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Abstract 
 
Major histocompatibility complex (MHC) genes play an essential role in pathogen 
recognition. High polymorphism within MHC genes is thought to be a fundamental property 
which is maintained by natural selection. These genes are among the most studied adaptive 
marker in wild populations as MHC polymorphism has been repeatedly linked to fitness 
related traits. The white-tailed eagle population in Iceland is an isolated population 
consisting of approximately 85 breeding pairs. This population experienced bottleneck 
effects that lasted for about 60 years, raising the inbreeding coefficient within the population 
substantially. To study whether MHC-I genes in white-tailed eagles in Iceland are shaped by 
selection or bottleneck effects, scaffold containing MHC-I was identified and further 
analyzed from full genome sequences of 73 white-tailed eagles from five countries (Iceland, 
Denmark, Norway, Estonia and Greenland). MHC-I within the white-tailed eagle is shaped 
by repeated duplication events and evidence suggested that selection maintains diversity 
between paralogous regions. The MHC-I genes showed excess in heterozygosity suggesting 
significant deviance from Hardy-Weinberg equilibrium. Data from microbial metagenome 
analysis revealed diversity of bacterial DNA within the blood of white-tailed eagles where 
several identified taxa are potential pathogens in birds. Individuals differed significantly 
with respect to OTU composition and OTUs were constrained to environmental factors and 
virulence. Scanning the MHC-I scaffold for associations to environmental factors and 
virulence suggested no significant associations within MHC-I genes. However, diversity 
within an identified linkage block located upstream from MHC-I genes, showed significant 
association to virulence gene load within individuals.  

 

 

 
 

 





 

Útdráttur 
 
Sýnisameindir (e. Major histocompatibility complex) eða MHC gen spila lykilþátt í hlutverki 
ónæmiskerfisins með því að bera kennsl á sýkla. Mikil fjölbreytileiki innan MHC gena er 
talinn vera grundvallar eiginleiki sem er viðhaldið með náttúrulegu vali. Þessi gen hafa 
margsinnis verið rannsökuð innan villtra stofna þar sem MHC breytileiki hefur oft verið 
tengdur við hæfnistengda eiginleika. Stofn hafarna á Íslandi er einangraður og telur u.þ.b. 
85 varppör. Erfðabreytileiki stofnins er mótaður af lítilli stofnstærð og sérstaklega af 
niðursveiflu sem sem hófst um miðbik 19. aldar og var í lágmarki um 20 pör  yfir í nær 60 
ár og leiddi til hækkunar á skyldleikastuðli innan stofnsins. Til að svara spurningunni um 
hvort MHC-I gen í íslenskum haförnum séu mótuð af þessum flöskuhálsi í stofnstærð eða 
náttúrulegu vali, voru gögn fengin úr raðgreiningu á heildarerfðamengjum 73 hafarna frá 
fimm löndunum (Íslandi, Noregi, Danmörku, Eistlandi og Grænlandi). MHC-I gen voru 
staðsett og greind nánar m.t.t. samsetningar og breytileika. MHC-I gen í haförnum eru mótuð 
af endurteknum genatvöföldunum og niðurstöður benda til þess að náttúrulegt val viðhaldi 
breytileika á milli hliðstæðra svæða (e. paralogous regions). MHC-I gen sýndu háa 
arfblendni sem benti til frávika frá tilviljunarkendum samsetningum innan stofnana (Hardy-
Weinberg jafnvægi). Greining á erfðamengjum  baktería í blóði hafarnanna sýndi fram á 
tilvist erfðaefnis úr ólíkum ættum og mátti rekja einstaka amínósýruraðir til mögulegra sýkla. 
Samsetning baktería í haförnum var breytileg og vissar bakteríur voru tengdar við ákveðna 
umhverfis og sýkingaþætti (e. virulence). Breytileiki í MHC-I og nærliggjandi DNA- röðum 
voru einnig skimum fyrir tengslum við umhverfis- og sýkingaþætti. Engin marktæk tengsl 
greindust fyrir MHC-I, hinsvegar hafði breytileiki innan tengslablokkar sem staðsett var fyrir 
framan MHC-I genin, marktæk tengsl við fjölda sýkingargena í blóði hafarna.  
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1 Introduction 

1.1 The Genes of The Major Histocompatibility 
Complex  

The Major histocompatibility complex (MHC) genes were initially recognized as the “major 
transplantation antigens” as it became known through experiments in organ transplantation 
in the year 1967 (Klein and O’hUigin, 1993). These genes were known to be highly 
polymorphic even before its function was discovered since the high allelic diversity was 
thought to be the cause for transplant rejection (Hughes, 1999). In a later study, researchers 
studied the genetic differences in immune response between different inbred strains of mice 
and discovered what they called “major immune response genes”. The surprising discovery 
was made when the major immune response genes were found to be encoded at the same 
region as the major transplantation antigens (Hughes 1999). After years of research, we 
know this genetic region as the multigene family that codes for the major histocompatibility 
complex, i.e. the MHC genes.  
 
MHC genes play a crucial role in pathogen recognition in most jawed vertebrates (Hughes 
1999). They code for glycoproteins that bind peptides, both self and non-self, inside the cell 
and deliver them to the surface for inspection by T cells and natural killer cells (Murphy and 
Weaver, 2016). The MHC family includes two main sub-families, MHC class I and MHC 
class II, owing to difference in pathways. MHC-I is expressed in all nucleated cells and 
presents peptides of cytosolic and nuclear origin (Neefjes et al., 2011). MHC-II is primarily 
expressed in antigen-presenting cells and presents peptides derived from extracellular 
pathogens. MHC genes are often polygenic, meaning they code for several different MHC 
molecules which leads to broader pathogen recognition (Murphy and Weaver 2016). High 
polymorphism is another fundamental quality of MHC genes, in fact these are the most 
polymorphic genes known in animals. The basis for MHC polymorphism lies in the peptide 
binding groove’s constricted capacity in recognizing unique peptide owing to variations in 
the peptide-binding pockets (Neefjes et al., 2011). Many of the polymorphisms in MHC 
molecules alter the amino acids that line these pockets and thus change the pockets binding 
specificities (Murphy and Weaver 2016). Most pathogens who are recognized by the MHC 
molecules are eliminated via immune response. This results in strong selection on pathogens 
who can get passed the MHC peptide recognizing system. This arms-race between MHC 
genes and pathogens leads to pathogen-driven balancing selection on MHC (Murphy and 
Weaver 2016). Researches consistently find support for an excess of non-synonymous over 
synonymous substitutions at the MHC region thereby confirming operative natural selection 
at this region (Radwan et al., 2010). Other factors may also contribute to increased diversity 
such as gene conversion and recombination, sexual selection and maternal-foetal interactions 
(Spurgin and Richardson, 2010). 

1.2 MHC polymorphism and evolution  
Explaining how variation is maintained in natural populations, has been a fundamental 
question in evolutionary biology for decades. MHC genes, for their high polymorphism, 
have recurrently been used as a model for studying how natural selection functions to 
maintain variation in populations (Spurgin and Richardson, 2010). Three main hypotheses 
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have been suggested to explain how pathogen-mediated selection operates: heterozygote 
advantage, rare-allele advantage and fluctuating selection.  
 
The rare-allele advantage hypothesis proposes that polymorphism is maintained by negative 
frequency dependent selection from pathogens (Hughes 1999), where the fitness effect of an 
allele is in inverse relation with its frequency. In other words, MHC alleles will respond to 
changes in pathogen fauna and therefore increase or decrease in frequency depending on 
variety and abundance of pathogens. Strong positive selection will act on MHC alleles that 
confers resistance to common pathogens and those alleles will accumulate in the population. 
This will enhance selection and increase frequency on pathogens that can pass these common 
alleles and alter the selection on new alleles or rare alleles (Hughes 1999). This mechanism 
is widely known as the red queen effect.  
 
The heterozygote advantage hypothesis suggests that individuals who are heterozygous at 
MHC loci are able to react to a broader range of pathogens than homozygotes (Spurgin and 
Richardson, 2010). This hypothesis is formed on the fact that MHC proteins present a limited 
number of antigens thus, it would be advantageous to be heterozygous at the MHC region to 
present a higher number of alleles. Heterozygote advantage can occur both through dominant 
selection, where heterozygotes are as resistant to infections as the most resistant 
homozygote, or overdominant selection where heterozygotes always have a higher fitness 
than homozygotes (Sommer, 2005). While dominance and overdominance can maintain 
diversity over a metapopulation it is important to mention that dominance alone, at a single 
locus cannot maintain diversity within individual populations (Takahata and Nei, 1990). 
Selection on linked loci, without overdominance can though lead to associative 
overdominance which can maintain variation (e.g., Pamilo and Pálsson 1998). Under 
associative overdominance, individuals which are homozygous for a chromosomal segment 
are more likely to be homozygous for deleterious mutations or the allele with the lower 
fitness than the individuals which are heterozygous for the same segment. Association 
between MHC heterozygosity and both pathogen load and fauna should be observed in 
populations influenced by heterozygosity (Spurgin and Richardson, 2010). However, 
expansion of the MHC gene family is thought to be limited by the risk of autoimmunity 
diseases. Evidence suggests that excessive heterozygosity at the individual level can be 
harmful, i.e. too high MHC diversity can have a detrimental effect on T-cell diversity and 
cause the deletion of T-cells, leading to auto-immune diseases (Radwan et al., 2020). Natural 
selection would therefore generate MHC optimization rather than maximization. Antigen 
presentation might not only rely on the number of expressed MHC alleles but also on the 
binding affinity of each MHC molecule. Recent hypotheses suggest that low-expressed 
alleles function as generalist, presenting peptide from common pathogens while other alleles 
are high-expressed specialist and present peptides from new virulent pathogens (Kaufman, 
2018). This means that the peptide repertoire of MHC molecules present in a population 
might be a factor to consider in identifying risk of extinction for endangered species.  
 
The fluctuation selection hypothesis proposes that diversity is driven by environmental 
fluctuation and changes in pathogen fauna. This means that selection will constantly shift 
directions depending on the current environment, favouring different alleles at a time 
(Hughes 1999). This is fundamentally different from rare-allele advantage in aspects of the 
selection being directional rather than cyclical and the pathogen fluctuation is determined 
externally by environmental changes.  
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Note that these hypotheses do not exclude each other, and all could contribute to MHC 
diversity (Spurgin and Richardson, 2010).  

1.3 Structure of the avian MHC genes  
Most of today’s knowledge about MHC comes from mammalian studies, primarily humans 
and mice. The mammalian MHC region is large, complex, contains many pseudogenes and 
repetitive elements. Recombination is frequent which leads to polymorphism in class I and 
II (Kaufman, 2013a). The chicken (Gallus gallus domesticus) MHC region tells another 
story by being simple and compact, a structure often referred to as minimal essential MHC 
(Kaufman et al., 1999). In fact, the chicken MHC region is 20-fold smaller than the human 
MHC. It contains many of the genes typically found in mammalian MHC, but some are 
absent. The chicken has two copies of class I but only one copy is expressed. This explains 
the chicken’s strong association with infectious pathogens, not recorded in mammals 
(Kaufman, 2013b). The reason why one dominantly expressed class I copy can be explained 
by low recombination rate and co-evolution with TAP genes which are flanked by the MHC-
I. These TAP genes are highly polymorphic and include particular alleles that work 
optimally with the single dominantly expressed class I molecule and constitutes a stable 
MHC haplotype. That is to say, the TAP genes work in a so-called haplotype-specific way 
(Kaufman, 2013b). Evidence for one dominantly expressed MHC copy has been reported 
for several bird species including Japanese quail (Coturnix japonica), duck (Anas 
platyrhynchos) and the green-rumped parrotlet (Forpus passerines) (Hughes et al., 2008; 
Mesa et al., 2004; Shiina et al., 2004). In mammals, the TAP genes are not polymorphic and 
are located some distance from the MHC-I region  (Radwan et al., 2020). The chicken MHC 
is the most studied MHC outside mammals and was used as a model for the avian MHC until 
research revealed dynamic MHC structures across the avian evolutionary tree (Westerdahl 
et al., 2000) suggesting that minimal essential MHC might only be representative for old 
non-passerine lineages (Kaufman, 2013a). Few reports have been made on MHC structure 
within the Accipitriformes, i.e. hawks, eagles and kites, yet one study finds MHC-I in three 
birds of prey to be simple and compact with no sign of pseudogenes and few gene 
duplications (Alcaide et al., 2009). 

1.4 The evolution of duplications 
Phylogenetic studies have shown that the MHC region has a long history of gene 
duplications and divergence. Evolutionary divergence of alleles could be an important 
mechanic to maintain diversity within populations, especially small once. This mechanic 
was marked in a recent study on an isolated bird population suggesting that small population 
with low allele frequency can maintain diversity with co-segregation of a large number of 
linked gene copies (Stervander, 2020). It has been argued that evolutionary divergence could 
outweigh disassortative mating in producing offspring with MHC-divergent alleles and 
might be the reason for many species lacking expected pattern of MHC-disassortative mating 
(Dearborn et al., 2016). Gene duplication can lead to neo-functionalization where the newly 
copied gene can obtain a new function while the other retains its function. Sub-
functionalization can also occur where the original function is split between the two gene 
copies, relaxing the pressure for maintaining the original gene function (Eirín et al., 2012). 
There is substantial variation in numbers of MHC genes across the avian tree of life (Minias 
et al., 2019a; O’Connor et al., 2016). Results suggest that low number of MHC loci is the 
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ancestral structure in birds and that number of genes has probably increased late in the avian 
radiation resulting in high number of MHC loci in passerines. In fact, high MHC diversity 
could be a factor that has contributed to passerine success and rapid radiation (Drews and 
Westerdahl, 2019). MHC architecture has continued diverging within the passerine, 
producing great variation within the group. MHC loci numbers also seem to correlate 
positively with lifespan and migratory behaviour  (Minias et al., 2019a). Evidence suggests 
that passerines that leave the pathogen-rich Africa and either breed or colonize in the 
Palearctic, show significantly lower numbers of MHC alleles than related species in Africa 
(O’Connor et al., 2016).  

1.5 The white-tailed eagle in Iceland: A hope for 
a bottlenecked population 

The white-tailed eagle (Haliaeetus albicilla) is a large sea eagle breeding in Greenland and 
across the Palearctic. It feeds at a high trophic level and is considered as a flagship species 
even sometimes symbolically referred to as “the king of birds” (Love, 2016). White-tailed 
eagles typically live near coast areas, rivers or lakes and feeds on fish, waterfowl, mammals 
and carrion. These eagles mature late, usually breeding for the first time at four or five years 
old and can reach up to 36 years of age. They breed in monogamous pairs and claim large 
breeding territories, often switching between two nests from one breeding season to the next 
(Love 2016). Most of the white-tailed eagle populations in Europe suffered from extreme 
population decline in the late 19th century mostly due to pollution, human persecution and 
habitat degradation (Hailer et al., 2006). The use of DDT weighed heavily on populations 
and led to eggshell thinning and subsequent breeding failures. Many populations recovered 
dramatically in the past 40 years owing to protection laws, ecological restoration and a ban 
on DDT.  
White-tailed eagles in Iceland are thought to be an isolated population and individuals are 
not known to migrate between countries. The Icelandic population faced a rapid decline, 
parallel to other populations in Europe, at the hands of human persecution (Skarphéðinsson, 
2013). The effects of this extreme bottleneck on the eagles once dispersed around the island, 
resulted in only 20 breeding pairs remaining on the west coast in the year 1914 when the 
population was protected by law. However, the population did not show any sign of recovery 
until early 1970s when a ban on fox poisoning was implemented (1964). Today the 
population consist of about 85 breeding pairs still bound to the west coast of Iceland.  
 

1.6 Inbreeding Depression 
Nearly 60 years of bottleneck effect within the white-tailed eagle population in Iceland is 
likely to have led to more mating between related individuals and to have raised the 
inbreeding coefficient within the population substantially. Inbreeding leads to increased 
homozygosity and, as recessive deleterious mutations will become homozygous the fitness 
(i.e. survival and or fecundity) of their carrier will get lower, an impact also known as 
inbreeding depression. Furthermore, the efficacy of selection against weakly deleterious 
mutations is dependent on population size, in smaller populations such mutations may 
segregate like neutral mutations and reach high frequency (Ohta, 1973).  
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An ongoing research project led by Snæbjörn Pálsson at the University of Iceland, aims to 
study whether the white-tailed eagle population in Iceland suffers from inbreeding but the 
population bears some evidence in lack of fitness. For instance, the rate of reproduction 
among Icelandic eagles is annually about 0.5 chick per pair (Skarphéðinsson, 2013), nearly 
one third of the rate in Sweden (Hailer et al., 2007).  
 
The population’s response to a high level of inbreeding may vary substantially due to the 
dynamics of the population reduction, genetic and/or environmental factors. Diversity within 
bottlenecked populations depends both on population size and the rate of population growth 
after going through the bottleneck. If population growth is very rapid, then it has little effect 
on average heterozygosity, even in very small populations. However, the loss of an average 
number of alleles is highly affected by the size of the bottlenecked population due to random 
genetic drift (Nei et al., 1975). Populations that have been small for a long period of time 
may have accumulated high levels of deleterious alleles which sometimes can lead to a so 
called mutational meltdown (Fry et al., 2020). Other small population may have adapted to 
high inbreeding due to purging of deleterious alleles. Generally, loss of diversity is 
disadvantageous for populations since it limits adaptation to a changing environment which 
is the basis for its further existence and even ecosystem stability (Booy et al., 2000). This 
often applies for island ecosystems as the populations are often small and isolated and 
therefore more sensitive to fluctuations (Stervander et al. 2020).   

1.7 MHC diversity and fitness  
Numerous studies have presented evidence for a decline in fitness-associated traits in 
individuals with high inbreeding coefficients (Brambilla et al., 2018; Coltman et al., 1998; 
Reid et al., 2007; Saccheri et al., 1996; Smallbone et al., 2016). However, it has been hard 
to assess the cost of inbreeding on fitness also, individual heterozygosity and the inbreeding 
coefficient are often poorly correlated in large populations at equilibrium (Szulkin et al., 
2010). In fact, heterozygote-fitness correlation often arises when inbreeding is substantial 
and explains a large proportion of the variance in fitness within the populations (Szulkin et 
al., 2010). Estimating the relationship between individual genetic diversity and individual 
measures of life-history, morphological and physiological traits have been a common 
practice in estimating relationship between heterozygosity and fitness. Heterozygosity-
fitness correlations can be explained by functional overdominance in genes which are linked 
to the scored loci. Alternatively, heterozygosity-fitness correlations can also arise as a result 
of associative overdominance not only due to linkage with loci under functional 
overdominance but where genetic association between selected loci with no overdominance 
can lead to highest fitness for a heterozygous chromosomal segment as a marginal effect 
(Pamilo and Pálsson, 1998). 
 
As previously mentioned, MHC diversity is driven by strong selection often maintaining the 
diversity despite a bottleneck (Newhouse and Balakrishnan, 2015). Notably, white-tailed 
eagles in the core Central European populations showed significant levels of MHC diversity 
despite a recent bottleneck (Minias et al. 2019). In some cases, excessive inbreeding will 
outweigh the role of selection in maintaining MHC diversity and consequently result in loss 
of allelic diversity. This could have a negative impact on fitness. For instance, random 
genetic drift eliminating rare functional alleles in a small population can make it more 
vulnerable to fast-evolving pathogens. Evidence for association between MHC diversity and 
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susceptibility to diseases have been scarce although more cases have been reported in recent 
years (Ballingall et al., 2016; Croisetière et al., 2008; Gao et al., 2018; Goodin et al., 2018). 
Most commonly reported within avian studies is the association between avian malaria and 
certain MHC alleles (Loiseau et al., 2011; Sepil et al., 2013a; Westerdahl, 2005). The effect 
of MHC diversity on fitness might however depend on the structure and function of the MHC 
region, one study reported an ecological radiation and flourishing of falcons despite low 
MHC diversity (Gangoso et al., 2012). It is apparent that MHC diversity reflects 
evolutionary history and perhaps MHC diversity cannot be generalized among vertebrates.  

1.8 Technological advances in MHC genotyping  
Assembling highly repetitive genomic regions, like MHC regions, based on short read 
sequencing can be challenging and often results in collapse of repeated sequences into a 
single contig (O’Connor et al., 2019).  MHC genotype studies have predominately relied on 
PCR based methods with a pursuit on amplifying MHC-I exon 3 and MHC-IIB exon 2. MHC 
genotype studies flourished with the application of high-throughput amplicon of PCR 
products which enabled high-resolution MHC genotyping of individuals, providing a vast 
amount of data. This application unveiled the extremely high MHC diversity within the some 
passerine which had been challenging to detect with earlier methods (O’Connor et al., 2019). 
High-throughput amplicon sequencing however comes with a relatively high error-rate 
making it necessary to filter accurately. Even with extensive filtering, it can be difficult to 
detect artificial alleles that are highly represented in the final dataset when they arise during 
the early stages of PCR (O’Connor et al., 2019). Primer design will also affect the precision 
of MHC genotyping as unbalanced amplification can cause allelic dropout. Consequently, it 
is hard to do a comparative approach between studies because of the noise created by the 
many factors influencing the number of alleles detected in each MHC genotyping study. This 
has though been done in a large study that implemented statistical approaches to account for 
the lack of consistency between studies (Minias et al., 2019a). Long-read sequencing has 
been more accessible in recent years resulting in more accessibility of high-quality data with 
no risk of PCR artefacts. With enabling long-read sequencing in future MHC genotyping 
studies a better understanding of MHC structure across species will surely be gained. 
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2 Aims  
This study aims to analyze variation in the MHC-I gene in white-tailed eagles in Iceland and 
whether it has been affected from inbreeding and accumulation of deleterious mutations after 
near 60 years of severe bottleneck. Whole genomic sequences from 73 white-tailed eagles 
(from Iceland, Norway, Denmark, Estonia and Greenland) resulting from the work on the 
genomics of white-tailed eagle will be used to study whether MHC-I genes in white-tailed 
eagles in Iceland are shaped by selection or bottleneck effects. Bacterial DNA diversity in 
the blood will be analyzed to predict whether white-tailed eagles could be influences by 
potential pathogens. Furthermore, MHC-I scaffold will be scanned to predict whether MHC-
I diversity is relevant to other factors such as environmental- and virulence factors. To 
answer these questions, the following three chapters (chapters 3 -5) will describe i) the 
characteristics of MHC-I genes in white-tailed eagles (chapter 3: Structure, Linkage, 
Diversity and Selection of MHC-I genes in the White-tailed Eagle),  ii) the bacterial diversity 
in blood of white-tailed eagles (chapter 4: Bacterial diversity in the blood of white-tailed 
eagles and it’s association to other factors) and iii) analyse the association between MHC-I 
diversity and other factors such as environmental factors and virulence (chapter 5: Detecting 
association within MHC-I scaffold with environmental factors and virulence in white-tailed 
eagles). 
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3 Structure, Linkage, Diversity and 
Selection of MHC-I genes in the 
White-tailed Eagle 

 
Although numerous studies have been conducted on MHC genes across avian linages 
(Alcaide et al., 2014; Hughes et al., 2008; M et al., 2011; Minias et al., 2018; Westerdahl et 
al., 2000; Worley et al., 2010), only few have been on MHC genes within Accipitridea, that 
includes eagles, hawks, kites, harriers and Old-World vultures (Alcaide et al., 2009; Minias 
et al., 2019b) Those studies, like most MHC studies in non-model species, have mainly 
focused on variation within exon 3, known to code for highly polymorphic a2 domain of the 
peptide binding region of the MHC genes (Minias et al., 2018). The peptide binding region 
is however comprised of two domains a1 and a2  (Murphy and Weaver 2016). Alcaide et 
al. conducted the first study on the diversity and structure of MHC genes within raptors 
(Alcaide et al., 2009). The authors isolated exon 3 within MHC genes of three species of 
raptors; spanish imperial eagle Aquila adalberti, bearded vulture Gypaetus barbatus and 
white-backed vulture Gyps africanus. The study reported that the MHC-I genes in these birds 
were simple and compact, consistent to the minimal essential MHC of the chicken (Kaufman 
et al. 1999). Results also showed low number of exon 3 loci within the same individual. 
Minias et al., (2019) assessed in the same way the diversity within MHC genes in a 
bottlenecked population of white-tailed eagles in Poland. This study also included 
examination of historical patterns of positive selection acting on the MHC genes by 
comparing the ratio of nonsynonymous and synonymous substitutions. The result from 
Minias et al. suggested significant level of genetic diversity within exon 3 in MHC-I despite 
a severe demographic decline in the second half of the twentieth century. They also reported 
signature of diversifying selection acting on the MHC genes.   
 
In this chapter the aims are to assess i) the structure and linkage within MHC-I genes in 
white-tailed eagles, ii) diversity within these gene and compare with results from an earlier 
study iii) evidence of evolutionary mechanisms shaping MHCI-I genes within white-tailed 
eagles. This will be done using data from an ongoing study containing whole genomic 
sequences from 73 white-tailed eagles from Iceland, Norway, Denmark Estonia and 
Greenland.  

3.1 Methods 

3.1.1 Samples, filtering and annotation of the MHC-I region 
The data was derived from next generation short reads of 73 white-tailed eagles from five 
countries, Iceland (42), Denmark (11), Norway (6), Estonia (3) and Greenland (11). Blood 
samples from Iceland were collected from 42 chicks in an ongoing monitoring of the white-
tailed eagles in Iceland (started in 2001 by the Icelandic Institute of Natural History). Blood 
and muscle tissue from the Estonian, Danish and Greenland individuals were provided by 
the Arctic Research Centre, Faculty of Natural Sciences, AU, Roskilde, Denmark (Estonian, 
Danish and Greenland samples) and the Greenland Institute of Natural Resources (Greenland 
samples). Samples from Iceland, Denmark, Estonia and Greenland were sequenced at BGI 
Hong Kong using DNBseq Normal DNA library construction and DNBseq PE150.  Sample 
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from Norway were processed at the NTNU University Museum’s standard molecular 
genetics laboratories and sequenced at the Department of Natural History, NTNU University 
Museum, Trondheim, Norway. Charles C. R. Hansen mapped reads from all 73 individuals 
to the golden eagle genome reference bAquChr1.2, using bwa and samtools view and sort 
(Li and Durbin, 2009; Li et al., 2009). The following filters were applied using vcftools 
minQ 100, minGQ 20, minDP 8, minMQ 30 and maxDP 25. Using bcftools, the allelic 
balance for heterozygotic sites were filtered to only contain heterozygotes with a balance 
between 0.4 and 0.6.  Scaffold UFQG02000077.1 containing MHC-I was identified by 
blasting sequences from an earlier study (Minias et al. 2019) to the reference bAquChr1.2. 
 

3.1.2 Characterization of MHC-I duplications within the white-
tailed eagle 

Information on transcripts for MHC-I was retrieved from Golden eagle Aquila chrysaetos 
genome assemble (bAquCHR) on Ensemble [http://www.ensembl.org/] (Howe et al., 2021). 
The MHC-I region within the golden eagle was aligned against the same region to find 
regions of similarity using Basic local alignment search tool (BLAST) 
https://blast.ncbi.nlm.nih.gov (Altschul et al., 1990). Data was retrieved from an earlier 
study (Minias et al. 2019) containing fasta files for exon 3 and partial cds which were aligned 
against the same reference genome using BLAST to identify location of exon 3, known to 
code for the a2 domain of the peptide-binding region. Exons were located based on 
transcriptions from the reference genome and scanned for stop codons and frame shifts with 
AliView (Larsson, 2014). Duplications or paralogous regions were identified by aligning the 
region with it self, using the same blast tool as above, using default settings. Results were 
summarized with a dot plot, redrawn in R and a figure showing all possible splice variants 
and location of important paralogous, drawn with Exon-Intron Graphic Maker (Bhatla, 
2012).  

3.1.3 Linkage disequilibrium 
Linkage disequilibrium (LD) score between SNPs was computed with the function LD in 
the R-package Gaston (Perdry and Dandine-Roulland, 2020).The function calculates r2 = 
LD2 as default, using the following equation, where X is a matrix with the standardized snp-
frequencies X=(Xij-μj)/σj. for individual i and loci j:  
 

𝐿𝐷 =
1

𝑛 − 1𝑋′!𝑋! 
 
This was calculated between all SNPs for regions within the MHC-I gene family.  

3.1.4 MHC-I variation  
Observed heterozygosity (Ho), expected heterozygosity (He), proportion of variation among 
samples (here countries) and pairwise between all samples, for all SNPs was calculated using 
vcfR (Knaus and Grunwald, 2016), and summarized with Gst, where Hs is the average of 
expected heterozygosity within samples and Ht is the total expected heterozygosity  
 

𝐺𝑠𝑡 =
𝐷𝑠𝑡
𝐻𝑡  
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𝐷𝑠𝑡 = Ht − Hs 
 
The deviation of genotype frequencies from Hardy-Weinberg was summarized with the 
inbreeding coefficient Fis per SNP within the Icelandic population using:  

𝐹𝑖𝑠 = 1 −
𝐻"#!
𝐻$%&

 

To evaluate the dependency of Fis for each SNP on the depth of coverage from the 
sequencing, the correlation of the two variables was calculated with cor.test from stats (R 
Core Team, 2019). 
 
Average observed heterozygosity (Ho), expected heterozygosity (He) and Fis was calculated 
for each exon and intron within MHC-I. Variation across region 93741 to 112344, was 
defined as one region, giving average variation for TAP I and TAP II, both exons and introns. 
Nucleotide diversity (i.e. heterozygosity per nucleotide), was also calculated for same 
regions with:  
 

π =
𝑁

𝑁 − 14𝑝'𝑝(𝜋'(
'(

 

where N is number of sequences in the sample, pi and pj are the frequency of sequences i and 
j in the sample and πij is the proportion of sites that differ between sequences i and j.  

3.1.5 Phylogeny of MHC-I paralogous regions 
A maximum likelihood tree was computed with Seaview [http://pbil.univ-
lyon1.fr/software/seaview] (Gouy et al., 2010) for paralogous regions within MHC-I using 
the generalised time-reversible  (GTR) evolutionary distance model. Data was retrieved 
from an earlier study by Minias et al. (2019) for comparison. Functional paralogous regions 
were determined based on information from Ensemble [http://www.ensembl.org/](Howe et 
al., 2021) and analyzed with regards to amino acid changes between sequences using 
AliView [https://ormbunkar.se/aliview/](Larsson, 2014). 

3.1.6 Selection pressure analysis 

Hyphy algorithms (Kosakovsky Pond et al., 2005) from the server 
[http://www.datamonkey.org/] were applied to analyze the ratio (ω) of nonsynonymous(dN) 
to synonymous substitution (dS) rates and whether models which assume selection at 
specific codons or lineages in the phylogeny have a higher likelihood than the simpler model 
were the rates are equal over the tree. aBSREL (adaptive branch-site random effects 
likelihood) (Smith et al., 2015) tests if positive selection has occurred on a proportion of 
branches. BUSTED (Branch-site Unrestricted Statistical Test for Episodic Diversification) 
(Murrell et al., 2015) is a gene-wide approach that tests if positive selection has occurred at 
least on one site on at least one branch across the phylogeny. FUBAR (fast unconstrained 
Bayesian approximation) (Murrell et al., 2013) is a maximum likelihood method that tests if 
ω varies over each codon across a gene. FUBAR assumes that positive selection remains 
constant for each site throughout time. MEME (Mixed Effects Model of Evolution) (Murrell 
et al., 2012) considers ω per codon to change over time and therefore can test if episodic 
selection per codon has occurred. All models were implemented for coding region of the 
three MHC-I paralogs; A, B and C (see below). Selection was considered statistically 
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significant based on the following criteria: LRT (Likelihood ratio tests) p ≤ 0.05 for 
BUSTED and aBSREL and PP (posterior probability) > 0.90 for FUBAR, and LRT ≤ 0.1 
[with p ≤ 0.01] for MEME.  Figure of amino acids alignment was taken using Jalview 
[http://www.jalview.org] (Waterhouse et al., 2009). 

3.2 Results 

3.2.1 Structure and linkage disequilibrium within MHC-I region in 
the white-tailed eagle. 

The golden eagle genome assemble (bAquCHR) from Ensemble [http://www.ensembl.org/] 
locates MHC-I on scaffold UFQG02000077.1, has two MHC-I genes which are separated 
by the TAP I and TAP II genes. One MHC-I gene is located on the forward strand and has 
five possible transcripts ranging from site 75512 to 94741 on the scaffold. The other MHC-
I gene is located on the reverse strand from site 112344 to 116026 showing two possible 
transcripts (table 1). The MHC-I/TAP region (table 1) was aligned against the same region 
using BLAST, showing 53 regions of similarity within MHC-I (figure 1) ranging from 55 to 
6403 nucleotides. Exon 3 can be found within three paralogous loci now referred to as loci 
A, B and C (figure 1). Loci A and B are located within gene 1 and locus C within gene 2 
(table 1 and figure 2).   
 
Table 1: Regions of interest on scaffold UFQG02000077.1. Information retrieved from 
Ensemble [http://www.ensembl.org/] 

Region Range (bp) Forward (+) reverse (-) 
strand 

MHC-I/TAP 75512 - 116026 + - 
MHC-I gene 1 75512 - 94741 + 
MHC-I gene 2 112344 - 116026 - 

TAP I 97602 - 103860 - 
TAP II 104211 - 108889 + 

Locus A 76174 - 79665 + 
Locus B 90291 - 93438 + 
Locus C 112648 - 115748 - 
Exon 3 78150 - 78422 

91926 - 92198 

113892 - 114164 

+ 
+ 
- 
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Figure 1:  Duplications within MHC-I/TAP region from the white-tailed eagle. Lines and 
dots represent position of each match between the duplicated regions. Parallel lines 
represent identical regions on the forward strand while perpendicular lines represent 
identical inverted regions. Orange arrows represent paralogous loci A, B and C.  
 
 

 
Figure 2: Transcription for MHC-I in the white-tailed eagle. Figure shows all possible splice 
variants. Orange line represent paralogous loci A, B and C with the blue arrow pointing on 
exon 3. Information retrieved from Ensemble [http://www.ensembl.org/]. 
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Linkage disequilibrium (LD) scores were computed between 40 SNPs within the paralogs 
A, B and C resulting in 780 pairwise comparisons. 140 SNP pairs had LD scores equal to or 
over 0.5 and 96 SNP pairs had LD scores equal to 1.  

 
Figure 3: LD scores at paralogs A, B and C. Scores were based on r2 calculations between 
SNPs within the paralogs A, B and C. Density of red color reflects the strength of linkage 
ranging from 0-1. 
 
Transcription from the reference genome of the golden eagle was retrieved from Ensemble 
[http://www.ensembl.org/] and the three loci A, B and C located and analyzed with respect 
to stop codons and frame shifts.  The three loci A, B and C differ in structure i.e. number 
and size of exons varies between loci (figure 2). No stop codons or frame shifts could be 
detected within the exons of the loci. Therefore, all loci seem to be functional with no signs 
of pseudogenization.  

3.2.2 SNP variation at MHC-I 
In total 522 SNPs were found at MHC-I, gene 1 and 2 (table 1), within each population. All 
populations were highly outbred at the MHC-I genes, showing an excess of heterozygous 
individuals in comparison with expected heterozygosity, with Fis ranging from -0.50 to -0.78. 
This was also true for populations with recorded inbreeding in the whole genome, that is 
Iceland and Greenland (Charles R. Hansen, Unpublished). Filtering out indels reduced the 
number of SNPs to 495 but had no substantial effect on Fis. Removing duplicated regions 
reduced the number of SNPs to 89 which had significant effects on inbreeding values (table 
2), Denmark and Estonia displayed inbreeding (Fis = 0.2 and Fis = 0.25, respectively) and 
Iceland and Greenland showing observed heterozygosity close to expected heterozygosity 
(Fis = -0.018 and Fis = 0.099). Norway continued to show signs of outbreeding after removing 
duplicated regions (Fis = -0.29) (table 2). By looking at how SNPs range across the MHC-I 
region, one can see that the density of SNPs on duplicated regions increases at three regions 
(81964-82594, 93187-94804 and 112024-113374) (figure 4). Pearson’s correlation test 
showed no association between depth of coverage and Fis. More detailed analysis of how Fis 
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changes throughout the MHC-I region is carried out later in this chapter (see 3.2.4 Variation 
along MHC-I). 
 
Table 2: Diversity at the MHC-I genes. Mean of expected heterozygosity, mean of observed 
heterozygosity and inbreeding coefficient (Fis) calculated within each populations at the 
whole genome, at the MHC-I region, at the MHC-I region without indels and at the MHC-I 
region without duplications. 
 Expected 

heterozygosity 
Observed 
heterozygosity 

Fis  
Mean 

Fis 
SD 

Whole 
genome 

    

Iceland 0.30 0.21 0.31 0.060 

Norway 0.31 0.33 -0.066 0.041 

Denmark 0.30 0.32 -0.036 0.091 

Estonia 0.30 0.32 -0.055 0.026 

Greenland 0.30 0.22 0.29 0.043 

MHC-I genes     

Iceland 0.057 0.10 -0.74 0.43 

Norway 0.045 0.081 -0.78 0.46 

Denmark 0.070 0.10 -0.50 0.64 

Estonia 0.060 0.11 -0.73 0.52 

Greenland 0.064 0.11 -0.67 0.60 

MHC-I genes 
without indels 

    

Iceland 0.054 0.10 -0.75 0.43 

Norway 0.046 0.083 -0.78 0.46 

Denmark 0.068 0.10 -0.51 0.65 

Estonia 0.057 0.11 -0.74 0.53 

Greenland 0.062 0.10 -0.69 0.61 

MHC-I genes 
without 
duplications 

    

Iceland 0.0008 0.0008 -0.018 0.009 

Norway 0.0082 0.011 -0.29 0.059 
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Denmark 0.0088 0.0070 0.20 0.041 

Estonia 0.010 0.0075 0.25  ~ 0 

Greenland 0.0075 0.0068 0.099 0.068 

 
 

 
Figure 4: Fis per SNP. Blue dots represent duplicated regions and red dots represent non 
duplicated regions. Three regions; 81964-82594, 93187-94804 and 112024-113374 show 
significant excess of heterozygosity, displaying clusters of dots between -1 and -0.75. 

3.2.3 Variation between populations at MHC-I 
The variation among all populations for MHC-I region, gene 1 and gene 2, was low (average 
Gst = 0.123). Filtering out indels had small effect on the variation (Gst = 0.122). However, 
filtering out duplications resulted in higher differentiation among populations (Gst = 0.287) 
(table 3).   
 
Table 3: Pairwise average differences (Gst) between populations for MHC-I genes. Above 
diagonal based on all SNP’s, below the diagonal without indels and duplications.  
 Iceland Norway Denmark Estonia Greenland 
Iceland  0.146 0.046 0.110 0.015 
Norway 0.574  0.102 0.077 0.017 
Denmark 0.161 0.196  0.046 0.020 
Estonia 0.170 0.192 0.006  0.0049 
Greenland 0.115 0.020 0.006 0.005  
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Figure 5: Gst among all populations for MHC-I TAP region. Blue region represents MHC-
I and green region represents TAP. Letters show location of loci A, B and C.  

 
Figure 6: Gst among all populations for MHC-I TAP region after removing duplications. 
Blue region represents MHC-I and green region represents TAP. Letters show location of 
loci A, B and C. 
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3.2.4 Variation along MHC-I region 
Average Fis was calculated for each exon and intron along the MHC-I region. Exons that 
include untranslated regions at MHC-I gene 1 showed deviance from H-W equilibrium that 
is UTR 1 5’ upstream with observed heterozygosity of 0.014 (Fis = - 0.348) and UTR 3 with 
observed heterozygosity of 0.807 (Fis = -0.776). MHC-I gene 2 however, had higher variation 
within exons, were exon UTR 6 3’ upstream and exon 4-3 that have excess of heterozygosity, 
displaying low Fis of -0.934 for UTR 3 and -0.967 for exon 4-3 (table 4). 
 

 
Figure 7: Variation in Fis along the MHC-I region. Fis-values were calculated for each exon 
and intron within MHC-I. Fis was summed up for region 93741 to 112344, containing TAP 
I and TAP II. Letters show position of loci A, B and C. Blue represents coding exons and 
orange represents exons with UTR. 
 
Table 4: Average diversity per exon. Mean and standard deviation (SD) of  expected 
heterozygostiy (He), observed heterozygosity (Ho) and Fis among  white-tailed eagles at 
MHC-I region for exon within MHC-I.  
Name  Region  He 

(mean) 
He 
(SD) 

Ho Ho 
(SD) 

Fis Nucleotide 
diversity 

UTR 1 
5' 
upstream 

75512-
75973 

0.022 0.072 0.014 
 

0.044 
 

0.348 
 

0.001 
 

UTR 2 
5' 
upstream 

76366-
76517 

0.00 0.00 0.00 0.00 0.00 0.00 

TAP

A B C

-1.0

-0.5

0.0

0.5

1.0

80000 90000 100000 110000
SNP Position

Fi
s
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Exon 2 77121-
77384 

0.00 0.00 0.00 0.00 0.00 0.00 

Exon 3-1 78148-
78423 

0.00 0.00 0.00 0.00 0.00 0.00 

Exon 4-1 78501-
78773 

0.00 0.00 0.00 0.00 0.00 0.00 

Exon 5 78859-
78957 

0.00 0.00 0.00 0.00 0.00 0.00 

Exon 6 79107-
79139 

0.00 0.00 0.00 0.00 0.00 0.00 

UTR 3 
3' 
upstream 

79440-
79968 

0.00 0.00 0.00 0.00 0.00 0.00 

Exon 3-2 91924-
92199 

0.00 0.00 0.00 0.00 0.00 0.00 

Exon 4-2 92277-
92733 

0.00 0.00 0.00 0.00 0.00 0.00 

Exon 7 92883-
92915 

0.00 0.00 0.00 0.00 0.00 0.00 

Exon 8 93215-
93247 

0.00 0.00 0.00 0.00 0.00 0.00 

UTR 4 
3' 
upstream 

93425-
93741 

0.00 

 

0.00 0.00 0.00 0.00 0.00 

UTR 5 
3' 
upstream 

93215-
93741 

0.454 0.245 0.807 0.401 -0.776 0.016 

UTR 6 
3' 
upstream 

112344-
115191 

0.212 
 

0.255 
 

0.411 
 

0.491 
 

-0.934 
 

0.004 

Exon 4-3 113344-
113813 

0.214 0.257 0.422 0.505 -0.967 0.006 

Exon 3-3 113891-
114146 

0.00 0.00 0.00 0.00 0.00 0.00 

UTR 6 
5' 
upstream 

115836-
116026 

0.00 0.00 0.00 0.00 0.00 0.00 
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3.2.5 Phylogeny of MHC-I paralogous loci A, B and C 
As summarized with a maximum likelihood phylogenetic tree based on loci A, B and C 
(table 1) and all individuals, there was no diversity among individuals in loci A and B (figure 
8). At locus C four different haplotypes were observed and its haplotype diversity was 0.71, 
and nucleotide diversity, taking the length of the region into account was 0.0062. Number 
of sequences within each haplotype ranged from 19 to 146 (figure 8). 

 
Figure 8: Maximum likelihood phylogenetic tree for MHC-I loci A, B and C in white-tailed 
eagle. Branch support is written in red and number of sequences within each haplotype is 
written in green. 
 
 
Paralogous functional regions were extracted, that is exon 3 and exon 4, covering 540 
nucleotides. Note exon 4 differs in size between loci and thus only 272 nucleotides of exon 
4 was included in this analyzes, determined by the shortest exon 4-1 in locus A. This reduced 
the diversity within locus C into one haplotype (figure 9).  
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Figure 9: Maximum likelihood phylogenetic tree for paralogous functional regions within 
loci A, B and C. Paralogous functional regions represents exon 3 and 4 within the loci. 
Position of amino acid changes are written in orange.  
 
Data from Minias et al. 2019 was retrieved for comparison. The data contained fasta file for 
ten different alleles of exon 3 found within sixty-four white-tailed eagles in Poland and was 
computed with exon 3 within loci A, B and C in a maximum likelihood phylogenetic tree 
(figure 10).  No allele of exon 3 within the sample from Poland matched exon 3 which is 
found within loci A, B and C and is identical between samples from Iceland, Norway, 
Denmark, Estonia and Greenland. However, seven alleles within Poland are placed on the 
same linage as exon 3 within locus C and two on the same lineage as loci A and B (figure 
10). 
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Figure 10: Maximum likelihood phylogenetic tree for exon 3 within loci A, B and C and data 
retrieved from Minias et al. 2019. Support for each branch is written in red. 

3.2.6 Selection analysis at paralogous loci A, B and C 
Table 5: Evidence for selection. Results from HyPhy [http://www.datamonkey.org/] 
 
FUBAR BUSTED aBSREL MEME 
Positive selection at 1 
site and 
negative selection at 1 
site 

Evidence of episodic 
diversifying selection 

Diversifying selection 
on 2 out of 3 branches 

No sign of episodic 
positive selection 

MEME found no codons affected by episodic selection (LRT ≤ 0.1). By altering the criteria 
for the test to LRT ≤ 0.12, test produced evidence for episodic positive selection at codon 
number twenty-two (figure 11). FUBAR found evidence for negative selection at one site 
and positive selection on one site with PP > 0.9. Negative selection seems to maintain glycine 
on site number twenty (figure 11).  Positive selection affects site number twenty-two where 
paralog B has leucine instead of glutamic acid. However, no evidence of positive selection 
was found when the criteria for FUBAR was changed to PP > 0.91. Busted found evidence 
of episodic diversifying selection across the phylogeny (p ≤ 0.05). Therefore, there is 
evidence that at least one site at least on one branch has been at subject to diversifying 
selection. aBSREL found evidence for diversifying selection on two out of three branches 
(p ≤ 0.05), namely branch B and C.  
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Figure 11: Amino acid alignment for exon 3. Position one to thirty. 
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3.3 Discussion 
 
The MHC-I region of the white-tailed eagle is shaped by repeated duplication events (figure 
1). This is commonly observed within MHC genes and other multigene families (Li, 1997). 
Gene duplication is in fact considered the most important mechanism for generating new 
genes and new biochemical processes (Ohno, 1970).  Exon 3 is known to code for the peptide 
binding region within the MHC-I molecule in birds (Westerdahl et al., 2004) and can be 
found within three paralogous loci A, B and C within the white-tailed eagle. Tight linkage 
blocks can be located within each locus with low linkage between loci A, B and C. Variation 
at the MHC-I genes does not correlate with variation within the whole genome where MHC-
I display excessive outbreeding values for all populations, including those who are inbred 
for the whole genome (table 2). However, Fis varies substantially along the MHC-I region 
when calculated for independent exons and introns (figure 7). Variation at the MHC-I genes 
between population was low and did not reflect allopatric separation of the population (table 
3). In fact, functional paralogous regions within loci A, B and C showed no signs of variation 
between individuals. These results oppose an earlier study which reported high allelic 
diversity within exon 3 among white-tailed eagles in Poland (Minias et al., 2019b). Our 
results suggest no diversity between individuals at paralogous functional regions within loci 
A, B and C. However, diversity between these loci seems to be maintained through natural 
selection.  

3.3.1 Selection Structure and linkage disequilibrium within MHC-
I 

Two MHC-I genes were found in the white-tailed eagle genome, MHC-I gene 1 on the 
forward strand and MHC-I gene 2 on the reverse strand, separated by TAP region. The 
frequently studied exon 3 is found in three paralogous loci A, B and C, a likely result of 
domain duplication. Loci A and B are located within MHC-I gene 1, however separated by 
a long intron region, where locus C is within gene 2. Strong linkage block can be found 
within each locus with weaker linkage between loci, suggesting that alleles within each locus 
tend to be inhered together in a haplotype block (figure 3).  Each locus spans approximately 
3000 bp and differ in number and size of exons which could reflect difference in protein 
function (figure 2). Locus A contains functional exons that is compatible with intron region 
within loci C and B which might be a result of a pseudogenization after a duplication event. 
In fact, pseudogenization is a likely fate of a redundant duplicate gene because deleterious 
mutations occur more often than advantageous ones (Li, 1997). However, all exon appears 
to be functional as there were no signs of frame shifts and stop codons within them. Exons 
3 and 4 seem to be coding in all three loci and show no diversity within loci but show 
divergence between loci (figure 8). Assuming that this divergence reflects difference in 
protein structure, white-tailed eagles can express three versions of peptide binding regions 
within MHC-I, expanding the range of pathogen recognition. With no diversity within each 
copy, there might be less reinforcement of disassortative mating in order to maintain MHC 
diversity at these loci, a proposed mechanism in some species (Consuegra and Garcia De 
Leaniz, 2008; Hoover et al., 2018; Reusch et al., 2001). Still, low Fis at the regions around 
the MHC-I genes suggests that they are affected by disassortative mating or balancing 
selection.SNP variation 
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SNPs at the MHC-I/TAP region show great excess of heterozygosity as evident by low Fis 
values within all population (table 2). However, removing duplicated regions had significant 
effect on Fis which is to be expected here as duplicated regions hold about 82% of SNPs at 
MHC-I genes in the white-tailed eagle (figure 4).  Populations within Denmark and Estonia 
show signs of inbreeding after removing duplicated regions, contrary to Fis values for the 
whole genome which shows low Fis values for these populations. Iceland and Greenland 
show Fis close to zero after removing duplicated regions although showing high Fis for the 
whole genome. Norway showed signs of outbreeding both at the whole genome and for the 
MHC-I genes as this population is considered to be least affected by bottleneck effect. 
Removing indels had little effect on heterozygosity as few SNPs are located on indels. High 
Fis values and clustering of SNPs might suggest error in mapping where different alleles 
belonging to different regions within the white-tailed eagle genome are mapped to the same 
region within the reference genome of the golden eagle. If such error persists, then 
heterozygosity would most likely correlate with the depth of coverage. However, no such 
correlation could be detected. Still, excesses of heterozygosity due to incorrect mapping can 
not be excluded solely with correlation test. Current results are based on short reads mapped 
to the reference genome of the golden eagle  bAquChr1.2. To determine if results show true 
heterozygosity, the MHC-I region within the white-Tailed eagle could be targeted by long 
sequence reads in order to map the short reads, e.g. with PacBio, giving high coverage and 
more accuracy. If these high levels heterozygosity are true, there must be a strong selection 
in place to maintain this state. The number of SNPs fixed for heterozygosity  could be an 
example of extreme heterozygosity-fitness correlations where homozygosity is a fatal 
combination (Hansson and Westerberg, 2002).  Heterozygosity-fitness correlations can be 
explained by dominance, where a deleterious recessive allele is concealed by dominant 
allele, or overdominance, where heterozygotes have higher fitness than homozygotes 
(Szulkin et al., 2010). Alternatively, heterozygosity-fitness correlations can also arise as a 
result of associative overdominance (Pamilo and Pálsson, 1998). 

3.3.2 Variation along the MHC-I region 
The heterozygosity varies significantly between MHC-I regions (figure 7). MHC-I gene 1 
had less deviation from Hardy-Weinberg equilibrium than MHC-I gene 2 as Fis within exons 
at gene 1 tend to be zero with two exceptions for exons including UTR (table 4). 
Heterozygosity for the exons at gene 2 is higher than the expected values, this includes exons 
within locus C (table 4).  
 

3.3.3 Samples, filtering diversity between population at the MHC-
I genes 

Gst was low between population, a consequence of high genetic similarities between 
populations (table 3). This is typically observed within MHC genes as they are shaped 
through adaptive processes (Piertney and Oliver, 2006). In fact, MHC alleles are sometimes 
shared between long-diverged species, also known as trans-species polymorphisms. 
Therefore divergent between MHC-alleles does not correlate with coalescent time as 
expected with neutral evolving alleles (Klein and O’hUigin, 1993). Removing duplicated 
regions and indels resulted in higher differentiation between population but as mention 
before, this removes the majority of the data.  
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3.3.4 Phylogeny of MHC-I paralogous loci 
Paralogous loci A, B and C show low haplotype diversity between individuals. Loci A and 
B have no diversity between individuals, but locus C however had four different haplotypes 
(figure 8). Isolating only paralogous functional regions reduced the diversity to zero (figure 
9). Minias et al. (2019) found ten different alleles for exon 3 within sixty-four white-tailed 
eagles in Poland, a population that suffered a demographic bottleneck. During the 1970s, the 
estimated population size of white-tailed eagles in Poland was 80-90 breeding pairs and has 
now increased to 1100–1200 pairs (Minias et al., 2019b). The authors suggest that at least 
three MHC-I loci containing exon 3 are present within the MHC-I of white-tailed eagles 
which is supported with our results. However, Minas et al., found overall much higher allelic 
diversity within Poland. That opposes our results showing that diversity at exon 3 solely 
persists between loci within each individual. These results suggest no diversity between 
individuals found in populations within Iceland, Norway, Greenland, Denmark and Estonia. 
Consequently, question arise if reported diversity within Poland could partially be artificial 
caused be incorrect phasing where different alleles are mixed together during the process of 
amplicon sequencing to form a new allele. 

3.3.5 Selection on MHC-I paralogs 
Analysis based on the ratio of nonsynonymous and synonymous substitutions suggested that 
MHC-I loci A, B and C are shaped by selection. Results from aBSREL suggest that a 
proportion of sites on two loci (B and C) have evolved under positive selection. This is 
consistent with results from BUSTED showing evidence for positive diversifying selection 
has accord on at least one site on at least one branch. However, it is unclear if positive 
selection acts on specific codons since FUBAR and MEME show contradicting results. 
Results from FUBAR suggest positive selection on codon number twenty-two with PP > 
0.90 where MEME finds no signs of episodic positive selection at LRT ≤ 0.1.  However, the 
results become compatible when the criteria for MEME is alter to LRT ≤ 0.12 or when PP > 
0.91 for FUBAR. All functional genes are most likely always under negative selection to 
maintain essential features (Hughes, 1999). Therefore, it is no surprise to find evidence for 
negative selection within exon 3 that presumably codes for the peptide binding region within 
MHC-I.  
 
Evidence of episodic positive selection acting on sites has repeatedly been detected within 
genes involved in evolutionary arms race such as the host-pathogen antagonism (Ejsmond 
and Radwan, 2015). This is particularly true for exon 3 (Biedrzycka et al., 2017). However, 
since evidence for positive selection acting on specific sites is weak and exon 3 is likely 
affected by negative selection, there is a reason to believe that loci A, B and C are shaped by 
directional selection to promote functional divergence between the loci. This kind of 
diversifying selection is often associated with duplication within multigene families where 
selection favors amino acid replacements in one or both genes resulting in adaptation to 
different functions. When the gene has adapted to its new function, it will be subjected to 
negative selection to maintain that function (Hughes. 1999). Levels of linkage found within 
MHC-I should perhaps be considered when applying selection pressure analysis. The 
aBSREL model could be more suited for this data than the other two models (MEME or 
FUBAR), that is modelling whether some proportion of sites is subject to positive selection 
along specific branches in the phylogeny, rather than asking which sites are subjected to 
pervasive or episodic diversifying selection.  
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4 Bacterial diversity in the blood of 
white-tailed eagles and it’s 
association to other factors  

 
Infectious diseases are known to have detrimental effect on wild populations but the severity 
of these effects on populations, mostly rely on population dynamics and environmental 
conditions (Smith et al., 2006). Evidence suggests that infectious diseases are on the rise 
within wild populations due to human-induced environmental changes that include; climate 
change, habitat change, introduction of exotic species, human harvesting and pollution 
(Budria and Candolin, 2014). This particularly applies for polar regions that are warming up 
at a rapid rate which could lead to sudden increase in parasite diversity (Brooks and Hoberg, 
2007).  Researches on pathogen prevalence within wild bird populations have mainly 
focused on specific pathogens that causes well-known infectious diseases such as Newcastle 
disease, avian pox, circovirus, avian cholera, mycoplasmosis, avian botulism, malaria and 
avian influence (Khan et al., 2019; Morishita et al., 1997).  It has long been suggested that 
harsh weather conditions can result in lowered immune function (Nelson and Demas, 1996). 
In fact, most disease outbreaks are recorded in winter (Pathologists, 2018; Söderlund et al., 
2019). Evidence suggest that biotic factors such as environmental conditions and co-
infections drive the distributions of blood parasite in wild birds (Clark et al., 2016).   
 
A commonly used index for the North-Atlantic climate is the sub-polar gyre index (Hátún et 
al., 2009) describing fluctuation in the sub-polar gyre of North Atlantic Oceans. The 
subpolar gyre is known to enforce a bottom-up control of marine ecosystem in the north-
eastern North Atlantic Ocean and thus can explain fluctuation in the Arctic-boreal fauna.  
The sub-polar gyre index has been used to study correlations between population 
fluctuations  and environmental fluctuation e.g. for arctic fox (Pálsson et al., 2016) and can 
be used as well to explore changes in population microbiomes. Other factors that are known 
to be linked to infections in wild populations are host’s age, sex and body size (Benskin et 
al., 2009). White-tailed eagles are likely to be challenged by various infections considering 
their body size and long-life expectancy. Also, feeding on a high tropic level exposes them 
to great range of pathogens. Reports on common diseases in raptors are mostly based on 
raptors in captivity and suggest that infectious diseases are rare (Jones, 2006; Morishita et 
al., 1997). However, these findings do not necessarily reflect the condition of wild raptors.  
 
Common microbiology laboratory techniques which have been used to detect 
microorganism include; growth and isolation from microorganism in a culture, detection of 
specific antibodies or antigens and PCR amplification of nucleic acids deriving from specific 
microorganism. These techniques are often targeted towards specific pathogens and are 
therefore not able to detect co-infection or other important relations to microbial species. 
Metagenomics is a shotgun sequencing approach in which all genomic content of a sample 
is sequenced, giving the possibility to assess the entire microbiome within a sample. The 
application of metagenomics gives the opportunity to assess the complex interplay between 
the microbiome and the host. Recent technological advancements in library preparation, 
sequencing techniques and bioinformatics has made the use of metagenomics both more 
affordable and accessible making it a promising approach in the clinical field (Chiu and 
Miller, 2019). However, the identification of microbial DNA in a sample with a 
metagenomics technique, does not establish real prevalence of the alleged microorganism. 
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In fact, one of the biggest challenges in the use of metagenomics is the uncertainty whether 
a microbial DNA is a contamination in the sample, trace of extracellular DNA, colonizer 
within the sample or a free-living pathogen.  
 
Various bacteria have been isolated from birds over the years but little is known about the 
effects of those bacteria since many are opportunistic (Morishita et al., 1997).  Most strains 
have been isolated from the gut, cloaca and feathers (Hird, 2017). Bacteria that have been 
isolated from blood in birds include strains within Yersinia, Serratia, Pseudomonas, 
Salmonella (Benskin et al., 2009). The prevailing idea is that the blood in a healthy individual 
is sterile and bacteria found within the bloodstream suggests a critical condition known as 
bacteremia. Recent studies, using metagenomics approach, have however suggested that 
functional microbiome exists within in blood of humans (Païssé et al., 2016). This 
discrepancy lies in difference between methods applied. One explanation could be that 
traditional techniques lack sensitivity to detect bacteria that persist in low abundance in the 
blood and some blood borne bacteria are unattainable to cultivate (Castillo et al., 2019). 
However, as mention earlier, detecting bacterial DNA in the blood with the use of 
metagenomics does not establish that bacteria are utilizing the blood as a niche.  
 
This study will use a metagenomics approach to i) assess bacterial diversity found in the 
blood of white-tailed eagles, ii) assess the prevalence of potential pathogens and iii) test 
association between the bacterial diversity and environmental conditions and/or virulence 
information. 

4.1 Methods 

4.1.1 Microbial metagenome functional profiling 
This section covers the work of Denis Warshan who performed microbial metagenome (MG) 
functional profiling and taxonomic as a part of ongoing work on the genomics of white-
tailed eagle and summarized together with Snæbjörn Pálsson (PI). After removing reads that 
mapped to the golden eagle reference genome bAquChr1.2. (see 3.1 Methods), microbial 
functional profiles were generated using MOCAT2 (Kultima et al., 2016). MOCAT2 
includes trimming of the reads using FastX toolkit (Hannon, 2010) and SolexaQA (Cox et 
al., 2010) to keep the reads above quality scores of 20 and with a minimum length of 45 bp. 
High-quality reads were assembled with SOPdenovo (Luo et al., 2015) and open-reading 
frames were predicted from the contigs using MetaGEneMark (Zhu et al., 2010). Protein 
sequences with the minimum length of 100 amino acids where derived from eagles blood 
and subjected to CD-HIT (Fu et al., 2012) to generate a gene into a non-redundant gene set. 
For functional annotation, non-redundant proteins were BLAST (Altschul et al., 1990) 
searched against gene annotations linked to functional category profiles from 18 databases 
covering various functional categories including virulence factor and viral genes. The 
normalized abundance of virulence factor and viral functional groups were estimated by 
summing the relative abundances of genes annotated to belong to the same functional group. 
To account for library size, relative abundances for each group in their respective sample 
were calculated by normalizing to the total amount of non-eagle reads in the sample.  
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4.1.2 Taxonomic profiling, OTU filtering, rarefication and 
diversity analysis 

Taxonomic profiles were generated with using Kaiju (Menzel et al., 2016) using default 
parameter. The dataset included 1747 OTUs after taxonomic profiling and was further 
filtered and rarefied analyzed using Phyloseq (McMurdie and Holmes, 2013). OTUs were 
merged together on the genus level and samples rarified to account for the fact that large 
samples have more OTUs. With rarefication, samples were scaled down to the same number 
of OTU to assess relative diversity (Hughes and Hellmann, 2005). OTUs were filtered with 
respect to the number of of amino acids. Dataset that contained peptides of a length over 125 
codons accounted for 42 OTUs and only 12 OTUs after rarefication. Lowering the peptide 
length threshold to 50 resulted in 93 OTUS and 14 OTUs after rarefication (figure 12). 
Peptides that were of a length 26 and longer belong to the third quantile of the amino acid 
length frequency distribution. A dataset was generated that contained amino acids of length 
over 26 codons and 46 OTUs after rarefication (figure 12) for 55 samples. 
 
 

 
Figure 12: Number of OTUs for different number of amino acids (>125, >100, >75, >50, 
>26). The figure shows two bars for each minimum number of amino acids, one showing 
pre-rarefication (red) and other post-rarefication (blue). 
 
Vegan (Oksanen et al., 2008) and indicspecies (De Caceres and Legendre, 2009) were used 
for further analysis of the taxonomic diversity. Community structure analyses among 
samples were performed using principle coordinate analysis (PCoA). The significance of the 
clustering resulting from PCoA was further verified with Permutation multivariate analysis 
of variance (PERMANOVA) based on Bray-Curtis distance matrix and 9,999 permutation. 
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PERMANOVA was further used to determine if OTU composition was significantly 
different between samples. Indicator genera specific to a given cluster resulting from PCoA 
analysis was based on abundance of genera and significance of indicator taxa estimated by 
9,999 permutations. Shannon diversity, species richness and Pielou's evenness were 
calculated for all samples. The sample from Iceland, including 41 individuals, was used to 
estimate the effects of different factors which was only available for eagles within Iceland 
and which may have shaped  the OTU variation, such as environmental variables and 
breeding success, toghether with virulence information (table 6). Virulence information 
include normalized abundance in virulence factor and viral genes was obtained from 
annotations linked to functional category profiles from 18 databases performed by Denis 
Warshan (see 4.1.3 Microbial metagenome functional profiling). Virulence factors include 
genes that are directly involved in causing disease (Wassenaar and Gaastra, 2001). Viral 
genes are DNA or RNA associated to viruses. Information on individual’s year of hatching 
and number of chicks hatched per year was received from the white-tailed eagle monitoring 
of The Icelandic Institute of Natural History, led by Kristinn H. Skarphéðinsson who 
provided the data. Variance inflation factor was calculated between variables before 
performing both PERMANOVA and Canonical Correspondence Analysis (CCA) to 
determine most significant variables shaping the OTU variation. 
 
Table 6: Environmental information, breeding success and virulence information for 
white-tailed eagle in Iceland during 2003-2011. 

Year of 
hatching 

2003 2004 2005 2006 2007 2008 2009 2011 

Number of 
individuals 

6 4 9 4 4 3 6 5 

Number of 
chicks hatched 

29 34 36 25 31 35 35 29 

Gyre Index 0.58 0.72 1.02 1.41 0.80 0.29 -0.23 1.16 
Difference in 
Gyre index 

0.02 -0.02 0.054 -0.07 0.006 -0.04 0.03 -0.20 

Normalized 
abundance in 

virulence factor 
(mean) 

74.62 90.70 55.13 56.35 3323.
75 

42.58 11897
.89 

7652.
68 

Normalized 
abundance in 

virulence factor 
(SD) 

52.28 70.32 21.45 37.73 1887.
62 

22.04 29054
.37 

7603.
81 

Normalized 
abundance in 

viral genes 
(mean) 

0.46 0.47 0.59 0.46 0.54 0.53 0.64 0.67 

Normalized 
abundance in 

viral genes 
(SD) 

0.086 0.11 0.10 0.13 0.11 0.12 0.25 0.20 

 



42 

4.2 Results 

4.2.1 OTU variation 
Number of amino acids that support each OTU in the data set ranges from 26 to 140.315. 
50% of the dataset is represented by OTUs supported with amino acids that were 56 in 
number and below. OTUs supported by amino acid lower than 166 in number represent 75 
% of the dataset. Approximately 95% of the dataset is represented by OTUs supported with 
amino acid of 820 in number and below. Two genera are supported with amino acids over 
1000 in number, that is Pseudomonas with 1374 amino acids and Serratia with 140.315 
amino acids (figure 13). Serratia was only detected within Iceland in low abundance (3.9 
%). 
 

   
Figure 13: Cumulative proportion of OTUs with resepct to number of amino acids found in 
the blood of white-tailed eagles.  
 
Shannon diversity does not differ significantly between countries (ANOVA, p = 0.27) (table 
7). However, significant difference was in OTU composition between countries 
(PERMANOVA, p = 0.021, figure 14). Rhodanobacter and Streptomyces are common in 
samples from all countries. Various low abundant taxa were identified within Iceland and 
are high proportion of the relative abundance. Vulcanisaeta is also in relatively high 
abundance in Iceland compared to within the other countries. Interestingly, Mesorhizobium 
is in relatively low abundance within Iceland compared to within other countries. 
Pseudomonas  
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Table 7: Mean and standard deviation for Shannon diversity, species richness and Pilou’s 
evenness for samples per country.   

 Number of 
individuals 

Shannon Richness Evenness 

Iceland 41 1.08 ± 0.45 3.39 ± 1.2 0.92 ± 0.09 
Denmark 5 1.28 ± 0.12 3.80 ± 0.45 0.96 ± 0 
Estonia 3 1.15 ± 0.16 3.33 ± 0.58 0.96 ± 0 

Greenland 7 0.93 ± 0.43 2.86 ± 0.9 0.94 ± 0.04 
 
 

 
Figure 14: Stacked barplot showing the relative abundance of bacteria between countries. 
Other represents low abundance genera (abundance < 0.05).  
 
Principal coordinates analysis (PCoA) was used to assess the degree of similarity between 
individuals with respect to OTUs composition. Results show that individuals can be grouped 
together in four clusters based on their OTU composition (figure 15). The clustering 
explained 38 % of the variation (PERMANOVA, p = 0.01) and differed among countries 
i.e., the origin of the sample (ANOVA, p = 0.04). Indicator species analysis was performed 
to identify which genera characterized each cluster (table 8). Results show that cluster one 
was characterized by Pseudomonas and Variovorax cluster two by Serratia, cluster three by 
Rhodanobacter and cluster 4 by Streptomyces (table 8). 
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Figure 15: Results from principal coordinate analysis (PCoA) of OUT composition. Analysis 
is based on Bray-Curtis distances of OTU composition among 56 white-tailed eagles from 
Iceland, Norway, Denmark, Estonia and Greenland 
 
Table 8: Results from indicator species analysis. Genera which characterize each of the 
four clusters from the PCoA, with posterior p-values from permutation test. 
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Cluster 1 

Pseudomonas  
Variovorax  

0.027 
0.001 

Cluster 2 Serratia  0.024 
Cluster 3 Rhodanobacter  0.001 
Cluster 4 Streptomyces  0.001 
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4.2.2 Factors driving OTU composition among individuals within 
Iceland 

Four variables had significant effect on the OTU variation in the Icelandic eagles (n=41); 
number of chicks per year, difference in sub-polar gyre index, year of birth and abundance 
in virulence factor (table 6). These variables account for 28.3 % of the variation (table 9). 
Inflation factor between variables was below 1.8 for all, so the risk of collinearity was 
considered low.  
 
Table 9: Difference in composition of bacteria genera in Icelandic white-tailed eagle 
chickens based on metagenomic analysis with respect to breeding success and 
environmental variances. The dependency of Bray Curtis distances between the taxonomic 
compositions was tested with permutational multivariate anova (PERMANOVA). The table 
presents the four variables which had significant (or close to being significant) effects on 
the OTU variation, accounting for 28.3 % of the variation. 

Factor % variance explained P value 
Number of chicks per year 4.2 0.049 

Difference in sub-polar 
gyre index 

3.9 0.069 

Year of birth 16.0 0.039 
Abundance in virulence 

factors 
4.2 0.035 
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Figure 16: Results from canonical correspondence analysis (CCA). Results are based on 
OTU variation among individuals within Iceland. Four variables had significant effects on 
OTU variation; number of chicks per year (NbChicks), year of birth (YearOfBirth), 
abundance in virulence factor(AbunVirFac) and abundance in viral genes (AbunVirGen).  
 
Canonical correspondence analysis (CCA) demonstrated that CCA1 and CCA2 explained 
79 % of the OTU variation among individuals in Iceland. Results from CCA suggested that 
four variables had significant effects on OTU variation; number of chicks per year, year of 
birth, abundance in virulence factor and viral genes (table 6). 

4.3 Discussion 
The common idea of blood being sterile in healthy individuals, comprising only blood-cells, 
platelets and plasma, has recently been challenged with accumulating evidence of the 
presence of blood microbiome in healthy human individuals (Castillo et al., 2019). Gathering 
these evidences in recent years has been possible with whole metagenomics shotgun 
sequencing as a tool to detect microbial genetic material in different tissues as cultivation of 
blood-borne bacteria has been difficult (McLaughlin et al., 2002). Vast majority of 
microbiome analysis has been done on mammals, although mammals only represent 8% of 
vertebrate species (Colston and Jackson, 2016). Researches on microbiome within birds has 
mostly been on colon, cloacae and feathers (Hird, 2017). In this study, we identified 46 
different OTUs on the genus level in the blood of 56 white tailed eagle chicks. We cannot 
conclude if the presence of these bacteria is harmful to the birds however, the detection of 
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virulence factor and viral genes might suggest at least some pathogenic influence. These 
results might reflect a normal microbiome within the blood of white-tailed eagle still no 
literature on blood microbiome of birds could be found to support these findings. 
Furthermore, these results cannot conclude that identified genera correspond to free living 
bacteria, bacteria with association to blood cells, bacterial DNA resulting from immune 
degradation or contamination. Thus, it is not clear whether blood is the ecological niche of 
all the bacteria reported here. The origin of blood-borne bacteria is not known, some results 
suggest that blood-borne bacteria originate from the gut (Manzo and Bhatt, 2015), others 
however have demonstrated that blood-borne bacteria resembles oral and skin bacteria 
(Païssé et al., 2016).   
 
As previously mentioned, the probability of detecting bacterial DNA resulting from 
contamination are high with the use of metagenomics analysis. Contamination can occur 
when sampling, for example when the needle used for blood collecting comes into contact 
with surrounding environment, touching the feathers and epidermis of the birds before 
entering the bloodstream. Contamination can also be introduced by commonly used reagents  
used to processes DNA as one study pointed out and  proposes that contamination within the 
reagents must be defined before analyzing samples of low microbiome biomass (Glassing et 
al., 2016). In addition, contamination can be introduced by handlers, tools or machines at 
any point when collection and processing the samples.  
 
Long amino acids chains give good support for actual existence of the bacteria in the sample. 
The prevalence of Serratia and Pseudomonas is supported with long amino acids and are 
therefore very likely to exist in the sample and these genera are both known opportunistic 
pathogens in birds (Benskin et al., 2009).  
 
Diversity indices calculated for each sample did not differ among the countries (table 7). 
However, the OTU composition for each sample differ significantly between countries. 
Rhodanobacter and Streptomyces are common in samples from all countries and are 
typically found in soil (Kostka et al., 2012; Olanrewaju and Babalola, 2019). Another soil 
bacteria, Mesorhizobium (Laranjo et al., 2014), is also found in relative high abundance in 
samples from  all countries expect for in Iceland. Three genera Pseudoalteromonas, 
Desulfurococcus (associated with marine environment) and Dyella (often found in soil) are 
found in relative high abundance in in samples from Greenland but not in samples from other 
countries (figure 14) (Ivanova et al., 1998; Li et al., 2009). The hyperthermophylic 
Vulacnisaeta, with the optimal growth between 85 and 90 °C, could be detected within 
samples from Denmark and Iceland. More low abundance genera are found within Iceland 
however, that could reflect the number of samples from Iceland (figure 14). As many of 
these genera are commonly found in the environment, suggest that that these findings could 
reflect the environmental condition which these birds live in rather than their physiological 
condition. However, some species within the identified genera are opportunistic pathogens 
in animals such as Serratia, Pseudomonas and Streptomyces and could have detrimental 
effects on its hosts. Although, research have suggested that species within Streptomyces can 
produce bioactive substance to prevent pathogenic bacteria infection (Olanrewaju and 
Babalola, 2019). 
 
Results derived from PCoA (figure 15) based on Bray-Curtis distances suggest that samples 
show significant dissimilarity based on OTU composition and this dissimilarity is associated 
with the sample’s origin. Indicator species analysis shows that each cluster is characterized 
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by one to three genera. Interestingly, Serratia and Pseudomonas have significant association 
to the ordination and as mentioned before could have detrimental effect on individuals. Other 
indicator species are likely to be environmental bacteria as Rhodanobacter and Variovorax 
are both commonly found in soil (Kostka et al., 2012; Satola et al., 2013) and it is unclear 
how the traces of these bacteria have ended up in the chicken blood samples. 
 
Fluctuation in gyre index and the year of chicks being hatched seem to contribute 
significantly to OTU composition within individuals (table 9). This suggest that 
environmental condition play a major role in shaping bacteria diversity within individuals. 
Number of chicks hatched is also a contributing factor, but studies have shown that higher 
density does not only increase the abundance of bacteria but can also cause stress (Dickens 
et al., 2006) which can affect immune response (Saino et al., 2003). This could also be an 
indicator of good breeding conditions that year when many chicks survived. Abundance of 
virulence factor seems to be a contributing factor in shaping OTU composition however it 
is likely that this is a consequence of pathogenic bacteria rather than a driving factor. CCA 
analysis showed that OTU where constrained to environment and explained high proportion 
of the variation (figure 16). Majority of OTU where positively correlated with number of 
chicks per year. Interestingly, Serratia and Pseudomonas correlate with abundance of 
virulence factor which could indicate active virulence of these genera.  
 
 
It is important to highlight that this analysis is solely based on blood extraction from chicks 
and therefore cannot conclude about bacteria diversity in adult eagles. In fact, bacteria 
composition is likely to changes with time and in line with individual’s life history (Macke 
et al., 2017). Thus, this analysis can be seen as a snapshot of an early blood bacterial 
community. Metagenomics analysis are likely to enhance today’s understanding of the 
function and the role of microbiome communities. This method is currently being used to 
describe biodiversity, identifying diseases and understanding interactions within microbial 
communities and their association with the environment. Still, the application of this newly 
emerging technique comes with new challenges, specially concerning the detection 
sensitivity of the method. This study identified diversity of bacteria within the blood of 
white-tailed eagles with the majority of identified genera often associated with the 
environment. If these genera are living within the blood tissue or are simply DNA residues 
cannot be concluded here. However, the identification of well supported genera known to be 
potential pathogens in birds, suggest that this method is applicable in detecting wide range 
of pathogens within wild populations.  
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5 Testing for association within MHC-I 
scaffold with environmental factors 
and virulence in white-tailed eagles 

 

5.1.1 The concept of fitness 
Charles Darwin recognized that natural properties varied between individuals within the 
same species and these properties were at least partially heritable. The difference in these 
properties reflect the reality that individuals differ in success in thriving and reproducing 
within the same environment. Thus, individuals who hold natural properties that yield the 
best fit to the surrounding environment have the greatest potential to thrive and reproduce, 
causing those properties to increase in frequency (Ariwe and Lewontin, 2004). This idea 
created the use of the concept of fitness, in its widest sense, as a quantitative measurement 
of the change in abundance of biological unit through time (Hendry et al., 2018).  However, 
this definition of fitness as a metric is not applicable to standardize and use across all scenes 
in evolutionary research. Estimating fitness in wild population is challenging due to number 
of components that contribute to favoring genotypes surviving to the next generation and 
tracking them is often unattainable in species with long generation time. Viability 
(probability of survival to reproductive age) and fertility (average number of offspring per 
individual) have been viewed as determining factors in shaping generations. Fitness has 
therefore been calculated as the product of viability and fertility or the relative proportion of 
offspring contributing to the next generation (Allendorf, 2018). However, overlapping 
between these two fitness components can complicate prediction on overall fitness and in 
addition these components are usually only estimated for a part of an organism’s life that 
does not necessarily account for the entire life cycle (Hendry et al., 2018). Some wild 
population studies have used other components or fitness related traits with less precision in 
predicting fitness such as growth rate, body size, pathogen load and foraging rate (Mousseau 
and Roff, 1987).  This is commonly done in studies on MHC diversity in wild population 
where MHC diversity is linked to numerous fitness components as susceptible to infection 
contributes significantly to survival of individuals (Acevedo-Whitehouse and Cunningham, 
2006). 

5.1.2 The relationship between MHC variation and fitness 

Grasping the relationship between MHC variation and fitness in the wild has been 
challenging and studies have revealed heterogeneous outcomes with some studies showing 
strong link between MHC and fitness related traits (Oliver et al., 2009; Pineaux et al., 2020; 
Sepil et al., 2013b; Wegner et al., 2008; Westerdahl, 2005; Westerdahl et al., 2013; 
Wroblewski et al., 2015) while other do not (Bonneaud et al., 2009; Cutrera et al., 2011; 
Ekblom et al., 2013). One study addressed this issue by comparing results from twelve 
studies on MHC-mediated immunocompetence in wild vertebrates (Gaigher et al., 2019). 
The results suggested that some studies lack the statistical power to detect associations of 
small-to-moderate effect sizes and could therefore be the major reason for heterogeneous 
outcomes in MHC and fitness association studies in wild vertebrates. These result relate to 
aspect that wild population studies often have to rely on proxies for pathogen resistance or 
other fitness traits that only count for a fraction of the MHC gene contribution (Sommer, 
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2005). Naturally, there are many factors that can contribute to individual’s ability to respond 
to infection for example environmental conditions, history of infections or genetic makeup 
(Pedersen and Babayan, 2011) thus it’s coherent that contribution of MHC diversity to 
fitness may be of small effect in wild populations. Research suggest that resistance towards 
certain pathogens could be bound to specific MHC alleles (Kaufman, 2018). However, 
studies on MHC markers in the wild often analyze the prevalence of few pathogen taxa and 
its association to MHC diversity rather than measure directly  the production of antibody 
assigned to specific MHC-allele, as such methods are often only possible in laboratory 
studies (Vinkler and Albrecht, 2011). Indeed, most studies on MHC-mediated antibody 
production have been limited to domesticated or laboratory inbred lines of chickens (Ferreira 
Júnior et al., 2018; Fulton et al., 2006; Shiina et al., 2007)  Evidently, the ability to detect 
the effects of MHC on fitness in wild population depends on the data and methods applied. 
Also, the magnitude of these effects can rely on various factors that shape populations, such 
as population size, history and environmental effects. 

5.1.3 Heterozygosity fitness correlation 

Small bottlenecked populations are often the subject in MHC variation studies as these 
population are likely to suffer due to the loss of genetic variations. One of the most notable 
example of reduced fitness as a consequence of loss of MHC diversity is the spreading 
of contagious cancers within a population of Tasmanian devils (Caldwell and Siddle, 2017). 
It has even been suggested that MHC diversity should be monitored and actively maintained 
in conservation programs (Hughes, 1991). However, others argue that focusing on diversity 
within one loci, could increase genome-wide homozygosity at other loci and potential cause 
inbreeding depression (Hedrick, 2001).  In addition, it can be hard to separate the effects of 
loss of MHC diversity with the general effects of inbreeding  (Radwan et al., 2010). 
Inbreeding has been noted to be the main cause for heterozygosity fitness correlation (HCF) 
as it has repeatably been recorded in inbred populations (Brambilla et al., 2018; Newhouse 
and Balakrishnan, 2015; Orsini et al., 2009). Three hypotheses have been used to explain the 
occurrence of HFC; direct effect, local effect and general effect. The direct effect hypothesis 
explains HCF arising through functional overdominance when individuals who are 
heterozygous at a specific marker have significantly higher fitness than individuals who are 
homozygous at the same marker (Frydenberg, 2009). Local effect hypothesis and general 
effect explain HCF correlation through associative overdominance or genetic correlation 
between neutral marker and marker under selection which are more likely to arise in small 
populations and in regions of low recombination (Brookfield, 2020; Pamilo and Pálsson, 
1998). The local effect hypothesis however requires significant disequilibrium between 
neutral and fitness markers, while the general effect hypothesis requires identity 
disequilibrium i.e. nonrandom association of diploid genotypes in zygotes (Miller and 
Coltman, 2014).   

The white-tailed eagle population in Iceland is an isolated population consisting of 
approximately 85 breeding pairs. This population is shaped by bottleneck effects that lasted 
for about 60 years (see chapter 1.5). This study will assess associations between diversity at 
MHC-I scaffold in white-tailed eagles and other factors such as environmental fluctuations 
and virulence within individuals.  
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5.2 Methods 

5.2.1 Dataset 

The dataset contained 2,536 SNPs on scaffold UFQG02000077 derived from full genome 
sequences from 41 white-tailed eagles in Iceland (see 3.1 Methods). Additional information 
was obtained for each individual including environmental information; natal territory, year 
of hatching, number of chicks hatched per year from Kristinn H. Skarphéðinsson (IINH), 
gyre index per year, difference in gyre index between years and proxies for pathogen load; 
abundance in virulence factor and abundance in viral genes in the blood and Shannon 
diversity of bacteria found in blood of the eagles (see chapter 4 Bacterial diversity in the 
blood of white-tailed eagles and it’s association to other factors).  Abundance of virulence 
factor and viral genes will be used as a proxy for pathogen load as these factors are directly 
involved in pathogenicity (Wassenaar and Gaastra, 2001). 

 

5.2.2 Scaffold-wide association analysis 
Scaffold-wide association analysis was done using the R-package rrBLUP (Endelman, 
2011), to test for association between SNPs and environmental traits or proxies for pathogen 
load (X) on the phenotype y.  
 

y = X β + Z g + S τ + ξ 

where β is a vector of fixed effects. The variable g models the genetic background of each 
line as a random effect with Var[g] = K σ2. The variable τ models the additive SNP effect as 
a fixed effect. The residual variance is Var[ξ] = I σ_e2. 

5.2.3 Variance within MHC-I region and SNPs with association to 
explanatory variables 

MHC-I region within white-tailed eagles consist of two MHC-I genes that are marked by 
duplication (see chapter 3 Structure, Linkage and Selection of MHC-I genes in the White-
tailed Eagle). Average heterozygosity and inbreeding coefficient were calculated for each 
individual at MHC-I gene 1 and MHC-I gene 2 (1), exons within MHC-I (2) and for locus 
holding SNPs that showed deviance in p-values as a result from scaffold-wide association 
analysis (3). Haplotype diversity was computed for locus holding SNPs that showed 
deviance in p-values as a result from scaffold-wide association analysis and tested for Hardy-
Weinberg equilibrium (HWE) with Pegas (Paradis, 2010). 
 

5.2.4 Linkage disequilibrium 
Linkage disequilibrium (LD) score was calculated with regards to SNPs with significant 
association to explanatory variables with the function LD in the R-package Gaston (Perdry 
and Dandine-Roulland, 2020). The function calculates r2 = LD2 as default, using the 
following equation for LD, where X is a matrix with the standardized snp-frequencies 
X=(Xij-μj)/σj. for individual i and loci j:  
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𝐿𝐷 =
1

𝑛 − 1𝑋′!𝑋! 

5.2.5 Variance Association between heterozygosity and 
explanatory variables 

Average heterozygosity for MHC-I gene 1 and MHC-I gene 2 along with individuals MHC-
I exons were fitted individually with a generalized linear model against explanatory 
variables, using glm function in stats (R Core Team. 2019)  assuming Gaussian distribution 
of the residuals. This was also done for average heterozygosity for locus holding SNPs with 
association to explanatory variables, however assuming binomial distribution to account for 
the discrete distribution of the data. The variance inflation factor was calculated between all 
independent variables using vif from mctest (Imdadullah et al., 2016) and used to exclude 
the effects of collinearity in the model. First, the model was fitted with all independent 
variables then followed by stepwise procedure to remove non-significant variables. 

5.2.6 Identifying possible transcription factors using JASPAR 

To identify putative binding sites for transcription factors around the coding sequences of 
the MHC-I gene, a fasta file for the locus containing SNPs with association to explanatory 
variables was uploaded to JASPAR online tool (http://jaspar.genereg.net) (Fornes et al., 
2020), and scanned against transcription factor (TF) profiles of the chicken (Gallus gallus 
domesticus) with the relative score of 0.85. Relative scores are defined as the sum of the 
log2 normalized position-weight matrix probabilities for each base, relative to the sum of 
the log2 normalized maximum likelihood (i.e. max scoring) sequence for the position-weight 
matrix (Wasserman and Sandelin, 2004). Possible TFs were listed and noted if SNPs 
overlapped with possible binding sites for TFs. 

5.3 Results 

5.3.1 Scaffold-wide association 

Results from scaffold-wide analysis suggested no association between SNPs and explanatory 
variables (see table 6 in 4.2.2 Factors driving OTU composition among individuals within 
Iceland). However, one independent variable, abundance in viral genes, showed deviance in 
p-values. This is indicated both with QQ-and Manhattan plot (figure 17 and figure 18) where 
three SNPs (at sites 74074, 74078 and 74083) had -log(p) = 2.78, corresponding to a p-value 
of 0.06.   
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Figure 17: Q-Q plot of observed and expected distributions of p-values. Results from from 
schaffold-wide association analysis between MHC-I diversity and viral abundance 

        

 

Figure 18: Manhattan plot of MHC-I genotypes and viral gene abundance associations. 
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5.3.2 Assessing association between MHC-I heterozygosity and 
explanatory variables 

Diversity within MHC-genes, both within whole genes and within independent exons (table 
4), showed no association with explanatory variables when fitted in a multiple linear 
regression model. Inflation factor between variable in the model was below 1.8 for all, so 
the risk of collinearity was considered low. 

5.3.3 Identifying Variation and linkage at region holding SNPs 
74074, 74078 and 74083 

SNPs 74074, 74078 and 74083, that showed deviance in p-values from scaffold-wide 
association test, were located in a tight linkage block. This linkage block was at a non-coding 
region, 1429 nucleotides upstream from the MHC-I region, spanning 624 nucleotides and 
included eleven SNPs. Linkage disequilibrium within the block ranged from  𝑟)= 0.7 to  
𝑟)=1. The linkage block was in no linkage with SNPs within MHC-I region. However, it 
was in low linkage with SNPs located 3133 downstream from MHC-I region (SNPs 119159, 
119161, 120602, 120603) (figure 19). Three main haplotypes were presented at this block, 
now referred to as haplotype one, two and three. Twenty-two individuals were homozygous 
for haplotype one and eighteen individuals were heterozygous for haplotype two and three 
where nine out of eleven SNPs are heterozygous with average heterozygosity of 0.014. One 
individual differed with six out of eleven SNPs that were heterozygous therefore had the 
average heterozygosity of 0.0096. Fis for this block was -0.30 and seven out of eleven SNPs 
showed significant deviance from Hardy-Weinberg equilibrium (table 10).  

Table 10: Deviation from Hardy-Weinberg equilibrium. Results from Hardy-Weinberg test 
based on both χ2-test on the expected genotype frequency calculated from the allelic 
frequencies and Monte Carlo permutation of alleles with 1000 replicates. Table shows 
seven out of eleven SNPs that show deviance from Hardy-Weinberg equilibrium 

SNP P-value 

74074* 0.006 

74078* 0.005 

74083* 0.005 

74609* 0.015 

74615* 0.012 

74633* 0.022 

74697* 0.013 
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Figure 19: Linkage disequilibrium between pairs of SNPs at linkage block. The linkage block 
rangeed from 74074 to 74697, located 1429 nucleotides upstream from MHC-I region. The 
linkage block showed no linkage equilibrium within MHC-I but was in low linkage with 
SNPs (at sites 119159, 119161, 120602, 120603) 3133 nucleotides downstream from the 
MHC-I region. 

5.3.4 Identifying association between heterozygosity within 
identified linkage block and explanatory variables 

Mean abundance of viral genes within homozygous individuals was 0.48 with the standard 
deviation of 0.17 and 0.64 for heterozygous individuals with the standard deviation of 0.081 
(figure 20). Results from Welch Two sample t-test show that means of abundance of viral 
genes within individuals differed significantly between the two haplotypes (p = 0.00022).  
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Figure 20: Abundance of viral genes in blood in homozygous and heterozygous individuals 
at the identified linkage block (figure 19).  

Abundance of viral genes had significant associations to diversity within the linkage block 
when fitted in a generalized linear model (p = 0.0018). Variance of residual was similar to 
the mean, i.e. residual deviance was 41.82 on 39 degrees of freedom, indicating that the 
assumption of the model was held.  

5.3.5 Identifying possible transcription factor binding sites 
within the linkage block 

Output from JASPAR gave eight possible binding sites for NFAT5 and three for 
MAFG::NFE2L1 (table 11).  Results suggest that SNPs within the linkage block did not 
affect potential binding sites expect for NFAT5 located at nucleotide 74615 on the scaffold. 

Table 11: Transcriptional factors-binding locus prediction from JASPAR online tool 
(http://jaspar.genereg.net). TF that overlaps with SNPs are marked with *. 
Name Score Relative 

score 
Predicted 
sequence 

Start End 

NFAT5 11.44 0.94 AGTTTCCATT 374 383 
NFAT5 9.06 0.89 TTTTTCCCCA 594 603 
MAFG::NFE2L1 8.69 0.99 GATGAC 269 274 
MAFG::NFE2L1 8.69 0.99 GATGAC 87 92 
NFAT5 8.39 0.88 CATTTCCCTT 546 555 
NFAT5 7.92 0.87 GTTTTCCTAA 280 289 
NFAT5 7.61 0.87 ATTTCCCTTA 547 556 
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NFAT5 7.36 0.86 ATTTTTCCTG 
 

403 412 

MAFG::NFE2L1 6.93 0.92 CATGAT 113 118 

NFAT5 6.71 0.85 CTTTTCAATT 182 191 
NFAT5 * 6.56 0.90 TGTTTCCTCT 538 547 

5.4 Discussion 
 
The aims of this study were to study if variation within and near MHC-I region in white-
tailed eagles in Iceland is associated with explanatory variables (table 6) that reflect 
environment and possible infection levels. Results showed no association between variation 
within MHC-I and explanatory variables. However, we identified three SNPs located 3133 
upstream from MHC-I that show deviance in p-values resulting from scaffold-wide 
association test (figure 17 and figure 18) when tested against viral gene load within 
individuals. These SNPs are in a thigh linkage block spanning 624 nucleotides. This linkage 
block is characterized by low haplotype diversity which is likely maintained through natural 
selection, suggesting that this linkage block is of functional importance. 
 

5.4.1 No association within MHC-I variation 
Results suggest that average heterozygosity across both MHC-I genes and at individual 
exons within MHC-I has no association to explanatory variables when fitted within a liner 
model. As discussed in Chapter 3 Structure, Linkage and Selection of MHC-I genes in the 
White-tailed Eagle, different MHC-I allele are favored between copies within MHC-I. This 
causes low variation between individuals while variation subsists between MHC-I loci 
within individuals. These results could potentially reflect lack of statistical power to detect 
association of small effects as it has been suggested to be the major reason for heterogeneous 
outcomes in MHC and fitness association studies in wild vertebrates (Gaigher et al., 2019). 
Although variation is low on the MHC-I region within white-tailed eagles, the key difference 
in function could lie in interaction of MHC genes and non-MHC genes as one study showed 
where chickens that shared the same MHC-I haplotype but had different genetic background, 
expressed contrasting levels of susceptibility to Eimeria tenella infection (Lillehoj et al., 
1989). This suggest that the interaction of MHC genes and non-MHC genes can influence 
levels of infection. Studies have shown that allele-specific differences in the rate of 
transcription are common and a significant proportion of the variation in gene expression 
might originate in gene promoter region (Buckland, 2004). Gene regulatory changes 
frequently contribute to specific adaptations and variation in susceptibility to diseases (Lee 
and Young, 2013; Ombrello et al., 2014; Weissert et al., 1998). In this case, it might be 
relevant to assess the whole MHC-gene composition and study it’s association to fitness 
related traits rather than to look for diversity at single SNPs.  
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5.4.2 Linkage block with significant association to abundance of 
viral genes 

No single SNP had significant association to explanatory variables resulting from a scaffold-
wide analysis. However, we identified three SNPs (at site 74074, 74078 and 74083) that 
showed deviance in p-values when tested against viral genes within individuals. These SNPs 
are located in a tight linkage block of low haplotype diversity. Three main haplotypes are 
present at this linkage block, individuals are either homozygous for haplotype one or 
heterozygote for haplotype two and three.  Only one individual was an exception from this 
which could be explained with a possible recombination event in an individual of the 
heterozygote genotype. Observed heterozygosity was more than to be expected and seven of 
eleven SNP deviated significantly from HWE (table 10). This pattern of molecular variation 
is inconsistent with expected patterns for neutrally evolving loci and therefore a reason to 
belief that this block serves a fundamental function that is maintained through natural 
selection. The mean abundance of viral genes differs significantly between homozygous and 
heterozygous individuals. Heterozygous individuals have significantly higher number of 
viral genes which may contradict the idea of a heterozygote advantage which is often 
reported in heterozygosity-fitness correlations (HFC) literature. In fact, homozygous 
advantage has more often been associated with outbreeding depression (LeBas, 2002). 
However, this could also suggest that heterozygous individuals can cope better with infection 
where homozygous individuals with the same infection level would not survive.  

5.4.3 Possible transcription factor  

Though it is appealing to suggest that the considered linkage block could potentially hold 
transcription factor controlling segregation of different MHC-I copies, the lack of linkage 
with MHC-I genes suggest no such associations. A number of possible binding sites are 
proposed when the linkage block is compered to transcription profile from chicken (table 
11). One SNP overlaps possible binding site for NFAT5 a TF known to activate T cells and 
macrophages  in addition to being important TF involved in maintaining cellular homeostasis 
against hypertonic and hyperosmotic environments (Lee et al., 2019). However more 
information about transcription factors within white-tailed eagles is needed to conclude 
about the function of identified linkage block. 

5.4.4 Linkage Heterozygosity and fitness in wild population 

Evidence show that inbreeding can reduce resistance to infection (Ilmonen et al., 2008; 
Smallbone et al., 2016).  These effects have been traced to loss of heterozygosity and 
unmasking of deleterious alleles on genes responsible for immune response such as MHC 
genes. White-tailed eagles in Iceland have been exposed to severe bottleneck effects and 
show sign of genome-wide inbreeding, however parallel effects are not detectable on MHC-
I genes where selection might outweigh the effects of inbreeding. This is supported by 
previous results that suggest that different MHC-I alleles subsist between paralogues regions 
through natural selection (see Chapter 3 Structure, Linkage and Selection of MHC-I genes 
in the White-tailed Eagle). Still, strong correlation between SNPs within the placed linkage 
block and fitness variable, might suggest signs of inbreeding depression as it is considered 
to be the fundamental cause for heterozygosity-fitness correlation (Booy et al., 2000). The 
lack of linkage disequilibrium between the linkage block and known coding regions suggest 
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direct effect or overdominance being the source this for heterozygosity-fitness correlation. 
The molecular foundation for this correlation cannot be determined with this data, and still 
it is unknown if this selection is in favor of heterozygotes. However, these results indicate 
that the variation at this linkage block is relevant to survival of white-tailed eagles and 
therefore questions rise if such correlation can be identified in other white-tailed eagle 
population. Even though this variation could influence chance of survival, the influence on 
fitness is inconclusive as subjected individuals are all newly hatched chicks and future 
viability and reproductive success is unknown.  
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6 Conclusion 
 
Frequency and severity of infections within white-tailed eagles remains unknown. Due to 
body size and foraging behavior of these birds, white-tailed eagles must be frequently 
challenged by wide range of pathogens over their relatively long live span. Pathogen-
mediated selection is said to be the source for the high polymorphism characterizing MHC 
genes. This study identified two MHC-I genes which are shaped by repeated duplication 
events as commonly observed within MHC genes and other multigene families. The 
frequently studied exon 3 can be found within three paralogous loci A, B and C which 
evidence suggest are shaped by evolutionary divergence. Assuming that this divergence 
reflects difference in protein structure, white-tailed eagles can express three versions of 
peptide binding regions within MHC-I. Significant deviation from H-W equilibrium at the 
MHC-I region might suggest strong selection creating heterozygosity-fitness correlation. 
However, if these high levels of heterozygosity are true or artificial due to a mapping error 
remains unanswered but could be resolved by targeting the MHC-I region with long 
sequence reads in order to map the short reads. Metagenomics analysis on bacterial DNA 
within the blood of white-tailed eagles identified diversity of bacteria which might represents 
bacteria living within the blood tissue or DNA residues. Still, well supported taxa were 
identified that are known to be potential pathogens in birds and correlated with abundance 
of virulence factor, suggesting some levels of pathogenic influence. Variation within MHC-
I genes did not have any association to environmental factors, bacterial diversity or 
virulence. However, this study might have lacked the power to detect MHC-I association of 
small effect. As variation is low between individuals at the MHC-I region, the fundamental 
difference in MHC-I gene function could be difference in transcription caused by variation 
on a regulatory region. Variation on a linkage block located upstream from MHC-I genes, 
had association to viral gene load within individuals suggesting that this region is relative to 
gene expression and potential viability of these birds.  
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Appendix  
 
Table i) Genera, OTU number and number of sequenced amino acids 

Genus OTU 

Number 
of amino 

acids 
Epulopiscium OTU0072 38 
Desulfurococcus OTU0086 28 
Thermomonas OTU0094 29 
Rhodanobacter OTU0132 71 
Caecibacter OTU0178 29 
Streptomyces OTU0201 30 
Variovorax OTU0276 119 
Marichromatium OTU0285 34 
Enterobacter OTU0336 28 
Rhodovibrio OTU0343 28 
Vulcanisaeta OTU0350 27 
Mesorhizobium OTU0407 637 
Pseudaminobacter OTU0413 65 
Frateuria OTU0428 224 
Stenotrophomonas OTU0441 43 
Dyella OTU0447 158 
Dokdonella OTU0451 53 
Arthrobacter OTU0527 28 
Polaromonas OTU0556 74 
Sinorhizobium OTU0608 44 
Hahella OTU0630 31 
Bradyrhizobium OTU0631 167 
Xanthomonas OTU0735 40 
Pseudomonas OTU0744 1375 
Komagataeibacter OTU0965 30 
Siccibacter OTU1010 108 
Pantoea OTU1016 686 
Providencia OTU1038 28 
Buttiauxella OTU1063 100 
Cedecea OTU1079 154 
Erwinia OTU1082 280 
Dickeya OTU1085 92 
Serratia OTU1088 140316 
Pectobacterium OTU1112 85 
Snodgrassella OTU1119 42 
Yersinia OTU1140 445 
Pararhodospirillum OTU1151 38 
Tatumella OTU1200 257 
Xenorhabdus OTU1257 32 
Lamprocystis OTU1303 56 
Schlesneria OTU1322 28 
Acetobacter OTU1488 79 
Azohydromonas OTU1513 51 
Burkholderia OTU1528 820 
Caballeronia OTU1532 446 
Pseudoalteromona OTU1689 541 
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