yes 
 (Richardson & 

Westerdahl 2003) 

Common 

yellowthroats 

(Geothlypis 

trichas) 

I, II 

8 (I) - (Dunn 

et al. 2013) 
20 (II) - 

(Bollmer et al. 

2010) 

Male plumage (II) 

(bib brightness and 

mask size; 

diversity) (Dunn et al. 

2013; Whittingham et al. 
2015) 

None  
(Bollmer et al. 2012) 

Maximal diversity (I), and 

good allele (II) against 

avian malaria 
 (Whittingham et al. 2015) 

Yes (II) 
 (Bollmer et al. 

2010) 

Great tits (Parus 

major) 
I 5 (Sepil et al. 

2012) 
Unknown None (Sepil et al. 2015) 

Specific MHC supertype 

conferred protection against 

avian malaria (Sepil et al 2013) 

Yes 
(Sepil et al. 2012) 

Reptiles       

Sand lizard 

(Lacerta agilis) 
I Unknown 

Chemical 

(genotype) (Olsson et al. 

2003) 

Disassortative 
(Olsson et al. 2003) 

Good alleles against 

ectoparasites; (Olsson et al. 2005) 
Unknown 

Tuatara 

(Sphenodon spp.) 
I 3 (Miller et al. 

2010) 
Unknown Disassortative (Miller 

et al. 2009) 
Unknown 

Yes 
(Miller et al. 
2010) 

Amphibians       

African clawed 

frog (Xenopus 

laevis) 

II 2 (Mable et al. 

2015) 
Unknown Unknown 

Good allele against a single 

strain bacterial infection 
(Barribeau et al. 2008) 

Yes 
 (Mable et al. 

2015) 
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Tiger salamanders 

(Ambystoma 

tigrinum) 

II 1 (Bos & 

DeWoody 2005) 
Unknown Assortative (Bos et al. 

2009) 
Unknown 

Yes  
(Bos & DeWoody 

2005) 

Fishes       

Rose bitterling 

(Rhodeus 

ocellatus) 

II 
1 

(Agbali et al. 

2010) 

Unknown Disassortative; 
(Agbali et al. 2010)  

Maximal diversity 

associated with increased 

embryo survival 
(Agbali et al. 2010) 

Yes 
(Agbali et al. 

2010) 

Three-spine 

stickleback 

(Gasterosteus 

aculeatus) 

II 5 
(Milinski 2006) 

Chemical 

(genotype) (Milinski et 

al. 2005) 

Optimal MHC 

diversity (Milinski 2006) 

Intermediate diversity 

associated with increased 

parasite resistance (Wegner et 

al. 2003) 

Yes 
 (Reusch & 

Langefors 2005) 

Atlantic salmon 

(Salmo salar) 
II 

1 
(Landry & 

Bernatchez 

2001) 

Unknown 
Disassortative 
(Consuegra & Garcia de 
Leaniz 2008) 

Good allele against 

bacterial infection (Lohm et al. 

2002) 

Yes  
(Langefors et al. 
2001) 

Chinook salmon 

(Oncorhynchus 

tshawytscha) 

II 1 
(Neff et al. 2008) 

Unknown Disassortative 
(Neff et al. 2008) 

Maximal diversity against 

bacterial infection (Evans & 

Neff 2009) 

Yes 
(Miller et al. 
1997) 

Arctic charr 

(Salvelinus 

alpinus) 

II 
1 

(Kekäläinen et 

al. 2009) 

Unknown Unknown 

Maximal diversity 

increases fertilization 

success (Skarstein et al. 2005) and 

increases parasite resistance 
(Kekäläinen et al. 2009) 

Unknown 
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6.3 Future Directions 

6.3.1 MHC susceptibility to avian malaria 

My thesis has increased the knowledge of additive and non-additive effects of MHC on 

resistance to avian Plasmodium. I found no evidence for population differences in allele 

frequencies at MHC, suggesting that locally-good genes at the MHC regions surveyed do 

not explain previous findings that song sparrows are more resistant to local than nonlocal 

strains of Plasmodium (Sarquis-Adamson and MacDougall-Shackleton 2016).  However, 

the high variability of these loci makes it particularly difficult to detect population 

structuring, particularly when sample sizes are relatively low as in my study, so future 

studies with larger sample sizes should increase power to detect locally-protective alleles 

at MHC if they exist. Geographic surveys of other candidate immune genes, such as toll-

like receptors (Netea et al. 2012) or β-defensins (Hollox and Armour 2008), represent 

another logical next step to identifying the genetic basis (if any) for enhanced resistance to 

sympatric parasites. 

6.3.2 Preen wax as a signal of MHC genotype 

By investigating a novel chemical cue for MHC genotype, and demonstrating that the 

chemical composition of preen wax co-varies with amino acid distances of MHC class IIβ, 

I have raised the question of how, mechanistically, preen wax might signal MHC class IIβ 

genotypes. My working hypothesis is that the microbiome within and around the preen 

gland may help mediate the chemical composition of the preen wax of song sparrows. 

Odour-producing symbiotic bacteria were identified in the preen glands of a closely related 

species, the dark-eyed junco (Whittaker and Theis 2016). Two candidate bacterial genera 

discovered were Burkholderia and Pseudomonas, both known to produce the volatile 

compound 2-tridecanone. The proportion of this compound is associated with sex 

differences in preen wax chemistry for this species (Whittaker et al. 2010) and predicts 

reproductive success in males (Whittaker et al. 2013).  

To further understand the role that MHC plays in the preen gland microbiome (and 

thus preen wax composition), one could inject antibiotics in and around the preen gland to 
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destroy the bacteria in this region. Next, taking bacterial samples throughout multiple time 

points of microbial recolonization in and around the preen gland would allow verifying the 

genera and abundance of bacterial strains. Assuming the microbes in and around the preen 

gland thrive in different conditions, then the next step would be to isolate and cultivate 

preen gland microbial colonies using various environmental conditions that the bacteria 

may thrive in (e.g., oxygenated, hypoxic, and anoxic). One could then identify the bacterial 

metabolites (e.g., wax esters; Ishige et al. 2003). Indeed, I would predict the bacterial 

metabolites to be associated with the four compounds I found covaried with MHC distance. 

Therefore, as my results from Chapter 3 suggest, if MHC plays a role in the chemical 

composition of preen wax (hypothesized to be mediated by the preen gland microbiome), 

then characterizing the bird’s MHC, their bacteria, and the microbial metabolites should 

help reveal the mechanism in which songbird MHC indirectly influences the chemical 

composition of preen wax.  

In addition to determining how MHC may influence chemical composition of preen 

wax, it also remains to be determined whether songbirds can detect MHC-related variation 

in preen wax chemical composition. Behavioural trials are a clear next step in assessing 

the salience of this variation to mating behaviour. To corroborate that preen wax acts a cue 

of MHC genotype, male and female songbirds might be given a choice experiment (e.g., 

Y-maze design; Whittaker et al. 2011) between the preen wax of potential mates of varying 

MHC similarity. Based on my results in Chapter 5, I would predict that if preen wax is a 

signal of MHC genotype, then song sparrows may prefer mates with similar, rather than 

dissimilar, preen oil chemical profiles. This is because I found that song sparrows mate 

assortatively based the evolutionary distance of MHC amino acid alleles (the same measure 

used to assess similarity of preen wax to MHC in Chapter 3). 

6.3.3 Birdsong as a signal of MHC diversity 

The lack of a relationship between pairwise birdsong syllable dissimilarity and MHC 

amino acid distance suggests that birdsong is not a reliable indicator of pairwise similarity 

at MHC. Even though song sparrow song varies geographically (Peters et al. 2000), the 

absence of a relationship between pairwise dissimilarity in repertoire content and MHC 
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dissimilarity between males could be due to the low genetic differentiation of MHC as 

indicated in Chapter 2.  

 My research has added to a growing body of evidence that optimal MHC diversity 

may in some cases be intermediate rather than maximal. Male song sparrows with the 

largest repertoires (a sexually selected trait associated with higher reproductive success; 

Reid et al. 2004) were not the most diverse, but rather had intermediate diversity, at MHC 

class IIβ. This finding is consistent with other evidence of the benefits of having 

intermediate levels of MHC alleles. For example, in three-spined sticklebacks, parasite 

load is lowest in individuals with intermediate MHC diversity (Milinski 2003), and males 

with intermediate MHC diversity had the best nest quality (Jäger et al. 2007). I suggest that 

being optimally (intermediately) diverse at MHC class IIβ helps male song sparrows ward 

off pathogens during song learning in early life (Marler and Peters 1987). Pathogen stress 

during this developmental window can reduce song complexity (Spencer et al. 2005; 

Brumm et al. 2009). This hypothesis could be tested by captive experiments, subjecting 

young male songbirds to a standard set of infectious agents concurrently with song 

learning: based on the results of Chapter 4, I predict that males with intermediate MHC IIβ 

diversity will show the best song learning. Additionally, field experiments aimed at testing 

whether males of intermediate MHC diversity provide more care to their offspring than 

males with low or high MHC diversity will also help illuminate what direct benefits 

females might procure by choosing males with the largest repertoires. 

6.3.4 Selection at MHC class IIβ and MHC-mediated mate choice 

Signals of positive selection on codons at the PBR, and specifically, at putative peptide-

binding codons (Brown et al. 1993) for MHC class IIβ in song sparrows is consistent with 

many other taxa (e.g., steelhead Onocorhynchus mykiss, Aguilar and Garza 2006; great 

snipe Gallinago media, Ekblom et al. 2010; lowland leopard frog Lithobates yavapaiensis, 

Savage and Zamudio 2011). However, MHC-mediated mate choice is unlikely to be 

driving positive selection on the entire PBR since I found assortative pairing based on the 

evolutionary distance of MHC class IIβ rather than on the subset of codons showing 

positive selection. The most likely hypothesis is that positive selection at these codons is 
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pathogen-mediated. For example, an increase in parasitic nematode species richness 

measured in 116 primate species explained a species-specific increase in non-synonymous 

codon changes at the PBR for class IIβ (Garamszegi and Nunn 2011). To further untangle 

pathogen-mediated positive selection on codons at the MHC PBR, a similar study could be 

performed on a subset of the songbird subspecies that are widespread (and thus likely have 

geographically variable selection pressure) like song sparrows (Arcese et al. 2002) dark-

eyed juncos (Nolan et al. 2002), and yellow-rumped warblers (Setophaga coronata, Hunt 

and Flaspohler 1998). These studies could measure the richness of each subspecies’ 

haematozoan parasites, and compare that to the number of non-synonymous changes on 

codons at the MHC PBR for each subspecies. I would expect sub-species subjected to 

multiple haematozoa species (identified via molecular methods; Waldenström et al. 2004; 

Bell et al. 2015) would have more non-synomymous codon changes at the PBR of MHC 

class I exon 3 (since class I molecules detect intracellular pathogens, such as 

haematozoans) than synonymous changes. This would shine light on the variation in spatial 

selective pressure that parasites inflict on their host, and how parasites can shape the 

evolution of MHC within a widespread species.  

My thesis has added to the scant evidence that assortative MHC-mediated mate 

choice can occur in the wild, rather than disassortative. I found assortative, rather than 

disassortative MHC-mediated mate choice between social parents in my population. 

Although my population has low incidence of extra-pair young (~20% of nests; Potvin and 

MacDougall-Shackleton 2009), by investigating the evolutionary MHC distances between 

the social mother and extra-pair father, I could reveal if MHC has an influence on choosing 

a mate purely for genetic benefits. For example, in the Seychelles warbler (Acrocephalus 

sechellensis), social mates did not pair at MHC class I exon 3, however, if females were 

paired with a male that had low MHC class I diversity, they were more likely to obtain 

extra-pair paternity in their nest, implying an indirect benefit if class I diversity was critical 

to offspring fitness (Richardson et al. 2005). 

Given that MHC class IIβ is highly diverse in the study population of song sparrows 

(Chapter 2), and maximal MHC diversity is not associated with larger song repertoires 
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(Chapter 4), then choosing a mate with a relatively similar MHC genotype may enhance 

offspring fitness by reducing outbreeding depression. Overly diverse individuals at MHC 

class IIβ may have a fitness disadvantage due to autoimmune disorders (Klein 1986; 

Piertney and Oliver 2006; Trowsdale 2011) or a dilution of beneficial alleles (de Boer and 

Perelson 1993). Additionally, investigating whether socially mated pairs are more similar 

in preen wax chemical composition than expected by chance, may further corroborate that 

assortative mating at MHC is achieved through assessing chemical cues found in preen 

wax. 

 

6.4 Conclusion 

Overall, my thesis has identified ways in which MHC genotype affects disease resistance 

of song sparrows through non-additive genetic effects; established that the chemical 

composition of preen wax and the content of learned song repertoires provide information 

regarding MHC dissimilarity and diversity, respectively; and demonstrated that free-living 

song sparrows pair assortatively, rather than disassortatively, with respect to MHC 

genotype. Importantly, this work has identified novel cues of MHC genotype in songbirds, 

and will form the basis for further research on MHC signalling through chemical and 

acoustic cues. Furthermore, I found evidence of positive selection occurring at MHC class 

IIβ in song sparrows, combined with assortative rather than disassortative social pairing in 

the wild. Thus, this dissertation has helped expand our understanding of the ecology and 

evolution of MHC in songbirds through analyzing the role MHC plays in immunity, 

signalling, pathogen-mediated selection, and mate choice. 
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Appendices 

Appendix A 

 

 

 

  

Appendix A.1 Evolutionary relationships of song sparrow MHC class I exon 3. The 

evolutionary history was inferred using the Neighbor-Joining method. The optimal tree 

with the sum of branch length = 70.22 is shown. The percentage of replicate trees in which 

the associated taxa clustered together in the bootstrap test (500 replicates) are shown next 

to the branches. The tree is drawn to scale, and the evolutionary distances were computed 

using the number of differences. The analysis involved 27 nucleotide sequences (Sosp-

MHCI*1-Sosp-MHC*27). Each thick vertical line indicates a superallele (SA) that 

contains more than one sequence, and the black arrow indicates a single sequence that 

belonged to its own SA. 
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Appendix A.2 Evolutionary relationships of MHC class II exon 2 in song sparrows. The 

evolutionary history was inferred using the Neighbor-Joining method. The optimal tree 

with the sum of branch length = 374.46 is shown. The percentage of replicate trees in which 

the associated taxa clustered together in the bootstrap test (500 replicates) are shown next 

to the branches. The tree is drawn to scale, and the evolutionary distances were computed 

using the number of differences method. The analysis involved 192 nucleotide sequences 

(Sosp-DAB*1 to Sosp-DAB*192). Each thick vertical line indicates a superallele (SA) that 

contains more than one sequence, and each black arrow indicates a single sequence that 

belonged to its own SA.  
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Appendix B 

Compounds identified by GC-MS of preen wax from one song sparrow. Peaks clustered into groups of 2-4 with the same total number 

of carbons but varying chain lengths of the acid versus alcohol portions (e.g., 28a, 28b). Peak names correspond to those used in figure 

3.1 and table 3.1. Some peaks consisted of a single monoester (e.g., 29a, 100% C13:C16) and others were monoester mixtures. 

Nomenclature for each monoester describes the number of carbons in the acid and alcohol portion, respectively, such that C13:C15 

indicates a 13-carbon fatty acid esterified to a 15-carbon 1-alcohol. Asterisks denote peaks identified by BIOENV as being in the 

maximally informative subset. 

Peak # C's Mol. Wt. 

Acid:Alc Acid:Alc Acid:Alc Acid:Alc Acid:Alc Acid:Alc Acid:Alc 

% comp % comp % comp % comp % comp % comp % comp 

28a 28 424 
C13:C15 C14:C14 C15:C13 C16:C12 C17:C11 C18:C10 C19:C9 

32.6 32.4 28.5 6.5 0.0 0.0 0.0 

28b* 28 424 
C13:C15 C14:C14 C15:C13 C16:C12 C17:C11 C18:C10 C19:C9 

13.4 26.5 45.2 12.3 2.6 0.0 0.0 

29a 29 438 
C13:C16 C14:C15 C15:C14 C16:C13 C17:C12 C18:C11 C19:C10 

100.0 0.0 0.0 0.0 0.0 0.0 0.0 

29b 29 438 
C13:C16 C14:C15 C15:C14 C16:C13 C17:C12 C18:C11 C19:C10 

83.6 11.9 1.5 2.8 0.0 0.0 0.2 

30a 30 452 
C13:C17 C14:C16 C15:C15 C16:C14 C17:C13 C18:C12 C19:C11 

60.4 14.6 15.6 7.4 1.4 0.5 0.2 

30c 30 452 
C13:C17 C14:C16 C15:C15 C16:C14 C17:C13 C18:C12 C19:C11 

83.2 13.1 2.8 0.4 0.2 0.2 0.2 

31a 31 466 
C13:C18 C14:C17 C15:C16 C16:C15 C17:C14 C18:C13 C19:C12 

0.0 59.8 28.2 10.4 0.0 1.1 0.4 

31b 31 466 
C13:C18 C14:C17 C15:C16 C16:C15 C17:C14 C18:C13 C19:C12 

0.0 0.0 0.0 78.7 0.0 12.2 9.1 

31c 31 466 C13:C18 C14:C17 C15:C16 C16:C15 C17:C14 C18:C13 C19:C12 
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Peak # C's Mol. Wt. 

Acid:Alc Acid:Alc Acid:Alc Acid:Alc Acid:Alc Acid:Alc Acid:Alc 

% comp % comp % comp % comp % comp % comp % comp 

33.7 50.5 13.6 1.2 0.5 0.3 0.3 

32a 32 480 
C13:C19 C14:C18 C15:C17 C16:C16 C17:C15 C18:C14 C19:C13 

35.4 29.9 28.3 3.7 1.8 0.8 0.0 

32b 32 480 
C13:C19 C14:C18 C15:C17 C16:C16 C17:C15 C18:C14 C19:C13 

0.0 0.0 0.0 85.0 0.0 15.0 0.0 

32c* 32 480 
C13:C19 C14:C18 C15:C17 C16:C16 C17:C15 C18:C14 C19:C13 

0.0 0.0 100.0 0.0 0.0 0.0 0.0 

32d 32 480 
C13:C19 C14:C18 C15:C17 C16:C16 C17:C15 C18:C14 C19:C13 

12.3 26.9 54.9 4.0 0.9 0.4 0.5 

33a 33 494 
C13:C20 C14:C19 C15:C18 C16:C17 C17:C16 C18:C15 C19:C14 

31.7 22.5 27.8 13.0 3.6 0.9 0.5 

33b 33 494 
C13:C20 C14:C19 C15:C18 C16:C17 C17:C16 C18:C15 C19:C14 

0.0 0.0 0.0 99.1 0.0 0.0 0.9 

33c* 33 494 
C13:C20 C14:C19 C15:C18 C16:C17 C17:C16 C18:C15 C19:C14 

0.0 0.0 0.0 0.0 0.0 0.0 100.0 

33d 33 494 
C13:C20 C14:C19 C15:C18 C16:C17 C17:C16 C18:C15 C19:C14 

2.7 17.5 53.6 20.8 4.1 0.7 0.5 

34a 34 508 
C13:C21 C14:C20 C15:C19 C16:C18 C17:C17 C18:C16 C19:C15 

14.9 25.1 27.4 18.3 11.4 2.0 0.9 

34b 34 508 
C13:C21 C14:C20 C15:C19 C16:C18 C17:C17 C18:C16 C19:C15 

0.0 0.0 0.0 69.1 0.0 29.7 1.2 

34c 34 508 
C13:C21 C14:C20 C15:C19 C16:C18 C17:C17 C18:C16 C19:C15 

0.0 0.0 0.0 0.0 98.7 0.0 1.3 

34d* 34 508 
C13:C21 C14:C20 C15:C19 C16:C18 C17:C17 C18:C16 C19:C15 

0.9 4.4 42.3 24.9 25.8 1.3 0.4 

35a 35 522 
C13:C22 C14:C21 C15:C20 C16:C19 C17:C18 C18:C17 C19:C16 

7.0 13.4 35.3 21.7 16.3 5.5 0.9 

35b 35 522 
C13:C22 C14:C21 C15:C20 C16:C19 C17:C18 C18:C17 C19:C16 

13.2 0.0 0.0 47.8 13.1 22.9 3.0 

35c 35 522 C13:C22 C14:C21 C15:C20 C16:C19 C17:C18 C18:C17 C19:C16 
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Peak # C's Mol. Wt. 

Acid:Alc Acid:Alc Acid:Alc Acid:Alc Acid:Alc Acid:Alc Acid:Alc 

% comp % comp % comp % comp % comp % comp % comp 

10.3 0.0 0.0 0.0 89.7 0.0 0.0 

35d 35 522 
C13:C22 C14:C21 C15:C20 C16:C19 C17:C18 C18:C17 C19:C16 

0.1 1.6 13.3 30.1 43.7 10.4 0.9 

36a 36 536 
C13:C23 C14:C22 C15:C21 C16:C20 C17:C19 C18:C18 C19:C17 

2.7 8.2 26.3 32.8 21.3 6.4 2.2 

          

36b 36 536 
C13:C23 C14:C22 C15:C21 C16:C20 C17:C19 C18:C18 C19:C17 

0.0 0.0 0.0 0.0 0.0 100.0 0.0 

36c 36 536 
C13:C23 C14:C22 C15:C21 C16:C20 C17:C19 C18:C18 C19:C17 

0.0 0.0 0.0 0.0 0.0 0.0 100.0 

36d 36 536 
C13:C23 C14:C22 C15:C21 C16:C20 C17:C19 C18:C18 C19:C17 

0.0 0.3 3.8 13.7 56.8 19.0 6.5 

37a 37 550 
C13:C24 C14:C23 C15:C22 C16:C21 C17:C20 C18:C19 C19:C18 

0.9 2.4 18.5 26.0 40.8 8.5 2.8 

37b 37 550 
C13:C24 C14:C23 C15:C22 C16:C21 C17:C20 C18:C19 C19:C18 

0.0 0.0 0.0 0.0 0.0 89.9 10.1 

37c 37 550 
C13:C24 C14:C23 C15:C22 C16:C21 C17:C20 C18:C19 C19:C18 

100.0 0.0 0.0 0.0 0.0 0.0 0.0 

37d 37 550 
C13:C24 C14:C23 C15:C22 C16:C21 C17:C20 C18:C19 C19:C18 

0.0 0.0 0.0 7.9 37.3 38.6 16.1 

38a 38 564 
C13:C25 C14:C24 C15:C23 C16:C22 C17:C21 C18:C20 C19:C19 

0.3 0.4 4.1 24.7 51.1 15.6 3.8 

38b 38 564 
C13:C25 C14:C24 C15:C23 C16:C22 C17:C21 C18:C20 C19:C19 

1.4 0.0 0.0 0.0 0.0 98.6 0.0 

38c 38 564 
C13:C25 C14:C24 C15:C23 C16:C22 C17:C21 C18:C20 C19:C19 

0.0 0.0 1.0 0.0 0.0 42.2 56.7 

39a 39 578 C13:C26 C14:C25 C15:C24 C16:C23 C17:C22 C18:C21 C19:C20 
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Appendix C.1 MHC class II exon 2 maximum likelihood amino acid tree for 32 male song 

sparrows. Evolutionary history was inferred using the maximum likelihood method based 

on the WAG amino acid substitution model. The tree with the highest log likelihood is 

shown. The percentage of replicate trees in which the associated taxa clustered together in 

the bootstrap test (500 replicates) are shown next to the branches. The tree is drawn to 

scale, with branch lengths measured in the number of substitutions per site. The analysis 

involved 186 amino acid sequences (Sosp-DAB*#). Each thick vertical line indicates a 

superallele (SA) that contains more than one sequence, and each black arrow indicates a 

single sequence that belonged to its own SA. 
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Appendix C.2 Ranked set of candidate models predicting song sparrow song 

repertoire size, after excluding a potentially influential data point with low repertoire 

size and high MHC diversity (upper left corner of figure 4.1). Predictors were number 

of MHC superalleles and squared number of MHC superalleles. 

 

 

 

 

 

 

 

 

 

 

 

   

Model df logLik AICc ΔAICc Model Weight 

Null: intercept only 2 -55.7 115.8 0 0.50 

Quadratic: #MHC + (#MHC)2 4 -53.5 116.5 0.69 0.35 

Linear: #MHC 3 -55.6 118.1 2.38 0.15 
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Appendix C.3 Model-averaged parameter estimates for predictors of song sparrow song 

repertoire size, after excluding a potentially influential data point with low repertoire size 

and high MHC diversity. Models were weighted as indicated in Appendix C.2 and fully 

averaged. Repertoire size increased with number of MHC superalleles and decreased with 

squared number of MHC superalleles. 

 

 

 

 

 

  

Parameter Estimate ± SE 95% CI 

Intercept 2.94 ± 7.03 -11.02, 16.90 

#MHC 1.92 ± 0.93 0.02, 3.82 

(#MHC)2 -0.074 ± 0.036 -0.15, -0.0001 
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Appendix D 

All studies followed the ethical guidelines from the Canadian Council on Animals Care, 

which was reviewed and approved by the Animal Use Subcommittee (AUS) at the 

University of Western Ontario. Below is the approval email from the AUS. Animal Use 

Protocol #: 2016-017. 
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AUP Number: 2016-017 

PI Name: Macdougallshackleton, Elizabeth 

AUP Title: Mating Signals, Gene Flow, And Disease Resistance In Songbirds 

 

 

Approval Date: 06/09/2016 

Official Notice of Animal Use Subcommittee (AUS) Approval: Your new Animal Use 

Protocol (AUP) entitled "Mating Signals, Gene Flow, And Disease Resistance In 

Songbirds 

 

" has been APPROVED by the Animal Use Subcommittee of the University Council on 

Animal Care. This approval, although valid for four years, and is subject to annual 

Protocol Renewal.2016-017::1 

1. This AUP number must be indicated when ordering animals for this project. 

2. Animals for other projects may not be ordered under this AUP number. 

3. Purchases of animals other than through this system must be cleared through the 

ACVS office. Health certificates will be required. 

The holder of this Animal Use Protocol is responsible to ensure that all associated safety 

components (biosafety, radiation safety, general laboratory safety) comply with 

institutional safety standards and have received all necessary approvals. Please consult 

directly with your institutional safety officers. 

Submitted by: Copeman, Laura   

on behalf of the Animal Use Subcommittee 

University Council on Animal Care 
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