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Abstract

The immune system is of central importance to clear-off pathogens in order to keep
an organism healthy. In vertebrates, the Major Histocompatibility Complex (MHC)
is a genomic region that holds key genes involved in adaptive immunity and in
particular in the antigen presenting process. The presentation relies on MHC class 1
(MHC-I) and MHC class II (MHC-II) molecules that are encoded by MHC-I and
MHC-II genes, respectively. In passerine birds (songbirds; order Passeriformes),
high MHC-I and MHC-IIB diversity (i.e., number of MHC alleles in an individual)
has been reported compared to other avian orders. Each MHC molecule can present
a limited number of antigens, therefore high MHC diversity could potentially be an
advantage for presenting various antigens from different pathogens. My aim was to
gain a deeper understanding on what mechanisms have led to high MHC diversity
in passerines, how much of this MHC diversity is expressed and whether it varies
in time and across generation. In this thesis, I mainly focused on a particular
passerine, the great reed warbler (GRW; Acrocephalus arundinaceus) for which
high MHC diversity has been previously described.

In chapter I, the MHC genomic region was characterized in the GRW and also in
three additional passerine species from which long-read genome assemblies were
available. The key findings were that the MHC region is extended in Passeriformes
and the MHC diversity in the GRW has expanded through repeated and multiple
gene duplication events of single and trios of MHC genes; these MHC paralogs are
likely to have evolved, and still evolve, under the birth-and-death model process. In
chapter 11, I wanted to assess the correctness of the estimated haploid MHC diversity
found in the GRW genome and to compare the resolution between the estimated
diploid MHC diversity found with long- and short-read sequencing techniques. The
haplotype resolution was improved using short-read amplicons and I found that two
MHC-IIB scaffolds holding tandemly duplicated genes were most likely
complementary haplotypes. MHC diversity was equally well estimated when using
long- and short-read sequencing but short-read amplicons give limited information
on the putative functional MHC diversity. In the last two chapters, I wanted to
investigate the functional relevance of the MHC-I diversity in the GRW by looking
at gene expression in individuals from our long-term monitored study population
breeding at Lake Kvismaren in Sweden. I found that 71% of the MHC-I diversity is
expressed in the GRW but the different MHC-I alleles are expressed at different
levels (i.e., different relative expression) with generally one to two alleles being
highly expressed and the other alleles being moderately or lowly expressed in each
individual. In chapter III, I investigated temporal variation in MHC-I relative
expression in individuals sampled both as nestlings and as breeding adults at our
study site. I found that MHC-I relative expression in blood is highly stable
throughout an individual’s lifetime. In chapter IV, I investigated transgenerational
variation in MHC-I relative expression in 17 families. Haplotypes were determined
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based on the segregation of parental alleles in offspring. MHC-I relative expression
in haplotypes in offspring is to a large extent genetically inherited from their parents
and does not change with offspring age. I found a stronger relationship between
mothers and offspring suggesting a maternal effect, but I have not found any
epistasis effect.

To conclude, I found that a high proportion of the MHC diversity was expressed in
blood in the great reed warbler but only a small fraction was highly expressed. Also,
MHC-I gene expression does not vary over time and is to a large extent inherited.

11



Popular science summary

The survival of an organism depends greatly on the ability of its immune system to
detect and fight-off pathogens entering its body. To do so, the immune system must
be able to distinguish between components from the organism (i.e., self) and
components of foreign origin like pathogens (i.e., non-self). An immune response
can be either fast but with low specificity, which relies on the innate immunity, or
slow but with high specificity, which relies on the adaptive immunity. The later
matures over lifetime depending on which pathogens an individual has encountered
and can provide long-term immunity against specific pathogens.

The Major Histocompatibility Complex (MHC) molecules play an essential role in
adaptive immunity because they help the immune cells (T-lymphocytes) to identify
pathogen-infected cells. MHC molecules present small proteins, so called peptides,
at the surface of nucleated cells. MHC molecules can present both self-peptides (i.e.,
from the own body) and non-self-peptides (i.e., antigens) and each “MHC molecule-
peptide” complex interacts with receptors on the surface of T-lymphocytes. If a T-
lymphocyte receptor recognizes an antigen bound to an MHC molecule, the T-
lymphocyte will trigger an adaptive response leading, for example, to the
destruction of the infected cell. An appropriate immune response must only be
triggered when an MHC molecule presents an antigen (non-self-peptide). If the
antigen was synthetized inside the cell (intra-cellular), for example a cell infected
by a virus, MHC class I (MHC-I) molecules present the antigen. If the antigen is
extra-cellular, for example a microbe ingested by an antigen presenting cell, MHC
class I (MHC-II) molecules present the antigen.

MHC molecules are encoded by MHC genes and the number of MHC genes vary
considerably between different species. For example, there are three MHC-I genes
in humans and two MHC-I genes in the chicken (Gallus gallus), while the number
of MHC genes is much higher in songbirds. Illustrated by the willow warbler
(Phylloscopus trochilus) were a minimum of 19 MHC-I genes was estimated.
Having a high number of MHC genes could be an advantage especially because
each MHC molecule only can present a limited number of antigens. Therefore, the
more MHC genes an individual have, the more antigens it can potentially present.
Does this mean that songbirds potentially have a “super-immune system”?

I wanted to understand why songbirds have so many MHC genes and whether all
these MHC genes have functional relevance. In other words, are all MHC genes
encoding MHC molecules with an important function in adaptive immunity? One
way to investigate functional relevance is to look at gene expression. My work
mainly focused on a wild, long-distance migratory songbird, the great reed warbler
(Acrocephalus arundinaceus). It is a medium-sized songbird that weight about 30
grams. Individuals used in this thesis are part of a long-term monitored study
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population breeding at lake Kvismaren in south central Sweden and wintering in
sub-Saharan Africa.

To start, I wanted to know how many MHC genes great reed warblers have. To do
so, I used the available great reed warbler genome assembly, which is based on a
single individual, and for which the MHC region has been partly characterized.
According to this genome the great reed warbler has 15 MHC-I and 56 MHC-1IB
genes that seem to be functional. These gene copies were most likely generated by
multiple and possibly repeated gene duplication events. Even more fascinating, 1
found evidence that “trios” (three genes in tandem, close together) of MHC-I and
“trios” MHC-IIB genes have been duplicated. Gene duplications of several genes
together might explain the high number of MHC gene copies observed in great reed
warblers.

It is challenging to assemble the MHC region with the high number of MHC gene
copies in the great reed warbler, because some parts of these MHC genes are highly
similar. Estimating the number of MHC gene copies in the great reed warbler
genome is also challenging, because other parts of the different MHC gene copies
are highly dissimilar, thus the number of MHC genes can be wrongly estimated.
Therefore, I used the DNA sequence information on MHC genes obtained from the
great reed warbler genome together with sequence information obtained with a
different sequencing technique, so called short-read amplicon sequencing, widely
used in MHC studies in non-model organisms. As a result, I found that the number
of MHC-IIB genes was overestimated in the great reed warbler genome and should
only comprise 48 MHC-IIB genes, and not 56 MHC-IIB genes as previously
thought.

Thereafter, I investigated the functional relevance of these MHC genes and focused
in particular on MHC-I gene expression. Like humans, birds are diploid organisms,
thus can have one or two variants (i.e., alleles) for a single gene and from now on,
all the MHC alleles found in an individual are referred as ‘MHC diversity’. I found
that on average 71% of the MHC-I diversity in the genome is expressed in the blood
in great reed warblers. However, the level of expression between MHC alleles
differs with one to two MHC-I alleles being highly expressed and the rest being
moderately or lowly expressed. How come that so few MHC-I alleles are highly
expressed? Perhaps different MHC alleles are highly expressed at different time
points?

Therefore, I further investigated whether there were temporal (from nestling to adult
stage) and transgenerational (from parents to offspring) variation in MHC-I gene
expression in blood. The great reed warbler is a suitable study species because of its
high philopatry. In fact, a large proportion of the individuals in our study population
return to their breeding site after wintering in Africa. Thus, “family pedigree” of
each breeding pair are recorded every year and individuals are monitored over
several breeding seasons. These records are particularly unique when working with
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wild songbird. I found that MHC-I gene expression is temporally stable within
individual from the nestling stage to the adult stage and onwards. The same one or
two MHC-I alleles were highly expressed independent of age. I also found that
MHC-I gene expression is to a large extent inherited from both parents, hence
overall the MHC-I expression pattern is highly stable across generations. Although,
MHC-I gene expression in the offspring tend to resemble the MHC-I gene
expression of their mothers (i.e., maternal effect) more than that of their fathers. I
found that MHC-I gene expression is genetically set and remain stable throughout
an individual’s lifetime.

Taken together, my results highlight the importance of further investigating the
functional relevance of MHC genes in wild animals. Indeed, infectious diseases can
constitute a major threat for wildlife and it remains essential to understand the
adaptive advantage of high MHC diversity in songbirds.
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Populédrvetenskaplig sammanfattning

En individs 6verlevnad beror till stor del pa hur bra immunforsvaret uppticker och
oskadliggor patogener som lyckas ta sig in i kroppen. For att lyckas med detta maste
immunforsvaret skilja p& kroppsegena (sjélv) och frimmande &mnen (patogener).
En immunreaktion kan antingen vara snabb och med lag specificitet, det neddrvda
immunforsvaret, eller ldngsam och med hdg specificitet, det adaptiva
immunforsvaret. Det senare dndras under livets gdng och speglar vilka patogener en
individ har varit utsatt for och kan ge livslang immunitet mot specifika patogener.

Molekylerna fran det sa kallade histokompatibilitetskomplexet (Major
Histocompatibility Complex, MHC) har en viktig roll i det adaptiva immunforsvaret
och hjélper immunceller (T-lymfocyter) att identifiera infekterade celler. MHC-
molekylerna presenterar smé proteiner, sd kallade peptider, pa cellytan. MHC-
molekylerna kan presentera bade sjilv-peptider, peptider fran egna kroppen, och
icke-sjilv-peptider, peptider fran patogener (antigen), och varje "MHC-molekyl-
antigen-komplex’ interagerar med receptorer pé cellytan av T-lymfocyter. Om T-
lymfocyt-receptorn binder till antigenet som presenteras av en MHC molekyl
kommer T-lymfocyten att initiera en adaptiv immunrespons som resulterar i att
cellen oskadliggdrs. Denna adaptiva immunrespons initieras endast nir antigenet
som presenteras av MHC molekylen ar ’icke-sjidlv’. Om antigenet har syntetiserats
inne i cellen, frén till exempel en virusinfekterad cell, s& kommer antigenet att
presenteras pd en MHC klass I molekyl (MHC-I). Om antigenet ar extra-cellulért,
fran till exempel en mikrob som har tagits upp av en antigen presenterande cell, s&
kommer antigenet att presenteras av en MHC klass II molekyl (MHC-II).

MHC-molekylerna kodas av MHC-generna och antalet MHC gener per individ
varierar avsevért mellan olika arter. Det finns till exempel tre MHC-I gener hos
manniskor och tvA MHC-I gener hos hons (Gallus gallus), medan antalet MHC-
gener dr mycket hogre hos séngfaglar; lovsangaren (Phylloscopus trochilus) har
minst 19 olika MHC-I gener. Det kan vara en fordel att ha ménga MHC-gener
eftersom varje MHC-molekyl endast kan presentera ett begrinsat antal antigen.
Darfor ar det mojligt att ju fler MHC-gener en individ har desto fler antigener kan
den potentiellt presentera. Betyder detta att sangfiglar har ett “super-
immunforsvar”?

Jag ville forstd vilka mekanismer som ligger bakom det stora antalet MHC-gener
hos sangféglar och ifall alla dessa gener &r funktionella. Med andra ord, kodar alla
MHC-gener for MHC-molekyler med en viktig funktion i det adaptiva
immunforsvaret? Ett sitt att undersoka funktion 4r att ta reda pé ifall generna
uttrycks. Mitt avhandlingsarbete har fram for allt fokuserat pa en lang-flyttande
sangfagel, trastsangaren (Acrocephalus arundinaceus). Trastsangaren &r en
mellanstor sangfagel som véger 30 gram. Trastsdngarindividerna i den hér
avhandlingen kommer frén en langtidsstudie av en population vid sjon Kvismaren i
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mellansverige och figlarna som héckar i vér studiepopulation overvintrar i Afrika
soder om Sahara.

Forst ville jag ta reda pd hur manga MHC-gener trastsangaren har och dirfor
anvénde jag trastsangargenomet vars innehéll 4dr baserat pa en enda individ, och i
detta genom dr MHC-regionen delvis karaktdriserad. Enligt genomet har
trastsangare 15 MHC-I gener och 56 MHC-II gener och dessa gener verkar vara
funktionella. Gen-kopiorna har troligtvis skapats av ménga, och mojligtvis
upprepade, genduplikationer. Annu mer fascinerande ir att det finns bevis for att
“trios” (tre gener i rad, titt ihop) av MHC-I och ”trios” av MHC-IIB gener har
duplicerats. Gendupliceringar av ménga gener samtidigt kanske kan forklara det
stora genantalet vi fann hos trastsangare.

Det &r utmanande att bygga ihop MHC-regionen i trastsdngargenomet eftersom
vissa delar av MHC-generna &r mycket lika varandra nidr man jamfor de olika
genkopiorna. Vidare dr det utmanande att estimera hur ménga MHC-gener det
faktiskt finns i trastsangargenomet, eftersom andra delar av MHC generna dr mycket
olika varandra mellan de olika genkopiorna och dédrmed kan antalet MHC-gener i
genomet Overskattas. Dérfor anvinde jag DNA-sekvensinformation fran béde
trastsdngargenomet och DNA-sekvensinformation baserat pd en ytterligare
sekvenseringsmetod, sa kallad kort-sekvens amplikon-sekvensering, en metod som
ofta anvénds for MHC studier av icke-modell-organismer. Jag fann att antalet
MHC-IIB gener i trastsdngargenomet hade dverskattats och att det endast fanns 48
MHC-IIB gener och inte 58 MHC-IIB gener som man tidigare trott.

Darefter undersokte jag den funktionella relevansen av dessa MHC-gener och
fokuserade speciellt pad genuttryck. Precis som ménniskor &r faglar diploida
organismer, och de kan dérfor ha en eller tvé olika genvarianter (alleler) for varje
gen och det totala antalet MHC-alleler per individ kallar jag fran och med nu "MHC-
diversitet’. Jag fann att i medeltal uttrycks 71% av MHC-I-diversiteten som finns i
genomet i blodet. Men graden av genuttryck skiljer sig mellan MHC-allelerna och
endast 1-2 gener dr hoguttryckta medan resten dr medelhogt eller lagt uttryckta.
Varfor ar s& f& MHC-alleler hogt uttryckta? Kanske olika MHC alleler dr hogt
uttryckta vid olika tidpunkter?

Darfor gick jag vidare och undersokte ifall genuttrycket av MHC-I i blod skiljer sig
over tid (fran ung, dvs bo-unge, till adult individ) och Over generationsgrianser
(mellan foréldrar och avkomma). Trastsdngaren &r en bra studieorganism eftersom
den dr ortstrogen. En stor andel av individerna i var studiepopulation atervinder till
sitt hickningsomréade efter att ha overvintrat i Afrika. Familjesléktskapen av varje
hédckande par noteras varje &ar och individerna studeras Over flera
héckningssdsonger. Dessa observationer dr speciellt unika nér man studerar vilda
féglar. Jag fann att uttrycket av MHC-I generna var stabilt 6ver tiden frén ung till
adult individ och dven vidare genom livet som adult individ. Samma tva MHC-I
alleler var hoguttryckta oberoende av élder. Jag fann ocksé att MHC-I genuttrycket
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till stor del nedérvdes fran fordldrarna. MHC-I genuttrycket var alltsd mycket stabilt
over generationsgranser. Men, MHC-I genuttrycket i avkomman tenderade att likna
gen-uttrycket 1 sin mamma mer &n i sin pappa. Jag fann att MHC-I genuttrycket
bestdms genetiskt och &r stabilt under en individs livstid.

For att ssmmanfatta, mina resultat visar att det &r viktigt att undersoka funktionen
av MHC generna i vilda djur. Infektionssjukdomar kan utgora ett stort hot mot vilda
djur och det &r viktigt att forsta de adaptiva fordelarna med den hoga MHC diversitet
som finns hos séngfaglar.
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Background

The major histocompatibility complex (MHC) genes are highly diverse and
polymorphic and the maintenance of this high genetic diversity has gained a lot of
attention from evolutionary ecologists and biologists (Sommer, 2005). MHC genes
are involved in antigen presentation, a key feature of adaptive immunity, and are
subject to pathogen-driven selection which is thought to maintain high MHC
polymorphism (Radwan et al. 2020). However, MHC genes are also involved in
other processes such as autoimmunity, maternal-foetal interactions and mate choice.
Therefore, MHC genes represent some of the most fascinating genes to study, past
and present, evolutionary and adaptive processes.

The vertebrate immune system

The main function of the immune system is to protect against and fight off pathogens
that cause infection and illness in organisms (Abbas ef al. 2020). Physical and
chemical barriers (e.g., the skin or mucous secretions) trap infectious agents and
prevent them from entering tissues. Pathogens able to cross those barriers will then
face two different but complementary immune defence systems: the innate and the
adaptive immunity (Riera Romo et al. 2016; Marshall et al. 2018). Both rely on a
key mechanism which is to differentiate between self (i.e., the organism) and non-
self (i.e., pathogens or foreign elements) (Chaplin, 2010).

The innate immune system

Innate immunity is the first line of an organism’s immune defence against pathogens
such as parasites, bacteria and viruses (Abbas et al. 2020). Pathogen recognition is
possible through the recognition of conserved molecular structures shared by
pathogens (pathogen-associated molecular patterns) but that are not present in the
host. Thus, the innate immune system has low specificity but triggers a fast immune
response (Chaplin, 2010). Recognition mechanisms involved in innate immunity
can also stimulate an appropriate adaptive immune response (Iwasaki & Medzhitov,
2015; Marshall ef al. 2018).
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The adaptive immune system

Adaptive immunity is the second line of defence. It arose in jawed vertebrates to
detect and fight off pathogens with high specificity (Cooper & Alder, 2006). It relies
on the ability of specialized immune cells (lymphocytes) to discriminate between
self (host) and non-self (e.g., pathogen) molecules, also called antigens (Abbas et
al. 2020). The adaptive immune response is delayed but can give long-term
protection, called immunological memory. Therefore, if the same pathogen is
encountered again, the immune response will be much faster and also more efficient
(Chaplin, 2010; Abbas et al. 2020).

There are two types of adaptive immune responses: humoral immunity involves B-
lymphocytes that secrete antibodies which bind directly to structures of extracellular
pathogens and cell-mediated immunity which involves cytotoxic T-lymphocytes
that eliminates intracellular pathogens (Chaplin, 2010, Abbas et al. 2020). B-
lymphocytes can be activated with or without T-lymphocytes help (Abbas et al.
2020). Thus, both adaptive immune responses rely on antigen presentation on the
surface of nucleated host cells by the Major Histocompatibility Complex (MHC)
molecules (Figure 1).

A) B)

MHC-I molecule
MHC-Il molecule

Cell
membrane

DYTTTTINIRE ce

membrane

Figure 1. Schematic representation of an A) MHC-l and an B) MHC-Il molecule presenting peptides
(blue zigzag) at the cell surface.

The cell membrane separates the inside (below) and the outside (above) of the cell. The “MHC molecule-
peptide” complex is anchored to the cell membrane and is displayed outside the cell. A) The a1, o2 and
a3 domains are indicated along the MHC-I molecule alpha chain (light grey). B) The MHC-II molecule is
composed of the a chain (light grey; for which the a1 and a2 domains are indicated) and the beta chain
(dark grey; for which the 31 and R 2 domains are indicated).

Antigen presentation by MHC molecules

MHC molecules are key components of antigen presentation and they enable
appropriate adaptive immune responses. Displayed on the surface of nucleated host
cells, they present peptides from the host (self) or from pathogens (non-self) in their
peptide binding pocket (Neefjes et al. 2011; Rock et al. 2016). Those “MHC
molecule-peptide” complexes interact with T-lymphocyte receptors (TCR) situated
on T-lymphocytes’ surface. If T-lymphocytes recognize a non-self peptide (i.e., an
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antigen), it will trigger an immune response towards the infected cell (Abbas et al.
2020). Each MHC molecule can present a limited number of peptides. We can
distinguish two classes of MHC molecules, MHC class I (MHC-I) and MHC class
II (MHC-II), which are similar in protein structure but are encoded by different
MHC genes and interact with two different T-lymphocyte types (Figure 1).

MHC class I (MHC-I) molecules

MHC-I molecules are expressed on all nucleated cells and they present peptides
from intra-cellular pathogens to cytotoxic T-lymphocytes (CD8+ T-lymphocytes).
They are heterodimers composed of a polymorphic heavy chain (the alpha chain
including o, o and a3 domains, encoded by an MHC class I gene) and an
associated monomorphic light chain, the beta-2-microglobulin (32m) (Figure 1A,
Figure 2, Rock et al. 2016; Abbas et al. 2020).

B)

Figure 2. Structure of a great reed warbler “MHC-I molecule-peptide” complex (ribbon
representation) and 3-D conformation of the peptide binding pocket holding the peptide.

A) Quaternary structure of a MHC-I molecule with a1 (light blue), a2 (dark blue) and as (dark grey)
domains and the associated R2m light chain (red). The MHC-I molecule holds a peptide (black) in the
peptide binding pocket composed of a1 and a2 domains. B) 3-D conformation of a peptide (black stick)
bound to the MHC-I peptide binding pocket (top view) composed of a1 and a2 domains. Figures made
by Sandra Eltschkner.

MHC class 11 (MHC-1I) molecules

MHC-II molecules are mostly expressed on specialized antigen presenting cells
(APCs) such as dendritic cells, macrophages and B-cells. They present peptides
from phagocytosed pathogens to helper T-lymphocytes (CD4+ T-lymphocytes)
(Rock et al. 2016; Abbas et al. 2020). They are heterodimers composed of two
chains which are encoded by two different MHC-II genes: the MHC-II alpha (MHC-
ITA) gene encodes the a chain and the MHC-II beta (MHC-IIB) gene encodes the 3
chain (Figure 1B).
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The Major Histocompatibility complex (MHC)

The MHC region

In humans, the MHC is a single large genomic region (4—7 Mbp) that comprises a
set of linked loci encoding MHC molecules and many other immune-related
molecules (Horton et al. 2004). MHC genes are a multigene family which is present
in all jawed vertebrates and shares similar functions among species (Nei & Rooney,
2005). Characterization of the MHC region(s) and the MHC diversity in non-model
organisms is an essential step toward comparative analyses of the MHC region
organization between different vertebrate species (Kulski et al. 2002; Kelley et al.
2005) and to reconstruct the macroevolutionary history of the MHC genes in
particular.

The mammalian MHC

The human MHC is called the Human Leukocyte Antigen (HLA) and is located on
chromosome 6. The class I region includes three classical MHC genes (HLA-A, B
and C) and three non-classical MHC genes (HLA-E, F and G). The class II region
also includes three classical MHC loci (HLA-DP, -DQ and -DR), but only two non-
classical MHC loci (HLA-DM and -DO) (Horton et al. 2004). Classical and non-
classical genes are distinguished by their level of polymorphism, expression patterns
and functions (Rodgers & Cook, 2005; Allen & Hogan, 2013), where classical genes
have high polymorphism and high expression, whereas non-classical genes have
low polymorphism and are often lowly expressed.

In other mammalian species, MHC has been relocated and differ in size (Kelley et
al. 2005; Shiina et al. 2017), though certain characteristics have been kept rather
conserved: several regions with similar function, including the class I and class II
regions (Trowsdale, 1995; Kumanovics et al. 2003). However, the number of MHC
gene copies within a locus (genes) and the number of MHC loci differ between
species. For example, cats (Felis catus) have lost loci homologous to the HLA-DQ
locus in humans (Yuhki et al. 2003) whereas the rhesus macaque (Macaca mulatta)
gained nine MHC-B genes homologous to the HLA-B locus in humans (Kelley et
al. 2005; Heijmans et al. 2020).

The avian MHC

The avian MHC was first described in the chicken (Gallus gallus). It is located on
chromosome 16 and includes two genetically unlinked loci, classical MHC genes
(the B complex) and non-classical MHC genes (the Rfp-Y region) (Kaufman et al.
1995; Kaufman ef al. 1999).

The core MHC region in chicken is called the B complex, also called the “minimal
essential MHC”. The BF region corresponds to the mammalian class I region and
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the BL region corresponds to the mammalian class II region. The chicken B-
complex is condensed both in size (~92 kb) and gene number compared to the
human MHC (Kaufman et al. 1999; Kelley et al. 2005; Shiina et al. 2006). The BF
region comprises two classical MHC-I genes (B-F1 and B-F2) and the BL comprises
two classical MHC-IIB (B-LB1 and B-LB2) genes (Figure 3). There is only a single
MHC-IIA (B-LA) gene in the chicken and it is located away from the core MHC
region while in mammals MHC-IIA and MHC-IIB genes are found in pairs. Another
striking difference in the genomic organization between chicken and humans is the
genes encoding transporters associated with antigen processing (TAP genes,
involved in the antigen loading within the cell). The two MHC class I genes in
chicken are neighbouring the TAP genes in the class I region (Figure 3) while these
are situated in the class II region in mammals (Kaufman et al. 1995; Kaufman ef al.
1999; Hess & Edwards, 2002; Lankat-Buttgereit & Tampé, 2002; Walker et al.
2005).

So far, the core MHC region has been characterized in several bird species among
different avian orders, including Galliformes (turkey (M. gallopavo), Chaves et al.
2009; golden pheasant (C. pictus), Ye et al. 2012; black grouse (7. tetrix), Wang et
al. 2012; greater prairie chicken (7. cupido) Eimes et al. 2013; Japanese quail (C.
Jjaponica), Shiina et al. 2004; Shiina et al. 2006), Pelecaniformes (crested ibis (V.
nippon), Chen et al. 2015) and Ciconiiformes (oriental stork (C. boyciana), Tsuji et
al. 2017) (Figure 3). Note that the MHC core region has been partially described as
well in Anseriformes with the mallard duck (4. platyrhynchos, Moon et al. 2005)
and in Passeriformes with the zebra finch (7. gutfata, Balakrishnan et al. 2010;
Ekblom et al. 2011).

In Galliformes and Ciconiiformes, the core MHC region is compact but in
Pelecaniformes several MHC-I genes are found in an extended class I region
possibly separated from the core MHC region. The gene content and gene synteny
differ slightly between avian orders and is outlined below for TAP, MHC-I and
MHC-II genes.

i) In Galliformes and Ciconiiformes TAP genes and classical MHC-I genes are
situated next to each other but in Pelecaniformes, several MHC-I genes were also
found in the extended class I region as mentioned above (Figure 3). The partial
characterization of MHC in Anseriformes has shown that TAP and MHC-I genes
are also situated next to each other. However, in the zebra finch (Passeriformes),
TAP genes are not closely situated to MHC-I genes (Balakrishnan et al. 2010).

ii)) MHC-IIA and MHC-IIB are found in “dyads” in Pelecaniformes and in
Ciconiiformes (Figure 3) whereas in Galliformes the single MHC-IIA gene is
located away from the MHC-IIB genes.

iii)) The number of MHC-I and MHC-IIB genes in the core MHC region differs
between avian orders even between closely related (Figure 3). For example, the
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Japanese quail has seven MHC-I genes (of these, only four MHC-I genes are
functional) whereas the chicken has only two MHC-I genes.
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Figure 3. Schematic representation of the core MHC region organization in different avian orders.
The MHC core region have been characterized in six species belonging to the Galliformes order and in
two other species belonging to the Pelecaniformes (N. nippon) and to the Ciconiiformes (C. boyciana)
orders. The core MHC region comprises a set of linked loci, MHC-I genes (orange), MHC-IIA and MHC-
1IB genes (yellow) and TAP genes (dark blue). Figure taken from Tsuiji et al. (2017).

Evolution of the MHC multigene family

The number of MHC gene copies per individual (i.e, MHC diversity) varies
between species and in some cases the MHC genes have expanded leading to many
paralogs whereas in other species they have not expanded or even have been lost
(Burri et al. 2010). Comparing the MHC region organization between species in
combination with phylogenetic analysis of MHC genes is key in understanding the
evolution of MHC genes (Trowsdale, 1995; Kelley et al. 2005, Kaufman, 2018).
The birth and death hypothesis has been used to describe the evolutionary history
of multigene families like the immunoglobulin genes (Ohta & Nei, 1994) and the
MHC genes (Nei et al. 1997). This hypothesis proposes that new MHC genes arise
by gene duplication, a phenomenon suggested to happen through ectopic
recombination at meiosis (Ohta, 2000). Thereafter, new MHC genes are either
maintained as functional genes (“birth”) or lost (“death”, e.g., becoming
pseudogenes because of deleterious mutations) (Nei et al. 1997; Nei & Rooney,
2005) (Figure 4A). This hypothesis has been supported to explain the evolutionary
history of the avian class IIB genes. The two lineages, DAB1 and DAB2, emerged
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by duplication before the avian radiation and independent losses of either DAB1 or
DAB2 in some avian lineages occurred independently (Burri et al. 2010; Goebel et
al. 2017) (Figure 4B).
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Figure 4. The birth and death model and the proposed evolutionary history of avian MHCIIB.

A) Schematic representation of gene duplication events resulting in several paralogs (circles) in the
ancestral species with either gene birth (white circles) or gene death (black circles). Figure taken from
Nei et al. (1997). B) Hypothetical evolutionary history of avian MHCIIb exon 3 (Burri et al. 2010). Avian
MHC-DAB1 (green) and MHC-DAB2 (blue) lineages are the result of a single gene duplication event (*).
Independent losses of one of the paralogs (a cross) have happened twice in the bird phylogeny and the
pattern agrees with the birth and death model. Figure taken from Burri et al. (2010).

However, assessing the evolutionary relationship of MHC genes between bird
species is challenging (Goebel et al. 2017), particularly when paralogous genes are
more similar within species than orthologous genes between species. This can
happen when gene duplication precedes the speciation event whereafter inter-locus
genetic exchange, also called gene conversion, makes the paralogs highly similar
within species (Li, 1997; Nei & Rooney, 2005, Spurgin et al. 2011). This
phenomenon leads to concerted evolution and has been shown for the MHC class
IIB genes (DAB1 and DAB?2) in the ring-necked pheasant (Phasianus colchicus).
The DABI1 and DAB?2 alleles clustered according to the species they belonged to
even though the two genes arose through duplication before the two species split
(Wittzell et al. 1999).

Forces maintaining MHC diversity and polymorphism

There are several non-exclusive mechanisms which can result in balancing selection
on MHC genes which maintains genetic diversity. One of the mechanisms is
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heterozygote advantage where heterozygous individuals will be able to recognize
more pathogens than homozygous individuals and therefore have higher fitness
(Doherty & Zinkernagel, 1975; Hughes & Nei, 1988; Radwan et al. 2020). This
process selects heterozygotes which results in even MHC allele frequencies in the
population. Another mechanism is negative frequency-dependent selection where
novel rare alleles will provide greater resistance against pathogen and will increase
in frequency in a population whereas common alleles will confer lower resistance
and therefore decrease in frequency in the population (Takahata & Nei, 1990;
Spurgin & Richardson, 2010). The divergent allele advantage hypothesis states that
highly divergent alleles at a locus will encode molecules able to present a broader
range of peptides from different pathogens (Wakeland et al. 1990; Lenz, 2011).
Finally, MHC alleles can also be selected depending on the type and abundance of
pathogens encountered that fluctuate in time and space (Hill, 1991; Hedrick, 2002;
Westerdahl et al. 2004a; Spurgin & Richardson, 2010). This process is referred as
fluctuating selection and is driven by biotic and abiotic variation.

Although MHC polymorphism is thought to be mainly promoted and maintained by
selection from pathogens, additional mechanisms have also been suggested to
maintain diversity such as mate choice (Zelano & Edwards, 2002; Piertney &
Olivier, 2005; Milinski, 2006).

MHC diversity and gene expression in birds

Avian MHC diversity

Passerines (songbirds) are a particularly interesting avian model system. They
harbor, in general, a greater MHC diversity than non-passerines (Minias et al. 2018;
O’Connor et al. 2019), although it varies a lot between species. Several studies in
songbirds have reported a huge diversity of MHC-I alleles, especially in birds of the
genera Sylvioida and Vireo ((Figure 5; Minias et al. 2018). For example, up to 65
MHC-I alleles per individual have been found in the sedge warbler Acrocephalus
schoenobaenus (Biedrzycka et al. 2017; O’Connor et al. 2019) (Figure 5) and up to
26 MHC-I alleles per individual have been found in the great reed warbler
Acrocephalus arundinaceus (Roved et al. 2022) The same observations have been
made for MHC-IIB in songbirds, for example, more than 40 alleles have been found
in a single common yellowthroat individual (Geothlypis trichas) (Bollmer et al.
2010; O’Connor et al. 2019).
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Figure 5. Estimates of the number of MHC-I gene copies along the branches of the avian
phylogenetic trees.

Bars indicated the estimated number of MHC-I gene copies. Each number represent a species with for
example the sedge warbler corresponding to the 515 branch. Genera belonging to the Passeriformes
order include the Emberizoidae, the estrildid and ploceid finches, the Muscicapida and the vireo and
Sylviida. Figure from O’Connor et al. (2019) modified from Minias et al. (2018).

Most studies investigating MHC diversity target MHC-I exon 3 and MHC-IIB exon
2 sequences which are thought to be the most variable gene regions, encoding parts
of the peptide-binding pocket that interact with peptides. The genotyping of the
MHC-I and IIB genes is performed by Polymerase Chain Reaction (PCR) that aims
to amplify the target exons in all available MHC gene copies in each individual,
where after these amplicons are high-throughput sequenced (Babik, 2010;
O’Connor et al. 2016). However, in recent years, DNA sequencing technologies
have become more widely available and long read sequenced avian genomes have
also become available. Therefore, estimates of MHC diversity can be performed by
blast searching MHC alleles in long-read genomes. He et al. (2021) have identified
up to 185 MHC-IIB gene copies in the golden-collared manakin (Manacus
vitellinus, Pipridae, Suboscine), a diversity far more impressive than previously
found in other passerine species. Therefore, the combination of short-read
sequencing (targeting MHC class I exon 3 and MHC class IIB exon 2) and long-
read sequencing (to obtain high-quality genome sequencing) is an important step to
improve the estimation of MHC diversity in passerines (O’Connor ef al. 2019; He
etal. 2021).
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MHC-I gene expression

The expressed MHC diversity

The expressed MHC diversity (i.e., the number of MHC genes/alleles expressed
compared to the genomic MHC diversity) varies between species of different avian
orders. Among Galliformes, the two classical MHC-I genes were expressed in the
chicken (Kaufman et al. 1999). Likewise, in the quail (Shiina et al. 2004), two
classical MHC-I genes were expressed but also two putatively non-classical MHC-
I genes. In the mallard duck (Anseriformes), two out of three functional classical
MHC-I genes have been found expressed (Moon et al. 2005) and in the crested ibis
(Pelacaniformes) one major classical and three minor classical MHC-I genes were
expressed (Chen et al. 2015). In the red knot (C. canatus, Charadriiformes), it is
nine out of 11 MHC-I alleles that were expressed (found in complementary DNA
(cDNA), Buehler ef al. 2013).

A recent study comparing the expressed MHC diversity between 13 passerine
species have shown that all passerine species express fewer MHC-I alleles (in
cDNA) than found at the genomic level (gDNA), hence only a proportion of the
alleles are expressed (Figure 6; O’Connor & Westerdahl, 2021). Different
proportions of MHC-I alleles were expressed in different species (Figure 6) but the
proportion of expressed MHC-I genes within a species remains relatively similar
within avian families (O’Connor & Westerdahl, 2021).
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Figure 6. Empirical relationships between genomic and expressed MHC diversity across 13
songbird species from seven avian families.

Each dots represents a songbird species and shows the number of MHC-I alleles detected in genomic
DNA (gDNA) and the number that are expressed in complementary DNA (cDNA). Each color represent
an avian family and the blue line indicates the relationship between genomic and expressed MHC
diversity across all songbird species.In comparison, the green dotted line represent a scenario in which
all MHC-| alleles are expressed. Figure taken from O’Connor and Westerdahl (2021).
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Among the Fringillidae (Figure 6), 97% of the genomic MHC-I alleles have been
found expressed in the European greenfinch (Carduelis chloris; O’Connor et al.
2021) and in the Eurasian siskin (Spinus spinus; Drews & Westerdahl, 2019).

MHC genes/alleles are expressed at different degrees

Interestingly, classical MHC-I genes vary in degree of expression (i.e., difference
in total expression between MHC genes/alleles within an individual). In the chicken,
the degree of expression differs between the two gene copies for MHC-I (Kaufman
et al. 1999) and only one gene copy, the “major” gene, is highly expressed, whereas
the other gene copy, the “minor” gene, is weakly expressed (Kaufman et al. 1995).
In the red knot (C. canatus, Charadriiformes), five out of 11 MHC-I alleles were
highly expressed (Buehler et al. 2013). So far, MHC-I expression in passerines has
mainly been studied by amplicon sequencing and the relative expression of the
different alleles has been measured as the read depth of the transcribed cDNA
alleles. In two species belonging to the Passer genus, the house sparrow (P.
domesticus) and the tree sparrow (P. montanus), one or two classical MHC-I alleles
per individuals were highly expressed (out of a maximum of four classical expressed
alleles) while the remaining alleles were lowly expressed (Drews et al. 2017). This
expression pattern contrasts with the results found in the siskins (S. spinus) for
which on average three out of seven classical alleles are highly expressed with a
maximum of five out five classical alleles found highly expressed (Drews &
Westerdahl, 2019).

MHC expression varies between tissues

Few studies have reported differences in degree of MHC-I expression between
different tissues. In the chicken only the “major gene” has been found highly
expressed in erythrocytes and spleen cells (Kaufman et al. 1995). In the mallard
duck, one MHC-I gene was highly expressed and the expression of this gene was
higher in spleen and liver than in the heart, kidney and testis (Moon ef al. 2005). In
the quail, the two classical MHC-I genes have been found highly and ubiquitously
expressed (Shiina et al. 2004) whereas the two other MHC-I gene have been found
expressed in a tissue-specific manner. In the crested ibis, one out of the four
expressed MHC-I genes were highly expressed in nine different tissues, whereas the
other three MHC-I genes were highly expressed in four or five tissues each (Chen
et al. 2015).

When [ started my PhD studies there were very limited information available on the
genomic organization of the MHC in birds of the order Passeriformes. This
information is essential to further investigate and understand why passerines have
such high MHC diversity. Moreover, very little is known about the expression of
the different MHC genes in passerines and even less is known to what extent the
MHC expression pattern varies temporally and whether the MHC expression pattern
changes between tissues.
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Aims of the thesis

The aims of this thesis are to gain a deeper understanding of the high MHC diversity
found in passerine birds and relate MHC diversity to functional relevance with a
main focus on a particular songbird, the great reed warbler. My aim is to understand
how MHC diversity has expanded in passerines, how to best estimate MHC
diversity in passerines when using sequencing methods providing different levels of
resolution, and finally to investigate temporal and transgenerational variation in
MHC-I gene expression in blood in great reed warblers.

Chapter I aims to characterize the MHC region and the MHC multigene family in
the great reed warbler genome, but also in three other passerines. The inferred
duplication history of MHC genes in the great reed warbler and the phylogenetic
reconstruction of full-length MHC genes in the four passerine species provided new
insights into the evolutionary history of the MHC multigene family in the order
Passeriformes. In addition, the MHC organization was compared between the four
passerine species to describe structural differences and genomic rearrangements in
Passeriformes compared with other avian orders.

Chapter II aims to verify the MHC diversity and the haplotype resolution described
in the great reed warbler long-read genome assembly, which is based on a single
individual. To do so, short-read amplicon sequencing data, from both the genome
individual and its parents, were used and then compared with the full (Falcon-2017)
and haploid (Purge Haplotigs) long-read genome assemblies. Both quantitative and
qualitative estimates of MHC diversity were compared between the genotyping
methods to assess MHC diversity with different resolution.

Chapter III aims to investigate temporal (i.e., between year) variation in expressed
MHC diversity and also the relative expression of each MHC-I allele within great
reed warbler individuals. Both life stages and age-related changes in MHC-I relative
expression were analysed.

Chapter IV aims to assess whether the relative MHC-I expression is inherited in
great reed warblers. Family data were used to separate MHC-I alleles into parental
haplotypes and the relative MHC-I expression at the haplotype level was determined
in parents and offspring.
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Methodology

Study species and study area

The great reed warbler (Acrocephalus arundinaceus) is a long-distance migratory
songbird (Aves: Passeriformes, Figure 7). The breeding area of this species range
from western Europe to western Asia and the wintering area is in sub-Saharan Africa
(Kolecek et al. 2016). It is a medium-sized songbird that weight about 30 g and has
an average life-span of 2.5 years (Bench ef al. 1998). It has a facultatively
polygynous social mating system (Bensch, 1996) and a male can bond with several
females simultaneously and have several broods in the same breeding season (May
to late July). At each breeding event, one to six fledglings can be raised (Bensch ef
al. 1998).

Figure 7. Great reed warbler at two different life-stages at lake Kvismaren: adult individual during
the breeding season (left picture) and five days old nestlings (right picture). Pictures taken by
David Gémez Blanco.

Our study population is located at lake Kvismaren (59°10°N, 15°25°S) in southern
Central Sweden. The study area is a mosaic of small lakes within a 6 km? area
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(Gomez-Blanco, 2023) that provide the optimal wetland habitat with a mosaic of
reed and water providing reed edges where great reed warblers like to breed. The
great reed warbler is particularly relevant as study species because it has high levels
of natal and breeding-area philopatry (Bensch & Hasselquist, 1991; Hansson et al.
2002a; Matrai et al. 2012). In our study population, 60-80% of the surviving
juveniles of both sexes come back on their birth sites the following years (Hansson
et al. 2002b; Hansson et al. 2003) and up to 90% of the surviving adults come back
to breed in the same or neighbouring locations (~3 kms perimeter). Therefore,
individuals can be followed-up between years when they return to the study area
during the breeding season.

Our study population has been monitored for over 40 years and information such as
arrivals date, male territory, song repertoire, reproductive success, dispersal pattern
and morphological measurements have been collected (Bensch & Hasselquist 1991;
Hasselquist ef al. 1996; Bensch et al. 1998; Hasselquist, 1998; Hansson et al. 2002b;
Tarka et al. 2010; Tarka et al. 2015). In addition, blood samples have been collected
to perform DNA analysis such as for example molecular sexing, microsatellite
analysis, detection of blood parasites, MHC genotyping and telomere measurements
(Hasselquist et al. 1996; Westerdahl et al. 2000; Westerdahl et al. 2004b; Bensch et
al. 2007; Asghar et al. 2015; Roved et al. 2018; Gomez-Blanco, 2023). Since 2015,
blood samples have been also collected to perform RNA analysis to investigate gene
expression.

The great reed warbler genome assembly and the
characterized MHC region

In this thesis, I had the opportunity to use the characterized MHC region in the
genome assembly available from a single female great reed warbler individual. The
de novo genome assembly has been performed using a combination of long-read
sequencing (PacBio), linked-read and short-read sequencing (Illumina) as well as
optical mapping (Bionano) as reported in Sigeman et al. (2021). The assembly of
all DNA sequencing data has been performed with the FALCON assembler (Chin
et al. 2016). It resulted in 3,013 scaffolds (i.e., long stretches of different length of
DNA sequences) for a total size of 1.2 Gb and an N50 of 21.4 Mb (half of the
assembly is covered with scaffolds that are > 21.4 Mb long). To produce an
improved version of the haploid genome assembly, the Purge Haplotigs pipeline has
been used (Roach et al. 2018) to remove sequences that were possibly alternative
haplotypes of another scaffold. The MHC region in the great reed warbler has been
characterized by performing BLAST searches with MHC-associated genes
annotated in the chicken and in the crested ibis (more details in Chapter I:
Westerdahl et al. 2022). Briefly, full-length MHC alleles have been identified by
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blasting each exon of MHC-I and MHC-IIB ¢cDNA Sanger sequences from the same
female individual for which the genome assembly is available (Westerdahl et al.
1999; Westerdahl et al. 2000).

Assessing MHC diversity and MHC-I expression

Most avian MHC studies nowadays use high-throughput sequencing (HTS) of short
amplicons amplified by Polymerase Chain Reaction (PCR) (i.e., simultaneous
amplification of all MHC alleles by PCR). Such methods efficiently produce a great
amount of amplicons from multiple loci being sequenced in parallel from many
individuals (O’Connor et al. 2016; Drews et al. 2017; Biedrzycka et al. 2017,
O’Connor et al. 2019; Roved et al. 2022).

In this thesis, I assessed MHC diversity and MHC-I expression using genomic DNA
(gDNA) and RNA extracted from blood samples coupled with HTS. Note that
MHC-I molecules are expressed on all nucleated cells and are therefore likely to be
present on erythrocytes in birds (as birds, unlike for example mammals, have
nucleated erythrocytes). Hence, MHC expression can be obtained by sampling a
small amount of blood and does not require that birds are sacrificed.

To measure MHC diversity, I amplified fragments of MHC-I exon 3 (Figure 8A)
and MHC-IIB exon 2 from gDNA. As mentioned, these exons are the most variable
MHC gene regions. The MHC diversity is the total number of different MHC alleles
found in an individual. To measure MHC-I expression, I used mRNA that was
reversely transcribed to complementary DNA (cDNA). As described above for
MHC diversity, I amplified fragments of MHC-I exon 3 (Figure 8B) from cDNA.
Investigating MHC-I expression using HTS will give two informative measures for
each individual: expressed MHC-I diversity (i.e., total number of alleles expressed)
and relative MHC-I expression (the proportion of reads obtained from each
expressed MHC-I allele).

A) a c
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— Exon 2 Exon 3 —
2 3 &
Exon 2 Exon 3

Figure 8. Targeted MHC-I exon 3 region to be PCR amplified in gDNA and in cDNA.

Primers pairs are indicated with arrows. A) In gDNA, both exons and introns are present. The forward
primer a and reverse primer ¢ were used to amplify a fragment of MHC-1 exon 3. B) In cDNA, only exons
are kept. The forward primer b and reverse primer ¢ were used to amplify a fragment of MHC-I exon 3.
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Although amplicon HTS gives results with high read-depth using this approach also
come with some limitations such as possible primer-biased amplification of some
alleles, short fragment size (up to 300 bp) and generation of artefactual alleles
(Babik, 2010, O’Connor et al. 2019). Therefore, it is good to keep in mind that MHC

genotyping using HTS remains an estimate of the functional diversity in an
individual.
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Results and Discussion

Chapter I. The genomic architecture of the passerine MHC region: High
repeat content and contrasting evolutionary histories of single copy and
tandemly duplicated MHC genes

The MHC in most Galliformes species comprises a core MHC region that is
compact, conserved and with rather few MHC genes (Kaufman et al. 1999; Wang
et al. 2012). However, the architecture of the MHC region, the size, the gene content
and gene synteny differ slightly in other avian orders (Chen et al. 2015; Tsuji et al.
2017). In passerines (Passeriformes), the MHC region has been partly characterized
though yet with limited resolution (Balakrishnan et al. 2010; Ekblom et al. 2011).
Also, there is limited knowledge from genome assemblies on the evolutionary
history of MHC genes that have led to the high diversity among Passeriformes such
as in the great reed warbler, a passerine for which high MHC diversity has been
described (Westerdahl et al. 1999; Westerdahl et al. 2004b; Roved ef al. 2022). In
the present study, the MHC region has been characterized in a single great reed
warbler individual and in three other passerine species where long-read genomes
were available, the jackdaw Coloeus manedula, the hooded crow Corvus cornix and
the zebra finch.

In total, 15 MHC-I, one MHC-IIA and 56 MHC-IIB full-length genes in open
reading frame, i.e., putatively functional genes, were found in the great reed warbler
individual. The MHC-I and MHC-IIB genes were found in two genomic
arrangements: as single gene copies separated by long intergenic distances and
placed among non-MHC genes or as tandemly duplicated gene copies with short
intergenic distances (Figure 9).
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Figure 9. The great reed warbler MHC genes are found in two genomic arrangements.

A) Single and B) tandemly duplicated gene copies are shown among three MHC scaffolds in the great
reed warbler drawn to scale: Aaru_Scaffold 18 (1,288 kb), Aaru_Scaffold 508 (292 kb) and Aaru_Scaffold
120 (510 kb). Aaru_Scaffold 18 (holds the core MHC region) has three single MHC-I genes (light blue
boxes) and a one single MHC-IIB (light green boxes) gene. Aaru_Scaffold 508 holds 11 MHC-I tandemly
duplicated genes (dark blue boxes) and Aaru_Scaffold 120 holds 17 MHC-IIB tandemly duplicated genes
(dark green boxes). Trios of MHC-I and MHC-IIB genes have been duplicated and are shown with arrows
on scaffold Aaru_Scaffold 508 and Aaru_Scaffold 120.
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The high MHC diversity in the great reed warbler most likely arose through multiple
and repeated gene duplication events of either single or many MHC genes with trios
of tandemly organized MHC-I and MHC-IIB genes that have been duplicated as
blocks (Figure 9). Most MHC-I and MHC-IIB genes were found to cluster within
species (monophyly) meaning that the MHC genes have duplicated after speciation
events. However, one single MHC-I gene was found to be shared within clades for
the jackdaw and the hooded crow and for the great reed warbler and the zebra finch
(Figure 10A). A single MHC-IIB gene was found to be a putatively orthologous
gene among the species studied as it formed a separate cluster shared among three
of the four Passeriformes species, whereas all other MHC-IIB genes are strictly
monophyletic within species (Figure 10B).
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Great reed warbler, Aaru MHC-! single

Zebra finch, Tgut . MHC-I tandem

>
A Jackdaw, Cmon MHC-IIB single

4 Hooded crow, Ccor . MHC-IIB tandem
Figure 10. Phylogenetic reconstructions of full-length MHC-lI (A) and MHC-IIB (B) single and
duplicated genes in open-reading frame in four passerine species.
Most MHC genes are monophyletic within species (collapsed in the trees) but one single copy of MHC-|
and MHC-IIB are are found to cluster and are putative orthologs. Both putative MHC-I and MHC-IIB
orthologs, indicated by orange arrows, are found in an order that is shared among species in the core
MHC region, which is situated on Aaru_Scaffold 18 in the great reed warbler. (A) Phylogenetic
reconstruction of MHC-I genes, called in a species-specific manner: great reed warbler (Aaru-UA*), zebra
finch (Tgut-UA*), jackdaw (Cmon-UA*) and hooded crow (Ccor-UA*). Single MHC-I copy genes are
indicated in light blue and tandemly duplicated MHC-I genes are indicated in dark blue. (B) Phylogenetic
reconstruction of MHC-IIB genes, called in a species-specific manner: in the great reed warbler (Aaru-
DABY¥), zebra finch (Tgut-DAB*), jackdaw (Cmon-DAB*)and hooded crow (Ccor-DAB*). Single MHC-IIB
copy genes are indicated in light green and tandemly duplicated MHC-IIB genes are indicated in dark
green.
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The close association between TAP and classical MHC-I gene seems to have been
lost in Passeriformes (Figure 11). Instead, putatively functional MHC-I genes are
found on other scaffolds, noteworthily as tandemly duplicated copies in the great
reed warbler (Figure 11). The number of MHC-I and MHC-IIB genes varied greatly
between the four Passeriformes species with the highest diversity found in the great
reed warbler, while only a single MHC-I gene was found in the zebra finch. A single
MHC-IIA gene was found close to tandemly duplicated MHC-IIB genes in
Passeriformes whereas in Galliformes, the single MHC-IIA gene is located away
from the MHC-IIB genes and in Pelecaniformes and in Ciconiiformes, MHC-IIA
and MHC-IIB are found in “dyads”.
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Figure 11. Simplified structural differences in the MHC-l genomic region between five avian
orders.

The gene order and organization of the MHC-I (blue) genes differ among the bird orders. The passerines,
with data from the great reed warbler, seems to have lost their functional MHC-I genes from this region.
The gene order and organization of DMB1, DMB2, TAP1 and TAP2 (grey colour) in this region are shared
among birds of the orders Galliformes, Ciconiiformes and Pelecaniformes; whereas the gene TNXB
(pink) has been rearranged and is located next to TAP1 and TAP2 genes in Passeriformes. *Three MHC-
| genes are not expressed in Anseriformes. Pseudogenes are indicated with y. Simplified comparative
genomic maps, not drawn to scale, double bars indicates where other genes have been found without
detailed information. For more information, refer to the following: Kaufman et al. 1999; Chaves et al.
2009; Wang et al. 2012; Ye et al. 2012; Eimes et al. 2013 (Galliformes), Karawita et al. 2023
(Anseriformes, Cygnus spp.), Moon et al. 2005 (Anseriformes, Anas platyrhynchos), Tsuiji et al. 2017
(Ciconiiformes), Chen et al. 2015 (Pelacaniformes) and Chapter | (Passeriformes).
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Chapter II. Improved haplotype resolution of highly duplicated MHC
genes in a long-read genome assembly using MiSeq amplicons

The MHC region in the great reed warbler has been characterized in a single
individual based on a long-read genome assembly (Sigeman et al. 2021; Chapter I:
Westerdahl et al. 2022). The MHC-I and -IIB genes were highly duplicated and
mainly monophyletic, which means that the MHC alleles (i.e., full-length genes, an
open reading frame) were often more similar within than between species (Chapter
I: Westerdahl et al. 2022). High MHC sequence dissimilarity between genes make
it difficult to produce a haploid representation of the MHC region. Therefore, we
used amplicon short-read sequencing to amplify MHC-I exon 3 and MHC-IIB exon
2 sequences in the genome individual and its parents and mapped these amplicons
against two different genome assemblies: “Falcon-2017” and “Purge Haplotigs”.
The Falcon-2017 assembly initially separate haplotypes but mostly represent MHC
diversity under diploidy. An additional pipeline has been used to produce the Purge
Haplotigs assembly which further separate haplotypes wrongly assigned in the
Falcon-2017 assembly to get a better haploid representation. We were able to
investigate 1) the MHC diversity in Falcon-2017 and ii) the segregation of full-length
alleles in Purge Haplotigs based on both amplicon short-read sequencing and long-
read sequencing.

The Falcon-2017 assembly and short-read amplicon sequencing gave similar
estimates of MHC-I and MHC-IIB diversity under diploidy, although for different
reasons. Firstly, because the techniques have different resolution (Figure 12). In
fact, only a small proportion of the amplicon alleles (55% of the MHC-I alleles and
61% of the MHC-IIB alleles) are necessary to detect most of the MHC-I and MHC-
IIB diversity found in the Falcon-2017 genome assembly (Figure 12). This is
because the amplicon alleles, MHC-I exon 3 and MHC-IIB exon 2 sequences, only
represent a small portion of a full-length annotated gene, and this particular gene
region can be shared between several MHC gene copies in the genome assembly.
Secondly, a considerable proportion of the amplicon alleles (45% of the MHC-I
alleles and 39% of the MHC-IIB alleles) are only found as amplicon alleles and are
not found in the genome assembly. This observation suggests either that the genome
assembly is incomplete and/or that a certain proportion of these amplicon alleles
represents fragments of genes and not full-length genes.
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Figure 12. A moderate proportion of the MHC-l and MHC-IIB amplicon alleles (HTS) detects a
considerable proportion of the annotated alleles (Falcon-2017 assembly) (Chapter II).

In total, there were 29 MHC-I and 95 MHC-IIB amplicon alleles and 25 MHC-| and 100 MHC-IIB full-
length annotated alleles in Falcon-2017. Amplicon alleles mapping to annotated alleles are indicated in
blue (MHC-I: upper panel, light blue; MHC-IIB: lower panel, dark blue), unmapped amplicon alleles are
indicated in white, and annotated alleles with no matching amplicon alleles are indicated in grey.

The Purge Haplotigs assembly represents a haploid version of the genome and using
amplicon sequencing data from the genome individual and her parents I was able to
identify the parental origin of each annotated allele in every scaffold holding
tandemly duplicated MHC-I and MHC-IIB genes (Figure 13).

For MHC-I, scaffold 508 (Aaru-UA*508) contains seven MHC-I genes of paternal
origin and this scaffold is likely to represent a paternal haplotype. For MHC-IIB, 1
found that scaffold 357 (Acar-DAB*357) was putatively of paternal origin, scaffold
554 and 120 (Acar-DAB*554 and *120) was fully or partly of maternal origin, while
scaffolds 45 and 301 (Acar-DAB*45 and *301) were of mixed parental origin
(Figure 13). Of the MHC-IIB scaffolds, two were potential complementary
haplotypes as they had the same number of genes and were from different parental
origin with one maternal scaffold (Acar-DAB*554) and one paternal scaffold (Acar-
DAB*357). To verify this, I compared the sequence similarity between genes
among all scaffolds with tandemly duplicated MHC-IIB genes. I found that the
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mean nucleotide p-distance between genes in the two scaffolds Aaru-DAB*554 and
Aaru-DAB*357 was the lowest compared to other scaffold comparisons. Therefore,
the Purge Haplotigs genome assembly (haploid representation) slightly
overestimated the MHC-IIB diversity because it has not considered Aaru-DAB*554
and Aaru-DAB*357 as complementary haplotypes but instead as two different
scaffolds (i.e., two different genomic regions).

Acar-DAB AcarDAB

A) | MHC-I scaffoia | AcarUA B) | mHc-1B scafold MHC- IB scaffold

5 Aaru-DAB*554

Aaru-UAS08

Aaru-DAB*120 10

%A.—\cooo\lmm-hwm—xtg
N
=2
=

Aaru-DAB*357 14
159
"
17
m
o0
2 1
3 2
4 AcarDAB301 3
AanDAB45 5
6
7 6
8
9

Figure 13. Inferred parental origin for annotated MHC genes, in MHC-l and MHC-IIB scaffolds
holding tandemly duplicated genes in the Purge Haplotigs assembly, using the MHC amplicon
allele information.

MHC scaffolds are indicated as “Aaru-UA*” for MHC-I genes (A) and “Aaru-DAB*” for MHC-IIB genes
(B). Gene copies are indicated as “Acar-UA” and “Acar-DAB” and are named after their position on
annotated primary scaffolds in the Purge Haplotigs assembly. Amplicon alleles were separated into three
categories based on their inheritance in the focal individual: paternal alleles (blue), maternal alleles
(yellow) and unresolved alleles (turquoise). Non-functional genes are indicated with the symbol .
Annotated MHC genes with no matching or no assigned amplicon alleles are in grey.
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Chapter III. Temporal variation and age-associated changes in MHC-1
gene expression in great reed warblers.

The MHC diversity (i.e., total number of MHC genes or alleles per individual) has
expanded in avian species belonging to Passeriformes (O’Connor et al. 2016;
Minias et al. 2018; Chapter I: Westerdahl et al. 2022). A recent study has shown
that the expressed MHC-I diversity also varies between species (O’Connor &
Westerdahl, 2021). In addition, MHC alleles vary in how much they are expressed,
i.e., how much each allele is expressed relative to the other alleles (relative degree
of expression, measured as the proportion of reads represented by an allele
compared to the total number of reads using amplicon sequencing) (Drews et al.
2017; Drews & Westerdahl, 2019). However, little is known about how stable the
MHC-I relative gene expression remains over time. We set out to investigate
temporal variation in MHC-I expression (in the blood transcriptome) in great reed
warbler, a migratory songbird that shows high level of natal and breeding-area
philopatry every year. Therefore, I could study life-stage and age-related changes in
MHC-I expression.

The great reed warbler express 71% of the MHC-I alleles found in genomic DNA
(gDNA), which corresponds to an average expression of 14.3 alleles out of 20.1
gDNA alleles. The relative expression of each MHC-I allele varied within
individuals and alleles could be defined as being highly, moderately or lowly
expressed. A general pattern across all individuals (Figure 14) was that only one or
two MHC-I alleles were highly expressed, zero to seven MHC-I were moderately
expressed whereas the vast majority (5-15) of the alleles were lowly expressed.

The relative expression of each MHC-I allele was highly consistent between the
sampling events of each individual (Figure 14). I also looked at gene expression
using ranking, the most highly expressed allele was given the rank 1 etc... |
observed a slight shuffle of the ranking among moderately and lowly expressed
alleles in our analyses (Figure 15). The relative expression based on ranking was
lower between life stages, i.e., from nestling stage (8-10 days old at time tp) to
recruited adults (=1 year old at time t;) than within life-stage (from time t; to time
t2). Thus, individuals were more similar between years at adulthood (Figure 15).
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Figure 14. Temporal variation of relative expression of MHC-I alleles (cDNA) in two representative
great reed warbler individuals.

Examples of two individuals (out of in total nine individuals investigated) that were caught as nestlings
(8-10 days old) at the first sampling event (time to, top row) and then recaptured as adult the following
years, both at the second sampling event (time t1, middle row) and at the third sampling event (time tz,
bottow row). Each panel, from right to left, represents the relative MHC-I expression patterns for each of
the two individuals, (A) individual “3618054”, (B) individual “3617924”. Each bar represents a single
expressed allele (cDNA_seq_x) and all alleles are ordered according to the relative expression at time
point time to. Expressed alleles are uniquely colored in each individual and colors are not shared between
individuals.
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Figure 15. Spearman’s p rank correlation for changes between life stages (correlation between
time to to time t1) and between ages at adulthood (correlation between time ti to time t2) in nine
great reed warblers (Chapter lll).

Each color represents distinct individuals for which correlation coefficients were plotted between life
stages and between ages at adulthood. Individuals were more similar between years at adulthood than
between the nestling and the 1-year of age life stages (Paired samples Wilcoxon Test, p = 0.027).
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Chapter IV. Inheritance of MHC-I gene expression in great reed
warblers

MHC genes in passerines are generally inherited as linked haplotypes (Westerdahl
et al. 2004b, Karlsson & Westerdahl, 2013; Roved et al. 2022). Family data offers
a great opportunity to look at gene expression at the haplotype level and investigate
to what extent MHC-I gene expression is inherited. Here, I have selected 17 great
reed warbler families and based on the segregation of alleles in offspring, I could
group alleles into resolved maternal and paternal haplotypes (a minor proportion of
alleles were unresolved; Figure 16). I have investigated whether MHC-I gene
expression (i.e., relative MHC-I expression) in haplotypes was inherited, by
comparing the relative expression of alleles on a haplotype in parent and offspring.
Moreover, I could test whether the genetic background (i.e., the complementary
haplotype) did affect the MHC-I gene expression by comparing expression of alleles
on one common haplotype in siblings that had different alternative haplotypes.
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Figure 16. Relative MHC-I expression by haplotypes in one representative great reed warbler
family (Chapter IV).

Great reed warbler parents on the top row and three offspring on the bottom row. Every parent has two
resolved haplotypes: Hapl_M1 (Mother 1, yellow) and Hapl_M2 (Mother 2, orange) in mothers, and
Hapl_F1 (Father 1, light green) and Hapl_F2 (Father 2, dark green) in fathers. Alleles that could not be
assigned to resolved parental haplotypes were considered unresolved (black). Each allele is represented
by a single bar.
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The relative MHC-I gene expression of both maternal and paternal haplotypes in
offspring resemble the MHC-I relative expression in their parents (Figure 17).
However, 1 did observe a stronger relationship for maternal than paternal
haplotypes. In other words, MHC-I gene expression in offspring tend to resemble
more the MHC-I gene expression of their mothers than their fathers (Figure 17). The
latter result was similarly found with offspring at the nestling stage (8-10 days old)
and with offspring at the adult stage (>1 year old). This pattern suggests a maternal
effect on MHC-I expression that could be the result of genomic partial imprinting
responsible for differential expression between maternal and paternal alleles.

Offspring can inherit either of two different haplotypes from each parent. I have
selected siblings sharing at least one parental haplotype and then either sharing the
same or a different complementary haplotype from the second parent (i.e., same or
different genetic background). Comparison of siblings with same or different
parental haplotype combination within families enable us to look at the effect of
different genetic background on the MHC-I gene expression of the shared
haplotypes. Neither maternal nor paternal haplotypes were affected by the MHC-I
genetic background (Figure 17).
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Figure 17. Fixed effect slopes for inheritance (A) and effect of MHC-I haplotype background (B)
of relative MHC-l expression in great reed warbler offspring (Chapter 1V).

A) Fixed effect slopes (+ standard errors) report the strength of inheritance of relative MHC-I expression
in maternal (yellow) and paternal (green) haplotypes in hatched (to) and recruited offspring (t1). B) Fixed
effect slopes (+ standard errors) report the strength of the effect of haplotype background on the relative
MHC-I expression in maternal (yellow) and paternal (green) haplotypes in hatched offspring. Maternal
haplotypes were tested when offspring (pair of siblings in each family) had identical (F1/F1) or different
(F2/F1) paternal haplotype background. Paternal haplotypes were tested when offspring (pair of siblings
in each family) had identical (M1/M1) or different paternal haplotype background (M2/M1).
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Conclusion

This thesis aimed to bring some insights in i) understanding what plausible
mechanisms have generated such high MHC diversity in Passeriformes, ii)
evaluating sequencing methods used to best estimate MHC diversity and iii) relating
genomic MHC diversity to expressed MHC diversity in blood and investigate
variation in gene expression in time and across generations.

The MHC region have gone through genomic rearrangements and has considerably
expanded in Passeriformes compared with other avian orders. For example, the
tightly linked genes found in the core MHC in Galliformes are rather distant in
Passeriformes as they have been found in large scaffolds away from the core region.
The presence of tandemly duplicated MHC paralogs in several rather large scaffolds
shows the extended feature of the MHC in Passeriformes and can possibly explain
how the rapid expansion of the MHC diversity happened. Mechanisms involved in
maintenance and loss of MHC diversity e.g., ectopic recombination and the birth-
and-death model of evolution, align with our finding in the four passerines and
indicates that the MHC region is dynamic and can also explain why MHC diversity
vary a lot between species, also within Passeriformes.

The use of short-read amplicon sequencing and family data has proven to be
efficient and complementary to assess MHC-I and MHC-IIB diversity quantitatively
(i.e., total number alleles per individual) and to verify the haplotype segregation in
genome assemblies. However, short-read amplicon sequencing lacks resolution due
to the fragment length being sequenced (the amplicon) and the amplicons only
partially represent the true functional MHC diversity. Therefore, I encourage studies
using short-read amplicon sequencing for estimating MHC diversity to be aware of
the limits and to take them into account in their interpretation.

The expressed MHC-I diversity as well as the relative MHC-I expression are highly
stable throughout time in great reed warblers. Also, I found that the relative MHC-
I expression is to a large extent inherited from both parents, with no indication of
epistasis. I did observe a maternal effect, though. Taken together, this indicates that
the relative MHC-I expression is set at an early life-stage, probably during the first
week in hatched offspring or possibly even at the embryogenic stage. The stable
gene expression suggests that regulation of MHC-I expression is most likely
happening at all MHC-I loci simultaneously and not at a particular locus.
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MHC-I relative expression varies between alleles and every individual has one to
two highly expressed alleles. As such, they are maybe subject to stronger pathogen-
mediated selection than the lowly expressed MHC-I alleles. Therefore, I
recommend future studies to focus on investigating the most highly expressed
MHC-I alleles as they might give relevant adaptive advantage.

Future directions and preliminary results

The expressed MHC diversity in songbirds has mainly been analysed in blood
samples and it is currently to a large extent unknown to what degree the expressed
MHC diversity in blood is representative of other tissues. Therefore, I present some
preliminary results on MHC-I relative expression in four different tissues (blood,
intestine, liver and lung) in two great reed warbler individuals (Figure 18). The
methods used to estimate the MHC-I diversity is the same as presented in chapters
I and IV.

As previously described for MHC-I expression in blood (Chapter III and IV), the
MHC-I alleles are expressed at different levels (highly, moderately and lowly
expressed), and the level of expression seem to differ a little between the different
tissues (Figure 18). The most highly expressed alleles (five alleles in Bird 1 and
three alleles in Bird 2) in the blood remained the most highly expressed alleles also
in the three other tissues. However, the level of expression of these alleles differed
slightly between tissues (Figure 18). In one individual (Bird 2, Figure 1B), the most
highly expressed allele in blood (orange, cDNA_seq 004) is not the most highly
expressed allele in any of the other tissues. However, in the other individual (Bird
1, Figure 1A), the most highly expressed allele in blood (dark green,
cDNA seq 040) remains the most highly expressed allele in all the other tissues.
These preliminary results show limited variation in MHC-I relative expression
between tissues in Bird 1 but rather substantial variation in Bird 2, and therefore it
is difficult to draw any general conclusions considering gene expression in different
tissues in the great reed warbler at present. Nevertheless, my preliminary findings
emphasize the need to further investigate the role of the most highly expressed
MHC-I alleles in the great reed warbler and in songbirds in general, as mentioned
above, but also to investigate the function of the large repertoire of lowly expressed
alleles.
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Figure 18. Relative expression of MHC-l alleles (cDNA) in four different tissues in two

representative great reed warbler individuals.

Each panel, right (A) and left (B), represents the relative expression of MHC-I alleles for each individual.
The sampled tissues were obtained from two adult birds kept in captivity as part of an experiment. The
relative expression of MHC-I alleles for each tissue is represented from top to bottom: blood, intestine,
liver and lung. Each bar represents a single expressed allele (cDNA_seq_x) within an individual and all
alleles are ordered according to their relative expression found in blood. Expressed alleles are uniquely
colored in each individual and colors are not shared between individuals.
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