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Abstract

The function of the vertebrate immune system is to enable recognition and elimination
of microorganisms that can cause harm (pathogens). A key component in adaptive
immunity is the major histocompatibility complex (MHC) that codes for molecules
with antigen presentation function. There are two main types of MHC molecules, class-
I (MHC-]) and class-II (MHC-II) and the focus of my thesis has been MHC-I. The
number of MHC gene copies can vary greatly between populations, species and orders.
Passerine birds (order Passeriformes) seem to have particularly high MHC diversity
(defined as number of different MHC alleles per individual). The main aim of my thesis
has been to understand the high MHC-I diversity in passerines focusing on two aspects:
gene expression and presence of classical and non-classical MHC-I genes. Classical
MHC molecules present antigens and trigger adaptive immune responses, whereas non-
classical genes have an as yet largely unclear function in immunity. Non-classical MHC
genes have lower diversity and often have lower expression. Non-classical genes have
been found in several different bird orders although never been fully characterized in
passerines.

I investigated the presence of classical and non-classical genes using a phylogenetic
approach by comparing three closely related sparrow species; house sparrow (Passer
domesticus), Spanish sparrow (Passer hispaniolensis) and tree sparrow (Passer montanus).
All three species had putatively classical and non-classical genes. All putatively non-
classical alleles formed a highly supported cluster, independent of species, indicating
that the presence of classical and non-classical genes predates the speciation event of
these sparrows. Moreover, only one classical gene was found to be highly expressed in
house sparrows and tree sparrows (Paper I). The high diversity of MHC-I alleles makes
them difficult to genotype, but with high throughput sequencing (HTYS) it is feasible.
Initially, I used Roche 454 and then Illumina MiSeq amplicon sequencing. These two
HTS methods were evaluated using house sparrow MHC-I and they both performed
well (Paper II). We characterized MHC-I in a non-passerine bird, the Icelandic black-
tailed godwits (Limosa limosa islandica) and showed that there were no putatively non-
classical genes in this species despite that such genes were found in two closely related
Charadriiformes species (Paper III). I partly characterized MHC-I in siskins (Spinus
spinus) of the order Passeriformes and it had putatively non-classical genes; one highly
supported cluster contained only low expression alleles that also had low diversity
(Paper IV). Moreover, I found that as many as three classical genes could have high
expression.

Expression of MHC-I was then studied in an infection experiment with a mild and a
severe avian malaria strain (Paper V). We showed that classical alleles were continuously
expressed to a higher degree than non-classical alleles. Moreover, MHC-I was
differently expressed in infected individuals compared to control individuals and there
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was a tendency for MHC-I to be more highly expressed soon after the acute phase of
the severe malaria infection.

In my thesis, I have shown that the presence of classical and non-classical MHC-I genes
most likely is a common feature in passerine birds which has so far been overlooked.
Moreover, the expression of MHC-I in passerine birds seems to differ considerably, not
only between species but also between classical MHC-I alleles within individuals of the
same species — an avenue for future research.
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Svensk sammanfattning

Alla ryggradsdjur har ett immunforsvar vars funktion ir att skydda oss mot
mikroorganismer som kan orsaka sjukdom, sisom bakterier och virus. Dessa
sjukdomsframkallande dmnen kallas patogener. Immunforsvaret behover kunna skilja
mellan proteiner som kommer frin den egna kroppen och frin patogener. Molekylerna
som kodas av gener i major histocompatibility complex (MHC) har en viktig del i
denna igenkdnning. MHC-molekylerna uttrycks pé cellytan och deras funktion ir att
binda till smé fragment av proteiner, si kallade peptider, och presentera dessa fér en
typ av immunfdrsvarceller, si kallade T-celler. Om peptiden som MHC presenterar ir
frin en patogen si startar en immunreaktion som kommer att leda till att den
infekterade cellen forstors. Det som gér MHC sa viktigt ar att T-celler bara kan kinna
igen peptider om de sitter bundna till en MHC-molekyl. MHC kan delas upp i tva
klasser beroende pé var peptiderna som de presenterar kommer ifrain. MHC klass 1
presenterar peptider som finns inuti celler (till exempel peptider fran virus) medan
MHC Klass IT presenterar peptider som finns utanfor celler (till exempel peptider fran
bakterier). I min avhandling har jag bara fokuserat pA MHC klass I.

Man har oftast bara en genkopia av varje gen men det som ir speciellt med MHC-gener
dr att det finns manga genkopior, minniska har till exempel tre MHC klass I gener. En
grupp av ryggradsdjur som har extremt manga MHC-genkopior dr sangfiglar som kan
ha mellan 2 och 33 genkopior, dir medelvirdet 4r 11 genkopior. Detta ir betydligt fler
genkopior dn vad som har hittas hos andra grupper av faglar och diggdjur. Varfor
sangfaglar har s mdnga MHC-genkopior vet man inte och i min avhandling har jag
jobbat med tva aspekter som kan forklara det hga antalet MHC-gener som finns hos
sangfaglar.

Den f6rsta aspekten jag har undersoke dr om alla MHC-gener har samma funktion, det
finns ndmligen bade klassiska och icke klassiska MHC-gener. Funktionen hos klassiska
MHC-gener 4r att presentera peptider till T-celler. Icke-klassiska gener har ocksa en
funktion i immunf6rsvaret men den kan variera och olika icke-klassiska gener verkar
ha olika funktioner. Det som kdnnetecknar icke-klassiska gener ir att de r betydligt
mindre variabla dn klassiska gener och att de dessutom uttrycks till ligre grad in
klassiska gener. En forklaring till sangfaglars hoga antal MHC-genkopior skulle kunna
vara att en stor andel dr icke-klassiska. Jag har dven undersokt om alla klassiska gener
uttrycks lika mycket. Hos manga andra figelarter har man hittat att det bara ir en
genkopia av de klassiska MHC-generna som har ett riktigt hogt genuttryck, oberoende
av hur minga genkopior som finns i genomet. Savitt jag vet finns det inga studier som
har undersokt om sangféglars alla genkopior dr uttryckta lika mycket si det 4r mojligt
att en annan forklaring till det hdga antalet genkopior ir att fler gener 4r hoguttryckea
hos sangfiglar jimfort med andra grupper av faglar.
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I min avhandling har jag kommit fram till att bade klassiska och icke-klassiska gener
verkar vara vanliga hos singfiglar eftersom jag har hittat dem i fyra olika arter av
sangfaglar; grasparv, pilfink, spansk sparv och gronsiska. Dessa icke-klassiska gener ir
alla mindre variabla och mer lika varandra jaimf6rt med klassiska gener. Dessutom ir
dessa icke-klassiska gener alltid ldgre uttryckta dn klassiska gener. Detta tyder pa att
icke-klassiska gener ir vanliga hos singfiglar men proportionen mellan icke-klassiska
och klassiska varierar mellan de fyra arterna som jag har undersokt; hos grasparv och
spansk sparv finns det fler icke-klassiska 4n klassiska gener medan hos pilfink och
gronsiska sa finns det fler klassiska dn icke-klassiska gener. Alltsd kan inte det hoga
antalet genkopior hos singfaglar enbart forklaras av att de har icke-klassiska gener.

Uttrycket av de klassiska MHC-generna varierar stort hos singfaglar, vissa gener har
hégt uttryck medan andra har lagt uttryck. En intressant sak som jag har kommit fram
till 4r att antalet MHC-gener som har hogt uttryck verkar variera mellan arter. Hos
grasparv och pilfink hittar jag bara en gen som har hogt uttryck medan hos gronsiska
hittar jag som mest tre gener. Detta tyder pé att singfaglar inte bara har en gen som ir
héguttrycke utan att fler kan vara hoguttryckea vilket delvis skulle kunna forklara det
héga antalet genkopior hos singfiglar.

Di funktionen av MHC ir att presentera peptider frin patogener har jag idven
undersokt vad som hinder med MHC uttrycket under en pigiende infektion hos
gronsiskor, i det hir fallet tvd olika typer av figelmalaria. Jag fann att klassiska gener
alltid 4r mer hoguttryckta dn icke klassiska gener. Sett 6ver hela malariainfektionen sa
uppreglades MHC bara vildigt svagt i blodet, men det finns en tendens atct MHC ir
mer hdguttrycke sent i infektionen, den akuta fasen av malaria, precis efter att antalet
malariaparasiter i de roda blodkropparna bérjar g ner.

Sammanfattningsvis har min avhandling lyft fram tvi viktiga forklaringar till varfor
sangfaglar har s& manga MHC gener, nimligen att det troligtvis finns bade klassiska
och icke-klassiska gener och att mer 4n en gen kan vara hoguttrycke, och dirmed ha en
viktig funktion i immunsvaret.
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Introduction and background

The antigen presenting molecules encoded by the major histocompatibility complex
(MHC) are a key component of the vertebrate immune system and since their discovery
back in 1936 (Gorer 19306a, b) these genes have fascinated scientists. One aspect that
separates these genes from many other are that they are highly duplicated, and that the
number of gene copies can vary quite dramatically between species.

One group that have extremely high MHC diversity in general are passerine birds
belonging to the order Passeriformes, especially compared to species from other bird
orders. The exact reason as to why passerine birds have this high MHC diversity is not
known. The focus of my thesis is to examine aspects that could help us to understand

the high MHC diversity in passerine birds.

The vertebrate immune system

The function of the immune system is to protect us from microorganisms that can
cause us harm, such as viruses, bacteria and parasites, so called pathogens (Williams
2011). The immune system can be dived into three major barriers with the function of
either preventing pathogens from entering the body or if they are able to enter to
eliminate them (Abbas et al. 2016). The first barrier consists of several different physical
barriers, such as the skin and the mucosal layers in the respiratory and gastrointestinal
tracts, that can prevent pathogens from entering the body (Cruse and Lewis 2003). The
next barrier is a chemical barrier made up of, for example, many antimicrobial
substances and the acidic environment in the stomach (Williams 2011). Finally, the
last barrier is the large number of specialized cells that are referred to as immune cells
(Murphy and Weaver 2016). One of the functions of immune cells is to distinguish
between self and non-self and only trigger an immune response against foreign
substances (Cruse and Lewis 2003). These immune cells can then further be divided
into the innate and the adaptive immune system, depending on their function and how
they recognize foreign substances (Abbas et al. 2016).
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The innate immune system

The innate immune system recognizes pathogens based on conserved structures that
are only found in pathogens, via so called pattern-recognition receptors (PRR)
(Murphy and Weaver 2016). After the recognition of a pathogen an immune response
will be triggered (Abbas et al. 2016). The response of the innate immune system has
relatively low specificity (Cruse and Lewis 2003). The innate immune system has a
short response time. It takes a matter of hours after the pathogen has entered the body
until it is activated (Williams 2011).

The adaptive immune system

The adaptive immune system is more specific than that of the innate immune system
(Murphy and Weaver 2016). Another difference is that it takes longer time to activate
the adaptive immune system, between seven to fourteen days from the time the
pathogen enters the body (Williams 2011). Finally, the adaptive immune system can
produce memory cell which will lead to a stronger and faster response the second time
the same pathogen is encountered (Abbas et al. 2016).

One of the important initial steps of the adaptive immune response is the so-called
antigen presentation, during which small fragments of a pathogen is presented by
molecules on the cell surface which will trigger an immune response (Cruse and Lewis
2003). The major histocompatibility complex codes for molecules that key role in
antigen presentation (Murphy and Weaver 2016).

The Major Histocompatibility Complex

The Major Histocompatibility Complex is a multi-gene family where the MHC
molecules have a central role in antigen presentation (Neefjes et al. 2011). The function
of MHC molecules is to present peptides stemming either from the host or from
pathogens, to a specialized type of immune cells called T-cells (Abbas et al. 2016). An
immune response should only be triggered when the presented peptide is foreign

(Murphy and Weaver 2016).

The MHC genes can be divided into two main classes depending on the peptides that
are presented and the type of T-cells that they are interacting with. MHC class 1
(MHC-]) presents intracellular peptides (e.g. from viruses) to cytotoxic T-cells (CD8+
T-cells) whereas MHC class II (MHC-II) presents peptides from extracellular
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pathogens (e.g. many bacterial pathogens) to T helper cells (CD4+ T-cells) (Murphy
and Weaver 2016). MHC-I can be found on all nucleated cells and MHC-II can be
found on specialized immune cells called antigen presenting cells (Neefjes et al. 2011).
The focus of this thesis is on MHC-I.

The full MHC gene region consists of many different genes and are found on
chromosome 6 in humans. The genes central to antigen presentation are found in the
core MHC region including those that code for the MHC molecule (Murphy and
Weaver 2016). In mammals, the MHC core region seems to be rather conserved (Kelley
et al. 2005).

The diversity of MHC-I

MHC genes have high intra-individual diversity meaning both that an individual has
several MHC gene copies and that the alleles at these different gene copies often are
different (e.g. the genes are heterozygous). Moreover, different individuals frequently
have different alleles (Murphy and Weaver 2016). For example, at one MHC-I gene in
humans over 5,200 different alleles have been identified worldwide (The HLA
Database; Robinson et al. 2015). The MHC region is one of the most diverse gene
regions found in vertebrates.

Multiple gene copies (so called paralogous) are created by gene duplication. In
paralogues the selective pressure of maintaining the original gene function can be
relaxed which leaves these new gene copies free to evolve different functions, a process
called neo-functionalization (Ohno 1970; Eirin-Lépez et al. 2012). In the case of MHC
genes, new gene copies are thought to evolve by several different mechanisms of which
one is the so called ‘birth and death process” during which some very old gene copies
retain the original function and are kept whereas other gene copies evolve slightly
different functions and yet other gene copies become non-functional (Nei et al. 1997;
Van Qosterhout 2009).

The high MHC diversity, ie. the total number of alleles across all gene copies, that is
seen for the MHC genes are thought to be maintained mainly by balancing selection
(Hedrick and Thomson 1983; Hedrick 2007). There are several mechanisms that can
result in balancing selection. One example is heterozygote advantage (Doherty and
Zinkernagel 1975) where individuals that have different alleles at a gene copy have a
higher chance at recognizing more pathogens. This would lead to a higher proportion
of heterozygote individuals in a population. Another example is divergent allele
advantage (Wakeland et al. 1990) and this theory says that it is even better to have
alleles that are very different from each other. The more distant the alleles are the higher
the possibility that they can bind to different peptides and hence give protection to a
wide range of pathogens. In addition there is negative-frequency-dependent selection
(Slade and McCallum 1992), which states that there are both common and rare alleles
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in a population and that the pathogens might evolve in order to avoid detection by the
common alleles but will still be recognized by the more rare alleles. These rare alleles
will then increase in frequency within the population and become common and new
alleles will be rare. This will keep the variation at MHC high over time. Finally there is
also fluctuating selection (Hedrick 2002), which means that because pathogens vary in
abundance over time and space so will the MHC alleles, maintaining MHC gene
diversity. These different examples of balancing selection are not mutually exclusive
and have been investigated in both laboratory and natural populations (both MHC
class I and II) (e.g. Doherty and Zinkernagel 1975; Wakeland et al. 1990; Slade and
McCallum 1992; Ekblom et al. 2007; Hedrick 2012; Lenz et al. 2013; Sepil et al. 2013;
Pierini and Lenz 2018).

Antigen presentation of MHC-I

In more detail, what happens during antigen presentation, Figure 1, is that after a
pathogen has entered a host cell and start replicating the proteins that are produced will
be broken down to peptides by the proteasome (in the cytosol) (Goulder and Walker
2012). Self-proteins are also constantly broken down (Abbas et al. 2016). These
peptides will then be transported into the endoplasmatic reticulum (ER) by a molecule
called transporter associated with antigen processing (TAP) where the peptide is loaded
onto an MHC-I molecule (Murphy and Weaver 2016). Each MHC-I molecule can
bind peptides with certain characteristics and if, inside the ER, a stable MHC-I -
peptide complex is formed it is transported to the cell surface where the peptide is
presented to cytotoxic T-cells (Williams 2011). If the T-cell receptor is able to bind to
the peptide-MHC-I complex an immune response will be trigged and the infected cell
will be destroyed (Murphy and Weaver 2016).
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Figure 1. Schematic representation of intracellular antigen presentation by MHC-I. Proteins are broken down into
peptides by the proteasome and the petides are then transported into the ER (endoplasmic reticulum) by TAP
(transporter associated with antigen processing). The peptide is loaded onto the MHC molecule and transported to the
cell surface where the peptide is presented to T-cells, if the T-cell receptor (TCR ) binds to both the peptide and the
MHC molecule an immune response will be triggered. Drawn by Inger Ekstrom, inspired by Neefjes et al. (2011) and
Abbas et al. (2016).

The structure of MHC-I

The extracellular part of the MHC molecule is encoded by three exons (exon 2, 3 and
4) which are translated into three subparts of the MHC molecule (a1, a2 and a3;
Figure 2). The MHC molecule is stabilized by another protein called beta-2
microglobulin (f2m) (Murphy and Weaver 2016). The al and a2 regions form the
peptide binding region (PBR) (Cruse and Lewis 2003). Each MHC molecule can bind
a limited number of peptides, which ones depends on the amino acids in the PBR
(Murphy and Weaver 2016). There are certain key amino acid positions in the PBR
and these will determine the peptides an MHC molecule can bind (Altuvia and
Margalit 2004). Because of the antigen binding ability the PBR is the most variable
part of the MHC molecule (Murphy and Weaver 2016). The a3 region of the MHC
molecule is more conserved compared to the al and a2 regions, because this region
contains the binding sites for the CD8 co-receptor (Murphy and Weaver 2016). In
order for the T-cell to initiate an adaptive immune response the CD8 co-receptor needs
to bind to the MHC molecule (Cruse and Lewis 2003). The adaptive immune response
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should only be triggered when non-self peptides are presented and when several co-
receptors are bound. Hence, there are multiple control steps ensuring that an immune
response is not triggered by self-peptides (Murphy and Weaver 2016).

PBR

al o2

3
B2m *

Figure 2. Schematic representation of the structure of the MHC-I extracellular part. The MHC-I molecule consists of
three subparts encoded by three exons. a1, encoded by exon 2 and a2, encoded by exon 3 toghther make up the
peptide binding region (PBR). The a3, encoded by exon 4, is a more conserved part of the molecule. The MHC
molecule is stablized by another protein called beta-2 microglobulin (R2m).

Classical and non-classical MHC-I genes

Both MHC-I and -II genes can be divided into so called classical and non-classical
MHC genes (Rodgers and Cook 2005). The classical MHC genes code for molecules
that have a central role in the adaptive immune system, whereas non-classical molecules
have more variable immune functions (Allen and Hogan 2013). The hallmarks of
classical MHC genes are that they are highly diverse, bind and present peptides to T-
cells, and are expressed in most tissues (Murphy and Weaver 2016). Non-classical
MHC genes on the other hand code for molecules that resemble classical MHC
molecules but rarely presents peptides to T-cells (Shawar and Vyas 1994). The non-
classical genes have lower diversity, and are expressed at lower levels than classical MHC
genes. Moreover, they often have restricted tissue expression (Rodgers and Cook 2005).

Non-classical genes have been identified in most of the vertebrate classes (e.g. in
mammals, amphibians, reptiles, birds, bony fishes, cartilaginous fishes) (Kaufman et al.
1999b; Adams and Parham 2001; Lunney et al. 2009; Shiina et al. 2009; Grimholt et
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al. 2015). The function of non-classical genes seem to vary between species (Allen and
Hogan 2013). Overall, non-classical genes are most well studied in mammals,
particularly in mice and humans (Le Bouteiller and Lenfant 1996).

In humans, MHC genes are called human leukocyte antigens (HLA) and there are three
classical MHC-I genes (HLA-A, -B, -C) and three non-classical genes (HLA-E, -F, -G)
(Murphy and Weaver 2016). The number of different alleles per gene that have been
identified at these genes varies considerably. Thousands of alleles have been identified
for the classical genes whereas only slightly more than one hundred alleles have been
identified for the non-classical genes, see Table 1 for specific allele numbers per gene
(The HLA Database; Robinson et al. 2015). The pattern is even more extreme when
comparing the number of proteins into which these alleles are translated.

Table 1. Number of alleles identifed at the three classical and non-classical genes in humans, collected from the
HLA database (http://hla.alleles.org/nomenclature/stats.html), information is accurate as of september 2018.

Clasical genes Non-classical genes
HLA-A HLA-B HLA-C HLA-E HLA-F HLA-G
Alleles 4,638 5,590 4,374 27 31 61
Proteins 3,172 3,923 2,920 8 6 19

Although the three non-classical genes in humans have similarly low levels of diversity,
the exact function of these genes seem to be variable. The most well studied non-
classical gene in humans is HLA-E (Crux and Elahi 2017). HLA-E have a wider tissue
expression than most non-classical genes but is always expressed to a lower degree than
classical MHC-I molecules (Wei and Orr 1990). HLA-E does not present peptides
from pathogens but instead seems to present peptides stemming from the signal
pathway that activates MHC-I, and instead of presenting to T-cells they interact with
Natural Killer cells (NK-cells) (Crux and Elahi 2017). HLA-F is the least studied of the
three non-classical genes in humans and is often expressed in lymphocytes and seems
to be involved in regulation of NK-cells (Lee et al. 1998; Lepin et al. 2000; Lee and
Geraghty 2003; Garcia-Beltran et al. 2016). HLA-G is mainly expressed in the placenta
and seems to be involved in protecting the foetus from the mother’s immune system.
It can interact with a number of immune cells such as antigen presenting cells, NK
cells, and small populations of T cells (Vianna et al. 2007; Larsen et al. 2010).

The origin of non-classical genes has not fully been determined. There are non-classical
genes that seem to be older than classical genes, although those are mainly located
outside of the core MHC region, and there are non-classical genes that seem to be
younger than the classical genes, and may have originated due to gene duplication of
classical MHC genes (Hughes and Nei 1989; Rodgers and Cook 2005). There are
examples of non-classical genes that predate speciation events. Humans and
chimpanzee (Pan troglodytes), species that diverged 6 to 7 million years ago, form gene
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specific clusters at the six gene copies corresponding to HLA -A, -B, -C, -E, -F, -G
(Adams and Parham 2001).

MHC-I in birds

The first avian species where MHC-I was characterized in detail was the domestic
chicken (Gallus gallus domesticus) (Kaufman et al. 1999b). The chicken has an MHC
region that is considerably different from mammals. The whole gene region is about 20
times smaller than the human MHC region and not all genes that are found within this
region in humans are found in the chicken region. Because of this, the chicken is said
to have a ‘minimal essential MHC’ (Kaufman et al. 1999b). Regarding the of number
of MHC-I genes chicken have two classical and at least two non-classical MHC-I genes
(Miller et al. 1996; Kaufman et al. 1999b; Afanassieff et al. 2001).

Later on, the MHC region in more species belonging to the order Galliformes has been
partly characterized, for example in turkey (Meleagris gallopavo) where two classical
MHC-I genes were identified, quail (Coturnix japonica) with two classical MHC-I
genes and at least two non-classical genes, black grouse (7etrao tetrix) with two classical
MHC-I genes, and golden pheasant (Chrysolophus pictus) with two classical and at least
one non-classical MHC-I genes. All these species turned out to have a more or less
‘minimal essential MHC’ (Shiina et al. 1999, 2004; Chaves et al. 2009; Wang et al.
2012; Zeng et al. 2016). Outside the order of Galliformes, mallards belonging to the
order Anseriformes, have been partly characterized and mallards also have a compact
MHC region with five MHC-I genes where one is suggested to be non-classical (Moon
et al. 2005). Hence, it was suggested that most birds have compact MHC regions.
However, recently the crested ibis (Nipponia nippon) from the order Pelecaniformes
was partly characterized and it does not seem to have a ‘minimal essential MHC’.
Instead, it had features that were more similar to the mammalian MHC region (Chen
et al. 2015). Interestingly, early on it was suggested that passerines belonging to the
order Passeriformes do not have a ‘minimal essential MHC’ but instead seem to have a
highly diverse MHC based on the number of alleles identified (e.g. Westerdahl et al.
1999, 2000). Despite that the exact MHC-I region has not been determined in
passerine birds, with the rise of high throughput sequencing methods (HTS), it is now
possible to reliably genotype MHC-I also in species with high diversity like the

passerines
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MHC-I genes in Passerines

Most studies in passerines have only sequenced one MHC-I exon (mostly exon 3).
Because there is high similarity between gene copies, at least in exon 3, it is still not
possible to determine which allele that belongs to which gene copy when
simultaneously amplifying over all gene copies (e.g. Sepil et al., 2012; Karlsson &
Westerdahl, 2013; O’Connor et al., 2016). Hence, the number of genes in passerines
are determined based on the number of different alleles identified and since MHC
genes often are heterozygous the number of genes is estimated by dividing the
maximum number of alleles with two.

Even though passerines in general have high MHC-I diversity there is considerable copy
number variation (CNV) between species within Passeriformes, Figure 3. O’Connor et
al. (2016) reported between four and 19 MHC-I gene copies per species across
Passerida (containing e.g. warblers, flycatchers and pipits) based on genomic MHC-I
exon 3 sequences in open reading frame. The highest number of MHC-I gene copies
reported to date is in the sedge warbler (Acrocephalus schoenobaenus) where up to 65
MHC-T alleles have been identified in one individual, which suggests that sedge
warblers can have at least up to 33 gene copies (Biedrzycka et al. 2017a). In contrast,
the zebra finch (7aeniopygia guttata), with only two MHC-I genes seems to be an
outlier among passerine birds (Ekblom et al. 2011). There is also CNV within passerine
species, for example between 7-10 MHC-I genes have been identified in house sparrows
(Passer domestics) (O’Connor et al. 2016). The exact purpose of passerines multiple
MHC-I gene copies is not known. Throughout this thesis two aspects of MHC-I
diversity have been considered, the presence of both classical and non-classical genes as
well as the expression patterns of the multiple MHC-I genes.
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Figure 3. Number of MHC-I exon 3 alleles identifed in 15 passerine species. Data from O’Connor et al 2016,
Biedrzycka et al. 2017a and Ekblom et al 2011. All data is from HTS methods execpt zebra finch where two genes
have been determined based on genetic mapping.

Classical and non-classical alleles in birds

When the chicken MHC region was characterized a separate independent cluster with
MHC-like genes was identified which was named MHC-Y and was determined to
contain at least two non-classical MHC-I genes (Briles et al. 1993; Miller et al. 1994).
When these genes belonging to the MHC-Y region were further studied it was shown
that the alleles belonging to MHC-Y were more similar to each other than to alleles
belonging to the classical gene cluster, called MHC-B in chicken (Afanassieff et al.
2001). Moreover, there is an amino acid substitution in the PBR which makes the non-
classical MHC-I molecules in chicken unlikely to bind peptides in the same way as
classical MHC (Afanassieff et al. 2001). Also, the non-classical genes have restricted
tissue expression (Hunt et al. 20006).

Later on, when characterizing more Galliformes species, non-classical genes were also
identified in quail, turkey and golden pheasant (Chrysolophus pictus) (Shiina et al. 2004;
Chaves et al. 2009; Zeng et al. 2016). Although the exact number of genes is not always
determined, non-classical genes seem to be a common feature in Galliformes birds. In
fact, non-classical genes seem to be very common in birds in general and have been
identified in multiple species, such as, the mallard (Anas platyrhynchos) (Moon et al.
2005), the crested ibis (Chen et al. 2015) and red-billed gull (Zarus scopulinus) (Cloutier
etal. 2011).
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As for passerine birds, there is a single study that has suggested that house sparrows
could have non-classical genes. Karlsson and Westerdahl (2013) identified MHC-I
alleles with a 6 bp deletion in exon 3. These alleles also formed a distinct cluster in a
phylogenetic tree. Moreover, these alleles had lower genetic diversity compared to
alleles without the 6 bp deletion strongly suggesting that these alleles belong to non-
classical genes. Hence it is possible that non-classical genes are an overlooked feature of
passerine birds.

Expression of MHC-I genes in birds

Another explanation for multiple MHC-I genes in passerine birds could be that not all
of them are equally expressed. For example, in humans, the three classical genes (HLA-
A, -B, -C) are all expressed but there is slight variation in expression levels between
these genes. HLA-A and -B genes are expressed to a higher degree than HLA-C genes,
leading to a large variation in gene expression (Apps et al. 2015).

A different expression pattern has been seen in birds. Out of the two classical genes in
chicken only one is highly expressed, called the major gene, whereas the other gene,
called the minor, has low level of expression. (Kaufman et al. 1995, 1999a, 1999b;
Wallny et al. 2006; Shaw et al. 2007). One highly expressed gene has also been
identified in several other bird species, such as quail, mallard (both in domestic and
wild mallards), red-billed gull and crested ibis (Mesa et al. 2004; Shiina et al. 2006;
Cloutier et al. 2011; Chen et al. 2015; Fleming-Canepa et al. 2016). Interestingly, in
some of these species more than two gene copies occur so this expression pattern is not
only caused by the number of genes. For example, mallards have five gene copies, four
classical and one non-classical, still only one gene copy has high expression whereas the
other four gene copies have low or no expression (Mesa et al. 2004; Moon et al. 2005).
It was suggested that the difference in expression seen between these gene copies are
regulated by microRNA (Chan et al. 2016). Moreover, Chan et al. (2016) showed that
the two alleles at the highly expressed gene copy were also differently expressed, caused
by difference in promoter activation.

Within passerines there are few studies that have considered the expression of MHC-I
genes, but there are a few examples of how many MHC-I genes that could be expressed.
In great read warblers (Acrocephalus arundinaceus), eight different full length transcripts
have been identified in cDNA in a single individual, indicating that at least four genes
are expressed, and in blue tit (Cyanistes caeruleus) five MHC exon 3 transcripts, i.e. 3
genes, were found (Westerdahl et al. 1999; Schut et al. 2011). These findings show that
more than one gene is expressed in passerine birds. Since most of the multiple alleles
identified in passerine birds seem to be functional based on the available sequence data
(Bonneaud et al. 2004; Schut et al. 2011; Sepil et al. 2012; Karlsson and Westerdahl
2013; O’Connor et al. 2016; Roved et al. 2018) it is possible that passerine birds express
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more than one MHC-I gene. However, no studies have looked at the level of expression
of different MHC alleles within passerine birds, information that is needed in order to
determine if passerine birds also have a majorly expressed MHC-I gene.

Kaufman (1999) hypothesized that the reason for a major gene in the chicken is that
this MHC-I gene has coevolved with TAP, the protein responsible for transporting
peptides into the ER. The TAP molecule is encoded by two genes, TAP1 and TAP2
and in the chicken genome the major MHC gene is located next to TAP2 (Kaufman
etal. 1999a). The idea is that TAP will only transport peptides that the particular major
MHC molecule can bind (Kaufman 2015a). This co-evolution will then result in high
TAP diversity and that certain TAP-MHC haplotypes will be inherited together
(Walker et al. 2005, 2011; Kaufman 2015b). To date, in all species where a majorly
expressed MHC gene have been identified it is also located next to a TAP gene,
providing support for the idea that in birds MHC-I and TAP have co-evolved (Mesa
et al. 2004; Shiina et al. 2006; Cloutier et al. 2011; Chen et al. 2015; Fleming-Canepa
etal. 2016).

Interestingly, a tight linkage between MHC-I and TAP has not only been reported
from birds but also from other vertebrates such as sharks, teleost fishes, and amphibians
(Flajnik et al., 1999; Kelley et al., 2005). In both salmon (Sa/mo salar) and the frog
Xenopus, one majorly expressed MHC gene has been identified and it is also located
next to TAP (Grimholt et al., 2002; Ohta et al., 2003). This suggests that a strong
linkage between MHC and TAP could be the ancestral stage. On the contrary, in
mammals where all MHC genes seems to be expressed, MHC and TAP are not found
next to each other and hence cannot co-evolve (Kaufman 2015a; Murphy and Weaver
2016). Interestingly, not all birds seem to have just one highly expressed MHC-I gene,
for example in one red knot individual as many as five alleles, 7.e. 3 genes, have been
identified as highly expressed (Buehler et al. 2013). Where TAP is located within
passerines is not known but the preliminary data from the zebra finch genome have
placed TAP and MHC on the same chromosome but it has not been possible to
determine the distance between them (Balakrishnan et al. 2010; Ekblom et al. 2011).
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Thesis aims

The overall aim of my thesis was to gain a deeper understating of the high MHC-I
diversity seen in passerine birds. In particular, I wanted to determine if passerine birds,
similarly to many other bird species, have both classical and non-classical genes as well

as if only one MHC gene copy is highly expressed.

In paper I, the aim was to characterize putatively classical and non-classical MHC genes
in three sparrow species in order to investigate MHC-I organization in closely related
species. We also wanted to compare how many alleles that were expressed, as well as
determine the relative expression level of these alleles, 7.e. determine the number of
alleles that have high and low expression.

In paper II, the aim was to compare two high throughput sequencing methods that are
commonly used when genotyping MHC-I in passerine birds.

In paper III, the aim was to characterize MHC-I genes in a non-passerine bird, the
black-tailed godwit, and determine if putatively classical and non-classical genes are also
common in the order Charadriiformes. Moreover, by determining the diversity of
MHC-I in a non-passerine it can later on be compared to passerines.

In paper IV, the aim was to further determine how common putatively classical and
non-classical genes are in passerines by characterizing MHC-I in a novel species, the
Eurasian siskin. The aim also was to determine the number of expressed alleles as well
as the proportion that had high expression.

In paper V, continuing on the work from paper IV, the aim was to determine how the
expression of MHC-I, both putatively classical and non-classical alleles, changed
throughout an infection, in this case both a mild and severe avian malaria infection.
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General methodology

Study species

Throughout this thesis I have manly studied MHC-I in bird species from the order
Passeriformes but also in one species of the order Charadriiformes.

Sparrows (Passer)

I have studied three species of sparrows (Passer): house sparrow (P. domesticus), Spanish
sparrow (P. hispaniolensis) and tree sparrow (P. montanus), Figure 4. All three species
can be found in both urban and rural environments but their native range differs; house
sparrows and tree sparrows can be found throughout most of Eurasia whereas Spanish
sparrows are only found around the Mediterranean Sea and in south-west Asia
(Mullarney et al. 2006). The house sparrows and Spanish sparrows are more closely
related to each other than to the tree sparrow (birdtree.org; Jetz et al. 2012). House
sparrow and Spanish sparrow split from each other three million years ago and tree
sparrows split from the other two species seven million years ago. The house sparrows
used in this thesis were caught in one of two locations, either at Loberdd, Skane,
Sweden or on Lundy Island, located in the Bristol Channel, UK. Tree sparrows were
caught in Loberod, Skane, Sweden and the Spanish sparrows were from a captive
population at University of Oslo, Norway.

Figure 4. The three sparrows studied during this thesis; house sparrow (left), Spanish sparrow (middle), tree sparrow
(right). Photo: Julio Neto
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Eurasian siskin (Spinus spinus)

The Eurasian siskin (Spinus spinus) is a small passerine bird, Figure 5, belonging to the
finch family (Fringillidae) and the native range of siskins are rural areas all throughout
Eurasia (Mullarney et al. 2006). Based on phylogenetic analysis, siskins and sparrows
are quite distantly related, the species split from each other 29 million years ago
(birdtree.org; Jetz et al. 2012). The siskins used in this thesis were caught on the
Curonian Spit in the Baltic Sea (Kaliningrad region, Russia).

Figure 5. Eurasin siskin (Spinus spinus). Photo: Vaidas Palinauskas

Icelandic black-tailed godwit (Limosa limosa islandica)

The Icelandic black-tailed godwit (Limosa limosa islandica) is a migratory wader that is
found in the western Palearctic (Delany et al. 2009). It breeds predominantly on
Iceland, and outside the breeding season, godwits move along the Atlantic coast,
preferring brackish habitats such as sheltered estuaries, lagoons, and large intertidal
mudflats. Godwits winter in temperate countries (mostly Iberia) (Gill et al. 2007;
Delany et al. 2009; Alves et al. 2010, 2013).

Figure 6. The icelandic black-tailed godwit (Limosa limosa islandica). Photo: Sara Pardal
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Studying MHC-I genes

One of the advantages of studying molecular genetic markers in birds is that their red
blood cells are nucleated (Glomski and Pica 2011), meaning that by taking a small
blood samples (25 microliter) it is possible to get the entire bird genome or in my case
one particular type of genes, MHC-I.

Throughout this thesis I have used two different types of samples, genomic DNA
(gDNA) and RNA. With genomic DNA it is possible to determine which MHC alleles
an individual has in the genome and then by studying RNA it is possible to determine
which of these alleles that are expressed (transcribed). RNA is single stranded and DNA
is double stranded and the base thymine is exchanged for uracil in RNA (Freeland et
al. 2011). In order to study and analyse the RNA it needs to be transformed into
complementary DNA (cDNA). This process takes the single stranded RNA and
transforms it to double stranded cDNA and also converts the uracil back to thymine.

Sequencing MHC-I alleles

The MHC-I genes are highly duplicated, especially in passerines, which makes it hard
to sequence them (Biedrzycka et al. 2017b). I have mainly worked with just one exon,
exon 3, in the MHC-I genes. Since alleles from several different gene copies are co-
amplified, the DNA sequence cannot be read from a single Polymerase Chain Reaction
(PCR) amplification. An additional method is needed that separates the different alleles
and I have used three different methods to sequence the MHC-I alleles.

First, I have used cloning and Sanger sequencing. During cloning the PCR product
from amplification of the MHC-I alleles is ligated into a vector and then transformed
into E. coli bacteria. The bacteria then grow and each bacterial colony contains a unique
DNA sequence. With this method you can separate out the different MHC-I alleles.
However, this is a very time-consuming method and hence difficult to use when
studying many individuals. Still, cloning and Sanger sequencing is a good starting point
when studying MHC-I in new species since you can obtain long DNA sequences
spanning up to 800 base pairs, ze. exon 2-4 in MHC-I genes. These long DNA
sequence reads will help with primer design in more detailed studies of exon 3.

With the rise of high throughput sequencing (HTS) methods, and more specifically
HTS amplicon sequencing, it has become easier to genotype MHC-I in many
individuals simultaneously (e.g. Strandh et al. 2011; Sepil et al. 2012; O’Connor et al.
2016; Biedrzycka et al. 2017a). There are several different HTS amplicon methods that
all in various ways, using PCR amplicon products, determine the specific alleles for
each individual. I have used two different techniques; Roche 454 and Illumina Miseq
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amplicon sequencing. Briefly, you run an amplification with primers that will amplify
MHC-I exon 3 and these amplicons are marked with index sequences which will enable
you to later on separate out different individuals. The advantage with HTS amplicon
sequencing is that during the DNA sequencing all MHC-I exon 3 sequences are
separated and individually sequenced. Then, with the help of various bioinformatic
tools, it is possible to determine the alleles of each individual, basically counting how
many times each MHC-I sequence has been sequenced, also referred to as read depths.
Since I have been sequencing both gDNA and ¢cDNA, I can determine which alleles an
individual has in the genome and which of these alleles that are expressed. Also, by
comparing the read depth of each allele within an individual, I can determine the
relative expression of specific MHC-I alleles (i.e. high or low expression) but the relative
expression cannot be compared between individuals.

Finally, I wanted to determine the relative expression of different MHC-I alleles across
individuals. This can be done using RNA sequencing (RNAseq). However, there are
certain problems with RNAseq when working with highly duplicated genes like MHC-
I. During RNAseq only small fragments are sequenced, in this case 100 base pairs (bp),
and in order to determine which genes these transcripts belong to they are either
mapped to an existing genome or a de novo transcriptome is assembled. But since there
are multiple MHC-I genes that are partly similar since they share motifs, there are
major problems with using standard methods for de novo assembly. In order to
circumvent these problems and determine the relative expression of each MHC-I allele,
I combined two different methods, HTS amplicon sequencing and RNAseq. With
amplicon sequencing it is possible to determine, with high accuracy, which alleles are
expressed, while the relative expression can be determined with RNAseq. Since I aimed
to normalize the MHC-I expression relative to the entire transcriptome, I removed all
MHC-I exon 3 transcripts within a de novo assemble transcriptome and replaced them
with the MHC-I exon 3 alleles that were determined with HTS amplicon sequencing.
This was done on an individual level so that a unique transcriptome was created for
each individual. Then the RNAseq transcripts were mapped to these unique
transcriptomes, thereby making it possible to determine the relative expression of each

MHC-I allele.
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Results and discussion

Paper |

Expression and phylogenetic analyses reveal paralogous lineages of putatively
classical and non-classical MHC-I genes in three sparrow species (Passer)

The presence of classical and non-classical MHC-I genes has never been confirmed in
passerines but have been suggested for house sparrows (Karlsson and Westerdahl 2013).
We wanted to further investigate the presence of putatively classical and non-classical
MHC-I genes by comparing MHC-I in three closely related sparrow species; house

sparrow, Spanish sparrow and tree sparrow.

We compared the relative expression per MHC-I allele within individuals in order to
determine if all alleles were expressed to the same degree. We amplified MHC-I with
four different primer combinations to estimate the entire MHC-I diversity in each
individual and then sequenced exon 3 using 454 amplicon sequencing.

The phylogenetic analysis of the sparrow MHC-I exon 3 sequences revealed one cluster
with high bootstrap support (92%) and low diversity that contained alleles from all the
tree sparrow species. These findings indicated that the alleles in this cluster are
putatively non-classical and that the presence of putatively non-classical alleles pre-dates
the speciation events of these tree sparrow species. The number of putatively classical
and non-classical alleles varied between the tree sparrow species; house sparrow had on
average 4+2 putatively classical alleles and 8+3 putatively non-classical alleles, Spanish
sparrow had 51 putatively classical alleles and 11+2 putatively non-classical alleles and
tree sparrow had 10+3 putatively classical alleles and 5+2 putatively non-classical alleles.
About 50% of both putatively classical and non-classical alleles were expressed in all
species. Interestingly, the number of expressed classical alleles varied less between
species than the gDNA alleles. However, the relative expression per allele within an
individual did vary when comparing putatively classical and non-classical alleles. A high
variation in degree of expression was found for putatively classical alleles, whereas the
variation of expression of putatively non-classical alleles was low, Figure 7. Only few
alleles, maximum two putatively classical MHC-I alleles, were ever highly expressed.
Overall these results show that three different sparrow species have putatively non-
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classical alleles and suggests that non-classical alleles could be a common feature also in
passerine birds.
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Figure 7. Variance in relative read depth per allele of putatively classical and non-classical alleles in three house
sparrow (HS2, HS3, and HS4; indicated in green) and three tree sparrow individuals (TS2, TS3 and TS4; indicated in
purple). There is a significant difference in variance in expression (measured as relative read depth per allele)
between putatively classical and non-classical alleles (Levine’stest: F = 5.20, p =0.005).

Paper Il

A quantitative and qualitative comparison of illumina MiSeq and 454
amplicon sequencing for genotyping the highly polymorphic major
histocompatibility complex (MHC) in a non-model species

There are two main methods used for MHC-I genotyping with HTS, Roche 454 and
[llumina Miseq amplicon sequencing (e.g. O’Connor et al. 2016; Biedrzycka et al.
2017a). The aim of this study was to compare these two methods.

Overall, we found that although Miseq gives higher read depth the same alleles are
identified with the two methods as long as the diversity of the amplicon was rather low,
i.e. the number of alleles. As long as an individual has fewer than six alleles the two
methods identify the same alleles, but if an individual has six alleles or more there is a

higher risk that the 454 method will fail in genotyping all alleles correctly. Still, in our
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data set 98% of the amplicon genotypes were the same irrespectively of HTS method
used. We concluded that 454 and Miseq perform equally well in low diversity
amplicons but that for high diversity amplicons Miseq outperforms 454 (Figure 8).
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Figure 8. The percentage of amplicons successfully genotyped using MiSeq (black) and 454 (grey), dived based on
the total number of true alleles.

Paper Il

Characterization of MHC class | in a long distance migratory wader, the
Icelandic black-tailed godwit

In order to study putatively classical and non-classical MHC-I alleles also in a non-
passerine bird we decided to partly characterize MHC-I in a Charadriiformes species,
the Icelandic black tailed godwit. We used DNA Sanger sequencing of long transcripts
(exon 2-4) and then genotyped 84 individuals with Illumina MiSeq amplicon
sequencing. In total 47 nucleotide exon 3 alleles were identified and each godwit
individual had between two and seven MHC-I alleles. Hence, godwits have lower
MHC-I diversity than most passerine birds. Furthermore, the MHC-I diversity in
black-tailed godwits was also compared to that of two other Charadriiformes species;
the red knot (Calidris canutus), and the red-billed gull (Larus scopulinus) (Cloutier et al.
2011; Buehler et al. 2013). The diversity and divergence of the black-tailed godwit
MHC-I alleles to a large extent fell between the estimates for red knot and red-billed

35



gull. Possibly explained by difference in pathogen pressure, black-tailed godwits are
constricted to a more pathogen poor environment compared to red knots, that had the

highest MHC-I diversity of the Charadriiformes species.

Interestingly, the occurrence of putatively non-classical alleles has been suggested in
both red knot and in red-billed gull, but we found no evidence for non-classical alleles
in black-tailed godwit based on comparative phylogenetic analysis across the three
Charadriiformes species, Figure 9. One explanation would be that non-classical genes
may not be fixed in all bird species and that just because a few species within an order
have non-classical genes it is not given than all species belonging to that order have
non-classical genes. An alternatively explanation would be that non-classical genes do
exist in black-tailed godwits but are more distant so that we did not co-amplify them
when sequencing classical genes.

Figure 9. Neighbour-net phylogenetic networks of MHC-I exon 3 nucleotide alleles from a) Icelandic black-tailed
godwits (Limosa limosa islandica), b) red knots (Calidris canutus; Buehler et al. 2013), and c) red-billed gulls (Larus
scopulinus; Cloutier et al. 2011). Non-classical alleles form distinct clusters in red-billed gulls and red knots, indicated
with brackets. No such cluster were found in black-tailed godwits.

Paper IV

Characterization of putatively classical and non-classical MHC-I genes in the
Eurasian siskin (Spinus spinus), but no evidence of a single majorly expressed
MHC-I gene

The Eurasian siskin is a small passerine bird. In this study we partly characterized
MHC-I with Sanger sequencing followed by genotyping MHC-I in 18 individuals, as
well as determining the relative expression of these MHC-I alleles with Illumina Miseq
using three different primer combinations. In total 88 MHC-I exon 3 alleles were
identified in the 18 individuals and out of these 84 were expressed. Furthermore, the
expression level could be classified as high or low for 80 alleles. When a phylogenetic
analysis was combined with degree of expression, one significant cluster with high
support (bootstrap: 987) which only contained low expression alleles was revealed,
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Figure 10. The alleles in this cluster also had lower genetic diversity (number of
nucleotide alleles, number of amino acid alleles, amino acid P-distance and number of
positively selected sites). Strikingly, no sites were found to be under positive selection
in this cluster, whereas six sites where found to be under positive selection among the
rest of the alleles.

The number of putatively classical and non-classical MHC-I alleles in siskins was 8+2
and 31, respectively. Interestingly, almost all alleles were expressed, 97% of putatively
classical alleles and 89% of putatively non-classical alleles, indicating a different
expression pattern than previously described in sparrows. This difference became even
more evident when comparing the relative expression of putatively classical and non-
classical alleles within siskin individuals. Similar to sparrows, there was large variation
in degree of expression for putatively classical alleles and low variation in degree of
expression of non-classical alleles. However, unlike sparrows, where 1-2 alleles were
highly expressed, on average five alleles were highly expressed per individual in siskins.
These results suggest that siskins also have both classical and non-classical alleles and
indicates that more than one classical MHC-I gene have high expression.

37



o © ® ® 0 o e
« © B 9 o *
o® 238 BE g,
e 2 & 5 533 <328
e . % x¥332 3232322358y
$ %2 23 L2822 Eris 8
Y- "0 0 n 2 2 & 3 S &
[ ] & % 2 % & G 0 o & g 4 X ©
% 2% & @ a K g P
® % %% " S8 o0 o
o % 4 % % FEPE »
EG K & §F &
E T K & ¢
& Ty W S e
o G T © & F e _x
0 g B & §@°
0 T % \ F 8
Sy, % &£ ¥ e
7 ) A e A
0, %y, R oF
b7, . S g?‘“'\) \)P:b;z, .
>y, A
9‘369 \)Pfq’A
o5° pﬂc" [ ]
S
. dsg = sp-UN%
'S Sp
€9,y YN8
VN-dsgg, 6 Spsp-
Og‘Vﬂ‘USdg S Spsp.UA"OB ®
O 65:vn-dsdg spspuAt18 @
£8xvN-dsds 23 Spsp-UA*84 @
ggwvn-dsds - Spsp-UA®21 @
0gyN-0sdS Spsp-Uatag P
eLrdsS SPSp-Uasgg (]
-4s0S Psp.
e SP-Ugerg
3s0S Psp.,
LBN S, UA*&I
o 0% Psp.,,
O
W8S ‘ o T2 )
U,
o ¥ & %,
i 62’%0 o5
® & & s %%‘0 Y e
& F N ]
[ J & .A’Q & g, 2, %
e g, %, s, » @
TS E S g %
< f\Q ¥ 9 e X Q% i
&R g % ¥
F L YR 2 ¢
¥ X P F o g % R T
a £ v §F @ Qe ° B C >
v 2L E F I oo 0 28 % 8 ¢ % C
g S I8 FFELL3 28 LS %
O © &g 5 23 L8 EEI3 T 5 ®
e S g F s e s ®myo©
o K x38% 3% 4ac°
e, "S5 &g ®
o
O e 0 ©

Figure 10. Maximum likelihood tree based on 88 MHC class | exon 3 nucleotide sequences from siskins. Green
circles represent alleles with high expression, purple circles represent alleles with low expression, white circles
represent alleles with undetermined expression and alleles without circles are not expressed. Stars (*) indicates
alleles that had a 3 bp insertion. All putatively non-classical alleles (N=18) are found in one cluster with strong
bootstrap support (987). Branch length is unscaled, i.e. all branches are the same length and bootstarp values higher
than 700 are displayed.
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Paper V

Expression of MHC-I genes during mild and severe avian malaria infections in
Eurasian siskins (Spinus spinus)

The function of MHC-I is to enable cytotoxic T-cells to recognize intracellular
pathogens (Murphy and Weaver 2016). The expression of MHC-I could therefore be
expected to vary throughout an infection with such pathogens. To study this in more
detail, siskins were infected with avian malaria parasites. Avian malaria is a common
disease in passerines and as with other malaria parasites avian malaria parasites infect
and multiply in red blood cells (Valkitnas 2005). Since red blood cells of birds are
nucleated, (Glomski and Pica 2011), it is possible that these cells can express MHC-I
as a response to malaria infection.

Siskins were randomly assigned into three different treatment groups, infected with a
severe malaria strain (SGS1; n=9), infected with a mild malaria strain (GRW4; n=5) or
placed in a control group (uninfected individuals, n=5) and then blood samples were
collected at four times throughout the infection period (day 0, 8, 20, 36 post
inoculation). The relative expression of MHC-I was determined by combining
[llumina amplicon sequencing and Illumina RNAseq. The advantage of this method is
that the relative expression per allele could be determined throughout the infection
period. Since siskins have both putatively classical and non-classical MHC-I genes we
could determine the change in expression of both types of MHC-I genes throughout
an infection period.

Classical MHC genes were continuously expressed to a higher degree than non-classical
genes, but interestingly both types of genes responded to the malaria infections in a
similar way (figure 11). Overall, infected and uninfected individuals expressed MHC-
I differently at the different time points during the infection and there was a tendency
(p=0.06) for MHC-I to be more highly expressed at day 20, just after the peak of
infection, in individuals infected with the severe malaria lineage. Since only a week
response of MHC-I gene expression in blood was found during the avian malaria
infection, further studies are needed in order to determine the full importance of
MHC-I expression during the blood-stages of avian malaria parasites in passerine birds.
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Conclusions

In this thesis I have examined the high diversity of MHC-I in passerine birds from two
aspects, the presence of putatively classical and non-classical genes and the expression
of classical genes.

I have concluded that putatively non-classical MHC-I genes seem to be a common
feature in passerine birds, as all four species examined here had putatively non-classical
genes. These non-classical genes could be recognized as having low genetic diversity,
having low expression and forming a highly supported cluster in a phylogenetic
analysis. Interestingly, the proportion of putatively classical and non-classical genes
varied between the passerine species. In house sparrow and Spanish sparrow most genes
identified were non-classical, whereas in tree sparrow and siskin most genes were
classical. This indicates that although non-classical genes could be present in most
passerine species it alone cannot explain the high diversity seen in passerines. However,
it is an aspect of passerine MHC-I that should be examined before other ecological and
evolutionary studies are carried out.

When a non-passerine species (a wader, the black-tailed godwit) was examined, no
putatively non-classical genes were identified although putatively non-classical genes
had previously been found in closely related species. This lack of non-classical genes
could mean that black-tailed godwits simply do not have them or alternatively that
their non-classical genes are too diverged from classical genes to be co-amplified. In
order to determine if non-classical MHC-I genes are found in most bird species further
studies are needed.

In most bird species studied to date only one MHC-I gene is highly expressed. Here, 1
have, for the first time, tried to determine the expression levels of putatively classical
genes in passerine birds. Within passerines the number of highly expressed genes seem
to vary between species, in house sparrow and tree sparrow only one gene seems to be
highly expressed but in siskins three genes were identified as having high expression.
This suggests that the number of highly expressed genes varies between species. If more
than one MHC-I gene copy is highly expressed in passerines, it could help to explain
the high diversity found in passerine birds.

How classical and non-classical genes are expressed throughout an avian malaria
infection was also examined and interestingly the expression of both types changed
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throughout the infection period which could mean that non-classical genes also are
important during a malaria infection, however, more studies are needed.

To summarize I have shown that the presence of both classical and non-classical genes
as well as how these genes are expressed are important aspects of passerine MHC-I
diversity and should be considered when studying MHC-I in passerines.
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