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Summary 
All organisms are continuously encountering pathogens, which they have to fight to 
avoid infectious diseases and fitness costs. In vertebrates, genes of the major 
histocompatibility complex (MHC) are crucial for pathogen resistance, by triggering 
immune responses against specific intracellular (MHC class I; MHCI) and 
extracellular (MHC class II; MHCII) pathogens, and are among the most 
polymorphic genes known. An intermediate optimum in individual MHC diversity is 
expected based on a trade-off between the number of pathogens recognized by the 
immune system and the depletion of T cells through negative selection in the thymus 
if the number of MHC alleles is excessively large. Consequently, there is strong 
selection to optimize MHC constitution in offspring, and whenever possible, there 
should be selection for choosing a mate with compatible MHC diversity, which 
provides offspring with an intermediate MHC repertoire. MHC-based mate choice 
has been studied in many taxa, with various results supporting preferences for mates 
with specific alleles, for intermediate and maximally MHC-diverse mates, and for 
mates with an intermediate and maximized MHC dissimilarity. Hence, there is no 
consensus across species, and many questions concerning MHC-based mate choice 
and its role in shaping MHC diversity remain unanswered. 
 This thesis explores MHC-based mate choice in two passerine species, the 
bluethroat (Luscinia svecica) and the willow warbler (Phylloscopus trochilus), in an 
extra-pair mating framework. Studying MHC-based extra-pair mate choice in 
passerines is useful for two main reasons. First, as the extra-pair male only 
contributes sperm, as opposed to the social male, it enables the exploration of 
indirect (i.e. genetic) benefits of mate choice. Second, MHC in passerines is highly 
polymorphic and polygenic, with an intriguingly extensive copy number variation. 
This remarkable diversity demands robust and sophisticated genotyping strategies in 
order to provide the resolution needed to test evolutionary and ecological hypotheses. 
The aim of paper I in this thesis was, therefore, to evaluate and highlight 
discrepancies arising from different sequencing platforms, primer set-ups and allele 
calling pipelines when genotyping MHC. While consistent genotypes were retrieved 
across strategies in the moderately variable bluethroat MHCI, we found that the 
genotyping strategy employed mattered greatly when applied to the hypervariable 
bluethroat MHCII. By using family data and replicates, we established a variant 
filtering scheme based on Sommer et al. (BMC Genomics, 14, 2013, 542). Although 
this is unlikely to describe the complete allelic repertoire in individuals, we believe 
this is a useful approach when genotyping highly variable MHC.  
 In paper II, we revealed non-random, self-referential female choice of extra-
pair males that rendered offspring with an MHCII repertoire size close to the 
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population mean in the bluethroat. The number of unique, functional MHCII alleles 
(“PSS alleles”; based on positively selected sites) was closer to the population mean in 
extra-pair partners than in social pairs, and accordingly, extra-pair young were closer 
to the population mean number of PSS alleles than within-pair young. This paper 
consequently demonstrates extra-pair mate choice for intermediate MHCII diversity, 
with coherent results across adults and their offspring. A possible fitness benefit of 
having an intermediate number of MHCII alleles was explored in paper III, by 
testing for an association between the distance from the population mean number of 
PSS alleles and the response to injections of phytohemagglutinin (PHA) in bluethroat 
nestlings. We found that nestlings with MHCII diversity close to the population mean 
had an elevated swelling response to PHA. Together, paper II and paper III lend 
support to the hypothesis of an intermediate optimum in MHCII diversity in the 
bluethroat, and demonstrate an adaptive benefit of female extra-pair behaviour in 
this passerine bird. 

In contrast, we did not find evidence of extra-pair mate choice for an 
intermediate MHCI diversity in the willow warbler in paper IV. There was also no 
support for the prediction that females socially paired to a suboptimal male will be 
more likely to partake in extra-pair mating. Rather, our results suggested two female 
mating strategies, where females with few “supertypes” (clusters of PSS alleles based 
on physiochemical properties of the amino acids) were more likely to engage in extra-
pair copulations. This thesis thus points to variation in MHC-based mate choice 
across two passerine species and across the two major classes of MHC genes.  

By taking advantage of new sequencing methodology, we achieved a high 
resolution in genotypes in hypervariable MHC, enabling us to test novel hypotheses 
about MHC-based mate choice in passerines. This thesis has contributed to 
increasing our knowledge of avian MHC-based mate choice and to the long-standing 
debate concerning adaptive benefits of female extra-pair mating in birds.  
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1.   Introduction 
To fight and resist infectious diseases is a ubiquitous challenge that all organisms 
face. Genes of the major histocompatibility complex (MHC) are of great importance 
to the vertebrate immune system, and there should thus be a selective pressure to 
optimize the genetic constitution at these loci in offspring. Given that the MHC 
genotypes vary substantially among potential mates, and that their genotypes can 
both be assessed and compared to the chooser’s own genotype, the choosy sex is 
predicted to choose mates that will produce offspring with an optimal diversity at 
MHC (Milinski 2006). MHC genes are indeed among the most polymorphic genes 
known (Janeway et al. 2001a), and are hypervariable and highly duplicated in many 
passerine birds (Westerdahl 2007). While the underlying mechanisms are largely 
unknown, MHC-based mate choice has been demonstrated in many passerines - but 
previous results are equivocal and hampered by the difficulty of sequencing and 
genotyping MHC.  
 This thesis examines MHC-based mate choice in the context of extra-pair 
paternity in two passerine species, the bluethroat (Luscinia svecica) and the willow 
warbler (Phylloscopus trochilus). Mating systems with substantial occurrence of 
extra-pair paternity could be useful for highlighting the genetic benefits of mate 
choice, as the extra-pair male usually contributes only sperm and hence could be 
chosen for his genes alone (Trivers 1972, Brown 1997, Mays & Hill 2004). Genetic 
benefits for females engaging in extra-pair copulations are nevertheless not widely 
recognized, and debate over an adaptive function is still ongoing (Forstmeier et al. 
2014, Brouwer & Griffith 2019). One such benefit could be to optimize the MHC 
constitution in offspring, because of its importance in an individual’s disease 
resistance and hence survival (Milinski 2006). 

Thus, this thesis focuses on MHC-based extra-pair mate choice, with the main 
aim of increasing the knowledge on its yet unresolved role in passerine birds, as well 
as to contribute to the understanding of female extra-pair behavior. A first step to be 
able to answer evolutionary questions involving MHC is to reveal the genotypes of the 
individuals, which is not trivial in hypervariable systems. The first goal of the thesis 
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will be to highlight discrepancies that arise from using different genotyping 
strategies, as well as to establish a robust pipeline, taking advantage of the 
tremendous developments in sequencing technologies. The method will then be 
applied to test evolutionary hypotheses concerning MHC-based extra-pair mate 
choice in the bluethroat and willow warbler. 

1.1. The function of MHCI and MHCII 
MHC genes are found in jawed vertebrates (Janeway et al. 2001a), and are crucial for 
adaptive immunity. Classical MHC genes encode transmembrane glycoproteins 
which present pathogen-derived antigens to T cells and subsequently trigger immune 
responses against the specific pathogens. Two classes of MHC genes are relevant for 
this thesis; MHC class I (MHCI) and MHC class II (MHCII). For both classes, 
antigens are processed intracellularly to short fragments that are loaded on MHC 
molecules and presented to T cells (reviewed in Blum et al. 2013). 

The gene products of MHCI are found on the surface of all nucleated cells, 
where they present intracellular antigens to cytotoxic CD8+ T cells (Zinkernagel & 
Doherty 1974). In the case of the binding of a CD8+ T cell with the matching T cell 
receptor to the MHCI/antigen complex - and in the presence of co-stimulator signals 
and cytokines - the T cell will activate apoptosis in the target cell, either through the 
release of perforin and granzymes or through the Fas/FasL pathway (Coico & 
Sunshine 2015a). Consequently, MHCI is important in the killing of virus-infected 
and cancerous cells. 

On the other hand, MHCII is essential for the fight against extracellular 
pathogens (i.e. bacteria, parasites and free-floating viruses). Antigens derived from 
these pathogens are presented on MHCII molecules found on so-called professional 
antigen presenting cells (APC), such as B cells, macrophages and dendritic cells. The 
MHCII/antigen complex is bound by CD4+ T cells exhibiting the corresponding T cell 
receptor. This signal is enhanced by the interaction between pairs of co-stimulator 
surface molecules and other adhesion molecules on the APC and CD4+ T cell, and will 
subsequently lead to the activation of CD4+ T cells. Cytokines released from innate 
immune cells will stimulate transcription factors causing the activated CD4+ T cells to 
differentiate into TH1, TH2, TH17 or TReg cells (Coico & Sunshine 2015a). These subsets 
of CD4+ T cells will in turn release characteristic signature cytokines, which 
ultimately will lead to the destruction of the pathogens through effector cells like B 
cells and their antibodies, or macrophages (Janeway et al. 2001a, Coico & Sunshine 
2015a).  

In addition to enable the combat against specific pathogens, MHC plays 
critical roles in autoimmune diseases and in the body´s defence against cancer 
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(Trowsdale & Knight 2013). The significance of these genes is further emphasized by 
their vital influence on transplantation of tissues, from which they obtained their 
name.  

1.1.1. MHC structure 
The structural conformation of MHCI and MHCII molecules consists of two 
polypeptide chains with a total of four extracellular, immunoglobulin-like domains 
(Bjorkman et al. 1987a, Brown et al. 1993, Coico & Sunshine 2015b; see Figure 1). 

MHCI molecules have one transmembrane heavy chain (∼42 kDa) with three 
∼90 amino acids long extracellular domains (α1, α2, α3) and a cytoplasmic tail 
(Bjorkman et al. 1987a, Coico & Sunshine 2015b). A light chain, the β2-microglobulin 
(β2m; ∼12 kDa), is non-covalently bound to the heavy chain. While the membrane-
proximal α3-domain and the β2m are predominantly conserved, the distal α1 and α2 
are polymorphic. Together, they constitute the peptide-binding region (PBR), in 
which a “floor” consisting of a β-sheet is surrounded by α-helices creating a groove 
for antigen binding. This groove can bind one antigen-derived peptide with a length 
of 8-9 amino acid residues, and will only bind to specific peptides with high affinity 
(Matsumura et al. 1992). Most of the polymorphic amino residues in the MHCI 
molecules are located in this groove, and are mainly coded for in exon 3 (Bjorkman et 
al. 1987b, Hughes & Nei 1988). These residues determine the antigen specificity of 
the MHC by constituting pockets that anchor specific side chains of the antigen, while 
the remaining interactions between the MHC molecule and the antigen are primarily 
nonspecific (Matsumura et al. 1992). When the antigen is fixed in this groove, other 
residues of the peptide protrude outwards and are available for recognition by the T 
cell receptor (Matsumura et al. 1992). 

Similarly, an antigen binding groove consisting of a β-sheet and two α-helices 
is present on MHCII molecules. This groove is more “open-ended” than the PBR on 
MHCI, and can fit antigens of more than 15 residues (Matsumura et al. 1992, Brown 
et al. 1993). While the MHCII anchoring pockets are slightly less specific than those 
found on MHCI, there are up to five such allele-specific pockets for MHCII as 
compared to two or three for MHCI (Matsumura et al. 1992, Stern et al. 1994, 
Rammensee 1995). The MHCII molecule further deviates from MHCI by being a 
dimerization of two relatively similar polypeptide chains (the α- and the β-chain; ∼35 
and 28 kDa) with two extracellular domains and a cytoplasmic tail each (Brown et al. 
1993, Coico & Sunshine 2015b). The PBR is formed at the interface of the distal 
domains of these chains (between α1 and β1). The main bulk of the polymorphism 
found in the PBR are coded for in exon 2 of MHCIIB genes (Hughes & Nei 1989). 
 

9 
 



Figure 1: The three-dimensional structure of a complete MHCI molecule (A, side view) and the PBR of MHCI (B, 
seen from above), as well as an MHCII molecule (C) and the PBR of MHCII (D), with bound antigen (colored 
red).  The heavy chain of MHCI and the β-chain of MHCII are colored teal, while the β2-microglobulin of MHCI 
and α-chain of MHCII are in grey color.  Polymorphic residues in the PBR for both molecules are highlighted in 
yellow (B, D). The model of MHCI (A, B) is based on the human MHCI allele HLA-A2 with residues 58-66 of the 
influenza matrix protein bound in the PBR, while the model of MHCII (C, D) is based on the human MHCII allele 
HLA-DR1 with residues 306-318 of the influenza hemagglutinin bound in the PBR. Reprinted from Blum et al. 
(2013) with permission (Copyright Clearance Center, license number 4599310116294). 

1.1.2. Selection of T cells in thymus 
Whereas the diversity in MHC molecules stems from multiple alleles, most of the 
immense T cell receptor diversity (∼107 in humans; Arstila et al. 1999) is generated by 
gene rearrangements in the thymus (Janeway et al. 2001b, Coico & Sunshine 2015c). 
In the thymus, only T cells with a T cell receptor capable of interacting with self-MHC 
are retained (positive selection; Kisielow et al. 1988). Autoimmunity is avoided by 
negative selection, i.e. T cells that bind with too high affinity to self-antigens undergo 
apoptosis (Kappler et al. 1987, Coico & Sunshine 2015c). Taking the extensive T cell 
receptor diversity into consideration, some of the T cells that have survived this 
thymic selection will likely bind with high affinity to a pathogen-derived peptide 
loaded on an MHC molecule, and in the presence of co-stimulatory signals, an 
immune response against the specific pathogen will be triggered (Coico & Sunshine 
2015a). 

1.1.3. Copy number variation 
Because the MHC is both polygenic and polymorphic, while at the same time one 
MHC allele is able to bind a few different antigens, a large number of various 
pathogens can be recognized within an individual (Janeway et al. 2001a). Classical 
genes of the MHC are indeed considered the most polymorphic vertebrate genes 
(Janeway et al. 2001a), which reflects their role in adaptive immunity. On a macro-
evolutionary scale, sharing of polymorphic allelic lineages has been described among 
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species (Figueroa et al. 1988, Takahata & Nei 1990, Anmarkrud et al. 2010). As these 
ancestral polymorphisms can predate speciation events, they are referred to as trans-
species polymorphism (Arden & Klein 1982, Klein 1987). 

There is substantial variation in the number of classical MHC genes a species 
possesses. The evolutionary birth-and-death model of multi-gene families, in which 
gene duplication events create new MHC loci, is thought to give rise to this copy 
number variation (Nei et al. 1997). Aves is a great example of a taxon with extensive 
variation in copy number of MHC genes (Minias et al. 2018). Some species, found 
mainly among galliforms and birds of prey, have “a minimal essential MHC” 
(Kaufman et al. 1999, Minias et al. 2018), with only a couple of MHCI and MHCII 
loci described (e.g. Eimes et al. 2013). Many passerine species lie at the other 
extreme with many MHC genes (Westerdahl 2007), with the highest known to date 
being 33 MHCI loci in the sedge warbler (Acrocephalus schoenobaenus; Biedrzycka 
et al. 2017). Expression of multiple classical MHCI genes is demonstrated in siskins 
(Spinus spinus; Drews and Westerdahl 2019). The number of MHC alleles found 
within an individual also varies markedly within a species (e.g. Reusch et al. 2001, 
Woelfing et al. 2009, Lighten et al. 2014, O'Connor et al. 2016). However, as identical 
MHC variants possibly could be distributed across multiple MHC loci (e.g. 
Westerdahl et al. 2004), the term ”allele” will in this sense mean a unique variant 
found within an individual and is not locus-specific, masking the true number of 
MHC loci in an individual. 

1.1.4. Optimal number of alleles 
The pronounced difference in intra-individual number of MHC alleles among and 
within species raises the questions of why there is such a high level of variation, and 
whether there exists an optimal number of alleles. On the one hand, if a pathogen 
could be presented to T cells by one MHC allele only, it could be beneficial to have as 
many alleles as possible to increase the number of pathogens one can fight off. Also, it 
increases the chance that a particular pathogen would be presented on an MHC 
molecule in an individual (Borghans et al. 2003, Woelfing et al. 2009, Westerdahl et 
al. 2012). More alleles may in addition increase the efficiency of an immune 
response, as more T cells could come into play if multiple epitopes from one pathogen 
could be presented by MHC molecules (Spurgin & Richardson 2010). However, there 
are likely selective forces that constrain the intra-individual number of MHC alleles. 
This is based on the notion that individuals possess only a small fraction of all alleles 
present in the population, even though MHC loci are capable of duplication and 
divergence (Woelfing et al. 2009, Lenz 2011). MHC duplication events are also often 
followed by “pseudogenization”, further implying selective limitations on intra-
individual diversity (Sawai et al. 2008, Lenz 2011).  
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Having a large number of MHC alleles may deplete the number of circulating T 
cells available for inducing an immune response, due to negative selection in the 
thymus (Vidović and Matzinger 1988, Nowak et al. 1992, Woelfing et al. 2009, 
Migalska et al. 2019, but see Borghans et al. 2003). There are also associations 
between certain MHC alleles and autoimmune diseases, which means that 
individuals with more alleles are running a greater risk of having such disorders 
(Gough & Simmonds 2007, Woelfing et al. 2009, Lenz et al. 2015). Lastly, having 
only a few MHC alleles may facilitate an effective immune response by ensuring that 
a sufficient number of T cells are activated, due to the increased concentration of 
specific peptide-MHC complexes (van den Berg & Rand 2003, Woelfing et al. 2009). 

Borghans et al. (2003) argued that the selection pressure for having high MHC 
diversity is diminished by the flexibility in the peptide-binding of an MHC allele. As 
multiple antigens are derived from a given pathogen, and each MHC allele is able to 
bind a range of antigenic peptides (Sette et al. 1989, Matsumura et al. 1992), having 
an adequate number of different MHC alleles may merely be sufficient for combating 
a broad range of pathogens (Hughes & Nei 1989). The degenerate peptide-binding by 
MHC alleles has led to scientists grouping the alleles into supertypes with 
overlapping peptide-binding motifs (e.g. Sette & Sidney 1998, Trachtenberg et al. 
2003, Doytchinova and Flower 2005), which might be a more biologically relevant 
level for selection to act on (Sette & Sidney 1999, Spurgin & Richardson 2010). 

These arguments form the basis for the hypothesis that it is not the maximum 
number of MHC alleles per se that offers the greatest fitness benefit, but rather that 
there is an optimal, intermediate number of MHC alleles within an individual 
(Nowak et al. 1992, Milinski 2006, Kalbe et al. 2009, Woelfing et al. 2009, Spurgin & 
Richardson 2010). For instance, Wegner et al. (2003) found support for this 
hypothesis experimentally in three-spined sticklebacks (Gasterosteus aculeatus), by 
showing that individuals with intermediate MHC diversity had the highest fitness 
when exposed to multiple pathogens. Similar results have been found in other taxa as 
well, e.g. water pythons (Liasis fuscus; Madsen & Ujvari 2006) and bank voles 
(Myodes glareolus; Kloch et al. 2010). The number of alleles within an individual 
that constitutes the optimum may vary among species dependent on life history traits 
(e.g. Minias et al. 2017, Whittingham et al. 2018). One prediction is that this 
optimum is associated with the number of pathogens a species is exposed to (e.g. 
Milinski 2006). Following this train of thought, the number of MHC alleles per 
individual is for example expected to be higher in migrant species than in resident 
(Westerdahl et al. 2000, Freeman-Gallant et al. 2002, Minias et al. 2017, Minias et 
al. 2018, Whittingham et al. 2018). The higher pathogen load, due to increased 
transmission rates, in colonial breeding birds compared to solitary breeders could 
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similarly lead to higher MHC diversity in the former (Minias et al. 2017). However, 
contrary to these predictions, Gangoso et al. (2012) found low MHC diversity in 
falcons despite being successful colonizers, birds of prey and including both 
migratory and colonial species (e.g. Eleonora’s falcon (Falco eleonorae)). The authors 
suggest that other mechanisms, either in the innate or adaptive branch of the 
immune system, could have evolved to compensate for the low MHC diversity. 
Atlantic cod (Gadus morhua), for instance, lacks MHCII genes entirely, but has 
increased MHCI diversity and altered components of the innate immunity (Toll-like 
receptors), likely as compensation for the loss of MHCII (Star et al. 2011).   

Further work on gadiform teleosts suggests that MHC may be important as 
“speciation genes”, as a positive association between MHCI copy number and 
speciation rates has been identified (Malmstrøm et al. 2016). If the optimal MHC 
genotype is dependent on habitat, hybridization between locally adapted species will 
lead to offspring with an excessive MHC diversity. This could subsequently enhance 
postzygotic reproductive isolation and facilitate speciation through reinforcement of 
prezygotic barriers, with a more pronounced effect in species with many MHC loci 
(Eizaguirre et al. 2009a, Malmstrøm et al. 2016).  

1.2. Selective forces acting upon MHC 
Gene duplication, point mutation and inter-allelic gene conversion are the main 
genetic processes generating the vast array of different alleles found in a population 
(Nei et al. 1997, Edwards & Hedrick 1998, Spurgin et al. 2011, Promerová et al. 
2013). The mechanisms that maintain MHC polymorphism can be divided into two 
main selection regimes: parasite-mediated selection and sexual selection (Piertney & 
Oliver 2006). 

1.2.1. Parasite-mediated selection 
Parasite-mediated selection can result in balancing selection through heterozygote 
overdominance, negative frequency-dependent selection or fluctuating selection (see 
Hedrick 1999, Sommer 2005, Spurgin and Richardson 2010). It is nevertheless 
difficult to disentangle the different selection mechanisms and determine their 
relative importance, as they may interact and are not mutually exclusive (Spurgin & 
Richardson 2010).  

Overdominance 
Heterozygote overdominance as a means of maintaining diversity at MHC was 
initially proposed by Doherty and Zinkernagel (1975), by realizing that heterozygotes 
may have increased ”immunological surveillance function”, i.e. that heterozygotes 
should be able to detect more pathogens (see also Hughes and Nei 1988, and Hughes 
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and Nei 1989). A sub-model of the heterozygote overdominance model is the 
divergent allele advantage (Wakeland et al. 1990), which states that individuals with 
more divergent alleles will be able to bind a wider range of antigens on their MHC 
molecules, and thus fight more pathogens.  

Negative frequency-dependent selection 
Instead of focusing on heterozygosity per se, the negative frequency-dependent 
selection model takes the co-evolutionary arms race between pathogens and their 
hosts into consideration. The rationale behind this model is that pathogens will adapt 
to the most frequent alleles (Snell 1968, Bodmer 1972, Takahata & Nei 1990, Slade & 
McCallum 1992, Lively & Dybdahl 2000, Trachtenberg et al. 2003), and hence escape 
presentation on these MHC molecules. There will consequently be selection in the 
hosts for having rare MHC alleles, which in turn maintains MHC diversity (Slade & 
McCallum 1992). 

The continuous co-evolution between parasites and hosts, where hosts evolve 
to recognize and fight pathogens, while the pathogens on their part evolve to escape 
recognition, has been termed “the Red Queen hypothesis”. This was first launched by 
Van Valen (1973), who described a “zero-sum game” between species and named it 
after the Red Queen in L. Carroll´s “Through the Looking-Glass” (1871); “Now, here, 
you see, it takes all the running you can do, to keep in the same place” (Figure 2). 
 

 
Figure 2: Alice in Wonderland and the Red Queen, illustrated by John Tenniel. 

 

Fluctuating selection 
The selection pressure from different pathogens can fluctuate in cycles in time and 
space (Hamilton & Zuk 1982). This can sustain MHC polymorphism (Hedrick et al. 
1987, Hill et al. 1991, Edwards & Hedrick 1998), also in the absence of heterozygote 
overdominance and negative frequency-dependent selection (Hedrick 2002). This is 
because the specific MHC alleles which confer resistance against the prevailing 
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pathogens will be subjected to positive Darwinian selection (Hughes & Nei 1989, 
Eizaguirre et al. 2012). When the pathogen regime is changing over time, different 
MHC alleles will be advantageous (Hedrick 2002). The intensity of the selection on 
the alleles will, therefore, fluctuate spatiotemporally, helping to maintain genetic 
diversity (Spurgin & Richardson 2010). 

1.2.2. Sexual selection 
As the generation time of many parasites is much shorter in many parasites than in 
their hosts, sexual reproduction and MHC-based mate choice can be a way for hosts 
to keep pace with the evolution of parasites in the “zero-sum game” (Ebert & 
Hamilton 1996, Penn & Potts 1999, Milinski 2006). Selective mate choice has further 
been described as an amplifier for pathogen-mediated selection (Spurgin & 
Richardson 2010), by having the potential to yield an optimal MHC constitution in 
offspring in their fight against the ever-changing pathogens (Penn & Potts 1999). An 
optimal constitution could in this respect be specific alleles to resist diseases (Briles 
et al. 1977, Hill et al. 1991, Bonneaud et al. 2005). Alternatively, but not mutually 
exclusive, MHC in offspring could be optimized through intra-individual diversity. 
This can be achieved by maximizing the diversity to increase the number of 
pathogens an individual can combat (Doherty & Zinkernagel 1975, Hughes & Nei 
1988, Penn et al. 2002), or by making mate-choice decisions resulting in an 
intermediate optimal number of alleles as in section 1.1.4. Lastly, inbreeding 
avoidance could also be a cause of disassortative mate choice, in which MHC could 
play a central role; as MHC similarity between individuals is likely to increase with 
increasing relativeness, mate choice for dissimilar MHC could be a mechanism by 
which individuals avoid inbreeding (Egid & Brown 1989, Potts & Wakeland 1990, 
Potts et al. 1994). In contrast, extensive outbreeding can result in disruption of co-
adapted genes, and mate choice for intermediate MHC dissimilarity might result 
from a trade-off between inbreeding and outbreeding depression (Bonneaud et al. 
2006, Roberts 2009, Slade et al. 2019). 

The processes underlying mate choice can be divided into three not mutually 
exclusive categories: good genes, male diversity and compatibility (Mays & Hill 2004, 
Kamiya et al. 2014).  

Good genes 
“Good genes” are specific alleles that have an additive genetic effect (Mays & Hill 
2004, Neff & Pitcher 2005), and that will increase the fitness of the bearer (Hamilton 
& Zuk 1982). Importantly, in this framework, males possessing “good genes” will be 
attractive to all females (Mays & Hill 2004). Hamilton and Zuk (1982) proposed that 
one mechanism by which secondary sexual characters could signal male quality is via 
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an association with parasite burden. Females thus may choose a male based on his 
genetic disease resistance as signalled in his display. This was further combined with 
the handicap principle suggested by Zahavi (1975), and explained by a negative 
feedback loop where testosterone could play a pivotal role by enhancing the 
secondary sexual characters and at the same time reducing the immunocompetence 
in a male (Folstad & Karter 1992). Individual males with “good immunological genes” 
could therefore have a reduced cost in terms of parasite infection, and tolerate an 
increased testosterone level and exaggerated sexual characters.  

Evidence for mate choice based on specific MHC alleles that likely protect 
against prevailing pathogens has been found in some species (e.g. great snipes 
(Gallinago media; Ekblom et al. 2004) and sticklebacks (Eizaguirre et al. 2009b)). 
Further, associations have been identified between specific MHC alleles and sexually 
selected male traits (e.g. male size in great snipes (Ekblom et al. 2004), redness in 
sticklebacks (Jäger et al. 2007) and spur length in pheasants (Phasianus colchicus 
(von Schantz et al. 1996), supporting the hypothesis proposed by Hamilton and Zuk 
(1982). Eradication of genetic variation as a consequence of directional female choice 
is possibly avoided due to the co-evolutionary adaptive cycles in hosts and pathogens, 
where selected traits indicate the male’s ability to withstand current parasites 
(Hamilton & Zuk 1982, Folstad & Karter 1992, Dunn et al. 2013).  

Male diversity 
Male MHC diversity itself can also be subject to sexual selection, in line with the 
suggestion of heterozygous males being of superior condition and having higher 
mating success (Brown 1997). Individuals with high MHC diversity will have 
increased disease resistance (Doherty & Zinkernagel 1975, Hughes & Nei 1988), and 
will also be more likely to carry advantageous alleles against several of the many 
prevailing pathogens (Dunn et al. 2013). Alternatively, females might prefer males 
with an intermediate MHC diversity (see section 1.1.4). 

A meta-analysis by Kamiya et al. (2014) revealed female choice for MHC-
diverse males in some taxa, although they could not delineate between selection for 
maximal or intermediate diversity. Ditchkoff et al. (2001) found that MHCII-
heterozygote white-tailed deer (Odocoileus virginianus) had greater antler 
development; a secondary sexual character. Dunn et al. (2013) and Whittingham et 
al. (2015) found that sexually selected ornamental plumage traits in male 
yellowthroats (Geothlypis trichas) were positively associated with the number of 
unique MHCII alleles. The MHC diversity in extra-pair Seychelle warbler 
(Acrocephalus sechellensis) males, from which the females only obtain indirect 
genetic benefits, were higher than in their cuckolded rival (Richardson et al. 2005). 
This lends additional support to female choice for high MHC diversity in males. 
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In sticklebacks, gravid females preferred odor from males with many MHC 
alleles over males with few alleles, but not necessarily dissimilar from their own 
alleles (Reusch et al. 2001). Furthermore, stickleback females may evaluate males 
based on their nest quality, which was greatest in males possessing an intermediate 
number of MHCII alleles (Jäger et al. 2007). Similarly, large song repertoire in male 
song sparrows is associated with an intermediate MHC diversity (Slade et al. 2017).  

Compatibility 
Maybe the most extensively tested hypothesis with regard to MHC and mate choice is 
that of disassortative mating to enhance offspring diversity. By choosing a mate that 
is genetically dissimilar from oneself, inbreeding will be avoided and offspring will 
have an increased MHC repertoire for parasite resistance. This implies that there is 
no single “best male” in the population, and the male that is the “best fit” for one 
female, may not be the “best fit” for others (Brown 1997). Yamazaki et al. (1976) first 
demonstrated that mice preferred MHC-dissimilar mates, which has subsequently 
been suggested for a wide array of taxa, although with equivocal results (see Kamiya 
et al. 2014). The idea of MHC-dependent disassortative mate choice became popular 
after the study on humans by Wedekind et al. (1995), where female students not 
taking oral contraceptives preferred the odor of MHC-dissimilar men. The same 
disassortative pattern has been shown in fish (e.g. Landry et al. 2001), reptiles (e.g. 
Olsson et al. 2003) and birds (e.g. Freeman-Gallant et al. 2003, Strandh et al. 2012). 
Other studies demonstrate MHC-based mate choice for an intermediate dissimilarity 
within the couple (e.g. Bonneaud et al. 2006, Forsberg et al. 2007, Eizaguirre et al. 
2009b, Griggio et al. 2011, Baratti et al. 2012). 

If mate choice for compatible MHC genes is to take place, the choosing sex 
would have to not only be able to discriminate between possible mates’ MHC 
constitution, but also to take their own into account. This might require complex 
sensory mechanisms, and might be less widespread than choice for diversity per se 
(Kamiya et al. 2014). The mode of female MHC-based mate choice may further be 
dependent on mating system, pathogen abundance and reproductive strategies (Mays 
& Hill 2004, Neff & Pitcher 2005, Winternitz et al. 2017). Also, females might use 
“nested rules” and choose based on compatibility among the males exhibiting “good 
genes”, or the other way around (Aeschlimann et al. 2003, Freeman-Gallant et al. 
2003, Mays & Hill 2004, Milinski 2006). While complicating the disentanglement of 
different selection mechanisms, this could help explain the inconsistent results found 
across taxa. 
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1.3. MHC and extra-pair paternity (EPP) 
In order to comprehend both natural and sexual selection in species where extra-pair 
paternity (EPP) occurs, it is important to understand the genetic mating system 
(Brouwer & Griffith 2019). Exploring why females engage in extra-pair copulations 
offers a unique opportunity to obtain insight into the genetic benefits of mate choice, 
as they often only receive sperm from extra-pair males (EPM; Trivers 1972, Brown 
1997, Mays & Hill 2004). The female might consequently choose an extra-pair male 
based on his genetic constitution only, while the choice of social (within-pair) mate 
also could be based on direct resources such as territorial quality and parental 
abilities (Birkhead & Møller 1992, Andersson 1994, Brown 1997), or could be the 
result of a hasty choice (Lindsay et al. 2019). Comparisons between within-pair and 
extra-pair mates, as well as between within-pair and extra-pair offspring, thus help 
elucidate the purely genetic benefits that might result from mate choice (Trivers 1972, 
Kempenaers et al. 1992, Johnsen et al. 2000, Foerster et al. 2003). Further, 
comparisons between social pairs or social males with broods with and without extra-
pair young (EPY; sired by another male than the social male) could also contribute to 
reveal any benefits, as females might partake in extra-pair mating to “correct” for a 
suboptimal social mate choice (e.g. Freeman-Gallant et al. 2003, Schwensow et al. 
2008). 

The immense abundance and rapid evolution of parasites means genes 
involved in immunity and disease resistance are likely candidates for genetic benefits 
of mate choice (Milinski 2006). While studies have indicated increased fitness from 
extra-pair copulations (e.g. Kempenaers et al. 1992, Johnsen et al. 2000, Foerster et 
al. 2003), results when studying correlations between MHC diversity and extra-pair 
copulations are mixed and inconclusive.  

Two studies on birds imply selection for male MHC diversity, by suggesting a 
negative association between within-pair male (WPM) MHC diversity and paternity 
loss: in the scarlet rosefinch (Carpodacus erythrinus), WPM with high MHC 
diversity were less cuckolded than WPM with low MHC diversity (Promerová et al. 
2011), and female Seychelle warblers paired with WPM with low MHC diversity had 
an increased risk of obtaining EPP (Richardson et al. 2005). In this population of 
Seychelle warbler, Brouwer et al. (2010) found an association between MHC diversity 
and juvenile survival, which, combined with the study of Richardson et al. (2005), 
implies a genetic benefit of EPP through male diversity.  

On the other hand, a study in Savannah sparrows (Passerculus sandwichensis) 
by Freeman-Gallant et al. (2003) lends support to the compatibility hypothesis, by 
showing that females with no EPY were paired to more MHC-dissimilar WPM than 
females with EPY. However, the opposite pattern was observed in the yellowthroat by 
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Bollmer et al. (2012); females paired with more MHC-dissimilar WPM had a greater 
proportion of EPY. The authors argue that this could arise from selection for 
intermediate MHC diversity, although they found no further evidence for this. Yet, 
while Winternitz et al. (2015) found no evidence for choice of EPM based on MHC 
dissimilarity in the scarlet rosefinch, the EPY had a smaller variance in the number of 
MHC alleles (but not supertypes) than within-pair young (WPY; sired by the social 
male). This finding is in line with selection for an intermediate number of MHC 
alleles, although this was indicated with offspring data only and not adults.  

MHC diversity could further be linked to the degree of promiscuity 
(Westerdahl 2004, Gohli et al. 2013, Winternitz et al. 2013). Gohli et al. (2013) found 
that more promiscuous species had higher MHCII diversity across passerine birds, 
and hypothesized that female promiscuity in passerines could have evolved as a way 
to keep their immune system up with ever-changing pathogens. Variation in 
promiscuity could in this way be connected to the strength of selective pressure from 
pathogens and consequently to MHC diversity (Gohli et al. 2013). This suggests that 
extra-pair mating strategies could have evolved in species with high pathogen load, to 
obtain immunogenetic benefits  (Lindsay et al. 2019).  

1.4. Mechanisms for MHC-based female choice in birds 
While MHC-based mate choice has been reported in a wide range of vertebrate 
species (e.g. Tregenza & Wedell 2000, Kamiya et al. 2014; see sections 1.2.2 and 1.3), 
the proximate mechanisms remain unclear. Most studies on this topic have been 
conducted in mammals (e.g. Penn 2002, Leinders-Zufall et al. 2004, Ziegler et al. 
2005, Sturm et al. 2013), but studies suggesting mechanisms in birds are also 
emerging. Importantly, the idea that birds do not possess an olfaction sense has been 
refuted, and several recent studies have indicated odor as a genetic assessment 
mechanism (Caro et al. 2015). For instance, Strandh et al. (2012) found MHC-based 
mate choice in a procellariiform bird species (blue petrel (Halobaena caerulea)) with 
highly developed olfaction. The authors proposed an odor-mediated discrimination of 
individuals through uropygial (preen) gland secretions or plumage microbiota - 
either directly through differences in the odor-producing microbial community 
originating from the hosts’ MHC genotype, or indirectly through their microbial 
metabolites. Further, they argued that because bacterial antigens are mainly 
presented on MHCII molecules, these mechanisms could lead to associations 
between MHCII genotype and individual odor and MHCII-based mate choice. This 
has gained support from studies by Leclaire et al. (2014) and Slade et al. (2016), 
demonstrating associations between MHCII-similarity and composition of preen 
secretions in kittiwakes (Rissa tridactyla) and song sparrows (Melospiza melodia), 
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respectively. A recent study by Grieves et al. (2019) further suggested that song 
sparrows are able to discriminate individuals based on MHC dissimilarity and MHC 
diversity through preen oil. MHCII genotypes have also been found to correlate with 
plumage microbiota in the blue petrel, possibly due to bacterial breakdown of preen 
wax into volatile odorants (Leclaire et al. 2019). 
 In addition to precopulatory mate choice, there are postcopulatory 
opportunities for female choice, resulting in differential fertilization success among 
sperm (see for example Lenz et al. 2018). In birds, cryptic MHC-based female choice 
was implicated by Alcaide et al. (2012),  who found transmission rate distortion of 
male MHCII-haplotypes in the lesser kestrel (Falco naumanni). Also, a greater 
number of sperm from MHCI-dissimilar males were trapped in the perivitelline layer 
of the egg compared to MHC-similar males in mating experiments in red jungelfowl 
(Gallus gallus; Løvlie et al. 2013). However, in order to understand the mechanism of 
this cryptic female choice, it is crucial to unravel whether MHC is expressed on 
sperm, and whether this occurs for MHCI and MHCII, and at the haploid or diploid 
level (Promerová et al. 2017). 

1.5. Thesis aims and objectives 
The overarching aim of this thesis is to test predictions concerning female mate 
choice for optimal MHC, realized through extra-pair copulations. This could help 
elucidate the genetic benefits of extra-pair copulations and mate choice, and reveal 
potential differences in female choice of WPM and EPM. Further, this thesis could 
conceivably provide new, and elaborate on existing, knowledge about MHC-based 
mate choice, which ultimately could enhance the general understanding of the co-
evolutionary arms race between pathogens and the hosts. 
 This thesis will be based on previously collected samples of bluethroats 
(Luscinia svecica svecica) and willow warblers (Phylloscopus trochilus trochilus); 
two passerine species with extreme MHC diversity and high levels of EPP. 
Genotyping of MHC will be conducted with next-generation sequencing, enabling 
insights into the allelic repertoire that were not previously possible. 
 However, as new sequencing methodology is still error-prone, sophisticated 
allele calling strategies are needed in order to approach true genotypes. Consistent 
allele calling is indeed a premise for using the data to answer questions related to 
behavior, ecology and evolution. Paper I is dedicated to comparing genotyping 
strategies of bluethroat MHCI and MHCII; two markers with medium and 
exceptionally high polymorphism, respectively. We will also aim to establish a robust 
genotyping pipeline which can be applied in the succeeding papers. Sequencing 
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replicates and patterns of inheritance between parents and offspring will facilitate 
and help evaluate the genotyping. 

In paper II, MHCII-based female mate choice for EPM is explored in a 
dataset consisting of bluethroat nests with the associated female, WPM and EPM, as 
well as WPY and EPY. The aim of this paper is to reveal if there is any pattern 
connected to MHCII diversity and female choice of EPM, i.e. if EPM or extra-pair 
partners have a more optimal MHCII constitution than WPM or social partners. A 
corresponding pattern when comparing WPY with EPY as found among established 
pairs, is expected. The dataset utilized in this study is part of the dataset in which 
Johnsen et al. (2000) described an enhanced immunocompetence in EPY as 
compared to both their maternal and paternal within-pair half siblings, which 
suggests that there is a benefit of extra-pair mating based on the compatibility of 
maternal and paternal genes. The prediction that bluethroat nestlings with MHCII 
diversity close to the population mean will have an increased response to injections of 
phytohemagglutinin (PHA) is tested in paper III. An association between these 
variables would suggest a fitness benefit of possessing intermediate MHCII diversity, 
as previous studies have demonstrated a correlation between PHA swelling response 
and fitness traits (e.g. Møller and Saino 2004). 

Paper IV aims to investigate MHC-based female choice of EPM in a similar 
manner as paper II, but with focus on the other class of MHC and in another 
species: the highly diverse willow warbler MHCI. Inclusion of broods and social pairs 
also without EPY enables to test the prediction that females paired to a suboptimal 
male will be more likely to engage in extra-pair copulations.  

With this thesis, I aim to contribute to the fields of MHC-related research and 
research on extra-pair mating. This will span different areas of the fields; including 
laboratory and bioinformatic approaches to establish an MHC genotyping pipeline 
(paper I), an evolutionary study on MHCII-based extra-pair mate choice in 
bluethroats (paper II), and a study on a possible fitness benefit of an intermediate 
MHCII diversity in the same system (paper III). The generality of the findings with 
regards to MHC-based extra-pair mate choice will be approached by conducting a 
similar study on MHCI in another passerine, using the same genotyping methods 
(paper IV). Support for non-random female extra-pair mate choice, as well as any 
fitness benefits of EPP indicated, could contribute to the long-standing debate on 
female benefits of extra-pair mating (e.g. Forstmeier et al. 2014). See Figure 3 for an 
overview of the papers in this thesis.  
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Figure 3: A schematic overview of the papers in this thesis, and how they relate to one another. I regard paper 
II as the principal work in this thesis, and have marked this paper in bold. 
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2. Methodological overview

2.1. Study species and sampling 
The studies in this thesis are conducted on two passerine bird species; the bluethroat 
(Luscinia svecica svecica, Linnaeus, 1758; paper I, paper II and paper III) and 
the willow warbler (Phylloscopus trochilus trochilus, Linnaeus, 1758; paper IV), 
sampled in Øvre Heimdalen, Norway.  

2.1.1. Bluethroat 
The bluethroat is a small (12-25 g), sexually dichromatic and chiefly insectivore bird 
(Collar 2005) in the family Muscicapidae (Figure 4). The species is distributed in 
Eurasia and Alaska, with several subspecies described, often distinguished by 
plumage color of the central spot of the male throat (Collar 2005, Johnsen et al. 
2006). The population studied in this thesis is of the subspecies L. s. svecica, in 
which the males have a chestnut-colored throat patch (Johnsen et al. 2006). This is 
an obligate migratory population which overwinters predominantly in areas in 
southwest-Asia (Collar 2005).  

Figure 4: Bluethroat male. Photo: Bjørn Aksel Bjerke 
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This thesis utilized bluethroat samples collected in 1998, 1999 and 2014 by 
affiliates of SERG. Around 70 bluethroat males defend their territories in the 
Heimdalen field site (Johnsen et al. 2000), and in 1998 and 1999 a complete 
overview of the established territories and sampling of all males were attempted. 
Although socially monogamous within a breeding season, the bluethroat is a 
promiscuous species, and females often obtain extra-pair copulations from other 
males while breeding in the territory of their WPM (Krokene et al. 1996). This results 
in about 50% of nests containing one or more EPY, and about 26% of chicks being 
EPY (Johnsen & Lifjeld 2003). Thus, the chicks in one nest are often sired by 
multiple males, and the individual males can have offspring in multiple nests. 
Identification of the WPM for each female was done through field observations: 
color-banding of the males allowed us to establish the territory owners as well as 
observe mate guarding and paternal care behaviors. Determination of EPM, WPY and 
EPY was done based on microsatellites by Johnsen et al. (2000), Fossøy et al. (2008) 
and Sætre et al. (2018). 

2.1.2. Willow warbler 
The willow warbler is in contrast to the bluethroat an inconspicuous and sexually 
monomorphic passerine bird (Figure 5), belonging to the family Phylloscopidae. 
Willow warblers are highly abundant in Norway, with ~4 million breeding pairs 
(Bairlein 2006) and breeds throughout the country and in the rest of northern 
Eurasia, often in close connection to birch and other deciduous trees and shrubs 
(Bairlein 2006). The species is highly migratory, and the two subspecies found in 
Norway – the southern P. t. trochilus and the northern P. t. acredula – differ slightly 
in morphology and have separate migration routes (Hedenström & Petterson 1987, 
Bensch et al. 1999). The two subspecies exhibit a narrow migratory divide across 
Scandinavia, estimated at around 63°N in Sweden (Bensch et al. 1999, Bensch et al. 
2009, Liedvogel et al. 2014) and 65°N in Norway (Støstad et al. 2016).  P. t. trochilus, 
the subspecies to which the Heimdalen individuals belong, migrates southwest to 
sub-Saharan west-Africa (Hedenström & Petterson 1987, Chamberlain et al. 2000, 
Bensch et al. 2006). Similar to the bluethroat, the willow warbler is small (6-15 g) 
and primarily insectivorous (Bairlein 2006). The level of extra-pair copulations in the 
Heimdalen population is also comparable to that in the bluethroat; 45% of the nests 
were cuckolded and 33% of chicks were sired by a male other than the social male 
(Bjørnstad & Lifjeld 1997).  

The willow warblers analyzed in this thesis were sampled in Heimdalen during 
the field seasons of 1993, 1996-1998 and 2001-2003. As for the bluethroat, social 
pairs were identified in the field. The paternity status (WPY/EPY) of the chicks was 
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resolved based on microsatellites and comparisons with genotypes of the female and 
WPM, as part of paper IV.  

Figure 5: Willow warbler in Heimdalen. Photo: Bjørn Aksel Bjerke 

2.1.3. Sampling 
Sampling took place at a field site of about 3 km2 in the subalpine valley of Øvre 
Heimdalen, Øystre Slidre in Norway (61°25' N, 8°52' E, approximately 1100 meters 
above sea level; Figure 6). Shrubs of willows (Salix sp.), dwarf birch (Betula nana) 
and juniper (Juniperis communis) interspersed with open ground dominate the 
vegetation. Elements of bilberry (Vaccinium myrtillus) heaths, tall herb meadows 
and mire vegetation are also present, in addition to a belt of mountain birch (Betula 
pubescens var. pumila) forest in the south-facing slope (Østhagen & Egelie 1978). 

Figure 6: The subalpine valley of Øvre Heimdalen, Øystre Slidre;  
the field site for sampling of bluethroats and willow warblers for this thesis. Photo by myself 
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Adult birds were caught in mist nets. Playback of bluethroat or willow warbler 
song was used to attract males after territory establishment. After puncturing the 
vena brachialis using a small needle, a droplet of blood (maximum 25 µL) was 
collected by capillary tube and stored in 1 mL plastic vials for subsequent analyses. 
Morphological traits of adults were also measured (body mass, and tarsus and wing 
lengths). Bluethroat individuals were aged according to Svensson (1992). 

Blood was sampled and nestling weighed 2-9 days after hatching. Occasionally, 
blood was collected from the vena metatarsus using the same technique described 
above. For paper III, PHA assays (see below) and a strict scheme of weighing was 
conducted. 

Adult birds were ringed with a numbered metal ring (retrieved from Stavanger 
museum, Norway), in addition to a unique combination of three colored plastic rings. 
The plastic rings enabled identification of the individual birds in the field, and 
allowed us to determine the identity of the social pair male based on observations of 
mate guarding and parental care during nesting period. 

2.1.4. PHA immune assay 
In paper III, skin swelling in the wing following subcutaneous injections of 
phytohemagglutinin (PHA) was measured as an approximation of immune 
responsiveness (Goto et al. 1978, Martin et al. 2006, Tella et al. 2008, Vinkler et al. 
2010, Vinkler & Albrecht 2011, Vinkler et al. 2014). This test is easily conducted in 
the field, benefiting from work on domestic fowl (e.g. Greaves et al. 1968, Stadecker 
et al. 1977, Goto et al. 1978) and adopted by immunoecological and evolutionary 
studies of wild birds (e.g. Johnsen et al. 2000, Hasselquist 2007, Audet et al. 2015).  

PHA is a lectin produced by red kidney beans (Phaseolus vulgaris), likely 
involved in anti-herbivory and toxic to humans when eaten raw (Martin et al. 2006). 
The molecule binds to the T cell receptor, although not through the antigen binding 
site, and causes a large fraction of the T cells to undergo mitosis (Coico & Sunshine 
2015a). Injections of PHA cause local cell damage and infiltration of immune cells, 
mainly lymphocytes, macrophages and eosinophil and basophil granulocytes, with a 
change in cellular composition according to time since injection (Stadecker et al. 
1977, Goto et al. 1978, McCorkle et al. 1980). Initially, PHA-stimulated T cells might 
produce lymphokines that attract other immune cells (Stadecker et al. 1977, 
McCorkle et al. 1980), that again cause vasodilation, inflammation and swelling 
(Martin et al. 2006). The complex reaction to PHA, involving both the innate and 
adaptive branch of the immune system, has triggered a debate concerning the use of 
this test to measure cell-mediated adaptive immunocompetence (e.g. Martin et al. 
2006, Vinkler et al. 2010, Vinkler et al. 2012). The observation of reduced PHA-
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response in thymectomized chicken, however, strongly suggests that this is a thymus-
dependent response (Goto et al. 1978). Tella et al. (2008) further advocated the use 
of PHA as an indicator of adaptive T cell mediated immunocompetence due to their 
findings of a larger secondary than primary response to the mitogen, and 
proliferation of specific T cells important in adaptive immune responses. 

In the PHA immune assay used in paper III, PHA dissolved in saline was 
injected subcutaneously in the wing of bluethroat chicks at day 5 (sensitizing 
injection in the outer, metacarpal region) and day 7 (treatment injection in the inner, 
ulnar region) post-hatching. Pure saline was injected in the other wing. The thickness 
of both wings were measured immediately before and 24 hours after the treatment 
injection. The PHA-response (in mm) was given as: 

 
∆𝑡𝑡ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑃𝑃𝑃𝑃𝑃𝑃−𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 − ∆𝑡𝑡ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑆𝑆𝑡𝑡𝑆𝑆𝑤𝑤𝑤𝑤𝑡𝑡−𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 

 

2.2. MHC sequencing and genotyping 
DNA was extracted from collected blood samples. For both MHCI and MHCII, 
extensive gene duplications and high sequence similarity may severely complicate 
single-locus amplification (Westerdahl 2007). Thus, we did not use locus-specific 
primers, but rather a multilocus amplification approach. As allele calling 
consequently could be challenging, all samples were sequenced in duplicates with a 
unique barcode for each replicate. Family data further facilitated genotyping.  

2.2.1. Sequencing 
In paper I, sequencing of bluethroat MHCI (third exon) and MHCII (second exon of 
the β-chain) was conducted on an Ion Personal Genome Machine twice; once with a 
short, single index primer setup (SI; the barcode and barcode adapter included on the 
forward primer only), and once with a longer, dual index primer setup (DI; 
IonTorrent adapter, barcode, barcode adapter and a seven nucleotide spacer motif 
included on both the forward and the reverse primer). Additionally, MHCII was 
sequenced on an Illumina MiSeq machine, with Illumina Linker sequences, barcodes 
and a 1-7 nucleotide heterogenic spacer motif (Fadrosh et al. 2014) on both forward 
and reverse primer.  

For the dataset used in paper II and III, sequencing of bluethroat MHCII was 
conducted on Illumina MiSeq with the same primer setup as used for the MiSeq 
sequencing in paper I. The willow warbler MHCI was sequenced on an Ion 
GeneStudio S5 system for paper IV, with a dual index barcode setup. 

27 
 



2.2.2. Allele calling and genotype establishment 
Although next-generation sequencing offers great advances and enables studies not 
previously possible, the methods are error prone. Genotyping of highly polymorphic, 
multilocus markers - such as the bluethroat MHCII and willow warbler MHCI - is 
especially demanding. This is due to the massive amplicon sequencing of similar 
alleles making the separation of true alleles from sequencing artefacts more 
challenging (Babik et al. 2009). We utilized two general assumptions regarding 
sequencing artefacts: the artefacts should be less abundant than real alleles, and they 
should originate from real alleles (Babik et al. 2009). We accordingly developed a 
workflow with a strict filtering scheme (paper I), based on the pipeline from 
Sommer et al. (2013). Briefly, after quality filtering, barcode splitting and clustering 
of identical reads were conducted in the program jMHC (Stuglik et al. 2011). Further, 
we employed a cut-off threshold of 0.2%, in which variants with an intra-amplicon 
frequency of <0.2% were discarded for the amplicon in question, following Galan et 
al. (2010). Chimera detection was accomplished using UCHIME (Edgar et al. 2011). 
For each amplicon, the most frequent variant was scored as allele, and the remaining 
variants were divided into “=1bp” (one base pair) and “>1bp” (more than one base 
pair) variants, according to the difference in number of base pairs to their most 
similar, more frequent variant. As the “=1bp” variants are more likely to be 
sequencing artefacts, these were treated more strictly, and called as alleles only if 
present (and not removed during filtering steps) in the replicate amplicon. The 
“>1bp” variants were called as alleles if also present in the family (see paper I, 
paper II and paper IV for details). While we cannot rule out repeatable errors 
completely, the stringent filtering employed likely removes the majority of artefacts. 
In paper I, allele calling was additionally conducted by using the program AmpliSAS 
(Sebastian et al. 2016). 

Paper I is based on nucleotide genotypes. However, in order to answer 
evolutionary and ecological questions, we focused in paper II, III and IV on amino 
acid residues under positive selection (PSS; positively selected sites), which 
presumably are important in antigen binding (Hughes & Nei 1989, Sepil et al. 2012). 
We identified these residues using the program CodeML in the package PAML (Yang 
2007), and selected those that have previously been described as under positive 
selection in passerines (e.g. Balakrishnan et al. 2010). Using only these residues, we 
established PSS alleles from the nucleotide alleles. The PSS alleles were further 
grouped into functional supertypes by their physiochemical properties of the amino 
acids, in an attempt to group alleles that bind similar antigens (Sandberg et al. 1998, 
Doytchinova & Flower 2005, Sepil et al. 2012). This was done through discriminant 
analysis of principal components (DAPC) in the R package adegenet (Jombart 2008, 
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Jombart et al. 2010). We further established genotypes for PSS alleles and supertypes 
for each individual included in paper II, III and IV. 

Throughout this thesis, the different, putatively functional MHC variants are 
referred to as “alleles”, although they originate from several loci, in line with the main 
bulk of avian MHC literature. “Genotype” is correspondingly used as a 
characterization of all alleles co-amplified within an individual. After grouping the 
nucleotide variants into PSS alleles and supertypes, we chose to focus on the average 
and sum of the amino acid differences between all pairs of PSS alleles (paper II), as 
well as the number of PSS alleles and supertypes (i.e. allele count; paper II, III and 
IV). This is based on the assumption that the structural diversity in chemosignals 
important to MHC-based mate choice could be related to the number of MHC alleles 
expressed (Milinski et al. 2005, Boehm & Zufall 2006). Additionally, by clustering 
the PSS variants into supertypes, we aimed for encompassing the functional diversity 
in antigen binding among the PSS sequences based on their physiochemical 
properties, instead of using the number of amino acid differences. The results from 
paper II also made the PSS allele and supertype count the candidate variables when 
moving on to paper III and IV. 

2.3. Statistical analyses 
Comparisons between the strategies employed when genotyping bluethroat MHCI 
and MHCII in paper I (i.e. primarily primer setups and allele calling pipelines) were 
conducted primarily through errors revealed from the lack of Mendelian inheritance 
and through the number of alleles called by each strategy. Initially, “a combined 
genotype” for each individual was established, consisting of all alleles called for an 
individual across all strategies. In order to compare strategies, we calculated the 
average proportion of “the combined genotype” each strategy was able to identify. 

While the sequencing and allele calling for MHC genotypes involved the use of 
state-of-the-art technologies, the statistical tests in paper II themselves are 
relatively simple. In this paper, we tested two main hypotheses concerning MHCII-
based mate choice in bluethroats realized through extra-pair mating: 1) that there 
was a difference in mean MHC diversity between within-pair and extra-pair units (i.e. 
males, pairs and offspring), implying selection for maximized diversity, and 2) that 
there was a difference between the groups in their distance from the population mean 
number of PSS alleles and supertypes, in line with the framework of selection for an 
intermediate optimum. Differences in the mean number of PSS alleles and 
supertypes between within-pair and extra-pair units were explored with paired t-tests 
(paired within nests) and Welch’s t-test for unequal variances, as well as linear mixed 
models for offspring, controlling for the identity of the parents. We also established a 
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linear model to see if there were any correlations between the number of PSS alleles 
in the female, and her WPM and EPM. We further calculated the distance from the 
population mean number of PSS alleles for all individuals, and likewise conducted 
paired t-tests, Welch’s t-test and linear mixed models to test if there was any 
difference between within-pair and extra-pair units. Additionally, we also conducted 
Levene’s test to test the equality of variances, i.e. to test if the number of PSS alleles 
or supertypes were more concentrated around an intermediate number in one group 
than the other. Pseudoreplication in the offspring data was avoided by randomly 
choosing one individual from each nest, with bootstrapping. Finally, we tested if the 
distance from the population mean number of unique PSS alleles in the social and 
extra-pair partners deviated from random expectations, by simulating random female 
choice among all males, and comparing the observed mean values against the 
random distribution. 
 In paper III, the association between PHA-response and intermediate MHCII 
diversity in bluethroats was tested using a linear mixed model. PHA-response was 
entered as the response variable, and the distance from population mean number of 
PSS alleles, as well as paternity, body mass on the day of the second PHA injection 
and mean temperature during the nestling period as predictor variables. Nest identity 
was used as a random factor. The model included within-nest centring (Van de Pol & 
Wright 2009) of the MHCII diversity variable, in order to consider the inter-
correlation of MHCII diversity within nests and to separate the among-broods and 
within-brood effect. 

Similar tests as in paper II were also conducted in paper IV, where we 
compared the differences in the mean number of PSS alleles and supertypes, in 
addition to the differences in their variances, between willow warbler WPY and EPY 
from broods with mixed paternity. EPM were not identified, but as the dataset 
included social pairs and broods without any EPY, we could test the hypothesis that 
females paired to a suboptimal male will be more likely to engage in extra-pair 
copulations. Comparisons were thus made between groups (defined by the presence 
of EPY in their associated brood) of social pairs, WPM, WPY and females, in a similar 
manner as for WPY and EPY from mixed paternity broods. A non-random 
distribution of EPY was also tested for, using a 𝑋𝑋2-test and binomial exact test of 
goodness-of-fit. Lastly, we tested for an association between the proportion of EPY in 
the brood and the number of supertypes within the female, using a quasi-binomial 
generalized linear model. 
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3. Main findings and discussion

3.1. Genotyping strategy matters! 
Paper I demonstrates that the strategy employed matters greatly when genotyping 
highly polymorphic markers, such as the bluethroat MHCII. The aim in this paper 
was two-fold; to establish a robust strategy for genotyping polymorphic MHC, and to 
highlight discrepancies that could arise when applying different strategies. Eight 
bluethroat individuals from two family groups were sequenced in replicates on the 
moderately diverse MHCI and the hypervariable MHCII on an Ion PGM, using a 
single and a dual index approach. Alleles were called through two pipelines: a 
modified filtering method based on Sommer et al. (2013) and the software AmpliSAS 
(Sebastian et al. 2016). MHCII was additionally sequenced on Illumina MiSeq. We 
obtained consistent results when genotyping the moderately variable bluethroat 
MHCI. In contrast, the hypervariable bluethroat MHCII rendered divergent 
genotypes across the different strategies.  

For the extremely diverse bluethroat MHCII, the number and identity of 
alleles varied both according to sequencing platform, primer strategy and 
bioinformatic pipeline. The pedigree information from the two family groups 
indicated that there were few errors in inheritance pattern, and therefore suggested 
that the allelic drop-outs were method-specific. In general, more alleles were called 
using the single index primer structure and the modified Sommer-pipeline, than for 
the other strategies. In addition to platform-specific errors causing differences 
between the platforms (e.g. homopolymer errors are relatively common when 
sequencing on Ion Torrent), platform-specific adaptors and primer structure could 
cause deviations in genotype. For instance, a primer “tail” consisting of the 
spacer/barcode/adapter could cause an amplification bias where variants that have 
complementary bases to these sequences outside the target primer binding site 
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preferentially will be amplified. Further, as amplified fragments have complementary 
sequences to the whole primer and tail, the primers will more easily anneal to and 
thus amplify these than the original DNA template. The dual index primers had a 
longer tail and, unlike with single index primes, this is attached to both the forward 
and reverse primer. Consequently, the aforementioned mechanisms leading to 
genotyping errors should be greater when using dual index than single index primers. 
We found, as expected, that there were more allelic drop-outs using the dual index-
approach than the single index.  

Discrepancies between the allele calling pipelines could be due to algorithmic 
differences such as clustering of similar alleles (AmpliSAS), the use of replicates and 
chimera handling. While the modified Sommer-pipeline is considerably more time 
consuming and more prone to human errors than the automated AmpliSAS, it is 
more flexible and allows the utilization of existing information such as a pedigree. 
Although not directly comparable, we obtained more consistent genotypes within the 
families by the modified Sommer-pipeline than AmpliSAS.  

Importantly, the use of replicates and family data greatly improved 
genotyping. We can, however, not completely rule out repeatable errors and other 
artefacts, and - as evident from the deviating genotypes - we are not able to reveal the 
true allelic repertoire using these methods. Nevertheless, we believe that next-
generation sequencing and sophisticated allele calling approaches offer genotypes 
that are highly useful for answering evolutionary questions, to a degree not previously 
possible. 

This study reveals an immense diversity in the bluethroat MHCII (>28 loci), 
which is among the most polymorphic MHC described for passerine birds 
(Biedrzycka et al. 2017). Genotyping such diverse markers requires vigilance and 
robust approaches, and we caution against comparing results obtained through 
different methods. In this respect, our study contributes to highlight potential pitfalls 
that should be considered when genotyping hypervariable MHC, but also shows that 
consistent genotypes can be obtained through carefully designed sequencing schemes 
and allele calling. It thus lends support to the application of the described strategies, 
even though the true genotypes may not be uncovered. 

3.2. Extra-pair mating for the MHCII golden mean 
In paper II, we explored MHCII-based mate choice in the bluethroat, a species 
exhibiting both a high degree of EPP and extreme intra-individual MHCII 
polymorphism. We compared functional MHCII diversity in within-pair and extra-
pair mates, pairs and offspring, and found that the number of unique, functional 
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MHCII alleles (PSS alleles) was significantly closer to the population mean in extra-
pair partners than in social pairs. As expected from this finding, we also showed that 
the number of alleles in EPY was closer to the population mean than in WPY. This 
lends support for non-random female choice of EPM, and implies that females chose 
EPM in a self-referencing manner producing EPY with an MHCII diversity closer to 
an assumed optimum, compared to WPY. 
 This result is relevant to four topics within MHC research. First, it adds to the 
body of studies implying selection for an intermediate optimum of MHC diversity; 
the “golden mean” (Wegner et al. 2003, Kalbe et al. 2009, Woelfing et al. 2009). This 
optimum is presumably a trade-off between the benefits and costs linked to high 
MHC diversity (e.g. pathogen surveillance versus T-cell depletion and autoimmune 
disorders, as discussed in section 1.1.4). There is currently no consensus on mating 
preferences for MHC diversity or dissimilarity across taxa (Kamiya et al. 2014), which 
is likely complicated by different optima among species (e.g. Westerdahl et al. 2000, 
Minias et al. 2018, O'Connor et al. 2018) and the current state of the population. If, 
for instance, the true optimum is above the population mean, mate choice for 
maximized diversity could be falsely inferred (Kamiya et al. 2014). Correspondingly, 
Aeschlimann et al. (2003) simulated a population bottleneck, and found that female 
sticklebacks under this scenario chose MHC-dissimilar males, while this was not the 
case in an outbred, heterozygous population. With this in mind, it is important to 
study wild and outbred populations. Paper II contributes in this respect to the long-
standing debate of MHC-based mate choice for optimality, under natural conditions. 
 Second, we found substantial evidence for compatibility, i.e. that the best 
choice each female can make, is based on her own genotype (Brown 1997). This 
means that not only will the female have to assess the genotypes of the males, but she 
will have to relate them to her own. As the resulting offspring are the product of both 
the maternal and paternal genomes, females should choose a compatible mate to 
optimize offspring MHC diversity (Trivers 1972, Penn & Potts 1999), given that she is 
capable of fulfilling such a complex task. Mate choice based solely on male MHC 
diversity may render suboptimal offspring, depending on the female’s genotype 
(Brown 1997). While most studies on the proximate mechanisms are conducted on 
mammals (e.g. Leinders-Zufall et al. 2004, Boehm & Zufall 2006, Sturm et al. 2013), 
our study supports the emerging view that female birds are able to discriminate 
individuals based on similarity through odor (Leclaire et al. 2017, Grieves et al. 
2019), possibly mediated through plumage microbiota (Leclaire et al. 2019) or preen 
gland secretions (Strandh et al. 2012, Leclaire et al. 2014, Slade et al. 2016). 
 Third, our study exemplifies how extra-pair copulations could be adaptive 
through altered MHC constitution in offspring. As this behavior incurs costs to 
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females (e.g. loss of paternal care, increased risk of sexually transmitted diseases), 
explanations in terms of genetic benefits are needed (Brouwer & Griffith 2019). While 
other studies have shown such benefits (Johnsen et al. 2000, Foerster et al. 2003), 
results are far from conclusive (Forstmeier et al. 2014). The diversity and crucial 
importance of MHC in adaptive immunity make MHC a possible candidate for 
genetic benefits of mate choice (Milinski 2006). MHC diversity has indeed been 
found to increase with level of promiscuity (Gohli et al. 2013, Winternitz et al. 2013). 
However, even though there are indications of an association between MHC diversity 
and female choice of EPM (Freeman-Gallant et al. 2003, Richardson et al. 2005, 
Promerová et al. 2011, Winternitz et al. 2015), no clear answers have been provided 
by comparing within-pair and extra-pair units when studying MHC and EPP in single 
bird species (discussed in section 1.3). Reasons of this lack of evidence could be either 
an absence of a pattern or a failure to reveal a true association. As sequencing 
technology and bioinformatic tools are ever-improving, the ability to detect actual 
patterns increases, and moreover, the focus on an intermediate optimum help 
scientists to conduct other tests than to explore linear relationships. Thus, as the field 
of MHC-research moves forward, it paves the way and enables a higher resolution 
when studying evolutionary and behavioral questions. Further, this study indicates 
that signs of MHC-based mate choice could be masked if EPP is disregarded, and 
supports the hypothesis that females could use different “rules” when choosing social 
and extra-pair males (Brown 1997, Mays & Hill 2004).  
 Fourth, our study is in stark contrast to the hypothesis put forward by 
Dearborn et al. (2016), stating that MHC-based mate choice would have diminishing 
returns in species with many MHC loci, as the offspring in any scenario will inherit a 
multi-locus genotype. We found evidence for MHC-based mate choice in a species 
with one of the highest numbers of MHCII loci known to date (see paper I), 
although we unveiled a pattern of stabilizing selection rather than selection for a 
maximal number of alleles.  

In conclusion, this study is a step towards understanding both MHC-based 
mate choice and the adaptive benefits of extra-pair mating. While selection for 
intermediate dissimilarity has been found in some species (e.g. Bonneaud et al. 2006, 
Forsberg et al. 2007, Baratti et al. 2012), it has to my knowledge not been shown 
previously in an extra-pair mating context with clear, coherent results across adults 
and offspring. However, this study did not include fitness and so we cannot say that 
an intermediate number of alleles does indeed constitute an optimum. This limitation 
became the starting point of paper III. 
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3.3. Elevated PHA-response at intermediate MHC diversity 
The aim of paper III was to test for a fitness benefit of having an intermediate 
MHCII diversity. We utilized that a PHA-response had been measured for many of 
the bluethroat nestlings in the dataset used in paper II (Johnsen et al. 2000), and 
ran the analysis on the individuals that had both a PHA-response measure and an 
MHCII genotype from paper II (using the “PSS alleles”, but referring to those as 
“functional MHCII alleles” throughout paper III). The PHA-response was used as 
fitness measure, as the swelling response to PHA-injections is positively correlated 
with fitness traits such as survival and recruitment (Tella et al. 2002, Møller & Saino 
2004, Bowers et al. 2014). We found that the PHA-response was negatively 
associated with the distance from the population mean number of functional MHCII 
alleles among broods. This implies an increased PHA-response in individuals with an 
intermediate MHCII diversity. There was also a significant effect of paternity on the 
PHA-response in our model. This suggests that there is an additional effect of 
paternity on PHA-response that we do not account for when including the MHCII 
variable in the model. 
 Our data implies that there is a fitness benefit of having an intra-individual 
number of functional MHCII alleles close to the population mean - shown through an 
increased PHA-response - and supports an intermediate optimum in intra-individual 
MHCII diversity (Wegner et al. 2003, Milinski 2006, Woelfing et al. 2009). However, 
the relationship between PHA-response and the distance from the population mean 
number of functional MHCII alleles is likely not direct. While the association between 
specific MHC alleles and PHA-response has been shown in studies in birds (Taylor jr 
et al. 1987, Bonneaud et al. 2005), Gaigher et al. (2019) argue that the effect of MHC 
will likely be small and connected with low power to reveal any potential correlation. 
The PHA mitogen causes T-cell activation mainly without presentation on MHC 
molecules (Coico & Sunshine 2015a), which argues against any heavy influence of 
specific alleles on the PHA-response we measured. Further, although we exposed the 
individuals to a sensitizing injection of PHA, the response of the second injection is 
measured only 72 hours after this initial exposure. This might not be a sufficient 
amount of time for an adaptive response (Vinkler et al. 2014), implying that other 
components of the immune system than MHC are important for the swelling 
response, and that the significant relationship we observed between PHA-response 
and MHCII is indirect. In addition, Johnsen et al. (2000) found that EPY had an 
increased PHA-response compared to both maternal and paternal half-siblings raised 
by the social male, lending substantial support for the “compatible genes” hypothesis. 
Therefore, the elevated PHA-response in EPY is likely not caused by specific alleles 
(Garvin et al. 2006), but could reflect superior quality of any kind. These arguments 
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suggest that individuals possessing an intra-individual number of functional MHCII 
alleles close to the population mean may be able to invest more in a costly immune 
response, possibly through higher immune cell activity (Martin et al. 2006). 

This study supports a “golden mean” in MHCII diversity (Woelfing et al. 
2009); i.e. that there is a fitness benefit of having an intermediate number of 
functional MHCII alleles (Wegner et al. 2003, Milinski 2006). An intermediate 
optimum in MHC diversity has previously been shown in studies on parasite 
resistance (Wegner et al. 2003, Madsen & Ujvari 2006, Kloch et al. 2010) and 
reproductive traits (Jäger et al. 2007, Kalbe et al. 2009), but to my knowledge, an 
intermediate MHC diversity has not formerly been associated with an increased 
PHA-response. With the notable exception of the study by Bonneaud et al. (2005), 
most studies on MHC diversity and PHA-response in wild species (see Gaigher et al. 
2019) have, however, primarily tested linear associations, and significant effects of 
intermediate MHC diversity may have passed unnoticed. This paper thus emphasizes 
the importance of analyzing data also considering an intermediate optimum in order 
to reveal potential effects of MHC diversity. Using the methodology described herein, 
we were able to demonstrate an association between PHA-response and MHCII 
diversity using a total of samples well below the “required” sample size for detecting 
any effect of MHC on immunocompetence as stated by Gaigher et al. (2019). 

This study is based on a subset of the dataset used in Johnsen et al. (2000) 
and Fossøy et al. (2008), who found that EPY have a higher PHA-response than their 
within-pair half-siblings. In paper II, we showed that the number of functional 
MHCII alleles in EPY is closer to the population mean, compared to WPY. The 
association between PHA-response and the distance from population mean number 
of MHCII alleles is thus as expected based on these studies. Combining the results 
from paper II and paper III, we find indications of a fitness benefit of extra-pair 
copulations, mediated through an intermediate MHCII diversity. Although in line 
with the “optimal MHC hypothesis” (see above), this deviates from many studies on 
genetic similarity and extra-pair mate choice in birds (see review by Brouwer and 
Griffith 2019). For instance, Fossøy et al. (2008) found that females were less similar 
to the EPM than the WPM on neutral genetic markers. Moreover, the studies of 
Fossøy et al. (2009) and Arct et al. (2019) both implied an increased PHA-response 
in offspring that have genetically dissimilar parents. In our study, an elevated PHA-
response is correlated with intermediate MHC diversity; a pattern likely not observed 
if parents are highly dissimilar at MHC. Considering that the dataset used in our 
study overlaps to some degree with that used by Fossøy et al. (2008) and Fossøy et 
al. (2009), the effect we observed is likely not a by-product of effects observed at 
neutral markers. Nevertheless, paternity was significantly associated with PHA-
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response in our model, implying that we can partly, but not fully, explain this fitness 
benefit of extra-pair mating (i.e. the increased PHA-response) through MHC 
diversity. Although extra-pair mate choice is complex and several aspects of MHC-
based mate choice remain unexplained, this study suggests a potential fitness benefit 
of extra-pair copulations through MHCII-based female choice. 

 

3.4. MHCI and extra-pair mating in the willow warbler 

In the last paper of this thesis (paper IV), MHCI-based extra-pair mate choice was 
explored in the willow warbler. We did not find any evidence of a general female 
extra-pair mate choice based on compatibility or male diversity at MHCI. 
Additionally, we found no support for the hypothesis that females socially paired to a 
suboptimal male will be more likely to partake in extra-pair mating to improve the 
MHCI constitution of their offspring by “correcting” for their suboptimal social mate 
choice (Petrie & Kempenaers 1998, Freeman-Gallant et al. 2003). Rather, the 
existence of two different female strategies was indicated, in which females with a low 
number of supertypes are more likely to have EPY. This is suggested by the result that 
females with EPY in their brood had fewer supertypes than genetically monogamous 
females, and a tendency for the number of supertypes in the female to be negatively 
correlated with the proportion of EPY in the brood. Additionally, there was a non-
random distribution of EPY among broods; significantly more broods than expected 
contained either none or many EPY (see also Bjørnstad and Lifjeld 1997).  

We had predicted that females paired to a suboptimal male will be more likely 
to have EPY, but found contrarily that social pairs with broods containing one or 
more EPY were significantly more concentrated around an intermediate number of 
unique supertypes in the pair, than both genetically monogamous social pairs and 
random pairs were. Although the tests on mate choice did not remain significant after 
controlling for multiple testing, implications of the results are nevertheless discussed. 

The lack of any difference in MHCI diversity between EPY and WPY in broods 
with mixed paternity suggests that there was no difference in MHCI diversity 
between the WPM and EPM for the females with EPY in their broods affecting her 
choice. As the EPM were not included in the dataset, this could however not be tested 
directly in this study. Moreover, the lack of any difference in MHCI diversity between 
WPY from pure WPY broods and WPY from broods also containing EPY could imply 
that the choice of mates is indeed correcting for the smaller number of supertypes in 
females that are engaging in extra-pair copulations. One possibility is therefore that 
only females with few supertypes conduct MHC-based mate choice, and that they 
prefer social and extra-pair mates with many supertypes.  
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A study by Griggio et al. (2011) found that female house sparrows with few 
MHCI alleles preferred males with many alleles, while females with an intermediate 
or high number of alleles exhibited no such preference. Our results are in line with 
this pattern, suggesting that females with few MHCI supertypes conduct MHCI-based 
mate choice and also are more likely to engage in extra-pair copulations. Extra-pair 
mating could be costly, for instance due to loss of paternal care from the social male 
(Brouwer & Griffith 2019), and for females with a “sufficient” number of supertypes, 
any gains from extra-pair mating may not be enough to outweigh these costs. 
Conversely, another explanation could be that females with many supertypes are in 
better condition, and hence able to resist forced extra-pair mating attempts 
(Westneat & Stewart 2003). 

We did not find any support for mate choice based on an intermediate number 
of PSS alleles in this study, unlike the results from paper II. Our results rather imply 
that it is beneficial to possess many supertypes. This could be explained by the 
hypothesis of divergent allele advantage (Wakeland et al. 1990, Lenz 2011), where 
individuals with divergent alleles have a selective advantage by being able to bind a 
broader range of antigens. Also, individuals with fewer supertypes will be less likely 
to possess specific supertypes. Studies on great tits (Parus major) have indeed found 
an association between specific supertypes and increased resistance against 
Plasmodium infections (Sepil et al. 2013a) as well as lifetime reproductive success 
and survival (Sepil et al. 2013b). This indicates that females with few supertypes will 
have the most to gain by engaging in extra-pair mating. 
 A lack of a consistent pattern in this study and paper II - where we did find 
evidence of MHCII-based extra-pair mate choice - could be caused by differences in 
the MHC classes and/or between the species. A likely source of differences between 
the MHC classes could be differences in their correlation with perceptible 
phenotypes. Preen oil is highly variable and is suggested to be a main source of 
chemical signaling in birds (Whittaker et al. 2010). As MHCII is important in the 
fight against extracellular bacteria while MHCI present intracellular pathogens to T 
cells, MHC-based discrimination through differences in the chemical properties of 
preen oil might only be possible via MHCII and not MHCI (Strandh et al. 2012). This 
could be due to differences in microbial communities in the preen gland associated 
with differences in MHCII genotypes (Strandh et al. 2012), which ultimately may 
alter the wax esters in the preen oil (Grieves et al. 2019). A correlation between 
MHCII and the chemical composition of preen oil is detected in both Charadriiformes 
and passerine species (Leclaire et al. 2014, Slade et al. 2016). Grieves et al. (2019) 
recently demonstrated that song sparrows (Melospiza melodia) are able to 
distinguish between preen oil from MHCII-similar and MHCII-dissimilar individuals, 
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and from individuals with high and low MHCII diversity. For MHCI, ligands have 
been shown to be important in chemical signals in mammals and fish (e.g. Leinders-
Zufall et al. 2004, Milinski et al. 2005), however, to my knowledge, no mechanisms 
have been demonstrated in birds. 
 There are also differences between the species (i.e. the bluethroat and the 
willow warbler) that possibly could be associated with differences in MHC-based 
mate choice as implied from paper II and paper IV. The bluethroat is a sexually 
dimorphic species with an extensive courtship where the males display their throat 
patch close to the female (Peiponen 1960, Johnsen & Lifjeld 1995). Of the two 
classical MHC classes, only the MHCII is hypervariable in the bluethroat, while 
MHCI shows a moderate diversity (see paper I). The willow warbler, on the other 
hand, shows extreme diversity at both markers (Westerdahl et al. 2000, O'Connor et 
al. 2016). Their courtship display does likely not occur in close proximity as in the 
bluethroat, and the females often solicit copulations (Arvidsson 1992, Bairlein 2006). 
The greater distance between males and females during courtship may impact the 
opportunity of conducting mate choice based on olfactory cues, e.g. based on MHC 
diversity reflected in preen gland secretions (see above and section 1.4), or it may 
reflect a lack of such mate choice. The species do, however, exhibit similarities in life 
history that might imply that they are exposed to a similar pathogen burden, which 
could affect the importance of an optimized MHC constitution. For instance, in our 
study site in Heimdalen, both species are highly migratory, show similar rates of EPP 
and are both insectivores (see section 2.1.). Alternatively, if the main purpose of 
MHC-based mate choice is inbreeding avoidance, then MHC-disassortative mate 
preferences should be stronger in species in which the risk of inbreeding is larger 
(Yamazaki et al. 1976, Potts et al. 1994, Penn & Potts 1999, Reusch et al. 2001). 
However, willow warblers are assumed not to be inbred (Jan Lifjeld, pers. comm.), 
and neither the Heimdalen bluethroat population runs a great risk of inbreeding, due 
to the low level of philopatry (Johnsen and Lifjeld, unpublished data). Associations 
between the abovementioned factors in the species’ ecology and differences in MHC-
based mate choice remain to be explored, and could provide a rewarding avenue for 
future research. 
 As we did not observe extra-pair mate choice based on MHCI in the willow 
warbler in line with the findings in paper II, this study intriguingly demonstrates an 
absence of consistency in MHC-based mate choice in MHC classes in two passerine 
species. This highlights the need for conducting similar studies in more species, in a 
comparative framework, in order to reveal any pattern of such mate choice and 
possible influencing factors. Nevertheless, this study could help shed light on one of 
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the main unanswered questions regarding extra-pair paternity in birds, namely, why 
some but not all females have EPY (Brouwer & Griffith 2019). 
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4.   Concluding remarks and future directions 

Despite immense development in sequencing technologies and decades of research, 
many questions concerning MHC-based mate choice and extra-pair mating remain 
unanswered. This thesis has contributed to increasing our knowledge in these fields. 
First, we revealed the difficulties and discrepancies arising from different MHC 
genotyping strategies, emphasizing the need for careful planning and designing of 
sequencing and allele calling pipelines. While we were still unable to obtain true 
genotypes with absolute confidence, we were able to achieve an approximation for 
informative analyses. New methodologies have greatly improved the genotyping 
accuracy of highly polymorphic markers, like for the bluethroat MHCII and willow 
warbler MHCI. This enabled a closer examination of MHC-based mate choice than 
was previously possible in these hypervariable systems. By applying the established 
genotyping approach on large bluethroat and willow warbler datasets of adults and 
nestlings with known paternity, the results in this thesis highlight two different 
patterns of MHC-based extra-pair mate choice. For the bluethroat, we found support 
for non-random female choice of EPM based on compatibility and an intermediate 
optimum in MHCII diversity. For the willow warbler, two different female mating 
strategies were implied, where females with few MHCI supertypes were more likely to 
engage in extra-pair mating. This sheds light on the variation in patterns in MHC-
based mate choice across species and MHC classes. Future studies should aim to 
further explore the causes of this variation in female mate choice strategy and the 
variation in the number of MHCI and MHCII loci among species. For instance, it 
would be interesting to conduct comparative studies testing for associations between 
pathogen exposure, MHC diversity, mating strategies and MHC-based extra-pair 
mate choice across passerine birds (see Minias et al. 2017, Whittingham et al. 2018 
and Lindsay et al. 2019). 

Logical extensions to the projects in this thesis could be inclusion of genetically 
monogamous social pairs in the bluethroat MHCII dataset and EPM in the willow 
warbler MHCI dataset. Additionally, mate choice based on bluethroat MHCI and 
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willow warbler MHCII could be explored and compared to paper II and paper IV, 
to highlight species differences within MHC classes. 

Establishing the proximate mechanisms is a crucial next step to more fully 
understanding MHC-based mate choice. There is continuous advancement on this 
matter also in passerine birds, e.g. by demonstrating that song sparrows can 
discriminate MHCII diversity and similarity through preen oil odor (Grieves et al. 
2019). Considering the evidence in this thesis for MHC-based female mate choice in 
bluethroats, it would be interesting to characterize preen oil composition in this 
species and test for correlations with MHCII diversity, as well as to test for 
associations between its chemical distance and MHCII dissimilarity in male-female 
dyads (e.g. Leclaire et al. 2014, Slade et al. 2016). Similarities in preen secretions and 
microbiomes could also be compared between social pairs and extra-pair partners, 
with the prediction that the distribution will have a smaller variance in extra-pair 
partners than in social pairs. Furthermore, applying proteomic techniques on sperm 
cells isolated from the ejaculate could reveal whether MHC molecules are expressed 
on these cells, facilitating post-copulatory MHC-based female choice of compatible 
mates (Lenz et al. 2018). 

Regardless of the mechanism, two steps in MHC-based mate choice are 
predicted (Aeschlimann et al. 2003): female choice for optimal MHC diversity, and 
assessment of male secondary sexual characters to reveal health and thus resistance 
alleles against prevailing pathogens. This thesis has not focused on specific alleles 
with an additive advantage in a “good gene” framework (e.g. Hamilton & Zuk 1982, 
Ekblom et al. 2004, Eizaguirre et al. 2009b), and many exciting projects are possible 
in this respect. For instance, it would be interesting to screen for common parasites 
in bluethroats and willow warblers (e.g. Plasmodium and Haemoproteus; Bensch & 
Åkesson 2003, Svoboda et al. 2015) and test for associations between infection status 
and specific MHC alleles or supertypes (e.g. Sepil et al. 2013a). This could be related 
to an extra-pair framework, testing for differences between WPM and EPM, or the 
probability of being cuckolded (see for instance Podmokła et al. 2015). Moreover, 
parasitic load could be used as a fitness measure, testing the hypothesis that 
individuals possessing an intermediate number of alleles will have the greatest 
resistance (Wegner et al. 2003). 

The current era of genomics holds great potential for enhancing our knowledge 
of MHC and its evolution. Long-read sequencing provides a promising path forward, 
and could prove especially helpful in the characterization of haplotypes and linkage 
within the MHC region (reviewed by O’Connor et al. 2019). Development of locus-
specific primers could resolve the long-awaited locus-specificity of alleles in non-
model species (Canal et al. 2010). Together, these advances could move the field of 
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avian MHC research towards identifying “true” genotypes and heterozygosity, which 
again will facilitate the use of MHC markers in evolutionary and ecological studies. 
Also, expression analyses and increased knowledge of the interaction between 
antigens and MHC molecules could lead to new insights, particularly into the 
relationship between fitness traits and MHC (Drews & Westerdahl 2019, O’Connor et 
al. 2019). Importantly, more specific insights into these aspects could help to 
improve our understanding of how selection acts on MHC, moving beyond 
approximations like “PSS” and the supertypes utilized in this thesis. 
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Abstract
Genotyping	of	classical	major	histocompatibility	complex	(MHC)	genes	is	challenging	
when	they	are	hypervariable	and	occur	in	multiple	copies.	In	this	study,	we	used	sev-
eral	different	approaches	 to	genotype	 the	moderately	variable	MHC	class	 I	exon	3	
(MHCIe3)	and	the	highly	polymorphic	MHC	class	 II	exon	2	 (MHCIIβe2)	 in	the	blue-
throat	(Luscinia svecica).	Two	family	groups	(eight	individuals)	were	sequenced	in	rep-
licates	 at	 both	 markers	 using	 Ion	 Torrent	 technology	 with	 both	 a	 single-		 and	 a	
dual-	indexed	 primer	 structure.	 Additionally,	 MHCIIβe2	 was	 sequenced	 on	 Illumina	
MiSeq.	Allele	 calling	was	 conducted	by	modifications	of	 the	pipeline	developed	by	
Sommer	et	al.	(BMC	Genomics,	14,	2013,	542)	and	the	software	AmpliSAS.	While	the	
different	 genotyping	 strategies	 gave	 largely	 consistent	 results	 for	MHCIe3,	 with	 a	
maximum	of	eight	alleles	per	 individual,	MHCIIβe2	was	 remarkably	complex	with	a	
maximum	of	56	MHCIIβe2	alleles	called	for	one	individual.	Each	genotyping	strategy	
detected	on	average	50%–82%	of	all	MHCIIβe2	alleles	per	 individual,	but	dropouts	
were	largely	allele-	specific	and	consistent	within	families	for	each	strategy.	The	dis-
crepancies	 among	 approaches	 indicate	 PCR	 biases	 caused	 by	 the	 platform-	specific	
primer	tails.	Further,	AmpliSAS	called	fewer	alleles	than	the	modified	Sommer	pipeline.	
Our	results	demonstrate	that	allelic	dropout	is	a	significant	problem	when	genotyping	
the	hypervariable	MHCIIβe2.	As	these	genotyping	errors	are	largely	nonrandom	and	
method-	specific,	we	caution	against	comparing	genotypes	across	different	genotyping	
strategies.	 Nevertheless,	 we	 conclude	 that	 high-	throughput	 approaches	 provide	 a	
major	 advance	 in	 the	 challenging	 task	of	 genotyping	hypervariable	MHC	 loci,	 even	
though	they	may	not	reveal	the	complete	allelic	repertoire.

K E Y W O R D S

bluethroat,	Illumina	MiSeq,	Ion	Torrent,	Luscinia svecica,	major	histocompatibility	complex

1  | INTRODUCTION

The	 polymorphic	 and	 polygenic	 major	 histocompatibility	 complex	
(MHC)	 in	 many	 vertebrates	 is	 inherently	 difficult	 to	 genotype.	 The	

last	decade	has	provided	new	sequencing	platforms	that	may	enable	
cheaper,	 faster,	and	more	accurate	and	reproducible	MHC	genotyp-
ing	(Babik,	Taberlet,	Ejsmond,	&	Radwan,	2009;	Biedrzycka,	Sebastian,	
Migalska,	Westerdahl,	 &	 Radwan,	 2017;	 Duke	 et	al.,	 2015;	 Grogan,	
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McGinnis,	 Sauther,	 Cuozzo,	 &	 Drea,	 2016;	 Lighten,	 Oosterhout,	 &	
Bentzen,	 2014).	 However,	 the	 task	 is	 still	 quite	 demanding	 in	 hy-
pervariable	 study	 systems,	 partly	 due	 to	 the	 challenge	 of	 designing	
pipelines	to	separate	true	alleles	from	methodological	artifacts	(Babik,	
2010;	Grogan	et	al.,	2016;	Lighten	et	al.,	2014;	Sebastian,	Herdegen,	
Migalska,	&	Radwan,	2016).	Validation	of	true	alleles	through	the	use	
of	replicate	amplicons	and	pedigree	 information	may	however	assist	
in	quality	control	of	the	genotyping	process	of	such	systems	(Gaigher	
et	al.,	2016;	Grogan	et	al.,	2016;	Sommer,	Courtiol,	&	Mazzoni,	2013;	
Zagalska-	Neubauer	et	al.,	2010).

Major	histocompatibility	complex	genes	are	crucial	to	trigger	adap-
tive	immune	responses	in	jawed	vertebrates	and	are	among	the	most	
polymorphic	genes	known	 (Janeway,	Travers,	Walport,	&	Shlomchik,	
2001).	MHC	class	 I	 (MHCI)	genes	encode	transmembrane	glycopro-
teins	 found	on	 the	 surface	 of	most	 cells.	 Peptides	 derived	 from	 in-
tracellular	 pathogens	bind	 specifically	 to	 the	peptide-	binding	 region	
(PBR)	 of	 membrane-	bound	 MHCI	 molecules	 and	 are	 presented	 to	
CD8+	cytotoxic	T	cells.	Similarly,	peptides	from	extracellular	pathogens	
are	presented	to	CD4+	helper	T	cells	by	MHC	class	II	 (MHCII)	mole-
cules,	which	are	located	on	specialized	antigen-	presenting	cells	such	
as	B	cells,	dendritic	cells,	and	macrophages.	Due	to	the	specificity	of	
the	PBR,	organisms	with	more	MHC	alleles	are	able	to	trigger	an	im-
mune	response	against	more	pathogens.	The	polymorphism	at	MHC	
genes	 is	 believed	 to	 be	 influenced	 by	 several	 processes,	 including	
pathogen-	mediated	balancing	selection	and	sexual	selection	(see	re-
views	by	Edwards	and	Hedrick	(1998)	and	Piertney	and	Oliver	(2006)).

In	 Aves,	 the	 structure	 of	 the	 MHC	 varies	 immensely.	 While	
chicken	 (Gallus gallus)	 is	 described	 as	 having	 a	 “minimal	 essential	
MHC”	 (Kaufman	 et	al.,	 1999),	 many	 non-	Galliform	 species	 exhibit	
an	 increased	number	of	MHC	loci	 (e.g.,	great	snipe	 (Gallinago media; 
Ekblom,	 Grahn,	 &	 Höglund,	 2003),	 blue	 petrel	 (Halobaena caerulea; 
Strandh,	 Lannefors,	 Bonadonna,	&	Westerdahl,	 2011),	 and	 Eurasian	
coot	(Fulica atra;	Alcaide,	Munoz,	Martínez-	de	la	Puente,	Soriguer,	&	
Figuerola,	 2014)).	 In	Passeriformes,	 the	MHC	genes	 are	 extensively	
duplicated	and	highly	diverse,	and	pseudogenes	are	commonly	found	
(Westerdahl,	 2007).	 For	 instance,	 Bollmer,	 Dunn,	 Freeman-	Gallant,	
and	Whittingham	 (2012)	 detected	 a	minimum	 of	 eight	MHCI	 exon	
3	 (MHCIe3)	 and	 23	 MHCII	 β	 exon	 2	 (MHCIIβe2)	 loci	 in	 the	 com-
mon	 yellowthroat	 (Geothlypis trichas)	 using	 454	 sequencing,	 while	
Zagalska-	Neubauer	et	al.	 (2010)	revealed	numerous	pseudogenes	as	
well	as	at	least	nine	transcribed	MHCIIβe2	loci	in	collared	flycatcher	
(Ficedula albicollis).	 Further,	O’Connor,	 Strandh,	Hasselquist,	Nilsson,	
and	Westerdahl	 (2016)	described	MHCIe3	diversity	 in	12	passerine	
species,	in	which	the	minimum	number	of	loci	ranged	from	four	in	the	
bluethroat	(Luscinia svecica)	to	19	in	the	willow	warbler	(Phylloscopus 
trochilus).	High	intra-	individual	diversity	was	also	found	by	Anmarkrud,	
Johnsen,	Bachmann,	and	Lifjeld	(2010),	who	used	a	traditional	cloning	
and	Sanger	sequencing	approach	to	identify	61	unique	MHCIIβe2	al-
leles	in	20	bluethroats	and	a	minimum	number	of	11	functional	loci.

For	passerine	birds,	gene	duplication	and	high-	sequence	similarity	
at	MHC	loci	due	to	gene	conversion	preclude	single-	locus	amplifica-
tion	when	intron	sequences	are	not	known	(Westerdahl,	2007).	When	
performing	PCR	amplicon	 sequencing	 from	multilocus	 gene	 targets,	

such	 as	 the	MHC,	 several	 aspects	 may	 contribute	 to	 PCR-	induced	
biases.	 For	 example,	 similarity	 to	 primer	 sequence,	 GC	 content	 in	
primer-	binding	sites	and	differences	in	secondary	structures	will	influ-
ence	the	amplification	success	of	the	DNA	template	(Pawluczyk	et	al.,	
2015;	Polz	&	Cavanaugh,	1998;	Suzuki	&	Giovannoni,	1996).	Hence,	
primer	design	is	important	in	order	to	reduce	PCR-	introduced	biases.	
Many	researchers	now	use	“phusion	primers”	when	performing	ampl-
icon	sequencing.	These	are	primer	sequences	with	platform-	specific	
adapters,	 sample-	specific	 index	 tags	 (barcode),	 and	 other	 sequence	
motifs	added	to	the	target	gene	sequence.	These	motifs	will	generate	
a	 “primer	 tail”.	This	 tail	may	 thus	 introduce	 amplification	biases	 if	 it	
has	a	noncompatible	GC	pattern	to	the	nucleotides	surrounding	the	
primer-	binding	motif,	or	if	local	secondary	structures	obstruct	anneal-
ing	of	the	primer.

Although	 Roche	 454	 pyrosequencing	 has	 been	 extensively	 ap-
plied	in	MHC	studies	on	nonmodel	organisms	since	2009	(Babik	et	al.,	
2009),	 this	platform	 is	now	being	phased	out	and	new	technologies	
are	 applied.	Of	 the	available	high-	throughput	 sequencing	platforms,	
Ion	Torrent	semiconductor	sequencing	and	Illumina	MiSeq	paired-	end	
sequencing	are	currently	among	the	most	appropriate	alternatives	for	
MHC	 genotyping	 due	 to	 read	 lengths	 and	 output.	 However,	 as	 for	
every	sequencing	method,	these	techniques	are	also	subject	to	errors.	
In	addition	to	substitution	errors	made	by	polymerases,	chimera	for-
mation	is	common	in	multilocus	PCR	amplification	(Kanagawa,	2003;	
Lenz	&	Becker,	2008).	Further,	homopolymer	errors	causing	indels	are	
abundant	 in	 Ion	Torrent	 (Loman	 et	al.,	 2012).	 Being	 aware	 of	 these	
pitfalls	 is	essential,	and	it	 is	 important	to	take	measures	to	minimize	
the	impact	of	artifacts	arising	before	or	during	sequencing.	Thus,	es-
tablishment	of	 robust	PCR	approaches	and	allele-	calling	pipelines	 is	
crucial	for	separating	artifacts	from	true	alleles.

Two	main	assumptions	are	generally	made	 in	 the	processes	of	
recognizing	artifacts	in	MHC	studies:	Artifacts	should	be	less	com-
mon	than	real	alleles	across	and	within	individuals,	and	they	should	
originate	from	true	alleles	 (Babik	et	al.,	2009).	Based	on	these	as-
sumptions,	 Babik	 et	al.	 (2009)	 used	 per	 individual	 frequencies	 to	
identify	 a	 threshold	 below	which	 artifacts	 should	 occur.	This	was	
further	 elaborated	 by	 Galan,	 Guivier,	 Caraux,	 Charbonnel,	 and	
Cosson	 (2010)	who	 established	 two	 thresholds:	T1;	 the	minimum	
number	 of	 reads	per sample	 required	 for	 reliable	 genotyping,	 and	
T2;	 intra-	amplicon	frequency	corresponding	to	the	minimum	num-
ber	 of	 reads	per variant	 to	validate	 true	 alleles.	However,	 as	 pure	
threshold	 approaches	 potentially	 misidentify	 alleles	 and	 artifacts	
(Lighten	 et	al.,	 2014),	 stricter	 approaches	 are	 needed	 in	 complex	
MHC	systems.	In	a	MHCII	study	on	flycatchers,	Zagalska-	Neubauer	
et	al.	(2010)	used	a	2-	PCR-	3-	reads-	in-	each	inclusion	criteria,	where	
the	variants	had	to	be	present	with	at	least	three	reads	in	two	inde-
pendent	PCRs	to	be	considered	alleles.	Further,	in	order	to	account	
for	artifacts	and	allelic	dropout,	Sommer	et	al.	(2013)	established	an	
expanded	workflow	 for	 genotyping	MHC	 in	nonmodel	organisms.	
Their	 allele-	calling	 pipeline	 relies	 on	 amplicon	 replicates,	 artifact	
detection,	and	relative	intra-	amplicon	frequencies	after	initial	qual-
ity	filtering	of	the	sequencing	reads.	By	combining	this	pipeline	with	
a	1%	threshold	approach	similar	to	Galan’s	T2,	Grogan	et	al.	(2016)	
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genotyped	 MHC-	DRB	 in	 ring-	tailed	 lemurs	 (Lemur catta)	 across	
454	and	Ion	Torrent	platforms	with	consistent	results.	 Introducing	
such	 a	 threshold	 of	 0.4%	 also	minimized	 the	 number	 of	 artifacts	
when	 genotyping	 the	 hypervariable	 MHCIe3	 in	 sedge	 warblers	
(Acrocephalus schoenobaenus)	using	this	pipeline	(Biedrzycka	et	al.,	
2017).

Another	MHC	allele-	calling	pipeline	based	on	a	stepwise	threshold	
clustering	methodology	was	developed	by	Stutz	and	Bolnick	(2014).	In	
this	pipeline,	sequences	are	clustered	based	on	similarity	and	filtered,	
attempting	 to	 reveal	 artifacts	 and	 add	 their	 depths	 to	 the	 putative	
alleles	 from	 which	 they	 are	 originating.	 By	 incorporating	 platform-	
specific	 error	 rates,	 Sebastian	 et	al.	 (2016)	 have	 implemented	 this	
pipeline	in	the	publicly	available	AmpliSAS	tool.

Biedrzycka	et	al.	(2017)	compared	four	allele-	calling	strategies	for	
genotyping	sedge	warbler	MHCIe3	including	both	AmpliSAS	and	the	
original	 workflow	 established	 by	 Sommer	 et	al.	 (2013).	 They	 found	
high	agreement	(>90%)	between	these	pipelines	at	coverages	above	
2,000	reads	but	argue	for	the	use	of	coverages	of	>5,000	reads	due	to	
the	increased	reliability.

In	our	study,	we	further	compare	allele	calling	by	modifying	the	
Sommer	pipeline	and	AmpliSAS	by	the	use	of	family	data,	 in	order	
to	facilitate	genotyping	of	bluethroat	MHC.	We	thus	compare	dif-
ferent	aspects	of	genotyping	strategies	(i.e.,	sequencing	approaches	
and	 allele-	calling	 pipelines)	 in	 a	 moderately	 variable	 MHC	 gene	
(MHCIe3)	and	a	highly	polymorphic	MHC	gene	 (MHCIIβe2)	 in	 the	
bluethroat,	using	two	family	sets	(two	offspring	in	each	family,	with	
their	genetic	parents).	The	MHCIe3	and	MHCIIβe2	amplicons	were	
sequenced	 on	 an	 Ion	 Personal	 Genome	 Machine™,	 applying	 two	
different	primer	tail	approaches.	Additionally,	the	MHCIIβe2	ampli-
cons	were	sequenced	on	the	Illumina	MiSeq®	platform.	Using	these	
approaches,	we	aimed	to	test	whether	platform	or	sequence	motif	
and	length	of	the	primer	tail	would	bias	the	outcome.	We	modified	
the	pipeline	of	Sommer	et	al.	(2013)	and	the	downstream	analyses	
of	the	output	from	AmpliSAS	software	(Sebastian	et	al.,	2016),	and	
used	allelic	inheritance	patterns	between	parent	and	offspring	gen-
otypes	as	additional	support	for	the	results.	Accordingly,	using	fam-
ily	data,	we	wished	to	establish	a	workflow	for	robust	genotyping	of	
bluethroat	MHCIe3	and	MHCIIβe2,	which	is	a	premise	for	the	use	of	
these	markers	in	ecological	and	evolutionary	analyses.

2  | MATERIALS AND METHODS

This	 study	 is	 based	 on	 DNA	 from	 blood	 samples	 of	 two	 offspring	
and	 their	 biological	 parents	 in	 two	 family	 groups	 of	 bluethroats	
(L. svecica svecica;	Appendix	S1).	The	eight	 individuals	were	sampled	
in	 the	 subalpine	 habitat	 of	 Øvre	 Heimdalen	 valley,	 Øystre	 Slidre,	
Norway	 (61°25′N,	 8°52′E).	 Norwegian	 Animal	 Research	 Authority	
gave	ethical	permissions	to	the	fieldwork	(license	2014/53673	to	AJ).	
Parentage	was	confirmed	through	a	panel	of	microsatellites	in	another	
study	(Sætre,	Johnsen,	Stensrud,	&	Cramer,	unpublished	data).	DNA	
was	 extracted	 using	 E-	Z®	 96	 Blood	 DNA	 Kit	 (Omega	 Bio-	Tek	 Inc.	
[D1199-	01]),	following	the	protocol	of	the	manufacturer.

2.1 | Sequencing

All	amplicons	(for	explanation	of	terms,	see	Appendix	S2)	were	ampli-
fied	in	duplicates,	with	a	unique	barcode	identifier	for	each	replicate.	
Primer	sequences	and	binding	sites	are	provided	in	the	Supplementary	
material	(Appendices	S3	and	S4).	In	order	to	minimize	PCR	artifacts,	
the	number	of	PCR	cycles	was	reduced	to	25	(Lenz	&	Becker,	2008).	
For	 detailed	 description	 of	 the	 amplification	 and	 sequencing,	 see	
Appendix	S5.

MHCIe3	was	amplified	using	 the	primer	pair	MhcPasCI-	FW	and	
MhcPasCI-	RV	 (Alcaide,	Liu,	&	Edwards,	2013)	and	sequenced	on	an	
Ion	PGM.	Two	primer	 structures	were	applied	 (see	Figure	1);	one	 in	
which	barcode	and	barcode	adapter	were	 included	only	on	 the	 for-
ward	primer	(single	index;	SI),	and	one	including	Ion	Torrent	adapter,	
barcode,	barcode	adapter,	and	seven	nucleotide	spacer	motif	on	both	
forward	and	reverse	primers	(dual	index;	DI).

The	 primers	 MHCIIFihy-	E2CF	 and	 MHCIIFihy-	E2CR	 (Canal,	
Alcaide,	Anmarkrud,	&	Potti,	2010)	were	used	 to	amplify	MHCIIβe2 
by	 a	 similar	 SI	 and	DI	 approach,	 and	 the	 amplicon	 sequencing	was	
conducted	 on	 an	 Ion	 PGM.	Additionally,	MHCIIβe2	 amplicons	were	
generated	by	including	Illumina	Linker	sequences,	barcodes,	and	het-
erogeneity	spacer	motif	(Fadrosh	et	al.,	2014)	on	both	forward	and	re-
vers	primers,	and	sequenced	on	Illumina	MiSeq	(see	Figure	1).

2.2 | Allele calling

Allele	calling	was	conducted	through	two	pipelines:	one	based	on	a	
previously	published	pipeline	by	Sommer	et	al.	(2013),	and	one	based	
on	the	software	AmpliSAS	(Sebastian	et	al.,	2016).

2.2.1 | Modified pipeline from Sommer et al. (2013)

A	flowchart	of	this	allele-	calling	method	is	outlined	in	Figure	2,	while	
a	 detailed	 description	 and	 comments	 on	 the	modifications	 are	 pro-
vided	 in	 Appendix	 S6.	 In	 short,	 paired	 MiSeq	 reads	 were	 merged	
using	FLASH	(Magoč	&	Salzberg,	2011),	and	raw	reads	from	all	data-
sets	were	quality	 filtered	using	standard	UNIX	commands	and	fastx	
toolkit	 (http://hannonlab.cshl.edu/fastx_toolkit/).	 Barcode	 splitting	
and	 clustering	 of	 identical	 reads	 into	 variants	 were	 conducted	 by	
jMHC	(Stuglik,	Radwan,	&	Babik,	2011).	Variants	with	less	than	three	
reads	 in	 any	 amplicon	were	discarded,	 as	were	 amplicons	with	 less	
than	500	 reads	 in	 total.	After	 this	 step,	we	 established	 a	 threshold	
above	 which	 we	 expected	 to	 have	 included	 most	 true	 alleles	 and	
excluded	 most	 artifacts,	 based	 on	 the	 assumption	 that	 true	 alleles	
will	amplify	to	a	greater	depth	than	artifacts	will	 (Babik	et	al.,	2009;	
Lighten	et	al.,	2014).	A	cut-	off	threshold	of	0.2%	was	conservatively	
inferred	from	visually	recognizing	a	change	in	number	of	unique	vari-
ants	included	at	different	values	of	cut-	off	(Figure	3).	Hence,	variants	
with	 intra-	amplicon	frequency	of	 less	than	0.2%	were	discarded	for	
the		respective	amplicons.

The	 remaining	 variants	 across	 the	 whole	 dataset	 were	 aligned	
to	 previously	 published	 sequences	 (GenBank	 accession	 num-
ber	 KU169737–KU169747	 (MHCI;	 O’Connor	 et	al.,	 2016)	 and	

http://hannonlab.cshl.edu/fastx_toolkit/
info:ddbj-embl-genbank/KU169737
info:ddbj-embl-genbank/KU169747
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HQ539575–HQ539614	 (MHCII;	 Gohli	 et	al.,	 2013))	 with	 ClustalW	
(Thompson,	Higgins,	&	Gibson,	 1994)	 in	MEGA7	 (Kumar,	 Stecher,	&	
Tamura,	 2016),	 and	 trimmed	 correspondingly.	 Variants	 with	 shift	 in	
reading	frame,	stop	codon,	or	lacking	the	conserved	residues	Cys7	and	
Cys70	(MHCI;	O’Connor	et	al.,	2016)	or	Cys10	and	Cys75	(MHCII;	Gohli	
et	al.,	2013)	were	discarded.	Further,	chimera	detection	was	carried	out	
using	UCHIME	(Edgar,	Haas,	Clemente,	Quince,	&	Knight,	2011).

While	the	most	frequent	variant	within	each	amplicon	was	scored	as	
an	allele,	the	remaining	variants	were	divided	into	“=1	bp”	and	“>1	bp”	
variants,	according	to	the	number	of	base	pair	differences	to	their	most	
similar,	more	frequent	variant,	 found	by	MEGA7.	Amplicon	replicates	
were	 then	utilized	 to	score	artifacts	 (chimeric	variants	scored	as	chi-
mera	also	in	replicate	or	not	found	within	replicate	above	0.2%	thresh-
old;	“=1	bp”	variants	not	found	within	replicate	above	0.2%	threshold;	
“>1	bp”	variant	not	present	above	0.2%	threshold	in	any	other	amplicon	
from	individuals	within	the	same	family	group).	The	remaining	variants	
within	each	amplicon	were	scored	as	alleles	(see	Figure	2).

For	offspring	with	one	failed	amplicon,	family	information	was	used	
as	a	substitute	for	the	replicate.	Here,	“=1	bp”	variant	or	a	chimeric	vari-
ant	was	 scored	as	an	allele	 if	present	 in	parental	 genotypes.	 “>1	bp”	
variants	were	called	as	alleles	if	found	in	any	other	family	member.

2.2.2 | AmpliSAS pipeline

As	 a	 second	 allele-	calling	 pipeline,	 we	 used	 the	 online	 tool	 suite	
AmpliSAT	(Sebastian	et	al.,	2016).	After	initial	filtering	(see	Appendix	
S6),	the	datasets	were	explored	in	AmpliCHECK.	Corresponding	to	the	

AmpliCHECK	results,	we	set	maximum	number	of	alleles	per	amplicon	
to	60	for	the	algorithm	implemented	in	AmpliSAS.	Minimum	amplicon	
depth	was	set	to	500,	while	we	used	default	platform-	specific	error	
rates	 for	 substitutions	 and	 indels.	 In-	frame	 length	was	 required	 for	
the	 dominant	 sequence	within	 a	 cluster.	 Further,	 the	 frequency	 of	
the	subdominant	cluster	with	respect	to	the	dominant	frequency	was	
changed	from	the	default	of	25%	to	10%,	in	order	to	avoid	cluster-
ing	similar	alleles	with	different	amplification	efficiencies	(Biedrzycka	
et	al.,	 2017).	 Lastly,	 variants	 with	 an	 intra-	amplicon	 frequency	 of	
less	than	0.20%	or	with	a	depth	below	three	reads	were	discarded.	
Variants	of	lengths	exhibiting	frameshifts	in	relation	to	the	expected	
length,	noncoding	variants,	and	chimeras	were	also	discarded.

Duplicates	of	all	individuals	enabled	validation	of	alleles	based	on	
the	presence	 in	 the	replicate	sample.	Hence,	only	variants	scored	 in	
both	amplicon	replicates	of	an	individual	were	called	as	alleles.	Error	
rates	were	calculated	as	the	percentage	of	putative	alleles	not	found	
in	both	replicate	runs	(errors	in	replicates).

One	offspring	had	however	only	one	successful	MHCII-	MiSeq	am-
plicon.	Here,	we	called	putative	alleles	if	present	in	one	or	both	parents	
in	the	same	run.

2.3 | Comparing genotypes from modified Sommer 
pipeline and AmpliSAS

As	 the	 sequences	 were	 trimmed	 in	 the	 modified	 pipeline	 from	
Sommer	et	al.	(2013)	in	order	to	match	published	sequences,	the	se-
quences	from	AmpliSAS	were	aligned	and	trimmed	correspondingly	

F IGURE  1 Primer	setup	used	to	amplify	MHC	class	I	exon	3	(MHCI)	and	MHC	class	II	exon	2	(MHCII)	in	eight	bluethroats.	MHCI	was	
sequenced	in	a	single	index	run	and	in	a	dual	index	run	on	Ion	Torrent.	MHCII	was	additionally	sequenced	on	Illumina	MiSeq.	The	numbers	are	
referring	to	the	length	of	the	respective	parts	of	the	primers
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in	 MEGA7,	 and	 collapsed	 using	 fastx	 toolkit.	 Identical	 alleles	 ob-
tained	in	different	pipelines	were	given	identical	names	using	stand-
ard	 UNIX	 commands.	 The	 genotypes	 were	 then	 compared,	 both	
among	 the	 different	 primer	 setups	 and	 between	 the	 allele-	calling	
pipelines,	by	counting	shared	alleles	across	methods	within	individu-
als.	A	saturation	rate	plot	was	established,	to	visualize	the	average	

proportion	of	all	alleles	genotyped	for	an	individual	each	approach	
was	able	to	genotype	(Figure	4).	The	figure	was	made	in	R,	version	
3.2.5	 (R	 Core	 Team	 2016),	 with	 the	 package	 ggplot2	 (Wickham,	
2009).
Within	 each	 approach,	 the	 family	 data	 were	 evaluated	 in	 order	
to	 reveal	 lack	 of	 Mendelian	 inheritance,	 that	 is,	 variants	 scored	

F IGURE  2 Flowchart	over	the	pipeline	modified	from	Sommer	et	al.	(2013),	conducted	to	genotype	MHC	class	I	exon	3	and	MHC	class	II	
exon	2	in	eight	bluethroats
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as	 alleles	 in	 offspring	 but	 not	 in	 any	 of	 its	 parent.	 Errors	 in	 ped-
igree	 were	 calculated	 as	 the	 percentage	 of	 alleles	 genotyped	
in	 offspring	 individuals	 but	 not	 found	 in	 any	 of	 their	 parents.	
Only	 offspring	 having	 no	 failed	 replicates	 were	 used	 for	 this	 
purpose.

3  | RESULTS

3.1 | MHCIe3

After	barcode	splitting	in	both	allele-	calling	pipelines,	all	MHCI-	SI	ampli-
cons	and	12	of	16	MHCI-	DI	amplicons	had	>5,000	reads	per	amplicon.	

F IGURE  3 Number	of	unique	sequences	for	different	values	of	cut-off,	found	within	each	strategy	(MHC	class,	primer	approach,	and	
platform)	in	the	eight	bluethroat	individuals.	Only	variants	having	three	reads	or	more	in	any	amplicon	are	included.	Short	and	low-	quality	reads	
are	removed,	but	no	further	filtering	was	conducted	before	this	step,	in	order	to	reveal	any	threshold	where	low-	frequency	artifacts	are	likely	
included

F IGURE  4 The	saturation	rate	for	each	
approach	for	genotyping	MHC	class	II	
exon	2	in	eight	bluethroats,	calculated	as	
the	average	proportion	of	the	individual	
“combined	genotypes”	each	approach	
was	able	to	genotype.	The	“combined	
genotype”	was	established	for	each	
individual	by	combining	all	alleles	that	were	
called	in	the	individual	using	at	least	one	
approach
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The	remaining	four	MHCI-	DI	amplicons	had	>2,900	reads	per	amplicon.
Using	the	modified	pipeline	from	Sommer	et	al.	(2013),	18	unique	

alleles	 were	 identified	 in	 all	 eight	 individuals	 combined,	 with	 com-
plete	concordance	for	every	individual	between	the	MHCI-	SI	and	the	
MHCI-	DI	primer	setup.	There	were	between	five	and	eight	alleles	per	
individual	across	all	samples	(Appendix	S7),	corresponding	to	at	least	
four	MHCI-	loci.	The	18	alleles	translated	 into	14	unique	amino	acid	
sequences	(Table	1,	Appendix	S8).

Two	 alleles	 were	 recognized	 by	 the	 modified	 Sommer	 pipeline	
only.	Of	these,	one	allele	was	not	found	in	both	replicates	of	any	indi-
vidual	by	AmpliSAS,	while	the	other	allele	was	marked	as	“suspicious	
sequence”	by	AmpliCHECK	and	not	outputted	in	the	final	result	from	
AmpliSAS.	All	alleles	identified	with	AmpliSAS	were	also	called	using	
the	modified	Sommer	pipeline.

Genotyping	 with	 AmpliSAS	 thus	 identified	 16	 alleles	 in	 total	
(Table	1),	with	the	same	unique	variants	genotyped	using	MHCI-	SI	and	
MHCI-	DI.	Three	alleles	found	in	an	individual	by	MHCI-	SI	were	how-
ever	not	called	as	alleles	in	the	same	individual	by	MHCI-	DI,	as	they	
were	found	in	only	one	of	the	two	MHCI-	DI	amplicons	by	AmpliSAS.	
Apart	from	this	discrepancy,	there	was	no	disagreement	between	the	
results	from	the	two	primer	setups	(see	Appendix	S9).

There	was	no	deviation	 from	Mendelian	 inheritance	of	offspring	
alleles	in	either	of	the	two	allele-	calling	pipelines.

3.2 | MHCIIβe2

All	 Ion	 Torrent	MHCII	 amplicons	 (MHCII-	SI	 and	MHCII-	DI)	 and	 12	
of	 the	 16	MHCII-	MiSeq	 amplicons	 had	>5,000	 reads	 after	 barcode	
splitting	in	both	pipelines.	Excluding	one	failed	sample	(one	replicate	
MHCII-	MiSeq	run	of	 individual	69390),	the	remaining	MHCII-	MiSeq	
amplicons	had	each	assigned	>2,400	reads	at	this	stage.

3.2.1 | Modified pipeline from Sommer et al. (2013)

Analyzing	 the	 data	 using	 the	modified	 pipeline	 from	 Sommer	 et	al.	
(2013),	117	unique	alleles	were	identified	across	all	sequencing	strate-
gies.	The	117	alleles	translated	into	105	unique	amino	acid	sequences.	
Less	than	5%	of	the	alleles	found	in	the	offspring	were	not	found	in	
any	of	their	parents	(Table	2).

Fewer	alleles	were	called	 in	every	 individual	using	the	MHCII-	DI	
sequencing	 approach,	 than	 in	 the	 two	 other	 approaches	 (averagely	
35.6,	23.0,	and	32.6	alleles	were	called	per	individual	for	the	MHCII-	SI,	
MHCII-	DI,	 and	MHCII-	MiSeq	 data,	 respectively).	The	 number	 of	 al-
leles	per	individual	called	within	the	separate	sequencing	approaches	
ranged	 from	 17	 to	 47.	 When	 combining	 all	 three	 sequencing	 ap-
proaches,	a	maximum	of	25	alleles	were	genotyped	per	individual	by	
all	three	approaches,	while	a	maximum	of	53	alleles	were	genotyped	
per	individual	in	at	least	one	approach.

3.2.2 | AmpliSAS pipeline

Across	 all	 eight	 samples	 and	 all	 three	 sequencing	 approaches,	 114	
unique	alleles	were	called	using	AmpliSAS,	which	translated	into	102	
unique	 amino	 acid	 sequences.	 For	 this	 allele-	calling	 pipeline,	 7–10	
(6.4%–12.5%)	 pedigree	 errors	 were	 found	 in	 each	 of	 the	 primer	
approaches.

On	average,	 the	MHCII-	DI	 approach	yielded	22.0	 alleles	per	 in-
dividual,	 while	 27.8	 alleles	 were	 scored	 per	 individual	 in	 both	 the	
MHCII-	SI	 and	 the	MHCII-	MiSeq	 approaches.	 As	with	 the	 modified	
Sommer	pipeline,	AmpliSAS	also	called	fewer	alleles	using	MHCII-	DI	
than	MHCII-	SI	 for	most	 individuals	 (in	all	 individuals	except	two;	on	
average	5.75	more	alleles	were	scored	per	 individual	with	MHCII-	SI	
than	with	MHCII-	DI).

MHCI- SI MHCI- DI

Modified pipeline from Sommer et al. (2013)

	Reads	per	amplicon	after	jMHC	(including	only	
variants	with	≥3	reads	within	any	amplicon)

8,744–48,840 2,953–18,154

	Total	number	of	alleles 18 18

	Alleles	per	individual 6.6	(5–8) 6.6	(5–8)

	Unique	amino	acid	sequences 14 14

	Errors	in	pedigree 0 0

AmpliSAS

	Reads	per	amplicon >5,000 3,002–>5,000

	Reads	per	amplicon	assigned	to	alleles 2,797–3,534 2,028–4,815

	Total	number	of	alleles 16 16

	Alleles	per	individual 5.4	(4–7) 5.0	(4–7)

	Alleles	per	amplicon 5.6	(4–7) 5.5	(4–8)

	Unique	amino	acid	sequences 13 13

	Errors	in	replicates 3.4% 9.1%

	Errors	in	pedigree 0 0

The	datasets	were	genotyped	through	two	pipelines;	one	using	a	modification	of	the	pipeline	published	
by	Sommer	et	al.	(2013)	and	one	using	the	online	tool	AmpliSAS	(Sebastian	et	al.,	2016).

TABLE  1 Results	from	genotyping	eight	
bluethroats	at	MHC	class	I	exon	3	(MHCI),	
using	two	primer	strategies	(single	index	
[SI]	and	dual	index	[DI])	on	Ion	Torrent
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Within	 the	separate	sequencing	approaches,	16–39	alleles	were	
found	per	individual	(Table	2).	Genotyping	rendered	a	maximum	of	20	
alleles	per	individual	found	in	all	three	sequencing	approaches,	and	a	
maximum	of	53	alleles	per	 individual	were	found	in	at	 least	one	ap-
proach	when	combining	the	results.

3.2.3 | Comparing the approaches

We	established	a	“combined	genotype”	for	each	individual	consisting	
of	all	unique	MHCIIβe2	alleles	that	were	called	in	at	least	one	of	the	
approaches	for	that	respective	individual.	The	number	of	alleles	per	in-
dividual	in	the	“combined	genotype”	ranged	from	35	to	56,	with	an	av-
erage	of	43.5.	Averaged	over	all	individuals,	the	MHCII-	SI	primer	setup	
followed	by	allele	calling	with	the	modified	Sommer	pipeline	was	able	
to	 retrieve	 the	highest	percentage	of	 the	 “combined	genotype”	 (i.e.,	
saturation	rate),	as	compared	to	the	other	approaches	(Figure	4).	The	
dual-	indexed	approaches	had	the	lowest	saturation	rate,	while	within	
every	primer	setup,	the	modified	Sommer	pipeline	had	higher	satura-
tion	rate	than	when	allele	calling	using	AmpliSAS.	The	maximum	num-
ber	of	unique	alleles	in	a	combined	genotype	(i.e.,	56	alleles)	implies	a	
minimum	of	28	MHCIIβe2	loci	in	the	bluethroat	(see	Appendix	S10).

All	unique	alleles	across	all	individuals	found	with	AmpliSAS	were	
also	found	using	the	modified	Sommer	pipeline,	except	for	one	allele	
which	was	also	the	only	allele	lacking	a	cysteine	residue	in	position	75	
when	translated—which	suggests	that	it	is	a	nonfunctional	allele	(see	
Appendix	S11).	Within	each	individual,	on	average	80.1%	(MHCII-	SI),	
94.4%	(MHCII-	DI),	and	91.9%	(MHCII-	MiSeq)	of	the	alleles	were	called	
by	both	the	modified	Sommer	pipeline	and	AmpliSAS.	For	the	MiSeq	
data,	all	alleles	genotyped	for	each	individual	by	AmpliSAS	were	also	

called	by	the	modified	Sommer	pipeline.	The	latter	pipeline	genotyped	
on	average	4.88	more	MiSeq	alleles	per	individual	than	AmpliSAS.

For	both	allele-	calling	pipelines,	fewest	unique	alleles	were	geno-
typed	across	all	samples	using	the	MHCII-	DI	data,	while	the	highest	
number	of	unique	alleles	was	found	in	the	MiSeq	dataset.	Also	in	terms	
of	alleles	per	individual,	the	MHCII-	DI	run	rendered	fewest	alleles	for	
both	pipelines	(Table	2	and	Figure	4).

4  | DISCUSSION

In	this	study,	we	aimed	to	establish	a	robust	genotyping	method	for	
MHC	class	I	exon	3	(MHCIe3)	and	MHC	class	II	exon	2	(MHCIIβe2)	in	
bluethroats.	Simultaneously,	we	intended	to	highlight	possible	differ-
ences	 in	MHC	genotyping	 resulting	 from	different	 sequencing	plat-
forms,	 primer	 design,	 and	 bioinformatic	 allele-	calling	 pipelines.	 For	
the	hypervariable	MHCIIβe2,	both	the	number	and	the	identity	of	al-
leles	varied	among	the	abovementioned	approaches.	More	consistent	
genotypes	were	obtained	when	analyzing	MHCIe3,	 in	which	mainly	
bioinformatic	pipeline	but	not	primer	structure	influenced	the	results.	
Our	use	of	family	data	and	replicates	was	advantageous	 in	order	to	
validate	alleles.	We	thus	recommend	including	such	data	when	analyz-
ing	highly	polymorphic	markers.

4.1 | Sources of variation among 
strategies: platforms

One	of	the	main	challenges	when	genotyping	variable	multilocus	sys-
tems	like	MHC	is	to	be	able	to	separate	real	alleles	from	artifacts	(Babik	

TABLE  2 Results	from	genotyping	eight	bluethroats	at	MHC	class	II	exon	2	(MHCII),	using	two	primer	strategies	(single	index	[SI]	and	dual	
index	[DI])	on	Ion	Torrent	as	well	as	being	sequenced	on	Illumina	MiSeq

MHCII- SI MHCII- DI MHCII- MiSeq

Modified pipeline from Sommer et al. (2013)

	Reads	per	amplicon	after	jMHC	(including	only	variants	with	≥3	
reads	within	any	amplicon)

6,495–19,886 14,777–68,524 2,436–10,553

	Total	number	of	alleles 96 74 105

	Alleles	per	individual 35.6	(29–47) 23.0	(17–31) 32.6	(23–41)

	Unique	amino	acid	sequences 84 65 93

	Errors	in	pedigree 2.1% 4.3% 3.4%

AmpliSAS

	Reads	per	amplicon >5,000 >5,000 2,877–>5,000

	Reads	per	amplicon	assigned	to	alleles 3,251–4,445 3,754–4,681 2,611–4,721

	Total	number	of	alleles 75 74 94

	Alleles	per	individual 27.8	(20–39) 22.0	(16–30) 27.8	(21–34)

	Alleles	per	amplicon 31.6	(22–42) 23.5	(16–31) 28.5	(21–35)

	Unique	amino	acid	sequences 68 64 82

	Errors	in	replicates 12.1% 6.4% 8.4%

	Errors	in	pedigree 6.4% 10.9% 12.5%

The	datasets	were	genotyped	through	two	pipelines;	one	using	a	modification	of	the	pipeline	published	by	Sommer	et	al.	(2013)	and	one	using	the	online	
tool	AmpliSAS	(Sebastian	et	al.,	2016).
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et	al.,	 2009;	 Lighten	 et	al.,	 2014).	 As	 specific	 sequencing	 platforms	
have	typical	error	profiles	(Duke	et	al.,	2015;	Loman	et	al.,	2012;	Quail	
et	al.,	2012)—for	example,	homopolymer	errors	are	more	prominent	
for	Ion	Torrent	than	Illumina—different	platforms	could	render	differ-
ent	genotypes	(Sebastian	et	al.,	2016).	Variant	filtering	in	subsequent	
allele-	calling	pipelines	 is	however	supposed	to	eradicate	sequencing	
errors.	Yet,	 this	process	might	not	work	perfectly	and	could	poten-
tially	 result	 in	 high-	depth,	 in-	frame	 artifactual	 variants	 incorrectly	
being	 called	 as	 alleles.	Nevertheless,	 the	 low	 number	 of	 alleles	 not	
following	Mendelian	 inheritance	makes	 this	 unlikely	 to	 be	 the	 only	
explanation	for	the	observed	differences	in	genotypes.	Another	rea-
son	for	the	discrepancy	could	be	platform-	specific	adapter	motifs	in	
the	primers	(mechanisms	for	unequal	amplification	discussed	below).

4.2 | Sources of variation among strategies: primers

The	 differences	 between	 primer	 approaches	 are	 better	 elucidated	
when	 comparing	 Ion	 Torrent	 runs,	 which	 are	 not	 confounded	 by	
differences	 in	sequencing	platforms.	 It	 is	 important	to	note	that	the	
MHCIe3	runs	with	different	primer	structure	(MHCI-	SI	and	MHCI-	DI)	
yielded	identical	results	within	each	allele-	calling	pipeline	(except	one	
individual	genotyped	with	AmpliSAS;	discussed	later),	while	this	was	
not	the	case	for	MHCIIβe2	(MHCII-	SI	and	MHCII-	DI).

The	 underlying	 mechanisms	 that	 possibly	 explain	 the	 observed	
MHCIIβe2	genotype	discrepancies	may	involve	differential	amplifica-
tion	of	alleles	 (e.g.,	Sommer	et	al.,	2013).	A	“tail”	of	spacer/barcode/
adapter	in	the	primer	sequence	would	preferentially	amplify	variants	
that	have	complementary	bases	 to	 this	 tail	outside	 the	gene	 target.	
Such	a	tail	 is	applied	on	both	forward	and	reverse	primers	 in	the	DI	
approach,	while	in	contrast,	the	SI	primers	have	only	the	barcode	at-
tached,	 and	only	 to	 the	 forward	primers	 (Ion	Torrent	 adapters	were	
ligated	 onto	 the	 amplicons	 after	 MHC	 amplification).	 As	 a	 result,	
we	would	expect	a	stronger	effect	and	fewer	alleles	to	be	amplified	
using	 the	DI	approach.	 Indeed,	we	observed	 fewer	alleles	called	 for	
every	individual	by	both	bioinformatic	pipelines	using	MHCII-	DI	than	
MHCII-	SI,	when	disregarding	alleles	that	exhibited	Mendelian	errors.

Amplified	PCR	fragments	will	have	complementary	sequences	to	
the	whole	primer	 (including	 the	 tail),	 in	 contrast	 to	 the	 template,	 in	
which	only	the	gene	target	is	complementary	to	the	primer	sequence.	
The	annealing	affinity	of	the	primers	in	the	PCR	will	thus	be	higher	to	
amplified	 fragments	 compared	 to	 template	 sequences.	 Because	 the	
DI	primer	setup	consists	of	a	longer	tail	on	both	forward	and	reverse	
primers,	 this	 “affinity	effect”	may	create	more	bias	and	potential	 al-
lelic	 dropouts	 in	 the	MHCII-	DI	 amplifications	 than	 in	 the	MHCII-	SI	
amplifications.

Lastly,	the	probability	of	secondary	structure	formation	in	the	DI	
primer	sequence	is	higher	due	to	the	longer	primer	tail.	The	combina-
tion	of	these	effects	might	explain	the	lower	number	of	observed	al-
leles	for	the	MHCII-	DI	approach	compared	to	the	MHCII-	SI	approach.

Our	results	demonstrate	that	the	use	of	phusion	primers	can	create	
allelic	dropout	in	PCR	amplifications	of	multilocus	targets.	Researchers	
should	be	aware	of	this	potential	pitfall	and	address	this	issue	when	
sequencing	polymorphic	multilocus	regions	such	as	the	MHC.

4.3 | Sources of variation among strategies: allele- 
calling pipelines

Within	each	MHCIIβe2	primer	setup,	we	found	distinct	genotypes	de-
pending	on	the	allele-	calling	pipelines	used.	First,	one	possible	cause	
to	the	disparity	between	the	modified	Sommer	pipeline	and	AmpliSAS	
is	 the	clustering	 in	 the	AmpliSAS	algorithm.	While	all	variants	pass-
ing	 the	 filters	are	called	as	alleles	 in	 the	modified	Sommer	pipeline,	
AmpliSAS	 cluster	 similar	 variants	 based	 on	 platform-	specific	 error	
rates	and	relative	frequencies	of	variants	clustered	together.	Hence,	
the	fewer	alleles	scored	using	AmpliSAS	could	be	caused	by	errone-
ous	clustering	of	low-	frequency,	true	alleles	to	other	true	alleles.	The	
discrepancy	could	also	arise	from	high-	frequency	artifacts	incorrectly	
being	called	as	alleles	in	the	modified	Sommer	pipeline.	The	latter	is	
unlikely	to	be	a	general	explanation	because	all	except	two	of	the	39	
MHCIIβe2	alleles	called	using	the	modified	Sommer	pipeline	and	not	
AmpliSAS	 showed	Mendelian	 inheritance.	 However,	 repeatable	 er-
rors	could	be	a	cause	of	this	pattern.	Checking	the	“=1	bp”-	variants	in	
offspring	revealed	that	many	were	instances	where	the	“=1	bp”	vari-
ant	was	found	within	one	parent	which	 lacked	the	“source”	variant,	
while	the	“source”	variant	was	found	within	the	other	parent	which	
lacked	 the	 “=1	bp”	 variant	 (data	 not	 shown).	 Repeatable	 errors	 are	
thus	likely	not	a	major	problem	in	the	modified	Sommer	pipeline,	al-
though	we	cannot	dismiss	it	completely.	Also,	within	each	MHCIIβe2 
primer	setup,	not	all	of	the	alleles	called	only	when	using	the	modified	
Sommer	pipeline	had	high	sequence	similarities	to	other	alleles	 (see	
Appendix	S12).	Clustering	of	similar	alleles	may	thus	not	account	for	
all	the	instances	in	which	AmpliSAS	genotyped	fewer	alleles.

Second,	the	use	of	replicates	could	be	an	additional	explanation	for	
the	higher	number	of	alleles	called	when	using	the	modified	Sommer	
pipeline.	In	the	AmpliSAS	pipeline,	we	scored	a	variant	as	an	allele	in	an	
individual	if	the	AmpliSAS	program	genotyped	it	as	an	allele	for	both	
replicates.	Variants	found	in	only	one	of	the	replicates	were	however	
treated	more	carefully	 in	 the	modified	Sommer	pipeline.	Here,	 such	
variants	were	called	as	alleles	if	the	variant	in	question	was	more	than	
one	base	pair	different	from	a	more	frequent	variant	within	the	same	
amplicon	and	concurrently	found	within	other	amplicons	of	the	same	
family	group.	The	underlying	 rationale	 is	 that	 these	 “>1	bp	variants”	
are	less	likely	to	be	sequencing	errors,	but	if	they	are,	it	is	unlikely	that	
the	 same	artifact	 is	 found	within	multiple	amplicons	 from	 the	 same	
family	group.	Variants	that	are	only	one	base	pair	different	from	a	more	
frequent	 variant	 are	 managed	more	 strictly	 and	 are	 required	 to	 be	
present	in	both	replicates	of	an	individual	in	order	to	be	called	as	allele.

The	use	of	replicates	can	also	affect	the	interpretation	of	chime-
ras,	and	hence	the	number	of	alleles	called.	Whereas	a	variant	that	is	
scored	as	a	putative	allele	in	one	amplicon	but	marked	as	a	chimera	in	
the	replicate	will	be	called	as	an	allele	in	the	modified	Sommer	pipe-
line,	this	variant	will	not	be	genotyped	by	AmpliSAS.	This	is	because	
chimeras	are	removed	from	the	output	from	AmpliSAS,	and	as	the	vari-
ant	is	then	lacking	from	one	of	the	two	replicates,	it	will	not	be	called	
as	an	allele.

While	we	 reduced	 the	 number	 of	 PCR	 cycles	 to	 25	 in	 order	 to	
minimize	PCR	artifacts,	other	actions	could	be	 taken,	 for	 instance	a	
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prolonged	elongation	step	or	the	introduction	of	a	reconditioning	step	
(Lenz	&	Becker,	2008).	However,	as	we	are	comparing	approaches	that	
all	apply	the	same	PCR-	protocol	(see	Appendix	S5),	this	is	not	further	
evaluated	here.

Third,	 there	 could	 be	 an	 effect	 of	 difference	 in	 coverage	 levels	
required	 for	 the	 two	 allele-	calling	 pipelines.	 AmpliSAS	 is	 based	 on	
a	 subsampling	 of	 5,000	 reads	 from	each	 amplicon	 as	 default,	while	
the	modified	Sommer	pipeline	takes	all	reads	within	an	amplicon	into	
account.	Biedrzycka	et	al.	(2017)	achieved	high	repeatability	and	reli-
ability	when	using	5,000	reads	per	amplicon	for	genotyping	a	sedge	
warbler	MHCI-	dataset	(with	complexity	similar	to	the	MHCIIβe2	data-
set	 in	our	study)	by	AmpliSAS,	 justifying	the	use	of	the	default	sub-
sampling	value.	 Implementing	a	minimum	amplification	efficiency	of	
0.2	 (as	 in	Biedrzycka	et	al.	 (2017))	and	a	maximum	of	47	alleles	per	
individual	 to	 the	 information	 in	 Figure	 S6	 and	Table	 S4	 in	 Sommer	
et	al.	(2013),	a	minimum	of	2,456	reads	per	amplicon	are	required	to	
determine	 a	 complete	 genotype	with	 at	 least	 three	 reads	 per	 allele	
(99.9%	 confidence	 level).	As	 all	MHCIIβe2	 amplicons	 sequenced	on	
the	 Ion	Torrent	 initially	had	>5,000	reads	each,	while	all	except	one	
(<500	 reads)	MHCII-	MiSeq	 and	MHCI	 amplicons	had	>2,800	 reads,	
we	chose	to	only	exclude	the	one	failed	MiSeq	amplicon.	While	the	re-
maining	amplicons	thus	would	have	sufficient	coverage	for	genotyping	
using	the	modified	Sommer	pipeline,	we	also	chose	to	keep	these	am-
plicons	for	AmpliSAS,	because	of	the	additional	strength	we	get	from	
including	family	data	and	replicates	of	each	individual.	The	missing	of	
a	MHCIIβe2	allele	in	AmpliSAS	could	thus	be	due	to	low	coverage,	as	
three	of	 the	eight	 individuals	had	one	MHCII-	MiSeq	amplicon	 repli-
cate	with	coverage	<5,000	(2,877–4,399)	reads.	Indeed,	eight	of	the	
11	MiSeq	alleles	found	by	the	modified	Sommer	pipeline	and	not	by	
AmpliSAS	could	be	explained	in	this	manner,	where	the	alleles	miss-
ing	when	genotyping	 in	AmpliSAS	are	 found	 in	high-	coverage	ampl-
icons	but	not	 in	their	 lower-	coverage	replicates	 (data	not	shown).	 In	
other	words,	this	implies	that	higher	sequencing	depth	is	required	for	
the	AmpliSAS	pipeline	compared	to	the	modified	Sommer	pipeline	in	
order	to	obtain	the	same	accuracy	when	genotyping	highly	polymor-
phic	loci.	Bluethroat	MHCIe3,	which	has	relatively	few	loci	(i.e.,	four;	
O’Connor	et	al.,	2016),	 is	 likely	not	affected	by	coverage	differences	
to	the	same	extent	as	the	polymorphic	bluethroat	MHCIIβe2.	This	is	
in	 line	with	Razali,	O’Connor,	Drews,	Burke,	and	Westerdahl	 (2017),	
who	 found	 that	MiSeq	 and	 454	 sequencing	 provided	 equal	 results	
despite	differences	 in	 read	depths	when	genotyping	amplicons	with	
low	diversity,	while	the	results	were	less	consistent	in	amplicons	with	
higher	diversity.

4.4 | Comparing the approaches

Genotyping	MHCIe3	yielded	mainly	consistent	results	across	all	ap-
proaches.	Still,	the	modified	Sommer	pipeline	revealed	two	additional	
unique	alleles	compared	to	the	results	from	AmpliSAS.	These	alleles	
showed	 neither	 any	 deviation	 from	Mendelian	 inheritance	 nor	 any	
signs	 of	 nonfunctionality,	 and	 we	 assume	 they	 are	 false	 negatives	
in	the	AmpliSAS	pipeline.	Further,	within	each	allele-	calling	pipeline,	
only	 one	 individual	 exhibited	 differences	 in	MHCI-	SI	 and	MHCI-	DI	

genotypes	(genotyped	using	AmpliSAS).	The	three	“missing”	alleles	in	
the	MHCI-	DI	genotype	were	however	called	in	one	of	the	MHCI-	DI	
replicates	and	found	in	the	unfiltered	AmpliSAS	results	for	both	rep-
licates.	 The	 lack	 of	 these	MHCI-	DI	 alleles	 could	 thus	 be	 caused	 by	
erroneous	filtering	in	AmpliSAS.

For	the	hypervariable	MHCIIβe2,	the	results	were	less	consistent.	
Across	 all	 primer	 approaches,	 four	 unique	 alleles	 were	 found	 only	
when	using	the	modified	Sommer	pipeline,	while	one	unique	allele	was	
found	only	using	AmpliSAS.	It	is	worth	mentioning	that	this	latter	allele	
was	the	only	allele	lacking	the	important	cysteine	residue	in	position	
75	and	hence	is	likely	a	pseudogene	or	an	artifact.	As	cysteine	residues	
in	position	10	and	75	are	included	in	the	filtering	steps	of	the	modified	
Sommer	pipeline,	 this	allele	would	not	be	 retained	 in	 the	outputted	
genotype.

Within	 each	 primer	 setup,	 more	 MHCIIβe2	 alleles	 were	 scored	
using	 the	modified	Sommer	pipeline	 than	AmpliSAS.	This	 is	 evident	
also	from	the	saturation	rate	plot	 (Figure	4;	see	also	Appendix	S13),	
where	 a	 higher	 percentage	 of	 the	 combined	 genotypes	 (i.e.,	 alleles	
called	within	 an	 individual	 using	 at	 least	 one	 approach)	were	 called	
using	 the	modified	 Sommer	 pipeline	 than	 using	AmpliSAS.	Most	 of	
these	 alleles	 are	 expected	 to	 be	 true	 positives,	 as	 almost	 all	 alleles	
called	 in	the	offspring	also	were	genotyped	for	one	or	both	of	 their	
parents	(Table	2).	Furthermore,	there	were	fewer	errors	in	pedigree	for	
genotyping	with	the	modified	Sommer	pipeline	than	with	AmpliSAS.	
These	 numbers	 are	 however	 not	 directly	 comparable	 between	 the	
allele-	calling	 pipelines,	 because	 of	 the	 use	 of	 family	 information	 to	
facilitate	genotyping	in	the	modified	Sommer	pipeline.	The	“errors	in	
pedigree”	(Table	2)	will	thus	be	biased	towards	the	modified	Sommer	
pipeline	 as	 compared	 to	AmpliSAS.	Yet,	 the	 lower	number	of	 errors	
in	pedigree	and	the	higher	saturation	rate	still	suggest	that	the	mod-
ified	Sommer	pipeline	could	render	more	consistent	and	comprehen-
sive	results	than	AmpliSAS.	The	more	automated	allele	calling	through	
AmpliSAS	is	however	both	faster	and	less	prone	to	human	mistakes,	
which	need	to	be	taken	into	account	when	deciding	upon	which	ap-
proach	to	use.	Based	on	our	results,	we	still	recommend	the	use	of	the	
modified	Sommer	pipeline	on	highly	polymorphic	systems,	especially	
when	 family	data	 are	 available	 and	 the	 sequencing	 is	 not	ultradeep	
(>5,000	reads	in	every	amplicon).

Correspondingly,	 MHCII-	SI	 (genotyped	 using	 the	 modified	
Sommer	pipeline)	had	higher	saturation	rate	and	lower	percentage	of	
errors	in	pedigree	compared	to	the	other	approaches	and	could	be	the	
preferred	 approach.	 However,	 single	 indexing	 requires	 substantially	
more	barcodes	when	multiplexing	a	large	number	of	individuals,	and	
sequencing	using	dual-	indexed	primers	on	 Illumina	MiSeq	as	 in	 this	
study	(Figure	1)	could	thus	be	a	cost-	efficient	option.

The	difficulty	of	correctly	genotyping	highly	polymorphic	loci	like	
bluethroat	MHCIIβe2	also	raises	the	issue	of	balancing	false	negatives	
against	false	positives.	An	approach	that	calls	more	alleles	will	 likely	
also	score	some	artifacts	as	alleles,	while	a	“stricter”	approach	will	be	
more	prone	to	fail	to	genotype	true	alleles.	The	relative	importance	of	
this	will	 likely	be	dependent	on	the	research	question	 (e.g.,	whether	
the	study	is	on	diversity,	or	associations	between	pathogens	and	MHC	
alleles).	Although	false	positives	such	as	repeatable	errors	cannot	be	



     |  11REKDAL Et AL.

completely	ruled	out,	we	believe	that	consistency	in	family	data	is	an	
overall	strength	for	the	approach	used.	Hence,	the	opportunity	for	val-
idation	of	alleles	provided	by	family	data	is	of	great	value,	and	using	an	
approach	that	minimizes	the	errors	in	inheritance	pattern	could	guide	
the	choice	of	method.

4.5 | Polymorphism levels in MHCIe3 and MHCIIβe2 
in bluethroats

For	MHC	class	 I,	we	detected	maximum	eight	alleles	per	 individual,	
implying	minimum	four	MHCIe3	loci	in	bluethroats.	This	is	in	accord-
ance	with	the	results	from	O’Connor	et	al.	(2016),	who	also	reported	
four	loci	in	the	species,	using	a	dual	index	approach	and	two	different	
primer	combinations.	The	same	study	revealed	considerable	diversity	
in	the	number	of	MHCIe3	loci	across	passerines,	with	bluethroats	(four	
loci)	and	willow	warblers	(19	loci)	at	the	extreme	ends.	This	strength-
ens	our	findings	of	relative	low	complexity	at	MHCI	in	bluethroats,	and	
that	 the	genotyping	at	 these	 loci	 likely	 is	 robust	against	variation	 in	
primer	design	and	allele-	calling	approaches	in	the	species.

The	complexity	 recognized	at	MHCIIβe2	 in	 this	 study	 is	 in	 stark	
contrast	to	the	results	from	MHCIe3.	Our	study	supports	the	findings	
of	both	Anmarkrud	et	al.	 (2010)	 and	Gohli	 et	al.	 (2013),	where	high	
levels	of	MHCIIβe2	polymorphism	were	detected	 in	 the	bluethroats	
through	 cloning	 and	 Sanger	 sequencing.	 Although	 likely	 underesti-
mated	due	to	technical	limitations,	Anmarkrud	et	al.	(2010)	identified	a	
minimum	of	11	functional	MHCIIβe2	loci.	In	this	study,	when	combin-
ing	all	strategies,	up	to	56	alleles	and	thus	a	minimum	of	28	MHCIIβe2 
loci	were	described	for	one	individual,	testifying	to	the	incredible	di-
versity	at	this	marker.

5  | CONCLUSION

Our	 results	 reveal	 that	 different	 genotyping	 strategies	 yield	 simi-
lar	genotypes	 in	bluethroat	MHCIe3,	 a	 system	with	 relatively	 low	
polymorphism.	In	contrast,	caution	needs	to	be	exercised	when	se-
quencing	highly	complex	markers	such	as	the	bluethroat	MHCIIβe2. 
For	bluethroat	MHCIIβe2,	our	results	demonstrate	that	genotyped	
alleles	 will	 be	 biased	 according	 to	 both	 primer	 design	 and	 allele-	
calling	 pipeline.	 Consequently,	 comparisons	 of	 results	 across	 ap-
proaches	 and	 studies	 are	 error	 prone	 in	 this	 polymorphic	marker.	
However,	 the	 use	 of	 family	 data	 and	 replicates	 lends	 support	 to	
results	found	within	each	strategy	and	prove	to	be	especially	valu-
able	for	validation	of	alleles	in	the	complex	MHCIIβe2.	As	such,	the	
methodology	 described	 herein	 could	 be	 useful	 for	 exploration	 of	
ecological	 and	 evolutionary	 relevant	 hypotheses	 relative	 to	MHC	
variation,	even	though	it	does	not	necessarily	describe	the	true	rep-
ertoire	of	alleles	within	each	individual.
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Appendix legends 
Rekdal et al.: Genotyping strategy matters when analyzing hypervariable MHC 

Appendix S1: Bluethroat individuals 
Overview over the individuals studied. The accession numbers refer to DNA Bank accession numbers 
at the Natural History Museum of Oslo, Norway.  

Appendix S2: Terms 
Explanation of central terms as they are used in this study. 

Appendix S3: Primer sequences 
The sequences and lengths of the primers used in this study. 

Appendix S4: Primer binding sites 
The binding sites of the MHCI and MHCII primers. Modified figures from Alcaide et al. (2013) and 
Canal et al. (2010). 

Appendix S5: Methods: sequencing details 
Details of the amplification and sequencing of MHC class I exon 3 and MHC class II exon. 

Appendix S6: Methods: allele calling details 
Details of the allele calling of MHC class I exon 3 and MHC class II exon 2, based on the pipeline 
developed by Sommer et al. (2013) and the software AmpliSAS (Sebastian et al. 2016). 

Appendix S7: Genotypes, MHCIe3 
Genotypes for the eight individuals for MHC class I exon 3. 

Appendix S8: Sequence logo, MHCIe3 
Sequence logo created using the online tool WebLogo (http://weblogo.berkeley.edu/logo.cgi; Crooks 
et al. (2004)) for MHCI. Unique MHCI alleles identified among all strategies were aligned to 
previously described bluethroat MHCI alleles (GenBank accession number KU169737-KU169747; 
O'Connor et al. (2016)) by ClustalW (Thompson et al. 1994) in MEGA7 (Kumar et al. 2016), and 
translated correspondingly. Antigen-binding sites, as indicated as sites where dN/dS > 1 in passerine 
MHCI exon 3 sequences by Balakrishnan et al. (2010), are marked with *. One sequence 
(LuSv_MHCIe3_SR_015) was omitted due to ambiguity in the placement of a deletion when aligned 
to the other alleles in MEGA. 

Appendix S9: Network MHCIe3 
A minimum spanning network (Bandelt et al. 1999) of the unique MHCI alleles identified in this study, 
made through the online software PopArt (http://popart.otago.ac.nz). The circles represent unique 
alleles found among the strategies, and their sizes are corresponding to the number of strategies 
they are found within. Additionally, they are color-coded according to the scheme in the lower right 
corner, implying in which strategies the alleles are found. The numbers are representing 
substitutions between alleles.  

Appendix S10: Genotypes, MHCIIβe2 
Genotypes for the eight individuals for MHC class II exon 2. 

Appendix S11: Sequence logo, MHCIIβe2 
Sequence logo created using the online tool WebLogo (http://weblogo.berkeley.edu/logo.cgi; Crooks 
et al. (2004)) for MHCII. Unique MHCII alleles identified among all strategies were aligned to 
previously described bluethroat MHCII alleles (GenBank accession number HQ539575-HQ539614; 

http://weblogo.berkeley.edu/logo.cgi
http://popart.otago.ac.nz/
http://weblogo.berkeley.edu/logo.cgi


Gohli et al. (2013)) by ClustalW (Thompson et al. 1994) in MEGA7 (Kumar et al. 2016), and translated 
correspondingly. Antigen-binding sites, as indicated as sites where dN/dS > 1 in passerine MHCII exon 
2 sequences by Balakrishnan et al. (2010), are marked with *. 

Appendix S12: Network MHCIIβe2 
A minimum spanning network (Bandelt et al. 1999) of the unique MHCII alleles identified in this study, 
made through the online software PopArt (http://popart.otago.ac.nz). The circles represent unique 
alleles found among the strategies, and their sizes are corresponding to the number of strategies 
they are found within. Additionally, they are color-coded according to the scheme in the lower right 
corner, implying in which strategies the alleles are found. The numbers are representing 
substitutions between alleles.  

Appendix S13: Venn diagram MHCIIβe2 
Venn diagram showing the number of unique MHC II alleles found within each strategy, and the 
number of overlapping alleles among strategies. Made in R (version 3.2.5, R Core Team 2016), using 
the package VennDiagram (Chen & Boutros 2011).  
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Appendix S1: Bluethroat individuals 
Identifyer this study Accession number Ring number Sex Life stage Attribute Family Date collected

69390 NHMO-BI-69390 Unknown Pullus Chick A June 21th 2014
69391 NHMO-BI-69391 Unknown Pullus Chick A June 21th 2014
69392 NHMO-BI-69392 ED49187 Female 3K+ Mother A June 21th 2014
69393 NHMO-BI-69393 ED49188 Male 3K+ Father A June 21th 2014
69524 NHMO-BI-69524 ED49606 Female 3K+ Mother B July 1st 2014
69525 NHMO-BI-69525 Unknown Pullus Chick B July 1st 2014
69526 NHMO-BI-69526 Unknown Pullus Chick B July 1st 2014
69528 NHMO-BI-69528 ED49179 Male 2K+ Father B July 1st 2014

MHCI
forward barcode 

amplicon A               
MHCI-SI

forward barcode 
amplicon B               

MHCI-SI
69390 TTCGTGATTC TCTATTCGTC
69391 TTCCGATAAC AGGCAATTGC
69392 TGAGCGGAAC TTAGTCGGAC
69393 CTGACCGAAC CAGATCCATC
69524 TCCTCGAATC TCGCAATTAC
69525 TAGGTGGTTC TTCGAGACGC
69526 TCTAACGGAC TGCCACGAAC
69528 TTGGAGTGTC AACCTCATTC

forward barcode 
amplicon A              

MHCI-DI

reverse barcode 
amplicon A           

MHCI-DI

forward barcode 
amplicon B            

MHCI-DI

reverse barcode 
amplicon B            

MHCI-DI

69390 TACCAAGATC GTTCTCCTTA TACCAAGATC GATCTTGGTA
69391 CAGAAGGAAC GTTCTCCTTA CAGAAGGAAC GATCTTGGTA
69392 CTGCAAGTTC GTTCTCCTTA CTGCAAGTTC GATCTTGGTA
69393 TAAGGAGAAC GAATCCTCTT TAAGGAGAAC GTTCCTTCTG
69524 AAGAGGATTC GAATCCTCTT AAGAGGATTC GTTCCTTCTG
69525 TACCAAGATC GAATCCTCTT TACCAAGATC GTTCCTTCTG
69526 CAGAAGGAAC GAATCCTCTT CAGAAGGAAC GTTCCTTCTG
69528 CTGCAAGTTC GAATCCTCTT CTGCAAGTTC GTTCCTTCTG

MHCII
forward barcode 

amplicon A          
MHCII-SI

forward barcode 
amplicon B          

MHCII-SI
69390 AAGAGGATTC TCTAACGGAC
69391 TACCAAGATC TTGGAGTGTC
69392 CAGAAGGAAC TCTAGAGGTC
69393 CTGCAAGTTC TCTGGATGAC
69524 TTCGTGATTC TCTATTCGTC
69525 TTCCGATAAC AGGCAATTGC
69526 TGAGCGGAAC TTAGTCGGAC
69528 CTGACCGAAC CAGATCCATC

forward barcode 
amplicon A              
MHCII-DI

reverse barcode 
amplicon A              
MHCII-DI

forward barcode 
amplicon B                
MHCII-DI

reverse barcode 
amplicon B                 
MHCII-DI

69390 AAGAGGATTC GTTACCTTAG AAGAGGATTC GAATCCTCTT
69391 TACCAAGATC GTTACCTTAG TACCAAGATC GAATCCTCTT
69392 CAGAAGGAAC GTTACCTTAG CAGAAGGAAC GAATCCTCTT
69393 CTAAGGTAAC GTTCTCCTTA CTAAGGTAAC GATCTTGGTA
69524 TAAGGAGAAC GTTCTCCTTA TAAGGAGAAC GATCTTGGTA
69525 AAGAGGATTC GTTCTCCTTA AAGAGGATTC GATCTTGGTA
69526 TACCAAGATC GTTCTCCTTA TACCAAGATC GATCTTGGTA
69528 CAGAAGGAAC GTTCTCCTTA CAGAAGGAAC GATCTTGGTA

forward barcode 
amplicon A                

MHCII-MiSeq

reverse barcode 
amplicon A            

MHCII-MiSeq

forward barcode 
amplicon B           

MHCII-MiSeq

revserse barcode 
amplicon B              

MHCII-MiSeq
69390 CCATCACATAGG CCTAAACTACGG CCATCACATAGG GTTACGTGGTTG
69391 GTGGTATGGGAG CCTAAACTACGG GTGGTATGGGAG GTTACGTGGTTG
69392 ACTTTAAGGGTG CCTAAACTACGG ACTTTAAGGGTG GTTACGTGGTTG
69393 GAGCAACATCCT CCTAAACTACGG GAGCAACATCCT GTTACGTGGTTG
69524 TGTTGCGTTTCT CCTAAACTACGG TGTTGCGTTTCT GTTACGTGGTTG
69525 ATGTCCGACCAA CCTAAACTACGG ATGTCCGACCAA GTTACGTGGTTG
69526 CCTAAACTACGG TGCAGATCCAAC CCTAAACTACGG TACCGCCTCGGA
69528 TGCAGATCCAAC TGCAGATCCAAC TGCAGATCCAAC TACCGCCTCGGA



Appendix S2: Terms 

Term used in this paper Explanation 
Read A single, not necessarily unique, DNA-sequence derived from sequencing 
Amplicon DNA fragments amplified from a single marker in one PCR, from a single 

individual with a unique sequence tag 
Variant Cluster of identical reads 
Allele Variants that are passing all filters, and are believed to be a protein coding 

MHC sequence  
Artefact Variants that are not called as alleles in an individual, due to sequencing 

errors, shift in reading frame et cetera 
Replicate Replicates are amplicons derived from the same DNA extract, but that are 

amplified in independent PCRs 



Appendix S3: Primer sequences
IonTorrent Single Index

General design Forward: 5’-Barcode F| Barcode Adapter |Primer F-3’
Reverse: 5’-Primer R-3’

Barcode adapter: GAT 3 bp
Primer: MHCI: Target forward: MhcPasCI-FW CSCSCAGGTCTSCACAC Alcaide et al . 2013 17 bp

Target reverse: MhcPASCI-RV CWCARKAATTCTGYTCHCACC Alcaide et al . 2013 21 bp
MHCII: Target forward: MHCIIFihy-E2CF CCGTGTCCTGCACACACAGC Canal et al . 2010 20 bp

Target reverse: MHCIIFIhy-E2CR GGGACASGCTCTGCCCCG Canal et al . 2010 18 bp
Barcode 1 CTAAGGTAAC 10 bp
Barcode 2 TAAGGAGAAC
Barcode 3 AAGAGGATTC
Barcode 4 TACCAAGATC
Barcode 5 CAGAAGGAAC
Barcode 6 CTGCAAGTTC
Barcode 7 TTCGTGATTC
Barcode 8 TTCCGATAAC
Barcode 9 TGAGCGGAAC
Barcode 10 CTGACCGAAC
Barcode 11 TCCTCGAATC
Barcode 12 TAGGTGGTTC
Barcode 13 TCTAACGGAC
Barcode 14 TTGGAGTGTC
Barcode 15 TCTAGAGGTC
Barcode 16 TCTGGATGAC
Barcode 17 TCTATTCGTC
Barcode 18 AGGCAATTGC
Barcode 19 TTAGTCGGAC
Barcode 20 CAGATCCATC

Ion Torrent Dual Index
General design Forward: 5’-A adapter|Barcode F| Barcode Adapter |Spacer F|Primer F-3’

Reverse: 5’-trP1 adapter|Barcode R|Barcode adapter|Spacer R|Primer R-3’
A adapter: CCATCTCATCCCTGCGTGTCTCCGACTCAG 30 bp
trP1 adapter: CCTCTCTATGGGCAGTCGGTGAT 23 bp
Barcode adapter: GAT 3 bp
SpacerF CCTGTGG 7 bp
SpacerR CACTTCT 7 bp
Primer: MHCI: Target forward: MhcPasCI-FW CSCSCAGGTCTSCACAC Alcaide et al . 2013 17 bp

Target reverse: MhcPASCI-RV CWCARKAATTCTGYTCHCACC Alcaide et al . 2013 21 bp
MHCII: Target forward: MHCIIFihy-E2CF CCGTGTCCTGCACACACAGC Canal et al . 2010 20 bp

Target reverse: MHCIIFIhy-E2CR GGGACASGCTCTGCCCCG Canal et al . 2010 18 bp
Barcode F1 CTAAGGTAAC 10 bp
Barcode F2 TAAGGAGAAC
Barcode F3 AAGAGGATTC
Barcode F4 TACCAAGATC
Barcode F5 CAGAAGGAAC
Barcode F6 CTGCAAGTTC
Barcode R1 GTTACCTTAG
Barcode R2 GTTCTCCTTA
Barcode R3 GAATCCTCTT
Barcode R4 GATCTTGGTA
Barcode R5 GTTCCTTCTG

MiSeq
General design Forward: 5’-Illumina Linker Sequence F|Barcode F|Heterogeneity Spacer F|Primer F-3’

Reverse: 5’-Illumina Linker Sequence R|Barcode R|Heterogeneity Spacer R|Primer R-3’
Illumina Linker Sequence F: CAAGCAGAAGACGGCATACGAGATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 58 bp
Illumina Linker Sequence R: AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 58 bp
Primer: MHCII: Target forward: MHCIIFihy-E2CF CCGTGTCCTGCACACACAGC Canal et al . 2010 20 bp

Target reverse: MHCIIFIhy-E2CR GGGACASGCTCTGCCCCG Canal et al . 2010 18 bp
Barcode + Heterogenic spacer F1 CCTAAACTACGG 12 bp + 0-7 bp
Barcode + Heterogenic spacer F2 TGCAGATCCAAC
Barcode + Heterogenic spacer F3 CCATCACATAGG
Barcode + Heterogenic spacer F4 GTGGTATGGGAG T
Barcode + Heterogenic spacer F5 ACTTTAAGGGTG T
Barcode + Heterogenic spacer F6 GAGCAACATCCT T
Barcode + Heterogenic spacer F7 TGTTGCGTTTCT GT
Barcode + Heterogenic spacer F8 ATGTCCGACCAA GT
Barcode + Heterogenic spacer F9 AGGTACGCAATT GT
Barcode + Heterogenic spacer F10 ACAGCCACCCAT CGA
Barcode + Heterogenic spacer F11 TGTCTCGCAAGC CGA
Barcode + Heterogenic spacer F12 GAGGAGTAAAGC CGA
Barcode + Heterogenic spacer F13 GTTACGTGGTTG ATGA
Barcode + Heterogenic spacer F14 TACCGCCTCGGA ATGA
Barcode + Heterogenic spacer F15 CGTAAGATGCCT ATGA
Barcode + Heterogenic spacer F16 TACCGGCTTGCA TGCGA
Barcode + Heterogenic spacer F17 ATCTAGTGGCAA TGCGA
Barcode + Heterogenic spacer F18 CCAGGGACTTCT TGCGT
Barcode + Heterogenic spacer F19 CACCTTACCTTA GAGTGG
Barcode + Heterogenic spacer F20 ATAGTTAGGGCT GAGTGG
Barcode + Heterogenic spacer F21 GCACTTCATTTC GAGTGG
Barcode + Heterogenic spacer F22 TTAACTGGAAGC CCTGTGG
Barcode + Heterogenic spacer F23 CGCGGTTACTAA CCTGGAG
Barcode + Heterogenic spacer F24 GAGACTATATGC CCTGGAG
Barcode + Heterogenic spacer R1 CCTAAACTACGG
Barcode + Heterogenic spacer R2 TGCAGATCCAAC
Barcode + Heterogenic spacer R3 CCATCACATAGG
Barcode + Heterogenic spacer R4 GTGGTATGGGAG A
Barcode + Heterogenic spacer R5 ACTTTAAGGGTG A
Barcode + Heterogenic spacer R6 GAGCAACATCCT A
Barcode + Heterogenic spacer R7 TGTTGCGTTTCT TC
Barcode + Heterogenic spacer R8 ATGTCCGACCAA TC
Barcode + Heterogenic spacer R9 AGGTACGCAATT TC
Barcode + Heterogenic spacer R10 ACAGCCACCCAT CTA
Barcode + Heterogenic spacer R11 TGTCTCGCAAGC CTA
Barcode + Heterogenic spacer R12 GAGGAGTAAAGC CTA
Barcode + Heterogenic spacer R13 GTTACGTGGTTG GATA
Barcode + Heterogenic spacer R14 TACCGCCTCGGA GATA
Barcode + Heterogenic spacer R15 CGTAAGATGCCT GATA
Barcode + Heterogenic spacer R16 TACCGGCTTGCA ACTCA
Barcode + Heterogenic spacer R17 ATCTAGTGGCAA ACTCA
Barcode + Heterogenic spacer R18 CCAGGGACTTCT ACTCA
Barcode + Heterogenic spacer R19 CACCTTACCTTA TTCTCT
Barcode + Heterogenic spacer R20 ATAGTTAGGGCT TTCTCT
Barcode + Heterogenic spacer R21 GCACTTCATTTC TTCTCT
Barcode + Heterogenic spacer R22 TTAACTGGAAGC CACTTCT
Barcode + Heterogenic spacer R23 CGCGGTTACTAA CACTTCT
Barcode + Heterogenic spacer R24 GAGACTATATGC CACTTCT



MHCIIFihy-E2CR

exon 2 exon 3 exon 4

MhcPasCl-FW

MhcPasCl-RV

exon 1 exon 2 exon 3

MHCIIFihy-E2CF

MHCI

MHCII

Modi�ed from Alcaide et al. (2013; MHCI) and Canal et al. (2010; MHCII)

Appendix S4: Primer binding sites 



Appendix S5: Methods: sequencing details 

Sequencing of MHCI exon 3 and MHCII exon 2 in bluethroats 

MHC class I exon 3 sequencing using IonTorrent 
Single-indexed amplicons (MHCI-SI) 
MHC class I exon 3 amplicons were generated using the MhcPasCI-FW and MhcPasCI-RV primer pair 
(Alcaide et al. 2013). The forward primers were combined with IonXpress barcodes and the GAT 
primer adapter motif (see Appendix S3). The amplicons were amplified with the following conditions: 
1X reaction buffer, 0.8 mM dNTP, 0.5 µM of each primer and the Q5 polymerase (New England 
Biolabs) following the manufacturer’s recommendations. Additionally, we included 1X Q5 High GC 
Enhancer supplied with the polymerase for this PCR reaction. The following thermal profile was 
applied: initial denaturation at 98 °C for 30 seconds, 25 cycles of denaturation 98 °C for 10 seconds, 
annealing at 59 °C for 20 seconds and elongation at 72 °C for 15 seconds, and a final elongation step 
at 72 °C for 2 minutes. Amplicons were inspected on agarose gels and concentrations were estimated 
on a Fragment Analyzer (Advanced Analytical) using the High Sensitivity Genomic DNA Analysis kit 
(Advanced Analytical). Equimolar amounts of each amplicon were pooled and the final library was 
prepared using the NEBNext® Fast DNA Library Prep Set for Ion Torrent (New England Biolabs) 
following the manufacturers recommendations. The amplicons were sequenced on a 316v2 chip 
prepared using Ion Chef (ThermoFischer) on an Ion Personal Genomic Machine (PGM) 
(ThermoFischer) together with the dual-indexed IonTorrent libraries and 12 amplicons not included 
in this project (60 amplicons in total). 

Dual-indexed amplicons (MHCI-DI) 
The dual-indexed amplicons were generated with the same gene target as for the single-indexed 
amplicons. Yet, the amplification primers were designed to include the following motifs:  (i) 
IonTorrent A adapters on the forward primers and IonTorrent trP1 adapters on the reverse primers, 
(ii)  A unique combination of IonXpress barcode on forward primers and reverse complement 
IonXpress barcode on reverse barcodes, (iii) barcode adapter motif GAT, (iv) a “spacer motif” of 
seven nucleotides, as described in Fadrosh et al. (2014). The motivation for including this motif was 
to mimic amplicons prepared for Illumina sequencing (see below) and to be able to distinguish single-
indexed and dual-indexed MHC class I exon 3 amplicons, (v) Gene target primers. 

The amplicons were obtained using the same PCR conditions and thermal profile as for the single-
indexed amplicons. Amplicon concentrations was estimated on a Fragment Analyzer (Advanced 
Analytical) using the High Sensitivity Genomic DNA Analysis kit. Equimolar amounts of amplicons 
were pooled and purified using Agencourt AMPure XP beads (Beckman Coulter, Inc.) and sequenced 
directly on a 316v2 chip, prepared using Ion Chef (ThermoFischer) (together with the MHCI-SI and 
MHCII-DI libraries as described above), on an Ion PGM system (ThermoFischer).  

MHC class II exon 2 amplicon sequencing using IonTorrent 
Single-indexed amplicons (MHCII-SI)  
For the single-indexed amplicons, we used the MHCIIFihy-E2CF and MHCIIFihy-E2CR primers 
described by Canal et al. (2010) as gene target. IonXpress barcodes were included together with the 
barcode adapter GAT on the forward primer sequences. PCR conditions and thermal profile were the 
same as for MHC class I exon 3, with the exception of annealing at 72 °C and exclusion of the Q5 High 
GC Enhancer. All amplicons were inspected on agarose gels. To prepare the sequencing library, we 
followed the same procedure as described for the MHC class I exon 3 single-indexed library. The 
library was sequenced along with four additional amplicons on a 316v2 chip prepared using the Ion 
OneTouch 2 system (ThermoFischer) using Ion PGM system (ThermoFischer). 



Dual-indexed amplicons (MHCII-DI) 
Dual-indexed primer strategy was the same as for the dual-indexed MHC class I exon 3 IonTorrent 
library, except for the use of  MHCIIFihy-E2CF/MHCIIFIhy-E2CR (Canal et al. 2010) primer pair as gene 
target (see Appendix S3). PCR conditions and thermal profile were the same as for the MHC class II 
exon 2 single-indexed sequencing strategy. The final library was sequenced together with the MHC 
class I exon 3 amplicons as described above.    

MHC class II exon 2 amplicon sequencing using Illumina MiSeq (MHCII-MiSeq) 
The 16 amplicons for Illumina MiSeq sequencing was generated using a dual-indexed sequencing 
strategy, together with 560 other amplicons (manuscript in prep.) The PCR amplification primer 
setup followed Fadrosh et al. (2014), which included in both forward and reverse direction: (i) 
Illumina Linker Sequence, (ii) a 12 nucleotide barcode, (iii) a “heterogeneity spacer” motif of 0-7 
nucleotides for optimization of MiSeq amplicon sequencing, (iv) gene target primers. Unique 
combinations of 24 forward and 24 reverse barcodes allowed for multiplexing of 576 amplicons. 
Gene target motif was the same as for the single-indexed MHC class II exon 2 primers (see Appendix 
S3). PCR conditions and thermal profile was as described for the IonTorrent MHCII strategies. 
Amplicons were inspected on agarose gels, equimolar amounts of amplicons were pooled, purified 
and sequenced on an Illumina MiSeq® platform using v3 chemistry.  
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Appendix S6: Methods: allele calling details 

Allele calling of MHCI exon 3 and MHCII exon 2 in bluethroats 

Modified pipeline from Sommer et al. (2013): 
Initially, short reads (<150 base pair) were removed using the awk-command in UNIX (IonTorrent-
data), and paired end reads were merged using FLASH v1.2.11 (Magoč and Salzberg (2011), MiSeq-
data). Further raw read filtering was done using fastx toolkit v0.0.13/0.0.14 
(http://hannonlab.cshl.edu/fastx_toolkit/), by removing reads where >5% of the bases had a Phred 
quality score below 20. The heterogenic spacer motifs in the MiSeq-data were removed by standard 
UNIX commands, in order to make the unique identifiers of equal lengths as demanded by jMHC (see 
below).  

Of the 4.1 million raw reads obtained for IonTorrent run combining MHCI-SI, MHCI-DI and MHCII-DI 
(60 amplicons, see Appendix S5), 44.5 % passed the initial quality filtering. The MHCII-SI run rendered 
3.5 million reads across all 20 amplicons sequences (see Appendix S5), of which 10.7% passed the 
initial quality filters. The MHCIIβe2 was also sequenced for the eight test-individuals at an Illumina 
MiSeq-platform together with a larger dataset consisting of duplicate samples of 280 additional 
individuals. FLASH combined 84.88% of the paired end raw reads and of these in total 9.9 million 
merged reads, 96.5% passed the quality filtering. 

For all datasets, remaining reads were assigned to amplicons based on barcode, and clustered into 
variants using the software jMHC v1.6.1624 (Stuglik et al. 2011).  Only variants with complete 
barcodes and three or more reads across the dataset were outputted. The variants were further 
evaluated in an Excel spreadsheet, and variants with less than three reads in any amplicon were 
discarded. Amplicons with less than 500 reads in total after this step were removed (applied to one 
MHCII-MiSeq amplicon). 

One of the major modifications of the Sommer-pipeline was the implementation of a second 
frequency threshold above which most true alleles should occur, similar to Galan’s T2 (Galan et al. 
2010). A central assumptions when genotyping MHC using PCR-based high throughput sequencing 
methods is that most artifacts should have lower sequencing depths than real alleles (Babik et al. 
2009; Lighten et al. 2014). As a first exploratory step of separating real alleles from artifacts, we thus 
set cut-off values based on the distribution of unique variants at different intra-amplicon threshold 
levels for inclusion (Figure 3, main text). By visually inspecting the plot, we tried to find the balance 
between including true alleles with low amplification efficiency and excluding true artefacts. The 
greatest change in the number of unique variants included was observed below 0.10 % - 0.20 %, 
suggesting the inclusion of low frequency artefacts around these cut-off values. Because the 
remaining variants would be filtered based on other criteria in subsequent steps of the pipeline, we 
applied a threshold value of 0.20 % in the analyses as an approach of classifying “possible alleles”. 
This value is close to the maximum per amplicon frequency of 0.18 % used by Biedrzycka et al. (2017) 
when examining a sedge warbler MHC dataset. 

Further, every variant exceeding the threshold frequency in any amplicon was then aligned to 
published sequences from bluethroat (GenBank accession number KU169737-KU169747 (MHCIe3;  
O'Connor et al. (2016)) and HQ539575-HQ539614 (MHCIIβe2; Gohli et al. (2013)), using ClustalW 
(Thompson et al. 1994) in MEGA7 v7.0.14 (Kumar et al. 2016). All variants displaying shifts in reading 
frame or displaying stop codons when translated were removed, and bases outside the targeted 239 
(MHCIe3) or 267 (MHCIIβe2) base pairs were deleted. Following O'Connor et al. (2016) and Gohli et 
al. (2013) respectively, we additionally removed variants not possessing Cys7 and Cys70 (MHCI) or 



Cys10 and Cys75 (MHCII), motivated by the conserved function of these residues. Identical variants 
were collapsed using the fastx_collapser command in fastx toolkit, and their depths were summed up. 

The variants were sorted based on their intra-amplicon frequency. The most frequent variant in 
every amplicon was scored as “allele” for the amplicon in question. Chimera detection was 
conducted on the included variants of each amplicon in UCHIME (Edgar et al. 2011), using the 
uchime_denovo command in USEARCH v8.1.1861 or v 7.0.1090. For the non-chimeric variants, the 
number of base pair differences to the most similar, more frequent variant was calculated in MEGA7. 
As variants with only one base pair difference from a more frequent variant are more likely to be an 
artefactual sequence, these “=1bp”-variants were treated more strictly in the subsequent workflow. 
This is in line with the recommendations for species with “closely related ‘putative alleles’” (Sommer 
et al. 2013), which we are expecting for the bluethroat (MHCII; see Anmarkrud et al. (2010)). 

In the next step, amplicon replicates and variant status (i.e. chimeric, “=1bp” and “>1bp” variants) 
were used to identify artifacts. First, a variant was considered an artifact in four scenarios: (1) a 
chimeric variant not present in amplicon replicate; (2) a chimeric variant detected as a chimera in 
amplicon replicate; (3) a “=1bp” variant not present in amplicon replicate; or (4) a “>1bp” variant not 
present in any other amplicon from individuals within the same family group. The artifact scoring was 
done for all amplicons before proceeding in the workflow. The variant was considered present if it 
had a frequency above the intra-amplicon threshold, and not only by its mere presence with at least 
three reads (deviating from Sommer et al. (2013)). 

Second, the remaining variants above the 0.2% cut-off threshold in each amplicon were scored as 
follows: If the “=1bp” and “>1bp” variants were present in the amplicon replicate, they were scored 
as alleles. However, if a “>1bp” variant was present in other amplicons within the family group albeit 
not in replicate, it was nevertheless scored as allele. Chimeric variants were scored as allele if it was 
present as a non-chimeric sequence in amplicon replicate.  

The two latter steps are however deviating slightly from the protocol in Sommer et al. (2013), in 
which “>2bp variants” are scored if present in other amplicons across the whole dataset while not in 
the replicate. We changed the original “>2bp” intra-amplicon evaluation category to “>1bp” 
according to the recommendations in Sommer et al. (2013), due to the expectancy of high 
complexity in bluethroat MHCII. Further, the “>1bp variants” were compared against the family 
group and not across the whole data set, as this will ensure increased applicability if used on datasets 
of different sizes. This treatment of “>1bp variants” will affect the observed “errors in pedigree”, 
calculated as the percentage of alleles in offspring not found in any of its parents, which is thus not 
directly comparable between the two genotyping pipelines. Lastly, the “unclassified variants” and 
“putative alleles” categories from Sommer et al. (2013) were collapsed to “Alleles”, due to the 
presence of high frequency artefacts. 

Dealing with individuals with one failed replicate 
Family information can prove particularly useful when genotyping complex markers, by assuming all 
true alleles within an offspring will be present in one or both of its parents. The genotype of the 
parents can thus be utilized to avoid loss of data in cases where an offspring has one amplicon 
without sufficient coverage for genotyping. Accordingly, we established a genotyping regime for 
offspring having one failed amplicon within a strategy, for whom parentage was known and the 
biological parents were included in the dataset. In these instances, the successful amplicon was 
analyzed following the protocol of the modified Sommer-pipeline until the artefact and allele calling 
(after step 10, main text Figure 3). The alleles of the parents were then used as a substitute for the 
failed amplicon in the subsequent steps: if a “=1bp” variant or a chimeric variant was scored as an 
allele in one of the parents, it was genotyped also for the focal offspring. The “>1 bp” variants were 
treated in the same manner as for every individual, and scored if found within any other family 
member.  



AmpliSAS 

Initial filtering: 
MHCI-SI, MHCI-DI and MHCII-DI 
Due to size limitations of input files in AmpliCLEAN, the initial quality and length filtering of the raw 
data was done using fastx_toolkit, as described for the modified pipeline from Sommer et al. (2013). 
The resulting output file was used as input for AmpliSAS twice, once for genotyping MHCI (using the 
MHCI-SI and MHCI-DI amplicons) and once for genotyping MHCII (using the MHCII-DI amplicons).  

MHCII-SI 
In order to treat the input files identically, the raw read file was quality and length trimmed using 
fastx_toolkit as described for MHCII-DI above. A fasta file containing the variants scored as alleles for 
MHCII-DI was used an input “Allele file” in order to name the variants identically.   

MHCII-MiSeq 
In order to obtain an input file of accepted size for the online version of AmpliSAS, AmpliMERGE and 
AmpliCLEAN were replaced by alternative approaches: the software FLASH was used to merge the 
sequence pairs from the paired end MiSeq run, while fastx_toolkit was used to filter the reads based 
on quality, with the same parameters as for the modified pipeline from Sommer et al. (2013). The 
merged, cleaned file was gzipped and used as input for AmpliSAS. A fasta file containing alleles from 
the AmpliSAS run of MHCII-SI and MHCII-DI was used as “Allele file”.  

Genotyping: 
The online software suite AmpliSAS (Sebastian et al. 2016) was found at 
http://evobiolab.biol.amu.edu.pl/amplisat/index.php?amplisas. The respective input files were as 
stated above, and only variants scored in both amplicon replicates of an individual were called as 
alleles. 
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Appendix S10: Genotypes, MHCIIβe2 

 
8 bluethroat individuals from Heimdalen, Norway

Individual
Family role

Genotyping pipeline
Primer strategy Combined MHCII-SI MHCII-DI MiSeq MHCII-SI MHCII-DI MiSeq Combined MHCII-SI MHCII-DI MiSeq MHCII-SI MHCII-DI MiSeq Combined MHCII-SI MHCII-DI MiSeq MHCII-SI MHCII-DI MiSeq Combined MHCII-SI MHCII-DI MiSeq MHCII-SI MHCII-DI MiSeq

Alleles found in all strategies 19 10 18 12
"Reference genotype" 54 35 56 35

No of alleles 47 31 41 35 30 29 31 17 26 22 17 22 45 29 40 39 30 31 31 20 23 20 21 21
No of pedigree errors 0 0 one failed rep 3 1 one failed rep 3 1 2 0 1 5 4

AlleleName_LuSv_SR 69392 Column4 Column5 69392_3 Column1 Column2 Column3 69393 Column9 Column1069393_6 Column6 Column7 Column8 69390 69390_4 69390_5 69390_6 69390_ 69390_2 69390_3 69391 69391_4 69391_5 69391_6 69391_ 69391_2 69391_3
LuSv_MHCIIe2_SR_001 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_009
LuSv_MHCIIe2_SR_010 Allele Allele
LuSv_MHCIIe2_SR_013
LuSv_MHCIIe2_SR_015 Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_016 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_017 Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_018 Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_019
LuSv_MHCIIe2_SR_020 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_021
LuSv_MHCIIe2_SR_022 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_023 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_024 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_025 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_026 Allele Allele Allele
LuSv_MHCIIe2_SR_027 Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_028 Allele Allele Allele Allele
LuSv_MHCIIe2_SR_029 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_030
LuSv_MHCIIe2_SR_031
LuSv_MHCIIe2_SR_032
LuSv_MHCIIe2_SR_033 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_034 Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_035 Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_036 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_037 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_038 Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_039 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_040
LuSv_MHCIIe2_SR_041 Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_042 Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_043 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_044 Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_045 Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_046 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_047
LuSv_MHCIIe2_SR_048 Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_049
LuSv_MHCIIe2_SR_050
LuSv_MHCIIe2_SR_051
LuSv_MHCIIe2_SR_052 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_053
LuSv_MHCIIe2_SR_054
LuSv_MHCIIe2_SR_055 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_056 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_057 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_058
LuSv_MHCIIe2_SR_059 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_060
LuSv_MHCIIe2_SR_061
LuSv_MHCIIe2_SR_062 Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_063 Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_064 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_065
LuSv_MHCIIe2_SR_066
LuSv_MHCIIe2_SR_067 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_068 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_069
LuSv_MHCIIe2_SR_070 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_071 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_072 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_073
LuSv_MHCIIe2_SR_074 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_075
LuSv_MHCIIe2_SR_076 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_077
LuSv_MHCIIe2_SR_078 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_079
LuSv_MHCIIe2_SR_080
LuSv_MHCIIe2_SR_081 Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_082 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_083
LuSv_MHCIIe2_SR_084 Allele Allele Allele Allele
LuSv_MHCIIe2_SR_085 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_086 Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_087
LuSv_MHCIIe2_SR_088 Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_089
LuSv_MHCIIe2_SR_090
LuSv_MHCIIe2_SR_091 Allele Allele Allele Allele
LuSv_MHCIIe2_SR_092 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_093 Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_094 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_095
LuSv_MHCIIe2_SR_096
LuSv_MHCIIe2_SR_097
LuSv_MHCIIe2_SR_098 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_099 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_100 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_101
LuSv_MHCIIe2_SR_102
LuSv_MHCIIe2_SR_103 Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_104 Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_105
LuSv_MHCIIe2_SR_106 Allele Allele Allele Allele
LuSv_MHCIIe2_SR_107
LuSv_MHCIIe2_SR_108 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_109 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_110
LuSv_MHCIIe2_SR_111 Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_112 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_113
LuSv_MHCIIe2_SR_114
LuSv_MHCIIe2_SR_115
LuSv_MHCIIe2_SR_116 Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_117 Allele Allele Allele Allele
LuSv_MHCIIe2_SR_118
LuSv_MHCIIe2_SR_119 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_120
LuSv_MHCIIe2_SR_121 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_122 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_123 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_124 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_125
LuSv_MHCIIe2_SR_126 Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_127 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_128 Allele Allele

69392 69393 69390 69391
Mother, family A Father, family A Offspring, family A Offspring, family A

SommerPipeline AmpliSASSommerPipeline AmpliSAS SommerPipeline AmpliSAS SommerPipeline AmpliSAS



Individual
Family role

Genotyping pipeline
Primer strategy Combined MHCII-SI MHCII-DI MiSeq MHCII-SI MHCII-DI MiSeq Combined MHCII-SI MHCII-DI MiSeq MHCII-SI MHCII-DI MiSeq Combined MHCII-SI MHCII-DI MiSeq MHCII-SI MHCII-DI MiSeq Combined MHCII-SI MHCII-DI MiSeq MHCII-SI MHCII-DI MiSeq

Alleles found in all strategies 9 11 15 15
"Reference genotype" 43 40 43 42

No of alleles 31 19 30 29 16 26 29 21 30 20 20 28 37 23 36 31 21 31 34 24 35 26 21 34
No of pedigree errors 2 0 0 2 0 2 3 1 2 2 1 3 2 3

AlleleName_LuSv_SR 69524 69524_5 69524_4 69524_6 69524_ 69524_2 69524_3 69525 69525_4 69525_5 69525_6 69525_ 69525_2 69525_3 69526 69526_4 69526_5 69526_6 69526_ 69526_2 69526_3 69528 69528_4 69528_5 69528_6 69528_ 69528_2 69528_3
LuSv_MHCIIe2_SR_001 Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_009 Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_010
LuSv_MHCIIe2_SR_013 Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_015 Allele Allele
LuSv_MHCIIe2_SR_016 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_017
LuSv_MHCIIe2_SR_018
LuSv_MHCIIe2_SR_019 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_020 Allele Allele Allele Allele
LuSv_MHCIIe2_SR_021 Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_022 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_023
LuSv_MHCIIe2_SR_024
LuSv_MHCIIe2_SR_025 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_026
LuSv_MHCIIe2_SR_027
LuSv_MHCIIe2_SR_028 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_029
LuSv_MHCIIe2_SR_030 Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_031 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_032 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_033
LuSv_MHCIIe2_SR_034
LuSv_MHCIIe2_SR_035
LuSv_MHCIIe2_SR_036 Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_037 Allele Allele Allele
LuSv_MHCIIe2_SR_038
LuSv_MHCIIe2_SR_039 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_040 Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_041
LuSv_MHCIIe2_SR_042
LuSv_MHCIIe2_SR_043 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_044
LuSv_MHCIIe2_SR_045
LuSv_MHCIIe2_SR_046
LuSv_MHCIIe2_SR_047 Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_048
LuSv_MHCIIe2_SR_049 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_050 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_051 Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_052 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_053 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_054 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_055 Allele Allele Allele Allele
LuSv_MHCIIe2_SR_056
LuSv_MHCIIe2_SR_057 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_058 Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_059 Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_060 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_061 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_062
LuSv_MHCIIe2_SR_063
LuSv_MHCIIe2_SR_064 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_065 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_066 Allele Allele Allele
LuSv_MHCIIe2_SR_067 Allele Allele
LuSv_MHCIIe2_SR_068 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_069 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_070
LuSv_MHCIIe2_SR_071
LuSv_MHCIIe2_SR_072 Allele Allele Allele Allele
LuSv_MHCIIe2_SR_073 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_074
LuSv_MHCIIe2_SR_075 Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_076 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_077 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_078
LuSv_MHCIIe2_SR_079 Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_080 Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_081 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_082
LuSv_MHCIIe2_SR_083 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_084
LuSv_MHCIIe2_SR_085 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_086
LuSv_MHCIIe2_SR_087 Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_088 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_089 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_090 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_091
LuSv_MHCIIe2_SR_092
LuSv_MHCIIe2_SR_093
LuSv_MHCIIe2_SR_094
LuSv_MHCIIe2_SR_095 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_096 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_097 Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_098 Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_099
LuSv_MHCIIe2_SR_100
LuSv_MHCIIe2_SR_101 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_102 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_103 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_104
LuSv_MHCIIe2_SR_105 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_106 Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_107 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_108
LuSv_MHCIIe2_SR_109
LuSv_MHCIIe2_SR_110 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_111 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_112
LuSv_MHCIIe2_SR_113 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_114 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_115 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_116
LuSv_MHCIIe2_SR_117
LuSv_MHCIIe2_SR_118 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_119
LuSv_MHCIIe2_SR_120 Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_121 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_122
LuSv_MHCIIe2_SR_123 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_124
LuSv_MHCIIe2_SR_125 Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_126
LuSv_MHCIIe2_SR_127 Allele Allele Allele Allele Allele Allele
LuSv_MHCIIe2_SR_128

AmpliSASSommerPipelineAmpliSASSommerPipeline AmpliSASSommerPipeline AmpliSASSommerPipeline
Mother, family B Offspring, family B Offspring, family B Father, family B
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1  | INTRODUC TION

Genes of the major histocompatibility complex (MHC) constitute an 
important part of the adaptive immune system in vertebrates. They 
code for proteins that present intracellular (MHC class I; MHCI) and 
extracellular (MHC class II; MHCII) pathogen‐derived antigens to 
T‐cells and hence trigger an immune response against the specific 

pathogens (Janeway, Travers, Walport, & Shlomchik, 2001). The arms 
race between hosts and parasites contributes to the maintenance 
of extensive polymorphism through balancing pathogen‐mediated 
selection (Spurgin & Richardson, 2010) via heterozygote overdom‐
inance (Doherty & Zinkernagel, 1975; Hughes & Nei, 1988, 1989), 
negative frequency‐dependent selection (Bodmer, 1972; Slade & 
McCallum, 1992; Snell, 1968; Takahata & Nei, 1990) and fluctuating 
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Abstract
Genes of the major histocompatibility complex (MHC) are essential in vertebrate 
adaptive immunity, and they are highly diverse and duplicated in many lineages. 
While it is widely established that pathogen‐mediated selection maintains MHC di‐
versity through balancing selection, the role of mate choice in shaping MHC diversity 
is debated. Here, we investigate female mating preferences for MHC class II (MHCII) 
in the bluethroat (Luscinia svecica), a passerine bird with high levels of extra‐pair pa‐
ternity and extremely duplicated MHCII. We genotyped family samples with mixed 
brood paternity and categorized their MHCII alleles according to their functional 
properties	in	peptide	binding.	Our	results	strongly	indicate	that	females	select	extra‐
pair males in a nonrandom, self‐matching manner that provides offspring with an al‐
lelic repertoire size closer to the population mean, as compared to offspring sired by 
the social male. This is consistent with a compatible genes model for extra‐pair mate 
choice where the optimal allelic diversity is intermediate, not maximal. This golden 
mean presumably reflects a trade‐off between maximizing pathogen recognition 
benefits	and	minimizing	autoimmunity	costs.	Our	study	exemplifies	how	mate	choice	
can reduce the population variance in individual MHC diversity and exert strong sta‐
bilizing selection on the trait. It also supports the hypothesis that extra‐pair mating is 
adaptive through altered genetic constitution in offspring.
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selection (Hamilton & Zuk, 1982; Hedrick, 2002; Hedrick, Thomson, 
& Klitz, 1987). In addition to heterozygosity, gene duplications can 
expand intraindividual MHC repertoire and increase the number of 
pathogens that can be combatted (Nei, Gu, & Sitnikova, 1997).

The number of intraindividual MHC loci varies among species 
(e.g., Minias, Pikus, Whittingham, & Dunn, 2018). Duplications of 
MHC loci are presumably selected for when hosts are exposed to 
a broad array of pathogens (Westerdahl, Wittzell, & von Schantz, 
2000). However, there are also costs of having a large number of 
MHC alleles; the risk of autoimmune diseases increases and the 
immune system could be less efficient due to negative selection 
of	 T‐cells	 in	 the	 thymus	 (Lenz	 et	 al.,	 2015;	Migalska,	 Sebastian,	&	
Radwan,	2019;	Nowak,	Tarczy‐Hornoch,	&	Austyn,	1992;	Vidović	&	
Matzinger,	1988,	but	see	Borghans,	Noest,	&	De	Boer,	2003).	This	
will lead to a trade‐off in the number of intraindividual MHC alleles, 
and the optimal number could thus be expected to be intermedi‐
ate rather than maximal (Kalbe et al., 2009; Wegner, Kalbe, Kurtz, 
Reusch,	 &	Milinski,	 2003;	Woelfing,	 Traulsen,	Milinski,	 &	 Boehm,	
2009). It is conceivable that selection for an intermediate number of 
MHC alleles, i.e., the golden mean (Woelfing et al., 2009), could be 
especially pronounced in species possessing many MHC loci.

Whenever MHC affects fitness, females would be selected to 
choose a mate that will give rise to an optimal MHC diversity in the 
offspring	(Milinski,	2006;	Woelfing	et	al.,	2009).	Accordingly,	genes	
of the MHC have been suggested to be candidate genes underly‐
ing female mate choice (Edwards & Hedrick, 1998; Penn & Potts, 
1999; Yamazaki et al., 1976), but decades of studies of MHC and 
mate	 choice	 have	 rendered	 equivocal	 results	 (Kamiya,	 O'Dwyer,	
Westerdahl,	Senior,	&	Nakagawa,	2014;	Piertney	&	Oliver,	2006).	If	
a female is capable of assessing her own MHC, she should choose 
a mate with a compatible genotype so that the diversity in the off‐
spring	will	 be	optimal	 (Penn	&	Potts,	1999;	Trivers,	1972).	A	pref‐
erence for maximal MHC‐dissimilar mates has been found in many 
vertebrates (e.g., Freeman‐Gallant, Meguerdichian, Wheelwright, 
&	Sollecito,	2003;	Landry,	Garant,	Duchesne,	&	Bernatchez,	2001;	
Olsson	 et	 al.,	 2003;	 Strandh	 et	 al.,	 2012;	 Wedekind,	 Seebeck,	
Bettens, & Paepke, 1995; Yamazaki et al., 1976), while other studies 
have indicated choice for mates with intermediate dissimilarity (e.g., 
Baratti et al., 2012; Bonneaud, Chastel, Federici, Westerdahl, & Sorci, 
2006;	 Eizaguirre,	 Yeates,	 Lenz,	 Kalbe,	 &	Milinski,	 2009;	 Forsberg,	
Dannewitz, Petersson, & Grahn, 2007), in line with the theoretical 
framework	of	 an	 intermediate	optimum.	On	 the	other	hand,	 if	 fe‐
males are not capable of self‐referencing, they might choose mates 
with an optimal MHC diversity. Choice of the most MHC‐diverse 
males has also been demonstrated in several taxa (e.g., fish [Reusch, 
Häberli,	 Aeschlimann,	 &	 Milinski,	 2001],	 mammals	 [Ditchkoff,	
Lochmiller,	Masters,	Hoofer,	&	Bussche,	2001;	Winternitz,	Abbate,	
Huchard,	 Havlíček,	 &	 Garamszegi,	 2017]	 and	 birds	 [Bonneaud	 et	
al.,	 2006;	Dunn,	 Bollmer,	 Freeman‐Gallant,	&	Whittingham,	 2013;	
Richardson, Komdeur, Burke, & von Schantz, 2005; Whittingham, 
Freeman‐Gallant,	Taff,	&	Dunn,	2015]),	while	other	studies	have	sup‐
ported selection for males with an intermediate MHC diversity (e.g., 
Jäger et al., 2007; Slade, Watson, & MacDougall‐Shackleton, 2017). 

In contrast, Dearborn et al. (2016) suggested that the benefits of 
MHC‐based mate choice will be reduced in species with duplicated 
and diverged MHC loci, because diverse multilocus genotypes will 
then be inherited also under random mating. This could possibly ex‐
plain the lack of MHC‐based mate choice found by several studies 
(e.g., Paterson & Pemberton, 1997; Sepil et al., 2015; Westerdahl, 
2004).	 Extending	 this	 argument	 further,	MHC‐based	mate	 choice	
should be less pronounced in species with a high number of MHC 
loci.

Studying species that are socially monogamous but exhibit extra‐
pair paternity offers an opportunity to gain insights into the genetic 
basis of mate choice. While the social male might be chosen for his 
territory quality and parental abilities, the extra‐pair male usually 
contributes only sperm and might be chosen for genetic benefits 
(Mays	&	Hill,	 2004).	Optimization	 of	 offspring	MHC	might	 confer	
such benefits, due to the importance of MHC in the defence against 
fast‐evolving parasites (Milinski, 2006), but whether this holds true 
for species with extreme levels of MHC‐diversity is not known.

Passerine birds are generally characterized by polygenic and 
polymorphic MHC (Westerdahl, 2007). In this study, we investigated 
the significance of MHC‐based mate choice in a passerine spe‐
cies with highly duplicated MHC. The bluethroat (Luscinia svecica, 
Linnaeus,	1758)	provides	an	excellent	study	system	as	it	is	among	the	
bird species with the highest intraindividual MHCII diversity known 
to	 date	 (minimum	 28	 loci;	 Rekdal,	 Anmarkrud,	 Johnsen,	 &	 Lifjeld,	
2018), and has an extensive extra‐pair mating system (i.e., about 
50%	of	the	nests	have	extra‐pair	offspring;	Johnsen	&	Lifjeld,	2003).	
Intriguingly, immunogenetic benefits of extra‐pair copulations have 
indeed	been	suggested	for	this	species:	Johnsen,	Andersen,	Sunding,	
and	Lifjeld	 (2000)	and	Fossøy,	Johnsen,	and	Lifjeld	 (2008)	found	a	
higher immune response in extra‐pair offspring than in both their 
maternal and paternal half‐siblings. This suggests a preference for 
compatible genes in extra‐pair mate choice in the bluethroat, which 
implies	variable	preferences	that	depend	on	the	chooser's	own	gen‐
otype. In a previous study of this species, there were no correlations 
between male morphological traits within natural phenotypic vari‐
ation	and	male	success	of	extra‐pair	fertilisations	(Johnsen,	Lifjeld,	
Andersson,	Örnborg,	&	Amundsen,	2001),	which	is	consistent	with	a	
lack of directional selection on male secondary sexual traits through 
female choice of extra‐pair males.

We based our analyses on bluethroat nests with known mixed 
paternities and identified genetic sires in order to be able to com‐
pare female choice of social males and extra‐pair males. If females 
chose extra‐pair males based on MHC compatibility, we predicted 
a difference in MHC diversity in the combined genotype of the fe‐
male and her social mate and that of the female and her extra‐pair 
male.	Alternatively,	if	females	based	their	choice	on	the	male	MHC	
genotypes alone, irrespective of their own genotype, we expected 
to find a difference between the intraindividual MHC diversity of 
the social male and the extra‐pair male. Female MHC‐based choice 
of extra‐pair males should consequently lead to a difference in MHC 
diversity between within‐pair and extra‐pair offspring. If there was 
selection for maximized diversity, we expected a higher diversity 
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in extra‐pair than in within‐pair offspring. Conversely, if there was 
selection for intermediate diversity, we expected MHC diversity to 
be more concentrated around an intermediate optimum (i.e., lower 
variance;	Forsberg	et	al.,	2007;	Lenz,	Eizaguirre,	Scharsack,	Kalbe,	&	
Milinski, 2009) in extra‐pair offspring.

2  | MATERIAL S AND METHODS

2.1 | Study population and data collection

The present study is based on part of the same data set as used in 
Johnsen	et	al.	(2000)	and	Fossøy	et	al.	(2008).	Blood	samples	were	
collected from adult and nestling bluethroats from a wild population 
in	Øvre	Heimdalen,	Øystre	Slidre,	Norway	(61°25′N,	8°52′E)	during	
the spring and summer of 1998 and 1999. Because about 50% of all 
bluethroat nests in the study population contain one or more extra‐
pair young (EPY), and about 26% of all offspring are EPY (Johnsen 
&	Lifjeld,	2003),	the	genetic	parentage	of	the	chicks	were	decided	
based	on	microsatellites	in	the	previously	published	studies	(Fossøy	
et al., 2008; Johnsen et al., 2000). In this study, we included 279 
individuals	 from	38	complete	 families	 in	which	both	 females,	EPY,	
within‐pair young (WPY), social males (WPM) and extra‐pair males 
(EPM)	were	known	and	sampled.	DNA	was	extracted	using	E‐Z	96	
Blood	DNA	Kit	(Omega	Bio‐Tek	Inc.	[D1199‐01]),	following	the	man‐
ufacturer's	protocol.

2.2 | Sequencing and allele calling of MHCIIβe2

All	 DNA	 samples	 were	 amplified	 in	 duplicates	 using	 the	 primers	
MHCIIFihy‐E2CF	and	MHCIIFihy‐E2CR	(Canal,	Alcaide,	Anmarkrud,	
& Potti, 2010) and the sample indexing setup described by Fadrosh 
et	al.	 (2014).	Details	 regarding	PCR	conditions	and	 thermal	profile	
are presented elsewhere (Rekdal et al., 2018). The amplicons were 
sequenced	on	an	Illumina	MiSeq	instrument	using	v3	chemistry.	The	
workflow used to call the MHCIIβe2 alleles resembles closely the 
pipeline outlined by Rekdal et al. (2018), which is based upon the al‐
lele identification methodology published by Sommer, Courtiol, and 
Mazzoni	(2013).	The	use	of	replicates	and	family	information	facili‐
tated allele calling. Several measures were taken to avoid artefacts. 
In short, this included reducing the number of PCR cycles to 25 to 
minimize	 artefact	 formation	 (Lenz	&	Becker,	 2008),	 as	well	 as	 im‐
plementing a strict filtering scheme in the allele calling process. For 
details,	see	Appendix	S1.

We	 successfully	 genotyped	 24	 females	 and	 35	males	 sampled	
in 1998, 12 females and 21 males sampled in 1999 (one female and 
three males were recaptures from 1998), as well as 98 WPY and 86 
EPY	in	total	from	the	38	nests	from	both	years.	Because	two	female	
samples	 failed,	we	had	only	36	complete	trios	 (female,	social	male	
and	extra‐pair	male)	 left	 for	analysis,	but	38	male	duos	 (social	and	
extra‐pair male). Five offspring samples also failed during sequenc‐
ing, leaving no WPY genotyped for one nest and no EPY genotyped 
for	another.	Thus,	only	36	nests	contained	both	WPY	and	EPY	and	
were used for paired comparisons of the two groups. Several males 

sired both WPY and EPY in this data set. Every EPM also sired WPY 
in their own nest, although not all of these nests were included in 
this	study.	All	pairs	 (i.e.,	combinations	of	male	and	female	identity)	
were unique.

2.3 | Establishing genotypes for PSS 
alleles and supertypes

In order to consider the functional aspects of the MHC alleles, we 
employed	the	program	CodeML	in	the	package	PAML	(Yang,	2007)	
to identify sites under positive selection (positively selected sites; 
PSS). These are sites that probably are under pathogen‐mediated 
selection, and thus presumably are important in antigen binding and 
hence the function of MHCII (Hughes & Nei, 1989; Sepil, Moghadam, 
Huchard,	&	Sheldon,	2012;	Yang	&	Swanson,	2002).	CodeML	uses	a	
codon substitution model on the sequence phylogeny to accomplish 
a	likelihood	ratio	test	(LRT),	comparing	a	model	with	no	positive	se‐
lection (M7: dN/dS < 1) with a model that allow positive selection at 
amino	acid	sites	(M8:	dN/dS	>	1).	As	the	M8	model	fitted	the	data	
significantly	 better	 than	M7	 (see	Appendix	 S2),	 a	 Bayes	 Empirical	
Bayes‐procedure (BEB) was used to identify sites under positive se‐
lection (p	>	95%)	through	a	maximum	likelihood	framework.	Of	the	
12	residues	identified	as	PSS	by	CodeML,	eight	have	also	been	de‐
scribed	as	antigen	binding	residues	in	bluethroats	(Gohli	et	al.,	2013,	
which again is based on the PBR of human MHCII by Tong et al., 
2006) and in other passerines (Balakrishnan et al., 2010). These eight 
residues were thus selected as the basis for PSS sequences in this 
study:	4,	6,	8,	23,	25,	52,	55	and	66.

The unique PSS sequences were further subdivided into super‐
types based on the physiochemical properties of the amino acid res‐
idues through z‐descriptors (Sandberg, Eriksson, Jonsson, Sjöström, 
& Wold, 1998), aiming to group the PSS sequences with similar an‐
tigen binding properties (Doytchinova & Flower, 2005; Sepil et al., 
2012). The R package adegenet (Jombart, 2008) was employed to 
infer clusters (i.e., supertypes) by k‐means clustering (Doytchinova 
& Flower, 2005). There were 20 supertypes inferred from the PSS 
sequences.	Details	are	given	in	Appendix	S2.	The	number	of	unique	
PSS sequences per supertype ranged from four (cluster 5) to 25 
(cluster 8), with an average of 15.6.

We designated genotypes for PSS alleles and supertypes for each 
individual	based	on	their	nucleotide	genotype	 (Appendices	S2	and	
S5), and used the PSS and supertype genotypes in all downstream 
analyses. We also obtained the number and identity of unique PSS 
alleles and supertypes within a pair, for all established pairs (social 
pairs	[henceforth	WPM‐F],	and	extra‐pair	partners	[EPM‐F]).

2.4 | Statistical analyses

2.4.1 | Male diversity

To test for female choice of EPM for maximum male diversity, we 
computed the number of unique PSS alleles, sum of the amino acid 
distance between all pairs of unique PSS alleles, average amino acid 
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distance between all pairs of unique PSS alleles and the number of 
supertypes for the individual males. Paired t tests were run to evalu‐
ate if there were any differences in the mean values of the param‐
eters for WPM and EPM.

If females choose males with an intermediate number of alleles as 
EPM, we expect that the observed values will be more concentrated 
around an optimum in EPM than in WPM. We thus tested if the vari‐
ances in the number of unique PSS alleles and supertypes differed 
between	WPM	and	EPM	using	Levene's	test	(Brown‐Forsythe	type;	
Brown	&	Forsythe,	1974)	for	equality	of	variances,	in	the	R package 
car (Fox & Weisberg, 2018). The intraindividual number of PSS al‐
leles was further examined by paired t test, testing the distance to 
yearly population mean for WPM and EPM.

We built linear models to test if there were any significant cor‐
relations between the number of PSS alleles in the females and the 
males (WPM/EPM), in all observed pairs.

2.4.2 | Compatibility

If the females choose EPM based on her own genotype in order to 
maximize the MHCII diversity in her offspring, only the unique, non‐
shared alleles of the pair found exclusively within the males would 
be relevant for her choice. For every observed pair, we thus estab‐
lished these parameters: the number of nonshared PSS alleles only 
found within the male, sum of the amino acid distance between all 
pairs of nonshared PSS alleles only found within the male, average 
amino acid distance between all pairs of nonshared PSS alleles only 
found within the male and the number of nonshared supertypes only 
found within the male. Paired t tests were conducted in order to test 
if there were any differences in the abovementioned parameters be‐
tween	WPM‐F	and	EPM‐F	within	nests.	We	also	employed	Welch's	
unequal variances t test to further explore the differences between 
WPM‐F and EPM‐F in the total number of unique PSS alleles found 
within a pair.

As	 for	WPM	and	EPM,	we	employed	Levene's	 test	 to	 test	 the	
equality of variances in the observed number of PSS alleles and su‐
pertypes in WPM‐F and EPM‐F. If females choose males who render 
an intermediate number of alleles in the pair as EPMs, we corre‐
spondingly expect a smaller variance in EPM‐F than in WPM‐F. The 
difference between WPM‐F and EPM‐F in their distance to yearly 
population mean number of PSS alleles in the pair was also tested 
using a paired t test	 as	 well	 as	Welch's	 unequal	 variances	 t test. 
Further, we ran simulations to test whether the observed numbers 
of PSS alleles within mating pairs differed from a random model. For 
each run in the simulations, we paired each female with a random 
male sampled in the same year, calculated the number of unique PSS 
alleles for the pair and listed its deviation (absolute value) from the 
overall population mean. We then calculated and recorded the mean 
deviation	across	all	36	 females	 in	our	 sample.	This	procedure	was	
iterated 10,000 times, which yielded a distribution of 10,000 means, 
to which the observed means for social pairs and extra‐pair partners 
could be compared.

2.4.3 | Offspring

Mate choice can also be tracked in the genotypes of offspring. If 
there is selection for females to choose EPM that will maximize 
MHCII diversity in the offspring, we expect EPY to have a higher 
number of PSS alleles or supertypes than WPY. We thus performed 
paired t tests on the number of PSS alleles and the number of su‐
pertypes in WPY and EPY, paired within nests. We also used the R 
package lmerTest (Kuznetsova, Brockhoff, & Christensen, 2017) to 
build a linear mixed model of the correlation between the number 
of PSS alleles (response) and the status of the offspring (WPY/
EPY; fixed effect), with dam and sire identity as random factors 
with random intercepts. We further established a corresponding 
linear mixed model to test if the distance to the population aver‐
age number of PSS alleles was different in WPY and EPY. For the 
mixed models, we square root transformed the response variables 
(i.e., the number of PSS alleles and the distance to population av‐
erage in absolute numbers of PSS alleles) to attain normality. We 
also performed a paired t test to test for a difference in the dis‐
tance to the population average number of PSS alleles between 
WPY and EPY within nests. Similarly as for the adults, we carried 
out tests for equality of variances in the intraindividual number of 
PSS alleles (F‐ratio	test;	see	below)	and	supertypes	(Levene's	test)	
between WPY and EPY. Given the results we obtained from the 
adults, we had an expectation of EPY being closer to the popula‐
tion mean in the intraindividual number of PSS alleles than WPY. 
We thus applied one‐sided tests testing this hypothesis (valid for 
two tests: the paired t test testing if EPY had a smaller distance 
to the population average number of PSS alleles than WPY, and a 
one‐sided F‐ratio test testing if EPY had a smaller variance in the 
number of PSS alleles than WPY). We square root transformed 
the intraindividual numbers of PSS alleles for the latter test, as it 
is highly sensitive to deviation from normality. For the variance 
tests and paired t tests in offspring, one WPY and one EPY were 
chosen randomly from each nest and used in the analyses, in order 
to avoid pseudoreplication. The analyses were repeated 10,000 
times, and the resulting mean t‐ and F‐values were used for calcu‐
lation of p‐values.

2.4.4 | For all analyses

Only	the	male	with	the	highest	number	of	offspring	in	the	respec‐
tive nest was included when there were two EPMs genotyped for 
one	nest	 (relevant	 in	 four	nests	 in	 this	data	 set).	All	 the	 statisti‐
cal analyses were conducted in R (R Core Team, 2016, see Rekdal, 
Anmarkrud,	 Lifjeld,	&	 Johnsen,	 2019	 for	 scripts	 and	 input	 data),	
while the amino acid distances were calculated by mega7 (Kumar, 
Stecher, & Tamura, 2016). The distance to the population average 
number of PSS alleles was square root transformed to endeavor 
normality in all tests using this variable. Visual inspection of QQ‐
plots and Shapiro–Wilk tests revealed normality for all tests (data 
not shown), with exception of slight deviation from normality in 
the	Welch's	 t test between WPM‐F and EPM‐F in their distance 
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to yearly population mean number of PSS alleles in the pair. We 
approximated the optimal intermediate number of PSS alleles as 
the mean intraindividual number of alleles across all adults sam‐
pled within a year (1998:19.9 PSS alleles per individual, 1999:19.8 
PSS alleles per individual), and the mean number of unique alleles 
within	a	pair	over	all	possible	pairs	within	a	year	 (1998:32.0	PSS	
alleles	per	pair,	 1999:32.7	PSS	alleles	per	pair).	 This	 agrees	with	
work on sticklebacks (Gasterosteus aculeatus) showing that the 
estimated optimum number of alleles is close to population aver‐
age	(Aeschlimann,	Häberli,	Reusch,	Boehm,	&	Milinski,	2003).	All	
significant tests remained significant after controlling for multiple 
testing using false discovery rate (Benjamini & Hochberg, 1995; 
Q = 0.1).

3  | RESULTS

3.1 | High number of MHCII alleles within 
individuals

The 1,176 nucleotide MHCII sequences translated into 890 unique 
amino acid sequences. When considering only the eight amino acid 
residues	recognized	as	PSS,	the	sequences	grouped	into	311	unique	
PSS alleles, which further were divided into 20 supertypes (see 
Table	1	and	Appendix	S3).	Across	all	adults	sampled	both	years,	the	
mean intraindividual number of nucleotide alleles, PSS alleles and su‐
pertypes	were	37.7	(SD = 8.28), 19.8 (SD	=	4.60)	and	12.4	(SD	=	2.32),	
respectively. The frequencies of each number of unique PSS alleles 

TA B L E  1   The number of unique MHC class II variants at the different sequence levels, found across all individuals (adults and offspring) 
and within individuals (given as mean values and range)

Sequence level
Number of unique variants across all 
individuals Alleles per individual Alleles per adult

Alleles per 
offspring

Nucleotide 1,176 35.2	(16–58) 37.7	(16–58) 34.1	(19–52)

Translated 890 31.3	(16–47) 33.4	(16–47) 30.3	(18–45)

PSS 311 18.6	(7–32) 19.8	(11–32) 18.0	(7–32)

Supertypes 20 12.0 (5–18) 12.4	(8–18) 11.7 (5–18)

F I G U R E  1   Frequency plots of the 
number of unique MHC class II PSS 
alleles (positively selected sites; left) 
and supertypes (right) found within all 
individual	adults	(top	panel	[a,	b]),	all	
observed	partners	(middle	panel	[c,	d])	
and	offspring	(bottom	panel	[e,	f]).	The	
observed values for social and extra‐pair 
males	(WPM/EPM	[a,	b]),	social	and	extra‐
pair	partners	(WPM‐F/EPM‐F	[c,	d])	and	
within‐pair and extra‐pair young (WPY/
EPY	[e,	f])	are	visualized	as	normalized	
curves in light (WPM, WPM‐F, WPY) and 
dark (EPM, EPM‐F, EPY) blue. The mean of 
the normalized curves are given as dashed 
lines and coloured correspondingly
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and supertypes within individual adults, pairs and offspring are visu‐
alized in Figure 1.

3.2 | Do females choose EPM based on male MHCII 
diversity?

There were no indications of females choosing males with maxi‐
mized diversity as EPM, as there were no significant differences in 
the mean parameter values between WPM and EPM (paired t tests; 
see	Appendix	S4).	EPMs	did	also	not	have	a	number	of	PSS	alleles	
that was closer to the population mean than that of WPMs (paired t 
tests; t37	=	1.34,	p = .19). Correspondingly, the variances in the indi‐
vidual number of PSS alleles and supertypes within WPM and EPM 
were	not	 significantly	 different	 (Levene's	 test	 for	 equality	 of	 vari‐
ances; F1,74	=	2.93,	p	=	.091	[PSS	alleles;	Figure	1a]	and	F1,74 = 0.026, 
p	=	.87	[supertypes;	Figure	1b]).

The numbers of PSS alleles found within the females and EPMs 
were negatively correlated (linear models; R2

adj
 = 0.16, F1,34 = 7.51, 

p = .0097), but were uncorrelated between females and WPMs 
(R2

adj
 = 0.012, F1,34	 =	 1.42,	 p	 =	 .24).	 The	 corresponding	 regression	

slopes for EPM and WPM were significantly different (F1,68 = 6.28, 
p = .015, see Figure 2). In other words, this suggests that females 
with few PSS alleles tended to choose EPM with many PSS alleles 
and vice versa, but this pattern was not found for female choice of 
WPM.

3.3 | Do females choose EPM based on 
compatibility at MHCII?

Females did not consistently choose a more dissimilar extra‐pair 
male than their social male (paired t	tests;	see	Appendix	S4).	There	
was further no significant difference in the average number of 
unique PSS alleles in the pair between WPM‐F pairs and EPM‐F 
pairs	 (Welch's	t test; t55.3 = 0.69, p	=	 .49,	see	Figure	3a).	However,	

the number of unique PSS alleles in EPM‐F pairs showed less vari‐
ance	 than	 in	WPM‐F	 pairs	 (Levene's	 test;	F1,70	 =	 9.54,	p = .0029; 
Figure 1c), but not so for the number of supertypes (F1,70 = 0.99, 
p	=	.32;	Figure	1d).	EPM‐F	pairs	were	also	significantly	closer	to	the	
population mean number of unique PSS alleles within pairs than 
WPM‐F pairs (paired t test; t35	=	3.05,	p	=	.0043,	effect	size	=	0.62,	
Welch's	t test; t64.4 = 2.65, p	=	.010,	see	Figure	3b).

Assuming	random	mating,	we	calculated	10,000	averages	of	the	
number of unique PSS alleles within pairs across all females, and 
their	deviations	from	the	population	mean.	Figure	4	shows	the	dis‐
tribution of these deviations. We used this distribution to test if the 
observed average number of unique alleles in EPM‐F and WPM‐F 
deviated significantly from a random model. We found that only 
33	of	the	10,000	simulated	means	had	a	 lower	value	than	the	ob‐
served EPM‐F (exact test: p	=	.0068,	Figure	4),	while	the	observed	
mean value for WPM‐F was ranked as the 9091st observation when 
sorted ascendingly (exact test: p = .18).

3.4 | Offspring

In line with the results from the adults, we found no support for 
female choice of EPM for maximized diversity in the offspring data: 
there were no differences in mean number of alleles between WPY 
and EPY, neither in the paired t tests (PSS alleles: t35 = 0.12, p = .91, 
supertypes: t35	=	–0.45,	p = .66) nor in the linear mixed model for PSS 
alleles (t54.7	=	−0.26,	p	=	.80,	see	Figure	3c).	Furthermore,	in	line	with	
the above results for mate choice, we found that EPY had a number 
of PSS alleles that was significantly closer to the population average 
than	that	of	WPY	(linear	mixed	model:	estimate	=	0.31,	t49.6 = 2.68, 
p	=	.0099,	see	Figure	3d,	paired	t test: t35	=	−2.01,	p = .026). Similarly, 
there was a tendency for EPY to have a smaller variance in the in‐
dividual number of PSS alleles than WPY (F ratio test; F36,35 = 1.67, 
p = .066, see Figure 1e), but not in the number of supertypes 
(Levene's	test;	F1,71	=	0.39,	p	=	.54,	see	Figure	1f).

4  | DISCUSSION

We have shown here that extra‐pair mating in the bluethroat was 
nonrandom with respect to MHCII alleles. The number of unique, 
functional MHCII alleles among extra‐pair parents was consistently 
closer to the population mean, with a significantly reduced variance, 
than that expected from a random model of pair combinations or 
that observed among social parents. Consequently, we found that 
extra‐pair offspring received an allelic repertoire closer to the popu‐
lation	mean	than	was	the	case	for	within‐pair	offspring.	Our	study	
therefore supports the hypothesis that females engage in extra‐pair 
mating for genetic benefits and suggests that MHCII genes play a 
significant	 role	 in	 their	mating	preferences.	Our	 results	 imply	 that	
females may be able to differentiate among alleles according to se‐
quence variation at positively selected nucleotides in the peptide‐
binding region of the molecule, and not according to other physical 
properties assumed in the categorization of alleles into supertypes.

F I G U R E  2   The number of unique MHC class II PSS (positively 
selected sites) alleles genotyped within each individual bluethroat 
in all observed pairs, divided in females and their social males (F 
and WPM; light blue), and females and their extra‐pair males (F and 
EPM; dark blue)
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4.1 | MHC‐based mate choice realized through 
extra‐pair copulations

Dearborn et al. (2016) suggested that MHC‐based mate choice may 
be superfluous in species with duplicated and diverged MHC loci, 
since offspring will inherit a diverse MHC genotype irrespective of 
mate choice. In contrast, we found substantial support for MHCII‐
based mate choice in a species possessing extensive MHCII dupli‐
cations.	Although	we	did	not	find	any	indications	of	disassortative	
mating with respect to MHCII, our results suggest that females 
choose extra‐pair males that will render an intermediate number 
of functional MHCII alleles in the pair, leading to an intermediate, 
presumably optimal MHC diversity in extra‐pair offspring.

A	 difference	 between	 within‐pair	 and	 extra‐pair	 units	 is	 ex‐
pected if females choose social males for other than pure genetic 
benefits, while the extra‐pair males might be chosen on the basis 
of their genes, as they probably only contribute sperm (Johnsen et 
al., 2001; Trivers, 1972). In the context of MHC, few studies on pas‐
serines have tested such differences, and among those which have, 
the results are mixed. Most studies did not find any support for in‐
creased compatibility between the MHC genotypes of the female 
and extra‐pair male, compared to the female and the social male 
(Bollmer, Dunn, Freeman‐Gallant, & Whittingham, 2012; Promerová 
et al., 2011; Richardson et al., 2005). Yet, Winternitz et al. (2015) 
found that in the scarlet rosefinch (Carpodacus erythrinus), the vari‐
ance in intraindividual number of MHC alleles was lower in extra‐
pair offspring than within‐pair offspring, which is consistent with 

F I G U R E  3   Boxplots of the observed 
values (grey, jittered dots) of the number 
of unique MHC class II PSS alleles 
(positively selected sites; a, c) and 
the absolute distance to the optimum 
(given in number of unique PSS alleles 
[nontransformed	data];	b,	d)	within	each	
pair in the data set, divided in social pairs 
and extra‐pair partners (WPM‐F/EPM‐F 
[a,	b])	and	within	each	offspring,	divided	
in within‐pair young and extra‐pair young 
(WPY/EPY	[c,	d]) WPM−F EPM−F
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F I G U R E  4   Histogram showing 10,000 simulated mean values 
of the distance to the yearly population mean (given in number of 
unique	MHC	class	II	PSS	[positively	selected	sites]	alleles	within	a	
pair, square root transformed), allowing each bluethroat female to 
mate with a random male within the data set. The observed mean 
values for social pairs (WPM‐F) and extra‐pair partners (EPM‐F) are 
given as coloured, dashed lines (light blue and dark blue, respectively)
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our results. They did, however, not report any differences in MHC 
compatibility between social and extra‐pair partners.

Other	 studies	 have	 found	 that	 paternity	 loss	 from	 social	 to	
extra‐pair males could be negatively associated with MHC diver‐
sity,	 based	 on	 either	 the	 social	 male's	MHC	 diversity	 (Promerová	
et al., 2011; Richardson et al., 2005) or MHC similarity in the so‐
cial	pair	 (Freeman‐Gallant	et	al.,	2003)	–	a	pattern	also	 found	 in	a	
primate with high levels of extra‐pair paternity (Schwensow, Fietz, 
Dausmann, & Sommer, 2008). While we have only included pairs 
with confirmed cuckoldry in this study, and hence do not know the 
MHCII compatibility in pairs with pure WPY broods, we cannot test 
predictions concerning overall paternity loss in relation to partner 
compatibility in MHCII genotypes with our data.

4.2 | Intermediate, not maximized MHCII diversity

Our	results	point	to	selection	for	an	intermediate	optimum	num‐
ber of MHCII alleles, rather than maximized MHCII diversity in 
the bluethroat. This is in line with the theoretical framework of 
a trade‐off between recognizing a broad array of pathogens, and 
increased depletion of circulating T‐cells following negative se‐
lection in the thymus and risk of autoimmune diseases with in‐
creased number of MHC alleles (e.g., Gough & Simmonds, 2007; 
Nowak et al., 1992; Woelfing et al., 2009). What level of intrain‐
dividual MHC diversity that constitutes the optimum might vary 
among species due to ecological differences, e.g., according to 
the	 pathogen	 load	 experienced	 (Minias	 et	 al.,	 2018;	 O'Connor,	
Cornwallis, Hasselquist, Nilsson, & Westerdahl, 2018; Westerdahl 
et al., 2000). This implies that the more pathogens a species is ex‐
posed to, the stronger the selective force for increased diversity 
will be, driving the optimum towards a higher diversity. Because 
the bluethroat is migratory, insectivorous and fairly promiscuous, 
it probably encounters a multitude of pathogens. While this could 
explain	the	large	number	of	MHCII	loci	in	the	species	(Anmarkrud,	
Johnsen,	 Bachmann,	 &	 Lifjeld,	 2010;	 Gohli	 et	 al.,	 2013;	 Rekdal	
et al., 2018), it is, however, important to emphasize that we did 
not find support for selection for maximized diversity, but rather 
indications of stabilizing selection for a relatively high intermedi‐
ate number of MHCII alleles. Still, stabilizing selection can lead to 
an increase in individual allelic diversity over evolutionary time, 
through a moving intermediate optimum.

Fossøy	et	al.	(2008)	compared	microsatellite	multilocus	hetero‐
zygosity between within‐pair and extra‐pair units in a bluethroat 
data set including the data used in this study. They found that 
females were less genetically similar to the extra‐pair male than 
the within‐pair male, which presumably explained their results of 
extra‐pair young being more heterozygous than their maternal 
within‐pair	half‐siblings.	Our	results	do,	however,	exhibit	a	differ‐
ent pattern; instead of increased MHCII diversity, we found that 
extra‐pair partners and extra‐pair young had a number of unique 
PSS alleles that were more concentrated around the population 
mean than their within‐pair counterpart. This deviates from what 
we	would	expect	based	on	microsatellites	from	Fossøy	et	al.	(2008),	

and indicates that what we observed on MHCII was not due to ge‐
nome‐wide effects.

We restricted our analyses to MHCII. The bluethroat has rel‐
atively	 few	MHCI	 loci	 (i.e.,	 four;	O'Connor,	Strandh,	Hasselquist,	
Nilsson, & Westerdahl, 2016; Rekdal et al., 2018), which might be 
due to less exposure to intra‐ than extracellular pathogens (Minias 
et al., 2018) or some compensatory immunological mechanism 
(e.g., Gangoso et al., 2012; Star et al., 2011). Recent studies have 
identified a link between MHCII composition and individual odor 
in birds, possibly mediated through microbial communities and 
uropygial	 gland	 secretions	 (Leclaire	 et	 al.,	 2019,	 2014;	 Leclaire,	
Strandh, Mardon, Westerdahl, & Bonadonna, 2017; Slade et al., 
2016;	Strandh	et	al.,	2012).	As	there	is	growing	evidence	that	birds	
are able to use olfaction in MHC‐based mate choice, also in a self‐
referencing manner (reviewed by Caro, Balthazart, & Bonadonna, 
2015), MHCII is a prominent candidate for such a mate choice 
mechanism.

4.3 | Compatibility, not male diversity

Unlike selection for maximized or intermediate diversity in the 
male, in which the same males will be the best choice for all fe‐
males, selection for compatibility implies that the best choice a fe‐
male can make is dependent on her own genotype (Brown, 1997). 
One	 suggested	 approach	 for	 MHC‐based	 mate	 choice	 is	 allele	
counting, in which females assess the number of MHC alleles in 
males,	 and	 choose	mates	 accordingly	 (Aeschlimann	 et	 al.,	 2003;	
Reusch	 et	 al.,	 2001).	 A	 trend	 of	 mating‐up	 preference	 by	 allele	
counting was supported by Griggio, Biard, Penn, and Hoi (2011), 
who found that female house sparrows (Passer domesticus) with 
a low number of MHC alleles preferred high diversity males. We 
found the same tendency in this study; females with a low number 
of MHCII alleles had males with a high number of alleles as extra‐
pair males, and those with many alleles had males with fewer al‐
leles as extra‐pair males (Figure 2).

Importantly, all our tests on the adult bluethroats rendered sig‐
nificant results only when considering MHCII diversity in the pairs 
combined, and not in the male alone. These results are consistent 
with the compatibility framework (Brown, 1997; Trivers, 1972), 
where females choose mates based on their own genotype in 
order to produce offspring with an optimal MHC diversity (Penn & 
Potts,	1999).	Indeed,	Johnsen	et	al.	(2000)	and	Fossøy	et	al.	(2008)	
demonstrated an increased immunocompentence in extra‐pair 
offspring as compared to both their maternal and paternal half‐
siblings. Taken together, these studies offer extensive support for 
the compatibility hypothesis, realized through extra‐pair mating in 
the bluethroat.

4.4 | Positive selected sites, not supertypes

The significant results in this study originated from analyses on PSS 
alleles, and not supertypes. The rationale for further grouping the 
PSS sequences into supertypes was to focus on a possible higher unit 
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of selection, due to the overlap in binding repertoires by different 
MHC alleles (Matsumura, Fremont, Peterson, & Wilson, 1992; Sepil 
et al., 2012; Sette et al., 1989; Sette & Sidney, 1998; Trachtenberg et 
al.,	2003).	However,	our	results	do	not	indicate	any	female	discrimi‐
nation	of	MHCII	alleles	at	the	level	of	supertypes.	One	conceivable	
explanation for the disparate results could be due to information loss 
in	 the	grouping	of	PSS	alleles	 into	 supertypes.	Another	possibility	
could be spurious inference of irrelevant properties of the super‐
types. Supertypes might be functionally important in pathogen rec‐
ognition, but it is possible that females can only discriminated MHCII 
alleles from information encoded in their nucleotide sequences.

5  | CONCLUSION

In conclusion, this study provides substantial support for extra‐pair 
mating preferences associated with MHCII diversity in a passerine 
species with highly polymorphic and duplicated MHCII. The results 
are in agreement with a preference for a golden mean where an in‐
termediate number of alleles in the individual is optimal, given an 
assumed trade‐off between maximizing the range of pathogens that 
can be combatted and minimizing autoimmunity costs associated 
with too many alleles. We note, however, that we currently lack fit‐
ness data to verify that individuals with intermediate level of PSS al‐
leles have higher survival than those at the more extreme ends of the 
allele	number	distribution.	Our	study	provides	additional	empirical	
support for the hypothesis that females engage in extra‐pair mating 
nonrandomly. It further suggests that this behaviour is associated 
with the genetic constitution of the immune system and the survival 
prospects of offspring under strong pathogen‐mediated selection 
pressures.
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S1: Allele calling of MHCIIβe2 

The allele calling of bluethroat MHCIIβe2 are closely following Rekdal, Anmarkrud, Johnsen, and 
Lifjeld (2018), which on their part is based on the methodology published by Sommer, Courtiol, and 
Mazzoni (2013). The 278 samples were sequenced in duplicates on Illumina MiSeq together with 20 
amplicons not included in this study. Individual barcodes and primer set up are given in Appendix S6. 
After sequencing, the raw paired MiSeq reads were merged in FLASH v1.2.11 (Magoč & Salzberg, 
2011). Fastx toolkit v0.0.13 (http://hannonlab.cshl.edu/fastx_toolkit/) was used to filter out reads of 
poor quality, i.e. reads where >5% of the nucleotides had a quality of <20 on the Phred scale. The 
heterogenic spacer motifs were subsequently removed by replacing all complete barcode-spacer-
primer sequences with the corresponding barcode-primer sequences with UNIX commands. Next, 
these reads were clustered into variants and assigned to amplicons based on the barcodes using 
jMHC v1.6.1624 (Stuglik, Radwan, & Babik, 2011). Only variants that had >2 reads over all amplicons 
were outputted from the software. The jMHC results were imported into an Excel spreadsheet, in 
which we discarded variants with <3 reads in any amplicon. Only amplicons with >500 reads in total 
after this step were considered further for genotyping purposes. Next, all variants with an intra-
amplicon frequency of >0.2% were marked as putative alleles for the respective amplicons, based on 
the rationale from Rekdal et al. (2018). All unique putative alleles were then aligned to previously 
published sequences (GenBank accession number HQ539575-HQ539614; Gohli et al., 2013) in 
MEGA7 (Kumar, Stecher, & Tamura, 2016), using the ClustalW algorithm (Thompson, Higgins, & 
Gibson, 1994). The variants were trimmed to the length of the HQ-sequences (267±3 bp), and 
variants with shift in reading-frame, stop-codons or that were lacking the conserved residues Cys10 
and Cys74 (Gohli et al., 2013) were discarded. The variants now identical due to trimming were 
collapsed using fastx_collapser in the fastx toolkit v0.0.14, and their read depths were combined.  

For each amplicon, the most frequent, remaining variant was called as allele, based on the 
assumption that true alleles will amplify to a larger extent than artefacts (Babik, Taberlet, Ejsmond, & 
Radwan, 2009; Lighten, Oosterhout, & Bentzen, 2014). Chimeras were detected within each 
amplicon by the uchime_denovo command in USEARCH v7.0.1090, in the software UCHIME (Edgar, 
Haas, Clemente, Quince, & Knight, 2011). The distance in terms of number of different nucleotides to 
the most similar, more frequent variant was calculated for every putative allele in every amplicon, by 
MEGA7. The non-chimeric putative alleles were hence given the status “>1bp” or “=1bp” based on 
these results.  

A chimeric variant was considered an artefact for the respective individual if it was 
designated as a chimera also in the replicate, or if it was not present as a non-chimeric variant in the 
replicate. Likewise, the “=1bp”-variants were called as artefacts if not present in the replicate, while 
the “>1bp”-variants were considered an artefact if not present in neither the replicate nor any 
amplicons of the genetic parents or offspring.  

After identifying artefacts within each family, the putative alleles were called as alleles if not 
scored as artefacts as stated above (i.e., a putative allele was scored as an allele if present in the 
replicate. “>1bp”-variants were however also called as alleles if present in any amplicons of the 
genetic parents or offspring, although not present in the replicate). For the individuals with only one 
successful amplicon (total number of reads >500), the putative alleles were called as alleles if also 
called as allele in any of the genetic parents or offspring. Additionally, the variants that were called as 
alleles for offspring but not for any of their parents were further processed manually. If these 
variants were scored as chimeras or were present with reads although not above the cut-off 
threshold in any parent, the alleles were however also scored for them. Of the 1886 nucleotide 
variants initially aligned in MEGA, 1176 unique variants survived further filtering and were 
considered an allele in at least one individual. 
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The MiSeq sequencing yielded 11 655 044 paired reads, and of these, 81.9% were retained 
after merging and quality filtering. On average, 10 870 reads were assigned to each amplicon after 
removing variants that had <3 reads in any amplicon (range 80 - 29 830 reads per amplicon). Thirty of 
the 556 amplicons had <500 reads in total assigned to them, and were hence disregarded. Both 
amplicons were disregarded for six individuals; one female, three extra-pair offspring and two within-
pair offspring. We did not retrieve any DNA from one female sample, leaving 36 complete trios with 
the female and her social and extra-pair male, as well as 38 duos with social and extra-pair males, for 
the analyses. 

A possible bias in the number of alleles called arising from the number of offspring was 
explored using the males that were solely social or extra-pair partner in the dataset (linear model: 
lm(NoOffspring ~ NucleotideAlleles*Status)). A two-way analysis of variance (ANOVA) showed 
no correlations between the number of alleles called and the number of offspring, nor for the 
interaction with status (p>>0.05, data not shown).  

After the allele calling, a phylogenetic maximum likelihood tree was constructed on the 
nucleotide sequences using MEGA7, and visualized with iTOL (Letunic & Bork, 2016; see Appendix S3). 
The same program was used to translate the sequences by the standard genetic code. 
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S2: Details on establishment of MHCII PSS-alleles and supertypes 

The software CodeML in the PAML package (Yang, 2007) was used to identify sites under positive 
selection (positively selected sites; PSS). As suggested by Wong, Yang, Goldman, and Nielsen (2004), 
the program was run multiple times; each with a different initial value of the parameters ω (dN/dS: 
0.4, 1.5 and 3) and κ (transition/transversion rate: 2, 1.5 and 1). We initially restricted the analysis to 
the ten nucleotide sequences that were scored as alleles in the highest number of (presumably 
unrelated) adults. For a more comprehensive analysis, the 96 most common alleles were used as 
input and similarly run three times. This cut-off was set to include the number of alleles closest to 
100 that were scored as alleles in a given number of individual adults or more (the 96 most common 
alleles were scored in at least seven adults, the 112 most common alleles were scored in at least six 
adults). Due to technical limitations we could not use all 1176 nucleotide sequences as input. 
Because so few positively selected sites were outputted from the runs with the 96 most common 
alleles (i.e. three PSS; see table S1), we additionally divided this input file into four, to avoid missing 
out on other PSS with a weaker signal. 

The model that allowed positive selection (M8), fitted the data significantly better than the 
model without selection (M7; see table S1). The P-values were given by twice the log likelihood 
difference between M7 and M8 compared against a χ2 distribution with two degrees of freedom 
(Yang, 2007). The same positively selected sites (PSS) were obtained in the different runs with 
different initial values of ω and κ, using the same input file. To constitute the amino acid residues in 
the PSS sequences, we selected those that both were identified as PSS by at least one CodeML run 
and that have previously been described as antigen binding residues in the bluethroat (Gohli et al., 
2013, based upon PBR from human MHC DR and DQ from Tong et al., 2006): 4, 6, 8, 23, 25, 52, 55 
and 66. These residues are all found to be under positive selection in other passerines (Balakrishnan 
et al., 2010). Additionally, exploration of the nucleotide sequences in FUBAR (Murrell et al., 2013) 
confirmed that these residues were under positive selection (running the 1176 sequences in bathces 
of 400+400+379 sequences on www.datamonkey.org/fubar; data not shown). However, running all 
1176 in FUBAR through HyPhy v2.5.0 (Kosakovsky Pond, Frost, & Muse, 2005) locally did not identify 
all the PSS used in this study as positively selected. 

To group the PSS sequences with similar antigen binding properties, we divided the PSS 
sequences into so-called supertypes (Doytchinova & Flower, 2005; Sepil, Moghadam, Huchard, & 
Sheldon, 2012). The PSS sequences were first listed in a spreadsheet, and each residue was given five 
values, according to the z-descriptors of the respective amino acid in Sandberg, Eriksson, Jonsson, 
Sjöström, and Wold (1998): z1: lipophilicity/hydrophilicity, z2:steric bulk/polarizability, z3: polarity, z4 
and z5: electronic effects. The z-descriptors are themselves based on a PCA established by Sandberg 
et al. (1998), in which 26 physiochemical variables for each amino acid were incorporated. The PSS 
sequences, each now characterized by 40 consecutive values, were then subjected to k-means 
clustering (Doytchinova & Flower, 2005), using the R package adegenet (Jombart, 2008). This 
program uses discriminant analysis of principal components (DAPC) to infer clusters, pursuing to 
maximize among-cluster variation and minimize within-cluster variation (Jombart, Devillard, & 
Balloux, 2010). K-means clustering is run iteratively with an increasing number of clusters (k), and an 
associated likelihood is calculated given the data. The optimal number of supertypes derived in the 
dataset was determined by the lowest number of clusters in adegenet, after which the associated 
Bayesian information criterion-values (BIC) changed only marginally (Jombart et al., 2010). Based on 
the BIC-values, we inferred 20 supertypes among the 311 PSS sequences (see figure S1 and figure S2). 

The individual genotypes on PSS level were obtained by collapsing the nucleotide alleles into 
the corresponding PSS alleles across all individuals using an Excel sheet. Similarly, the supertype 
genotypes were established by grouping the PSS alleles into the inferred supertypes across all 
individuals.
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Figure S1: The Bayesian information criterion (BIC) obtained for each k (number of supertypes, i.e. clusters) when the 311 
unique PSS (positively selected sites) MHC class II sequences were run using the package adegenet (Jombart, 2008) in R. 
 

 
Figure S2: A scatterplot of the 311 PSS (positively selected sites) sequences (points) clustered into 20 supertypes (ellipses) 
and colored correspondingly. The plot is visualized on the two first principal components (PC), when analyzed with 
discriminant analysis of principal component (DAPC) in the R package adegenet (Jombart, 2008). The inserts represent the 
eigenvalues of the PCs in the discriminant analysis (top right) and the PCA used to transform the data to uncorrelated 
variables (bottom right). When visualizing the relationships among the supertypes, the 18 first PCs (from the PCA used in 
the transformation of the data into uncorrelated variables: black bars in bottom right inserted figure), as well as seven 
discriminant functions (DA: black and grey bars in the top right inserted figure), were retained in the analysis, which 
conserved 94.4% of the variation.  
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S3: Phylogeny of the MHCII PSS-sequences 

 

 
Figure S3: A phylogeny of the 311 PSS (positively selected sites) MCH class II sequences, generated with iTOL (Letunic & 
Bork, 2016). The colors correspond to the supertype to which each PSS sequence belongs, while the frequency bars indicate 
the number of (presumably unrelated) adults the PSS sequence is genotyped in. The pie chart illustrates the number of PSS 
sequences each supertype is consisting of. 
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S4: Results from paired t-tests, maximized diversity (adults) 

Table S2: Results obtained from paired t-test, when testing for female choice of extra-pair males (EPM) for maximized MHC 
class II diversity across different parameters. If females choose EPM based on maximized diversity in the male genotypes 
alone, we would expect a significant difference between the social male (WPM) and EPM for the male diversity parameters. 
If instead females are able to self-reference and choose EPM based on a maximized diversity within the pair, we would 
expect a difference in the parameters between the social pairs (WPM-F) and extra-pair partners (EPM-F). The test units 
(WPM and EPM, and WPM-F and EPM-F) were paired within nest. The P-values are two-tailed. Parameter explanations: 
MPSS: The number of unique PSS alleles, found within the individual males, MPSSSum: Sum of the amino acid distance 
between all pairs of unique PSS alleles, found within the individual males, MPSSAve: Average amino acid distance between 
all pairs of unique PSS alleles, found within the individual males, MST: The number of supertypes, found within the 
individual males, PSSNon-sharedMale: The number of non-shared PSS alleles within the pairs (only found within the male), 
PSSSumNon-sharedMale: Sum of the amino acid distance between all pairs of non-shared PSS alleles within the pair (only found 
within the male), PSSAveNon-sharedMale: Average amino acid distance between all pairs of non-shared PSS alleles within the 
pair (only found within the male), STNon-sharedMale: The number of non-shared supertypes within the pair (only found within 
the male). 

Test unit Parameter t df 95% confidence 
interval 

P-value 

Male diversity (WPM and EPM)           

  MPSS 0.94 37   -0.95 - 2.58 0.36 

  MPSSSum      1.15 37  -92.1 - 333 0.26 

  MPSSAve -0.057 37   -0.083 - 0.079 0.96 

  MST 0.86 37   -0.57 - 1.41 0.39 

Compatibility (WPM-F and EPM-F)         

  PSSNon-sharedMale  1.07 35   -0.78 - 2.50 0.29 

  PSSSumNon-sharedMale  1.41 35  -35.1 - 194 0.17 

  PSSAveNon-sharedMale -0.61 35     -0.18 - 0.098 0.55 

  STNon-sharedMale -0.55 35   -0.79 - 0.45 0.59 
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Individual 
(accession number) Role

Role 
(abbreviated) Nest

#Nucleotide 
alleles
Individuals

#PSS 
alleles
Individuals

#Supertypes
Individuals

Mulitple times in 
dataset? Nest

#PSS-
alleles
WPM-F

#PSS-
alleles
EPM_F

1337 M M Multiple 35 13 9 Yes 1998_1 35 31
1592 M M Multiple 16 13 9 Yes 1998_3 43 34
2602 M M Multiple 36 14 9 Yes 1998_5 35 35
2904 M M Multiple 40 19 11 Yes 1998_7 31 28
3083 M M Multiple 34 17 12 Yes 1998_10 21 29
3171 M M Multiple 39 22 14 Yes 1998_15 43 37
3428 M M Multiple 33 20 12 yes 1998_17 40 32
3882 M M Multiple 40 27 15 Yes 1998_19 40 33
4899 M M Multiple 29 18 9 Yes 1998_20 28 31
5019 M M Multiple 25 14 10 Yes 1998_24 31 31
5508 M M Multiple 48 17 11 Yes 1998_27 25 35
6701 M M Multiple 44 23 18 Yes 1998_28 36 34
6779 M M Multiple 30 18 12 Yes 1998_31 38 31
6890 M M Multiple 28 19 13 Yes 1998_32 27 26
7412 M M Multiple 30 19 13 Yes 1998_34 31 35
8300 M M Multiple 33 15 9 Yes 1998_36 33 32
1503 M M Multiple 58 23 15 Yes (both years) 1998_41 18 26
2259 M M Multiple 31 20 13 Yes (both years) 1998_42 39 33
2513 M M Multiple 45 21 13 Yes (both years) 1998_47 31 28
2914 F F Multiple 39 21 14 Yes (both years) 1998_56 32 26
1137 M M 1998_1 28 21 13 1998_62 24 28
1148 F F 1998_1 39 21 14 1998_64 35 31
1159 Pullus 1 WPY 1998_1 38 19 12 1998_69 22 26
1170 Pullus 2 EPY 1998_1 27 15 11 1998_70 27 33
1181 Pullus 3 WPY 1998_1 27 19 12 1999_2 34 27
1192 Pullus 4 EPY 1998_1 37 16 10 1999_12 32 34
1203 Pullus 5 EPY 1998_1 35 16 13 1999_17 38 34
1214 Pullus 6 WPY 1998_1 29 22 15 1999_19 43 41
1248 M M 1998_3 36 22 13 1999_20 30 30
1259 F F 1998_3 51 30 16 1999_31 32 34
1270 Pullus 1 WPY 1998_3 40 27 17 1999_35 40 37
1281 Pullus 2 EPY 1998_3 43 18 10 1999_44 26 26
1292 Pullus 3 WPY 1998_3 41 19 11 1999_46 28 31
1303 Pullus 4 WPY 1998_3 45 22 11 1998_16 38 34
1314 Pullus 5 WPY 1998_3 46 30 18 1998_19 33 32
1348 F F 1998_5 39 28 14 1999_57 24 27
1359 Pullus 1 EPY 1998_5 23 17 12
1370 Pullus 2 EPY 1998_5 19 15 10
1381 Pullus 3 WPY 1998_5 29 14 11
1392 Pullus 4 EPY 1998_5 33 24 13
1403 Pullus 5 WPY 1998_5 30 15 12
1514 F F 1998_7 40 20 13
1525 Pullus 1 WPY 1998_7 37 16 13
1536 Pullus 2 EPY 1998_7 26 15 12
1547 Pullus 3 EPY 1998_7 25 14 11
1559 Pullus 4 EPY 1998_7 24 18 10
1570 Pullus 5 EPY 1998_7 28 16 9
1581 Pullus 6 WPY 1998_7 38 18 13
1768 M M 1998_10 24 11 10
1780 F F 1998_10 38 15 10
1790 Pullus 1 EPY 1998_10 37 14 11
1801 Pullus 2 EPY 1998_10 38 17 12
1812 Pullus 3 WPY 1998_10 28 14 10
1823 M M 1998_11 38 21 16
2169 M M 1998_15 40 26 15
2180 F F 1998_15 39 26 16
2191 Pullus 1 WPY 1998_15 44 31 16
2202 Pullus 2 EPY 1998_15 39 24 16
2215 Pullus 3 WPY 1998_15 29 15 9
2226 Pullus 4 WPY 1998_15 30 19 12
2237 Pullus 5 WPY 1998_15 27 13 8
2248 Pullus 6 WPY 1998_15 45 32 17
2358 M M 1998_17 48 31 17
2369 F F 1998_17 35 19 12
2380 Pullus 1 WPY 1998_17 43 26 15
2391 Pullus 2 WPY 1998_17 41 27 15
2402 Pullus 3 EPY 1998_17 29 18 15
2413 Pullus 4 EPY 1998_17 32 17 11
2424 Pullus 5 WPY 1998_17 42 27 15
2524 F F 1998_19 45 28 16
2535 Pullus 1 EPY 1998_19 40 20 10
2547 Pullus 2 EPY 1998_19 38 21 13
2558 Pullus 3 EPY 1998_19 35 16 10
2569 Pullus 4 EPY 1998_19 35 18 12
2580 Pullus 5 WPY 1998_19 41 24 13
2613 F F 1998_20 34 21 15
2619 Pullus 1 EPY 1998_20 35 20 13
2629 Pullus 2 WPY 1998_20 34 13 8

Table S3-IV: Individual genotypes of nucleotide alleles, alleles based on positively selected sites (PSS alleles) and supertypes. Each individual is only listed once. 
Note that individuals 2259, 2513, 1503 and 2914 aresampled in both sampling years. The number of PSS alleles within the observed pairs (social (WPM-F) and 
extra-pair (EPM-F) partners) are listed to the right of the table. Here, if the nest is cuckolded by more than one male, only the male with the highest number of 
offspring is included (valid for four nests: 1998_19, 1999_19, 1999_20, 1999_57).
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2640 Pullus 3 WPY 1998_20 31 11 7
2652 Pullus 4 WPY 1998_20 32 15 13
2663 M M 1998_21 51 26 17
2751 M M 1998_22 33 19 11
2924 Pullus 1 WPY 1998_24 30 20 13
2935 Pullus 2 WPY 1998_24 42 16 10
2946 Pullus 3 WPY 1998_24 27 20 13
2957 Pullus 4 WPY 1998_24 41 13 8
2968 Pullus 5 WPY 1998_24 42 17 10
2980 Pullus 6 EPY 1998_24 35 20 14
3094 F F 1998_27 36 17 11
3105 Pullus 1 EPY 1998_27 49 27 16
3116 Pullus 2 EPY 1998_27 28 14 11
3127 Pullus 3 WPY 1998_27 36 15 10
3138 Pullus 4 EPY 1998_27 28 11 9
3149 Pullus 5 EPY 1998_27 29 13 8
3160 Pullus 6 EPY 1998_27 27 12 7
3182 F F 1998_28 36 25 13
3194 Pullus 1 WPY 1998_28 30 21 12
3205 Pullus 2 EPY 1998_28 23 18 12
3216 Pullus 3 WPY 1998_28 33 21 12
3227 Pullus 4 EPY 1998_28 26 20 13
3238 Pullus 5 WPY 1998_28 31 20 12
3271 M M 1998_31 48 26 13
3282 F F 1998_31 36 19 11
3293 Pullus 1 EPY 1998_31 27 12 11
3306 Pullus 2 WPY 1998_31 46 26 13
3317 Pullus 3 EPY 1998_31 27 12 8
3328 Pullus 4 EPY 1998_31 27 15 12
3350 M M 1998_32 37 20 11
3361 F F 1998_32 31 14 10
3372 Pullus 1 WPY 1998_32 22 18 10
3383 Pullus 2 EPY 1998_32 40 19 13
3439 M M 1998_34 39 15 9
3450 F F 1998_34 45 24 15
3461 Pullus 1 WPY 1998_34 39 17 11
3472 Pullus 2 WPY 1998_34 21 13 10
3483 Pullus 3 WPY 1998_34 36 16 11
3494 Pullus 4 WPY 1998_34 35 21 14
3505 Pullus 5 EPY 1998_34 27 19 12
3516 Pullus 6 WPY 1998_34 44 20 13
3536 M M 1998_36 38 19 12
3547 F F 1998_36 40 22 14
3558 Pullus 1 WPY 1998_36 38 25 12
3569 Pullus 2 WPY 1998_36 32 16 12
3580 Pullus 3 EPY 1998_36 44 24 15
3590 Pullus 4 WPY 1998_36 30 19 12
3612 M M 1998_37 52 21 14
3793 M M 1998_41 33 12 8
3804 F F 1998_41 33 13 8
3815 Pullus 1 WPY 1998_41 35 11 6
3826 Pullus 2 WPY 1998_41 34 8 5
3837 Pullus 3 WPY 1998_41 34 8 5
3849 Pullus 4 WPY 1998_41 35 12 8
3860 Pullus 5 EPY 1998_41 28 16 9
3871 Pullus 6 EPY 1998_41 26 12 9
3893 F F 1998_42 46 21 14
3904 Pullus 1 WPY 1998_42 41 22 13
3915 Pullus 2 EPY 1998_42 43 18 10
3926 M M 1998_43 41 20 13
3947 Pullus 1 WPY 1998_43 25 16 11
3959 Pullus 2 WPY 1998_43 32 18 12
3970 Pullus 3 WPY 1998_43 28 14 10
3980 Pullus 4 EPY 1998_43 38 20 13
3991 Pullus 5 EPY 1998_43 30 21 15
4002 Pullus 6 WPY 1998_43 37 20 12
4113 M M 1998_46 38 13 9
4202 M M 1998_47 44 16 11
4213 F F 1998_47 28 22 13
4224 Pullus 1 EPY 1998_47 26 16 12
4235 Pullus 2 EPY 1998_47 26 20 11
4246 Pullus 3 WPY 1998_47 40 22 12
4257 Pullus 4 EPY 1998_47 26 20 11
4268 Pullus 5 WPY 1998_47 45 23 12
4555 M M 1998_54 51 24 13
4710 M M 1998_56 34 22 14
4721 F F 1998_56 33 16 9
4733 Pullus 1 WPY 1998_56 22 10 8
4744 Pullus 2 EPY 1998_56 27 14 10
4755 Pullus 3 EPY 1998_56 30 15 9
4766 Pullus 4 EPY 1998_56 25 11 8
4777 Pullus 5 WPY 1998_56 31 11 9
4788 Pullus 6 WPY 1998_56 41 23 13
4799 Pullus 7 WPY 1998_56 36 21 13
4921 M M 1998_60 37 20 15
5030 F F 1998_62 27 17 11
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5041 Pullus 1 WPY 1998_62 21 18 12
5052 Pullus 2 WPY 1998_62 27 13 10
5064 Pullus 3 WPY 1998_62 34 14 9
5075 Pullus 4 WPY 1998_62 23 17 12
5175 F F 1998_64 40 22 15
5186 Pullus 1 WPY 1998_64 41 23 15
5197 Pullus 2 WPY 1998_64 25 15 11
5208 Pullus 3 WPY 1998_64 29 19 15
5219 Pullus 4 EPY 1998_64 40 14 9
5230 Pullus 5 WPY 1998_64 37 22 15
5241 Pullus 6 WPY 1998_64 31 17 13
5519 F F 1998_69 26 12 8
5530 Pullus 1 WPY 1998_69 34 11 8
5540 Pullus 2 WPY 1998_69 29 7 5
5551 Pullus 3 EPY 1998_69 29 17 11
5562 Pullus 4 WPY 1998_69 40 9 7
5573 Pullus 5 WPY 1998_69 34 18 11
5584 Pullus 6 WPY 1998_69 46 15 10
5593 M M 1998_70 48 20 11
5604 F F 1998_70 33 18 11
5616 Pullus 1 WPY 1998_70 29 15 11
5627 Pullus 2 WPY 1998_70 33 19 12
5638 Pullus 3 EPY 1998_70 43 27 14
6090 M M 1999_2 31 25 15
6101 F F 1999_2 50 16 13
6112 Pullus 1 EPY 1999_2 38 18 13
6123 Pullus 2 EPY 1999_2 39 8 7
6134 Pullus 3 WPY 1999_2 31 15 11
6145 Pullus 4 EPY 1999_2 40 21 14
6156 Pullus 5 EPY 1999_2 37 10 9
6168 Pullus 6 WPY 1999_2 35 15 13
6201 M M 1999_6 40 19 12
6256 M M 1999_7 43 19 13
6345 M M 1999_12 34 17 11
6356 F F 1999_12 26 22 13
6367 Pullus 1 EPY 1999_12 32 18 13
6378 Pullus 2 EPY 1999_12 31 18 13
6390 Pullus 3 EPY 1999_12 34 20 12
6401 Pullus 4 WPY 1999_12 25 17 11
6412 Pullus 5 EPY 1999_12 28 14 10
6423 Pullus 6 EPY 1999_12 25 19 11
6534 M M 1999_16 28 13 10
6613 M M 1999_17 35 18 13
6624 F F 1999_17 40 26 15
6635 Pullus 1 WPY 1999_17 37 18 15
6646 Pullus 2 WPY 1999_17 36 25 16
6657 Pullus 3 WPY 1999_17 30 21 13
6668 Pullus 4 EPY 1999_17 31 20 14
6679 Pullus 5 EPY 1999_17 30 22 14
6712 F F 1999_19 43 32 15
6724 Pullus 1 WPY 1999_19 40 28 17
6735 Pullus 2 EPY 1999_19 25 20 13
6746 Pullus 3 EPY 1999_19 32 23 15
6757 Pullus 4 EPY 1999_19 29 18 13
6768 Pullus 5 WPY 1999_19 52 26 15
6790 F F 1999_20 30 19 12
6812 Pullus 2 EPY 1999_20 22 16 13
6823 Pullus 3 EPY 1999_20 36 23 15
7023 0 WPY 1999_20 27 14 10
7279 M M 1999_31 35 20 13
7290 F F 1999_31 57 19 14
7301 Pullus 1 WPY 1999_31 36 20 13
7312 Pullus 2 EPY 1999_31 39 23 15
7323 Pullus 3 WPY 1999_31 44 21 13
7334 Pullus 4 WPY 1999_31 41 15 12
7345 Pullus 5 EPY 1999_31 46 22 14
7356 Pullus 6 WPY 1999_31 40 20 13
7523 M M 1999_35 58 23 14
7534 F F 1999_35 42 24 12
7545 Pullus 1 EPY 1999_35 33 19 12
7556 Pullus 2 WPY 1999_35 43 22 15
7567 Pullus 3 WPY 1999_35 39 22 12
7577 Pullus 4 WPY 1999_35 48 19 14
8000 M M 1999_43 19 14 10
8011 M M 1999_44 35 18 11
8022 F F 1999_44 43 14 10
8033 Pullus 1 EPY 1999_44 40 21 13
8044 Pullus 2 WPY 1999_44 36 17 10
8200 M M 1999_46 22 13 8
8211 F F 1999_46 47 22 13
8222 Pullus 1 EPY 1999_46 33 18 15
8233 Pullus 2 EPY 1999_46 44 15 12
8244 Pullus 3 EPY 1999_46 32 18 12
8322 Pullus 1 WPY 1999_47 32 21 11
8333 Pullus 2 EPY 1999_47 30 15 8
8344 Pullus 3 WPY 1999_47 34 11 8
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8355 Pullus 4 EPY 1999_47 28 13 7
8366 Pullus 5 EPY 1999_47 21 12 7
8375 Pullus 6 EPY 1999_47 38 21 12
8485 F F 1999_49 44 25 14
8508 Pullus 2 EPY 1999_49 40 20 14
8519 Pullus 3 WPY 1999_49 31 19 13
8552 Pullus 1 EPY 1999_50 36 17 11
8563 Pullus 2 WPY 1999_50 41 18 12
8574 Pullus 3 EPY 1999_50 30 19 14
8585 Pullus 4 EPY 1999_50 39 23 15
8596 Pullus 5 WPY 1999_50 51 22 15
8608 Pullus 6 EPY 1999_50 37 20 15
8897 M M 1999_56 38 23 12
8908 M M 1999_57 40 18 14
8919 F F 1999_57 34 14 11
8930 Pullus 1 EPY 1999_57 45 25 13
8942 Pullus 2 EPY 1999_57 35 14 10
8953 Pullus 3 EPY 1999_57 42 18 13
8964 Pullus 4 WPY 1999_57 31 15 13
8975 Pullus 5 EPY 1999_57 42 19 13
8986 Pullus 6 WPY 1999_57 33 15 12
8997 Pullus 7 EPY 1999_57 31 10 8
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