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Summary

The adaptive immune system emerged 500 million years ago together with the first verte-
brates, and stands as one of the most intricate biological systems known to humans. It is
based on a dynamic and diverse collection of novel cell types called lymphocytes, each of
which expresses on its surface an antigen recognition receptor of unique specificity. T lym-
phocytes -or T cells-, in particular, lie at the epicenter of the adaptive immunity; they perform
immune surveillance by means of engagement with peptides presented by Major Histocom-
patibility Complex (MHC) molecules of other host cells. This interaction is mediated by the
T cell receptor (TCR), which upon binding a foreign-derived antigen, prompts the activation
of the T cell. Subsequent clonal expansion of the antigen-triggered T cell marks the initiation
of all downstream cellular and humoral immune responses. Thus, the ability of a vertebrate
host to recognize and successfully combat a potential pathogen is linked to both the peptide-
presenting capacity of its germline-encoded MHC molecules, as well as the diversity of its
available repertoire of somatically rearranged TCRs.

Over the past decade, an avalanche of in-depth TCR repertoire studies, fueled by the un-
paralleled resolution of Next Generation Sequencing (NGS) technologies, has helped uncover
many of the mechanisms determining the TCR repertoire and its diversity. The way the TCR
repertoire responds to infection, specifically, has been a topic of intensive research, with the
majority of our current understanding stemming from human and murine empirical data. In
this thesis, I employ the three-spined stickleback (Gasterosteus aculeatus) as an experimental
model to further advance our knowledge regarding the factors that shape the TCR repertoire
during infection. As a teleost, the adaptive immune system of the stickleback bears remarkable
similarities to that of mammals, including an extensive set of germline TCR genes shown to
contribute to a diverse pre-immune repertoire. Furthermore, this species offers the critical ad-
vantage of encompassing a substantial level of natural genetic variation – a crucial component
missing from previous murine studies.

First, I focus my attention at the MHC genes of the three-spined stickleback. InChapter 1,
my co-authors and I sought to develop an accurate and reproducible NGS-based protocol that
can be employed for genotyping multi-locus gene families, such as the MHC, across different
species. Thus far, efforts to reliably characterize the individual MHC diversity in non-model
species have been obstructed by the inability to target each MHC locus individually, leading
to complexities pertaining to the differentiation between genuine alleles and artifacts during
data analysis. Here, we performed systematic comparison of three popular NGS genotyping
pipelines by using MHC sequencing data derived from stickleback genomic DNA and cDNA
samples, independently genotyped by an established non-NGS method. Based on an exhaus-
tive breakdown of genotyping errors, we underscore the necessity for template-specific opti-
mization of adjustable pipeline parameters. Furthermore, we show that optimized genotyping
of paired gDNA and cDNA samples allows for accurate expression analysis of individual alle-
les and haplotypes, which will assist researchers in future efforts to reliably genotype MHC,
and other multigene families, using cDNA samples.

Expression of a highly diverse set of MHC alleles in the three-spined stickleback, as con-
firmed in Chapter 1, is strongly indicative of a fully functional adaptive immune arm. I thus
turn my attention to the TCR repertoire of the three-spined stickleback. A complex network of
genetic and environmental factors are known to affect the TCR repertoire, prominent among
which is the host’s immunological status. Previous infection studies have primarily exam-
ined the TCR repertoire’s response to antigenically simple pathogens, such as viruses. To
build upon these studies, Chapter 2 of this thesis is dedicated to thoroughly investigating
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Summary

the effect of a controlled macroparasitic infection on the TCR repertoire. Towards this end,
I used a stickleback-specific helminth, Schistocephalus solidus, widely presumed to exert im-
munomodulatory effects on the host’s immune system. Importantly, the use of lab-reared,
MHC-genotyped sibships allowed us to simultaneously account for genetic variation at the
individual level. In doing so, I illuminate the significant extend to which genetic background
beyond the MHC can dictate TCR repertoire diversity, a factor largely unacknowledged in
past studies. I postulate upon this experimental finding by discussing the possible genetic and
epigenetic mechanisms partaking in shaping the TCR repertoire. Moreover, infection with a
fast-growing S. solidus strain lead to what I presume is parasite-induced suppression of the
private TCR repertoire compartment. Our results also revealed a set of MHC-unrestricted,
infection-non-specific TCR sequences of distinct properties, strongly indicative of specialized
biological functions. I interpret this as indirect evidence of the presence of unconventional T
cells in the stickleback, and consider the implication regarding their role in the evolution of
the vertebrate adaptive immune system.

In Chapter 3, the last of this thesis, I characterize the TCR repertoire of the stickleback
under semi-natural conditions, achieved via exposure of lab-bred sibships to their natal lake
environment. By emulating its natural living conditions, our goal was to better capture the
stickleback’s immunological status in the wild, which often involves co-infection with multi-
ple macro-parasite species. Such natural context is often overlooked in laboratory-based sin-
gle infection studies and can bias conclusions regarding the TCR repertoire dynamics. Here,
eight weeks of lake exposure facilitated high individual macro-parasitic burdens, which coin-
cided with a robust activation of the TCR repertoire via a substantial increase of clonally ex-
panded TCR clonotypes. I further confirm the role of individual genetic variation in the TCR
repertoire, in agreement with results from Chapter 2. Moreover, I detect strong sex-based
differences in the diversity of the TCR repertoire in sticklebacks, whose sexual maturation
was prompted by our experimental setup. Intriguingly, comparison of TCR repertoires among
control sticklebacks of common genetic background differing in age revealed strikingly similar
changes to those described in mammals, a result that points towards the existence of common
foundational principles governing the TCR repertoire structure throughout a vertebrate’s life-
time.
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Zusammenfassung

Das adaptive Immunsystem entstand vor 500 Millionen Jahren zusammen mit den ersten
Wirbeltieren und ist eines der kompliziertesten biologischen Systeme, die der Mensch kennt.
Es basiert auf einer dynamischen und vielfältigen Ansammlung neuartiger Zelltypen, den
Lymphozyten, von denen jeder auf seiner Oberfläche einen Antigenerkennungsrezeptor mit
einzigartiger Spezifität aufweist. Insbesondere die T-Lymphozyten - oder T-Zellen - stehen
im Zentrum der adaptiven Immunität; sie führen die Immunüberwachung durch, indem sie
mit Peptiden interagieren, die von Molekülen des Major Histocompatibility Complex (MHC)
anderer Wirtszellen präsentiert werden. Diese Interaktion wird durch den T-Zell-Rezeptor
(TCR) vermittelt, der nach Bindung eines fremden Antigens die Aktivierung der T-Zelle aus-
löst. Die anschließende klonale Expansion der durch das Antigen ausgelösten T-Zelle markiert
den Beginn aller nachgeschalteten zellulären und humoralen Immunantworten. Die Fähigkeit
eines Wirbeltierwirts, einen potenziellen Krankheitserreger zu erkennen und erfolgreich zu
bekämpfen, hängt also sowohl von der Peptidpräsentationskapazität seiner keimbahnkodierten
MHC-Moleküle als auch von der Vielfalt seines verfügbaren Repertoires an somatisch um-
strukturierten TCRs ab.

In den letzten zehn Jahren hat eine Lawine eingehender Studien des TCR-Repertoires,
angetrieben durch die beispielloseAuflösung derNext Generation Sequencing (NGS)-Technolo-
gien, dazu beigetragen, viele derMechanismen aufzudecken, die das TCR-Repertoire und seine
Vielfalt bestimmen. Insbesondere die Art und Weise, wie das TCR-Repertoire auf eine In-
fektion reagiert, ist ein Thema intensiver Forschung, wobei der Großteil unseres derzeitigen
Verständnisses aus empirischen Daten von Menschen und Mäusen stammt. In dieser Arbeit
verwende ich den Dreistachligen Stichling (Gasterosteus aculeatus) als experimentelles Modell,
um unser Wissen über die Faktoren, die das TCR-Repertoire während einer Infektion formen,
zu erweitern. Als Teleost weist das adaptive Immunsystem des Stichlings bemerkenswerte
Ähnlichkeiten mit dem von Säugetieren auf, einschließlich eines umfangreichen Satzes von
Keimbahn-TCR-Genen, die zu einem vielfältigen präimmunen Repertoire beitragen. Darüber
hinaus bietet diese Spezies den entscheidenden Vorteil, dass sie ein erhebliches Maß an natür-
licher genetischer Variation aufweist - eine entscheidende Komponente, die in früheren Stu-
dien an Mäusen fehlte.

Zunächst konzentriere ich meine Aufmerksamkeit auf die MHC-Gene des Dreistachligen
Stichlings. Im ersten Kapitel haben meine Co-Autoren und ich versucht, ein genaues und
reproduzierbares NGS-basiertes Protokoll zu entwickeln, das für die Genotypisierung von
Multi-Locus-Genfamilien, wie dem MHC, bei verschiedenen Arten eingesetzt werden kann.
Bisher wurden die Bemühungen um eine zuverlässige Charakterisierung der individuellen
MHC-Vielfalt in Nicht-Modellarten dadurch behindert, dass nicht jeder MHC-Locus einzeln
amplifiziert werden konnte, was zu komplexen Problemen bei der Unterscheidung zwischen
echten Allelen und Artefakten während der Datenanalyse führte. Hier haben wir einen sys-
tematischen Vergleich von drei gängigen NGS-Pipelines zur Genotypisierung durchgeführt,
indem wir MHC-Sequenzierungsdaten von genomischer Stichling-DNA und cDNA-Proben
verwendet haben, die separat auch mit einer etablierten Nicht-NGS-Methode genotypisiert
wurden. Auf der Grundlage einer umfassenden Aufschlüsselung der Genotypisierungsfehler
unterstreichen wir die Notwendigkeit einer ausgangsmaterial-spezifischen Optimierung der
einstellbaren Pipeline-Parameter. Darüber hinaus zeigen wir, dass eine optimierte Genotyp-
isierung von gepaarten gDNA- und cDNA-Proben eine genaue Expressionsanalyse einzel-
ner Allele und Haplotypen ermöglicht, was bei künftigen Bemühungen um eine zuverlässige
Genotypisierung von MHC- und anderen Multigenfamilien unter Verwendung von cDNA-
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Proben helfen wird.
Die Expression einer Vielzahl von MHC-Allelen beim Dreistachligen Stichling, wie im er-

sten Kapitel bestätigt, ist ein deutlicher Hinweis auf einen voll funktionsfähigen adaptiven
Teil des Immunsystems. Ich wende mich daher im zweiten und dritten Kapitel dem TCR-
Repertoire des Dreistachligen Stichlings zu. Es ist bekannt, dass ein komplexes Netzwerk
genetischer und umweltbedingter Faktoren das TCR-Repertoire beeinflusst, wobei der immu-
nologische Status des Wirts eine wichtige Rolle spielt. Frühere Infektionsstudien haben in er-
ster Linie die Reaktion des TCR-Repertoires auf antigenisch einfache Erreger, wie z. B. Viren,
untersucht. Um auf diesen Studien aufzubauen, widmet sich das zweite Kapitel dieser Arbeit
der gründlichen Untersuchung der Auswirkungen einer kontrollierten makroparasitären In-
fektion auf das TCR-Repertoire. Zu diesem Zweck haben wir einen stichlings-spezifischen
Helminthen, Schistocephalus solidus, verwendet, von dem allgemein angenommen wird, dass
er immunmodulatorische Effekte auf das Immunsystem des Wirts ausübt. Durch die Verwen-
dung von im Labor gezüchteten, MHC-genotypisierten Stichlingsfamilien konnten wir gle-
ichzeitig die genetische Variation auf individueller Ebene berücksichtigen. Auf diese Weise
konnten wir aufzeigen, in welch hohem Maße der genetische Hintergrund über den MHC
hinaus die Vielfalt des TCR-Repertoires bestimmen kann - ein Faktor, der in früheren Stu-
dien weitgehend unberücksichtigt blieb. Ich gehe auf diese experimentellen Ergebnisse ein,
indem ich die möglichen genetischen und epigenetischen Mechanismen diskutiere, die an der
Gestaltung des TCR-Repertoires beteiligt sind.

Darüber hinaus führte die Infektion mit einem schnell wachsenden S. solidus-Stamm zu
einer, wie wir vermuten, parasitenbedingten Unterdrückung des privaten TCR-Repertoire-
Kompartiments. Unsere Ergebnisse zeigten auch eine Reihe von MHC-unbeschränkten, nicht-
infektionsspezifischen TCR-Sequenzenmit unterschiedlichen Eigenschaften, die stark auf spe-
zialisierte biologische Funktionen hinweisen. Wir interpretieren dies als indirekten Beweis für
das Vorhandensein unkonventioneller T-Zellen im Stichling und betrachten die Implikationen
hinsichtlich ihrer Rolle in der Evolution des adaptiven Immunsystems der Wirbeltiere.

Im dritten und letzten Kapitel dieser Arbeit charakterisieren wir das TCR-Repertoire des
Stichlings unter halbnatürlichen Bedingungen, indem wir im Labor gezüchtete Stichlinge der
natürlichen Umgebung ihres ursprünglichen Sees aussetzen. Unser Ziel war es, durch die
Nachahmung der natürlichen Lebensbedingungen den immunologischen Status des Stichlings
in freier Wildbahn besser zu erfassen, der häufig eine Koinfektion mit mehreren Makropara-
sitenarten beinhaltet. Ein solcher natürlicher Kontext wird in laborgestützten Einzelinfektion-
sstudien oft übersehen und kann zu falschen Schlussfolgerungen hinsichtlich der Dynamik des
TCR-Repertoires führen. Hier ermöglichte eine achtwöchige See-Exposition eine hohe indi-
viduelle Makroparasiten-Belastung, die mit einer starken Aktivierung des TCR-Repertoires
durch eine erhebliche Zunahme klonal erweiterter TCR-Klonotypen einherging. Wir bestäti-
gen außerdem die Rolle individueller genetischer Variation im TCR-Repertoire, was mit den
Ergebnissen des zweiten Kapitels übereinstimmt. Darüber hinaus stellenwir starke geschlechts-
spezifische Unterschiede in der Vielfalt des TCR-Repertoires bei Stichlingen fest, deren sex-
uelle Reifung durch unseren Versuchsaufbau ausgelöst wurde. Interessanterweise zeigte der
Vergleich des TCR-Repertoires von Kontroll-Stichlingen mit gleichem genetischen Hinter-
grund und unterschiedlichem Alter auffallend ähnliche Veränderungen wie bei Säugetieren,
ein Ergebnis, das auf die Existenz gemeinsamer Grundprinzipien hinweist, die die Struktur
des TCR-Repertoires während des gesamten Lebens eines Wirbeltiers bestimmen.
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Fish magic, Paul Klee (1925)



“We shall not cease from exploration
And the end of all our exploring
Will be to arrive where we started

And know the place for the first time.”

- T.S. Eliot, Four Quartets (1941)
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General Introduction
The great gamble of adaptive immunity

The adaptive immune system of vertebrates

A (very) brief history of immunology

Since antiquity, humans have repeatedly and independently observed that prior exposure
to a pathogen can “safeguard” an individual from succeeding exposures. In 430 BC, the histo-
rian Thucydides noted that those who had survived the Athenian plague were subsequently
able to tend to the ill without fear of reinfection (Poole and Holladay, 1979). For most of our
history as a species, however, the existence of pathogens has eluded us. Invention of the mi-
croscope paved the path to the unveiling of a whole new world of microorganisms previously
invisible to the naked eye, when in the 17th century Anthonie van Leeuwenhoek directly ob-
served bacteria from his own mouth (Leewenhoeck, 1684). A century later, in 1798, Edward
Jenner’s ground-breaking work on the cowpox vaccine proved that vaccinated individuals
were immune to subsequent challenges with smallpox. As a result, cowpox vaccination rapidly
replaced the common yet far more dangerous practice of ‘variolation’– the use of smallpox it-
self to induce immunity.

Even though Jenner’s experiments helped popularize the concept of ‘immunity’, they of-
fered no scientific understanding as to how it develops. As it stood, the dominant theory was
that infectious diseases were caused by a type of ‘bad air’ (or miasma) stemming from rot-
ting organic matter. It would take a hundred more years, until the pioneering work of Louis
Pasteur, followed by Robert Koch in the late 19th century, for the realization that bacteria
can be the causative agents of disease. This stood as direct and definitive evidence for the
long-hypothesized “germ theory of disease”, which had, up until then, been largely met with
contempt by both the scientific and medical communities. The answer to the etiology of in-
fectious disease, however, was not immediately linked to the notion that the host could be
equipped with tools against invaders; Koch and Pasteur themselves seemed to lean towards
the idea of a defenseless host. It wasn’t until Metchnikoff discovered the intracellular killing of
microbes through phagocytosis, followed by Behring and Ehrlich, who identified neutralizing
antibodies against bacterial toxins (Kaufmann, 2008), that the role of host immunity was fi-
nally recognized as an important defense mechanism against pathogens. These seminal works
marked the birth of the science of immunology, and set inmotion a series of further remarkable
scientific discoveries in the field (Kaufmann, 2019), which, over the course of a century, helped
weave an intricate picture of arguably one of the most complex biological systems known to
humans: the vertebrate immune system.
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Introduction

Innate immunity preceded the adaptive immune system

Every living organism is equipped with an immune system - this universality underscores
how absolutely critical it is for survival to be able to defend against pathogens, i.e., disease-
inducing micro- and macro-organisms (Janeway andMedzhitov, 2002). It is a hostile world out
there – it has been estimated that 40% of all species on Earth follow a parasitic life strategy,
or in other words, survive in or on another host organism by using them for nourishment
(Dobson et al., 2008). Not all parasites are pathogenic, i.e., cause disease to their hosts; yet, a
host’s fitness can be drastically reduced by being parasitized (Begon, 2009). For simplicity, and
because all pathogens are parasitic in nature, in the context of this thesis the terms “parasite”
and “pathogen” will be used interchangeably. This vast array of threats contributes to what
Darwin described as a competitive “struggle for existence”- it thus follows logically that evo-
lution has selected for hosts with efficient lines of defense. How are these immune defenses
organized and how do they manage to protect the host?

Conventionally, the immune system is broadly divided into two functional arms: the innate
immune system and the adaptive one. All species, from prokaryotes to fungi, from plants
to invertebrates to vertebrates, possess an innate immune system (Janeway and Medzhitov,
2002). Innate immunity is multi-layered and complex, with a large number of cell types, such
as macrophages, natural killer cells and neutrophils, interacting together to combat invading
pathogens. Initiation of innate immune responses depends on germline–encoded receptors
that have evolved to recognize highly conserved molecular patterns found in pathogens- but
not in host cells. These receptors, termed pattern recognition receptors, and are constitutively
expressed on the surface of innate immune cells, awaiting the infective agent (Janeway and
Medzhitov, 2002). For this reason, effector cells can become quickly activated and lead to
rapid innate responses, often within hours following invasion (Marshall et al., 2018). On the
other hand, the sharing of these conserved features bymany pathogens renders innate immune
responses largely non-specific, as responds in the sameway to all germs and foreign substances
– often resulting in collateral damage, i.e., harm to the host’s own tissues, via e.g., oxidative
stress. It alsomeans that, some exceptions notwithstanding, innate responses are not improved
upon with subsequent encounters with the same pathogen – or, as immunologists say, they
have no “memory” (Marshall et al., 2018). Nevertheless, innate immunity is very efficient: most
infections are believed to successfully eliminated in the early stages of infection by means
of the innate immune system (Parham, 2003). Thus, innate immunity is fast, non-specific,
efficient, and represents the only mode of immunity available to the vast majority of species
on Earth.

Innate immunity with its various layers stood as the only immune system for the most
part of life on Earth, since the appearance of single cell microorganisms more than 3.5 bil-
lion years ago. This changed with the emergence of vertebrates, 500 million years ago, which
was accompanied by the arrival of adaptive immunity (Pancer and Cooper, 2006). As op-
posed to the limited number of pattern recognition receptors of the innate immune system,
the adaptive immune system is characterized by an extraordinarily large set of somatically di-
versified antigen receptors, which form an anticipatory form of defense against never-before-
encountered threats. These new kind of receptors are expressed on a novel cell type, called
lymphocyte, with each lymphocyte expressing a single such receptor. Lymphocytes are di-
vided into B cells and T cells, a functional dichotomy present in jawed and jawless vertebrates
alike (Boehm et al., 2012). Antigen receptors on the B cell surface are termed B cell receptors
(BCRs). Upon antigen encounter, B cells undergo clonal expansion and differentiation into
plasma cells, which secrete a soluble form of their BCRs knows as immunoglobulins or anti-
bodies. B cells are therefore the effectors of humoral immune responses (Murphy andWeaver,
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2016). In contrast to B cells, the antigen receptors of T cells (TCRs) remain cell-surface bound
after antigen-mediated stimulation. Similar to B cells, activation of T cells prompts their clonal
proliferation and differentiation into effector cells. Cytotoxic T cells, in particular, can destroy
foreign and infected host cells, manifesting cell-mediated adaptive immunity (Andersen et al.,
2006). After primary pathogenic exposure, multiple days to weeks pass before the adaptive
immune system can mount a response sufficient for clearing the infection. Subsequent en-
counters, however, produce markedly enhanced, both in speed and potency, secondary im-
mune responses (Murphy and Weaver, 2016). This is due to the formation of immunological
memory, the critical feature of adaptive immunity that Thucydides and Jenner unknowingly
observed more than 2000 years apart. Memory is one of the of the two pillars of the adap-
tive immune system – the second being specificity: both cell-mediated and humoral immune
responses act against individual antigens derived from specific microbes, and as such, can
precisely target a given pathogen at the species or even strain level.

MHC and its centrality in vertebrate adaptive immunity

How are the host’s B and T cells activated upon pathogenic intrusion? The adaptive im-
mune system is centered around the process of antigen presentation and recognition, as fa-
cilitated by Major Histocompatibility Complex (MHC) proteins (Flajnik and Kasahara, 2010).
The MHC molecules are tasked with binding and presenting short peptides at the surface of
host cells, where they are inspected by circulating T cells (Murphy and Weaver, 2016). De-
pending on the source of the bound peptide, MHC molecules are classified either as class I
or class II. In case of infection, the presentation of fragments of pathogen-derived peptides
by the MHC alerts the immune system as to the presence of an intruder: if a cell is infected
with an intracellular pathogen, such as a virus or bacterium, proteasome-mediated degrada-
tion of associated proteins in the cytosol is followed by the loading of pathogen-derived pep-
tides onto MHC class I molecules, found on all nucleated host cells. Analogously, MHC class II
molecules, expressed only by certain immune cells called antigen presenting cells (APCs), bind
and present peptides from the extracellular space, following phagocytosis of foreign proteins
or pathogens by the APC (Murphy andWeaver, 2016). Successful interaction of the formulated
peptide-MHC molecule (pMHC) by a patrolling T cell via its matching unique TCR triggers
downstream adaptive immune responses. These responses diverge: pMHC-I complexes are
recognized by T-cells carrying a cluster of differentiation 8 (CD8) co-receptor; engagement
of both TCR and CD8 will result in T cell activation and initiation of cell-mediated immune
responses. pMHC-II complexes are recognized by T-cells with a CD4 co-receptor, which will
trigger humoral responses via B cell activation and subsequent antibody production. With the
exception of jawless fish, the adaptive immune system of vertebrates is based on this triad of
MHC-TCR-BCR (Boehm et al., 2012).

The host’s chances of successfully combating infectious agents is directly dependent upon
its ability to bind and present a wide array of foreign-derived peptides by its MHC molecules.
Each MHC has a limited binding capability, determined by the amino acid sequence of its
binding grove (Brown et al., 1993). It is, therefore, advantageous to the host to express a
set of MHC molecules with a wide array of binding specificities; this necessity is reflected
both at the population level, where the MHC is recognized as the most polymorphic region
in the vertebrate genome (Piertney and Oliver, 2006), as well as at the individual level, where
typically vertebrate species possess multiple MHC-I and MHC-II loci (Babik, 2010). A number
of different theories have been put forward to explain, in evolutionary terms, the rise and
maintenance of such high polymorphism at the MHC. While the debate is still not settled, it

17



is widely accepted that host-parasite interactions have had a key role to play via pathogen-
mediated balancing selection (Spurgin and Richardson, 2010).

The T cell receptor (TCR) repertoire and its diversity

These lines are being written during the 40th anniversary of the identification and cloning
of the T cell receptor (Hedrick et al., 1984; Yanagi et al., 1984), the molecule at the very heart of
adaptive immunity, nicknamed “the Holy Grail” of immunology (Shi et al., 2024). This scien-
tific milestone allowed for the thorough elucidation of the TCR structure: it is a heterodimeric
molecule, typically consisting of one 𝛼 and one 𝛽glycoprotein chain, each of which is com-
posed of two extracellular domains. The Variable (V) region, facing the extracellular space, and
the Constant (C) region, adjacent to the cell membrane, which also includes a transmembrane
region and the cytoplasmic tail. Combined, the two chains form the peptide-MHC complex
binding region (Figure 1). The 𝛼𝛽 T cell receptor (TCR) is present in one of the two main
lineages of T cells in jawed vertebrates, the other being 𝛾𝛿 T cells (Murphy andWeaver, 2016).
Within this thesis, I focus on 𝛼𝛽 T cells, which constitute the overwhelming majority of T cells
in humans, mice, and presumably all jawed vertebrates (Holderness et al., 2013).

The engagement of a foreign peptide-MHC complex by a TCR of matching specificity is the
key requirement for adaptive immune response initiation. How does the host ensure that the
pMHC will encounter a T cell bearing the “right” TCR? The answer came with the discovery
of somatic recombination, a mechanism initially described for immunoglobulins (Hozumi and
Tonegawa, 1976). This process, known as VDJ recombination, offers an elegant solution to
the “generation of diversity problem”; its premise is that, unlike innate immune receptors, 𝛼
and ß TCR chains are not fully encoded in the genome, are instead organized in arrays of gene
segments. The numerous variable (V), joining (J), and -for the 𝛽 chain locus-, diversity (D) gene
segments in the germline state provide the building block for somatic recombination (Figure 1).
This process takes place in the thymus, where precursor T cells migrate after hematopoiesis.
Here, the TCR germline genes of these precursor T cell, termed thymocytes, are rearranged in
an almost random fashion, but in strict order; first D-to-J, then V-to-DJ rearrangements of the
𝛽 locus, followed by V-to-J recombination of the TCR 𝛼 locus. These reactions are performed
by a group of enzymes, key amongst which are RAG1 and RAG2 recombinases (Roth, 2014).

The resulting diversity of the somatically rearranged 𝛼 and 𝛽 TCR genes stems both from
the combination of various segments, as well as from the random insertion and/or removal of
nucleotides at their junctions (Figure 1). In order for each T cell to bear a TCR of single speci-
ficity, the mechanism of allelic exclusion halts VDJ recombination as soon as rearranged TCR
𝛽 and 𝛼 genes from one of the two chromosomal loci are produced (Brady et al., 2010). These
recombination events result in the assembly of somatically diversified 𝛼 and 𝛽 chains, the cou-
pling of which produces an 𝛼𝛽TCR of unique antigen specificity, expressed on the surface of
a developing T cell. This specificity is determined by three regions on each chain: Comple-
mentarity Determining Region (CDR) 1 and CDR2, both fully encoded by the corresponding V
gene segments, and CDR3, which encompasses parts of the V, (D), and J gene segments (Figure
1). The CDR3 is the most diverse region of the TCR, directly interacting with the peptide of
the peptide-MHC complex (Birnbaum et al., 2014).

En masse, VDJ recombination generates of a vast diversity of TCRs, which is a key pre-
requisite for vertebrates to combat the innumerable threats with which are faced throughout
their lifetime. In humans, this recombinatorial apparatus has the capacity to generate approxi-
mately 2x1019 unique 𝛼𝛽 TCRs (Dupic et al., 2019)- a number comparable to that of stars in the
observable universe (Miles et al., 2011). Two problem arise: the first pertains to the fact that
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Figure 1: Generation process of the three-spined stickleback T cell receptor 𝛽 chain through
VDJ recombination. Created with BioRender.com.

some of the produced TCRs will not be useful, i.e., they will not be able to interact with any
self MHC molecule. The second is that, by chance, some TCRs will be autoreactive, i.e., trig-
gered by self peptide-MHC complexes. How is this diverse collection of receptors exclusively
directed against pathogens and not the host?

Upon successful VDJ recombination, thymocytes go through two sequential ‘quality con-
trol’ steps in a process known as thymic selection, whose outcome is determined by their TCR
specificity and strength of signaling. During the first step, which occurs in the thymus cortex,
the newly generated TCRs are tested for their ability to recognize self-MHC molecules; thy-
mocytes with TCRs that cannot bind to the host’s MHC molecules undergo apoptosis, termed
‘death by neglect’ (Ashby and Hogquist, 2023). Surviving thymocytes subsequently move to
the medulla, where those bearing TCRs that recognize self-pMHCwith high affinity either un-
dergo programmed cell death (‘clonal deletion’), or are redirected into a regulatory T cell (Treg)
phenotype (Ashby and Hogquist, 2023). Thus, thymic selection achieves its double goal: pos-
itive selection ensures TCR functionality through MHC-restriction (Zinkernagel & Doherty,
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1997), while negative selection bestows immune self-tolerance upon TCRs. An estimated 1-3%
of pre-selection thymocytes (Goldrath and Bevan, 1999) exit the thymus as fully mature T cells
expressing unique TCRs that are both functional and safe. In the periphery, this diverse pool
of T cells conducts self surveillance by ‘scanning’ the host’s MHC molecules, and initiate an
immune response only in case of detection of non-self peptides, e.g., when the inspected host
cell is infected. This post-selection TCR pool of diverse specificities, commonly referred to
as a "repertoire", represents only a fraction of the maximal theoretical capacity. The dichoto-
mous nature of the TCR repertoire was first defined by theoretical immunologist Niels Jerne,
a prominent contributor to the theory of clonal selection of lymphocytes:

“When an antigen confronts the immune system, it impinges upon a repertoire
of available lymphocytes(...). We must distinguish between the potential repertoire
of specificities that could arise given the genetic constitution of the zygote from

which the animal develops, and the available repertoire embodied in the cells that
can respond to antigens at a given moment in the life of the animal."

- Jerne (1972)

At any given point, therefore, an individual expresses only a tiny slice of that immense
theoretical diversity – this realized diversity is conservatively estimated at 2x107 unique T cell
specificities, i.e., unique TCRs (Arstila et al., 1999), born by a total population of approximately
4-5x1011 T cells in an adult human (Jenkins et al., 2010; Sender et al., 2023).

The vital role of Next Generation Sequencing in studying adaptive im-
munity

Much like the invention of microscopy opened a window to the previously hidden world
of microbes, recent technological improvements has enabled researchers to delve into new
depths in their pursuit of better understanding the adaptive immune system. In particular,
the advent of Next Generation Sequencing (NGS), also known as high-throughput sequencing
(HTS) represents a promising development for the field of MHC research (Babik et al., 2009).
MHC genes exhibit extreme polymorphism, often manifesting as hundreds or thousands of
distinct variants for a single locus. In species where the MHC genomic region has undergone
recent duplications, locus-specific amplification is often impossible, making it challenging to
decipher individual and population level diversity – as is commonly the case in non-model
species (Babik, 2010; Lighten et al., 2014). Furthermore, there can be significant within-species
variation in the number of MHC genes per individual (Kelley et al., 2005; Gaigher et al., 2016;
Roved et al., 2022). This unpredictability adds an extra layer of complexity in reliably charac-
terizing MHC diversity. NGS has the capacity to facilitate tremendous progress in this regard,
as it requires no prior knowledge of allelic variants, unlike other traditional genotyping ap-
proaches (Argüello et al., 1998; Lenz et al., 2009a), and offers nucleotide-level resolution of
sequences.

NGS has also ushered a modern era of adaptive immune receptor (i.e., TCR and BCR) reper-
toire studies (Hou et al., 2016); its first successful application managed to yield hundreds of
thousands of TCR sequences in a single experiment (Robins et al., 2009). Comparing this effi-
ciency to that of studies employing earlier sequencing strategies, such as Sanger sequencing,
whose typical output falls within the range of hundreds or thousands sequences at a time
(Li et al., 2013), underlines the sharp technical improvement that NGS embodied. NGS out-
performs other traditional methods, not only due to its significantly higher resolution, but
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because it is considerably less labor-intensive; for example, Sanger sequencing relies on bac-
terial cloning of rearranged TCR sequences, a process that is both time-consuming and costly
(Hou et al., 2016). Another popular technique of TCR repertoire analysis has been CDR3 spec-
tratyping, an immunoscoping approach for analyzing the distribution of the length of CDR3
sequences, used to infer total repertoire diversity (e.g., Ahmed et al. (2009)), and infection-
status-driven disturbances, e.g., Boudinot et al. (2001, 2004). This technique, however, fails to
provide single-clone sequence resolution and information regarding the clonal size of each
sequence. Despite their numerous shortcomings, traditional techniques facilitated the early
characterization of the TCR repertoire and offered a first glimpse into the degree of its diversity
(Six et al., 2013). In NGS, researchers have a tool powerful enough to capture a broad picture of
the TCR repertoire. What has been revealed is a near unprecedented level of biological diver-
sity, which in turn has spurred the development of novel bioinformatics and statistical tools
for its analysis (Shugay et al., 2015; Rosati et al., 2017; Davis and Boyd, 2019; Mhanna et al.,
2024). Previously hard to tackle questions, especially ones pertaining to quantitative features
of the TCR repertoire, such as its true size, diversity, and inter-individual overlap, have now
been placed firmly within reach.

What shapes the TCR repertoire? Knowns and unknowns

Following thymic selection, surviving T cells are released into the circulation. Some of
these T cells remain in the periphery, while others take residency in various host tissues and
organs, but all contribute to forming a pre-immune (or “naive”) TCR repertoire. Upon expo-
sure to a pathogen, activated T cells undergo clonal expansion and differentiation into mature
effector lymphocytes with cytotoxic and pro-inflammatory functions, or into plasma cells that
secrete antibodies. Thus, at the acute stage of infection, this population of expanded and dif-
ferentiated T cells is represented in the T cell pool at a greater frequency compared to naive,
i.e., non-antigen-driven T cells (Catron et al., 2004; Hataye et al., 2006; Moon et al., 2007). Upon
pathogen elimination, a few effector T cells are retained for long periods as memory T cells,
ensuring protection from future re-invasion (Murphy and Weaver, 2016), while the majority
of expanded T cells undergoes apoptosis (Zhang et al., 2005b). Replenishment of T cell by the
thymus and homeostatic proliferation of naïve T cells are crucial mechanisms of maintenance
of a diverse pool of T cell specificities over the course of an individual’s lifetime (Murray et al.,
2003; Takada and Jameson, 2009). The TCR repertoire therefore represents a highly dynamic
process of T cell turnover via generation, expansion, and programmed cell death.

What shapes an individual’s TCR repertoire at a given point in time? A plethora of NGS-
enabled efforts to examine the TCR repertoire has informed us of both environmental and
intrinsic factors that are crucial in shaping its size, shape, and composition. As an assembly of
antigen-binding receptors, the TCR repertoire harbors information on both past and ongoing
immune responses (DeWitt et al., 2018). Thus, a focal research point has been how the TCR
repertoire responds to antigenic challenge. Such studies have been particularly informative
regarding changes in its diversity; overall, we observe drops in diversity after exposure to var-
ious pathogen-derived antigens, especially from viruses, due to expansion of specific T cell
clones (Zhu et al., 2013; Costa et al., 2014; Krishna et al., 2020). The overwhelming majority of
TCR repertoire research under conditions of immune challenge has focused on antigenically
simple pathogens, as well as immunizations with model allergens (Ballesteros-Tato et al., 2016;
Hondowicz et al., 2016). As such, even though our understanding has been greatly advanced
with regards to the response of the TCR repertoire to a few dominant epitopes, there is a signif-
icant gap in our knowledge of TCR repertoire changes induced by more epitope-rich antigenic
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stimuli, such as those found in macroparasitic infections (Brown et al., 2021). Helminths are
large parasitic worms whose complex life cycles are characterized by the production and se-
cretion of a variety of stage-specific molecules (Hewitson et al., 2009; Harnett, 2014; Berger
et al., 2021). As a result, a unique feature of helminth infection is the diversity of available
immunogenic epitopes.

Beyond conditions of eternal stimuli, TCR repertoire studies have also tried to elucidate
the ways in which intrinsic factors, such as sex (Britanova et al., 2016; Migalska et al., 2019;
Krishna et al., 2020), age (Qi et al., 2014; Britanova et al., 2014, 2016; Yoshida et al., 2017; Egorov
et al., 2018; Minervina et al., 2021), and gut microbiome (Ivanov et al., 2022; Nagashima et al.,
2023) affect the TCR repertoire in healthy individuals. These factors can impact various func-
tional aspects, such as its diversity, clonality (i.e., clonal composition), and overlap between
individuals. A big question that remains largely unexplored pertains to the role of genetics
in shaping the TCR repertoire. Thus far, efforts to identify relevant genetic factors have been
limited to specific immune genes, most notably those of the MHC region, due to their close
functional association with T cells (DeWitt et al., 2018; Krishna et al., 2020; Migalska et al.,
2019; Brown et al., 2024). An effect that has not received nearly as much attention from re-
searchers is the one exerted by the genetic background as a whole, not just the MHC, on the
TCR repertoire (Russell et al., 2022). The assessment of the role of individual genetic variation
has been hindered by the fact that most TCR repertoire studies are restricted to humans. Be-
sides often lacking information regarding the subjects’ genetic background, conclusions drawn
from observational studies can be compromised due to external factors influencing the TCR
repertoire composition. For example, there is a large number of asymptomatic chronic infec-
tions that cause robust T cell responses (Simon et al., 2015), such as CMV infection (Krishna
et al., 2020), which could be part of a subject’s unknown clinical history. Alternatively, re-
searchers have used experimental approaches by employing model species. Such approaches
offer control over the age, sex, and subjects’ exposure to antigenic stimuli, and can be used
for designing balanced studies with regards to other TCR repertoire-relevant factors, such as
the individuals’ MHC background. The standardized format of experimental studies has thus
been very successful in uncovering molecular mechanisms of TCR repertoire generation and
maintenance through genetically engineered strains (e.g., Gilfillan et al. (1993); Li et al. (2010);
Perera et al. (2013)). Nevertheless, their low (or non-existent) level of genetic variation (Collins
et al., 2015; Watson et al., 2019) is a bad proxy for the species-specific genetic diversity exist-
ing in the wild, and renders them an unsuitable medium through which to consider questions
pertaining to the role of natural genetic variation in shaping the TCR repertoire.

The above points emphasize the need to go beyond the established experimental mod-
els and start exploring the TCR repertoire -specifically-, and the adaptive immune system
-broadly-, within the context of natural genetic variability, in order to draw more robust con-
clusions to questions regarding their functionality. Incorporating genetically variable species
into research would also facilitate addressing queries at the intersection of immunology and
evolution.

The three-spined stickleback as a model vertebrate host
This thesis is based on experimental work carried out using the three-spined stickleback

(Gasterosteus aculeatus L.), a small teleost species that has a wide geographic distribution
across the Northern hemisphere. Owing to the fact that sticklebacks have repeatedly colonized
a broad spectrum of freshwater habitats from an ancestral marine population (McKinnon and
Rundle, 2002), they exist as morphologically and ecologically distinct ecotypes (Reusch et al.,
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2001). Their rapid ecological radiation and rich natural variation have thus been extensively
utilized in evolutionary biology (Bell and Foster, 1994), while their elaborate reproductive be-
havior has sparked rigorous research in the field of behavioral ecology (FitzGerald and Woot-
ton, 1986; Lachance and FitzGerald, 1992), aided by their relatively short life span, and easy
breeding and maintenance in the lab. The stickleback has also emerged as a model system for
the study of host-parasite interactions, with an extensive literature regarding parasite-driven
local adaptation (Scharsack et al., 2007a; Eizaguirre et al., 2012b; Feulner et al., 2015; Robertson
et al., 2016). This research has been supported by extensive background knowledge regarding
the stickleback’s diverse range of parasites (Kalbe et al., 2002; Wegner et al., 2003b). Crucially,
there is substantial evidence for the role of the three-spined stickleback’s individual MHC
diversity influencing resistance to sympatric parasite species (Wegner et al., 2003b,a; Kurtz
et al., 2004; Wegner et al., 2008; Kalbe and Kurtz, 2006; Eizaguirre et al., 2012a). The above are
strongly indicative of MHC-mediated adaptive immune responses, including T cell responses,
affecting the stickleback’s immunocompetence against parasites (Scharsack and Kalbe, 2014;
Haase et al., 2016; Robertson et al., 2016; Piecyk et al., 2019a).

As a teleost, the adaptive immune system of the stickleback displays significant similari-
ties with the mammalian immune system (Sunyer, 2013; Bjørgen and Koppang, 2021; Zapata,
2024), which extent beyond its functional and polymorphic MHC-I and MHC-II loci (Figure
2). Specifically, the stickleback’s thymus is structured into zones that are equivalent to the
cortex and medulla of the mammalian thymus, where lymphocytes reside (Wölfing, 2012). In
sticklebacks, expression of the recombination activating gene 1 (RAG-1), which is key for VDJ
recombination, as well as FOXP3, a specific marker of regulatory T-cells, have been detected
(Wölfing, 2012). Furthermore, we know from studies in other species that teleosts possess
most of the components of the mammalian innate immune system (Magnadóttir, 2006), in
addition to elements of a functional adaptive immune system, including various immunoglob-
ulin classes, and major T cell subsets (Flajnik and Kasahara, 2010). Although teleosts lack a
bone marrow, their head kidney is considered its functional ortholog (Zapata and Amemiya,
2000). Therefore, due to the homology of immune organs and cell types to its mammalian
counterparts, the stickleback constitutes an excellent model species for exploring questions at
the intersection of evolution and immunology.

The stickleback-Schistocephalus solidus infection system

Yet another advantage of the stickleback as an experimental model is that it can be used
for controlled infections with different parasite species (Wegner et al., 2003a), arguably the
best known among which is the helminth Schistocephalus solidus. S. solidus is a naturally oc-
curring cestode parasite of the stickleback, which serves as its obligatory second intermediate
host during its complex three-host life cycle, as depicted in Figure 3. In the wild, the parasite
is trophically transmitted to the stickleback via ingestion of infected copepods, the parasite’s
first intermediate hosts (Barber and Scharsack, 2010). Once inside the stickleback, S. solidus
penetrates the intestinal wall and establishes infection in the body cavity in the form of ple-
rocercoid larvae, where it can grow to reach significant body sizes (Barber and Scharsack,
2010). Subsequently, the parasite is transmitted to its definitive host, typically a piscivorous
bird, through consumption of the infected stickleback. In the bird’s gut, the parasite under-
goes sexual maturation and reproduction (Smyth, 1946; Bråten, 1966). The S. solidus life cycle
is completed when the eggs are released into a water body through bird feces, where they
hatch into free-living coracidia that are consumed by copepods (Wedekind, 1997; Barber and
Scharsack, 2010).
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Figure 2: Schematic representation of the linkage groups (chromosomes) of the three-spined
stickleback (Gasterosteus aculeatus). Highlighted in different colors are the genomic loci of interest
within the context of this thesis (MHC class I, MHC class II, TCR𝛽 locus 1 and TCR𝛽 locus 2). Num-
bers of involved genes are provided within the corresponding boxes. Genomic positions and relative
distances are in approximation. Created with BioRender.com.

In a laboratory setting, the definite host of S. solidus can be replaced by an in vitro breed-
ing system emulating the conditions of the bird gut, thus enabling controlled infections under
standardized conditions (Smyth, 1946, 1954; Wedekind, 1997). This cemented the stickleback-
S. solidus infection system as an established model of helminth infection of vertebrates (Arme
and Owen, 1967), and allowed researchers to investigate a plethora of questions at the inter-
section of ecology, evolution and immunology (Barber and Scharsack, 2010). The fact that it is
a specialist parasite to the stickleback, i.e., only grows optimally inside this species, while ex-
hibiting sub-optimal growth in closely related species (Orr et al., 1969), ensures that a strong
interplay of selection forces can potentially shape both host and pathogen over large-scale
evolutionary times. Indeed, a series of studies has shown that S. solidus strains originating
from distinct geographic locations differ in their growth rate depending on the host strain
(Kalbe et al., 2016; Piecyk et al., 2019b, 2021). S. solidus growth within the stickleback has been
suggested to be partially controlled by the adaptive immune system, as individuals who ex-
hibit median MHC diversity can better control its growth following repeated exposures (Kurtz
et al., 2004). However, once inside the stickleback’s body cavity, S. solidus total elimination is
rare (Scharsack et al., 2007b), if not elicited via external immune stimulation soon after infec-
tion (Wedekind and Little, 2004). Conversely, S. solidus can be cleared by the immune system
during infection in other teleost species (Orr et al., 1969). This stands as a strong indication
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of S. solidus exerting immunomodulatory effects on its specific host, further supported by a
number of in vitro and in vivo studies (Franke et al., 2014; Hammerschmidt and Kurtz, 2005;
Scharsack et al., 2004, 2007a; Piecyk et al., 2019a; Berger et al., 2021; Robertson et al., 2016).
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Figure 3: The complex life cycle of the three-spined stickleback-specific parasite, Schisto-
cephalus solidus. This cestode has a three-host life cycle, within which the three-spined stickleback
serves as second intermediate host. Created with BioRender.com.

Previous work on the three-spined stickleback TCR repertoire

The sequence of the whole genome of the three-spined stickleback (Jones et al., 2012),
was a significant advancement towards expanding our focus beyond its well-studied MHC
system. As such, previous efforts were able to assemble a library of V, D, and J germline gene
segments present in the stickleback through mapping to reference genome (Wölfing, 2012).
Based on gene segment sequence information, the subsequent design of stickleback-specific
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primers facilitated sequencing efforts which revealed that the stickleback possesses a diverse
TCR repertoire (Wölfing, 2012), mirroring that of other teleosts (Covacu et al., 2016; Giorgetti
et al., 2021; Castro et al., 2011). Intriguingly, the stickleback possesses two independent TRB
loci on same chromosome (Figure 2), in contrast to other teleosts species, in a configuration
closely resembling that of the two separate TRG loci of the Atlantic salmon (Yazawa et al.,
2008). The above efforts, even though restricted by their low-throughput sequencing capacity,
provide valuable initial insights into the TCR repertoire of immunologically naïve sticklebacks.
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Thesis outline
The aim of this thesis is to advance our understanding of the factors shaping the verte-

brate T cell receptor (TCR) repertoire during infection. Towards this end, I use the three-
spined stickleback, Gasterosteus aculeatus, a prominent species in eco-evolutionary research,
whose natural genetic variation can be directed towards elucidating the effects of genetic
background on the TCR repertoire. I employ advanced NGS methodology to explore the ex-
pressed individual MHC diversity of the stickleback, a genetic factor implicated in shaping
the TCR repertoire. Then, I thoroughly investigate the intra- and inter-individual TCR
repertoire dynamics after a single controlled Schistocephalus solidus infection, as well as af-
ter co-infection with multiple macro-parasites under semi-natural conditions. By comparing
with control, i.e., immunologi-cally naive, individuals, I examine how well factors such as
infection status, individual genetic variation, and sex can explain the inter-individual vari-
ance in the TCR repertoire composition during response to antigenically complex
pathogens. As outlined below, my thesis consists of three main projects. All projects have
been conducted in cooperation with colleagues, whose individual contributions are pro-
vided in full in the corresponding section of the thesis.

Chapter 1
Template-specific optimization of NGS genotyping pipelines reveals allele-specific
variation in MHC gene expression
Reliable genotyping is a crucial first step toward furthering our understanding of the drivers
of the exceptional genetic variability in the MHC. Next Generation Sequencing (NGS) geno-
typing approaches, despite their broad advantages, face challenges due to simultaneous co-
amplification of multiple loci, which can cause overestimation of individual diversity. Here,
my co-authors and I used sticklebackMHC-II samples of known allelic composition to develop
a highly accurate and reproducible NGS-based protocol which can be used to genotype MHC,
and othermultigene families, and is not restricted to genomic DNA.We show that use of cDNA
can help retrieve valuable information regarding MHC gene expression status, as well as allele
expression patterns. By applying this newly validated protocol to stickleback MHC-I samples,
we reveal a higher-than-previously-reported expressed MHC-I allelic diversity.

Chapter 2
Effect of genetic background and helminth infection on the TCR repertoire of the
three-spined stickleback
This project examines the dynamics of TCR diversity in three-spined sticklebacks following
controlled experimental infectionwith the presumably immunosuppressive parasite, S. solidus.
By analyzing the TCR repertoire of lab-reared individuals belonging to genetically diverse sib-
ships, we found that genetic background significantly influences inter-individual TCR reper-
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Thesis outline

toire variation and biases V-J gene usage, indicating genetically controlled VDJ recombination
mechanisms. Parasite infection did not significantly alter the repertoire diversity or its archi-
tecture; however, infection with a virulent S. solidus strain increased TCR repertoire overlap,
likely due to suppression of private T cell responses. We also identified a ‘public’ TCR com-
partment comprising sequences of unique characteristics, which aligns with findings in other
vertebrates, and hints at the presence of “innate-like” T cells in the stickleback.

Chapter 3
Exposure to natural parasitic fauna leads to TCR repertoire activation in the three-
spined stickleback
For the last part of my Ph.D., I attempt to answer similar questions regarding the dynamics
of the TCR repertoire under semi-natural conditions, which better emulate the naturally en-
countered variation in the abiotic and biotic environment of the stickleback. Lab-bred naïve
individuals were placed in cage enclosures and exposed to the local parasite fauna of their
natal lake. After eight weeks of exposure, significant T cell activation was observed, with a
marked increase in clonally expanded TCR sequences, decreased repertoire diversity, and al-
tered repertoire structure, all linked to high macroparasitic burdens. Notably, sex differences
were found in the TCR diversity among exposed and control fish. Lastly, age-related changes
in TCR repertoire diversity and composition in lab-kept control fish paralleled patterns seen
in mammals.
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Chapter 1

Template-specific optimization of NGS
genotyping pipelines reveals
allele-specific variation in MHC gene
expression

1.1 Abstract

Using high-throughput sequencing for precise genotyping ofmulti-locus gene families, such as
the Major Histocompatibility Complex (MHC), remains challenging, due to the complexity of
the data and difficulties in distinguishing genuine from erroneous variants. Several dedicated
genotyping pipelines for data from high-throughput sequencing, such as next-generation se-
quencing (NGS), have been developed to tackle the ensuing risk of artificially inflated diver-
sity. Here, we thoroughly assess three suchmulti-locus genotyping pipelines for NGS data, the
DOC method, AmpliSAS and ACACIA, using MHC class II𝛽 datasets of three-spined stickle-
back gDNA, cDNA, and “artificial” plasmid samples with known allelic diversity. We show that
genotyping of gDNA and plasmid samples at optimal pipeline parameters was highly accurate
and reproducible acrossmethods. However, for cDNA data, gDNA-optimal parameter configu-
ration yielded decreased overall genotyping precision and consistency between pipelines. Fur-
ther adjustments of key clustering parameters were required to account for higher error rates
and larger variation in sequencing depth per allele, highlighting the importance of template-
specific pipeline optimization for reliable genotyping of multi-locus gene families. Through
accurate paired gDNA-cDNA typing and MHC-II haplotype inference, we show that MHC-
II allele-specific expression levels correlate negatively with allele number across haplotypes.
Lastly, sibship-assisted cDNA-typing of MHC-I revealed novel variants linked in haplotype
blocks, and a higher-than-previously-reported individual MHC-I allelic diversity. In conclu-
sion, we provide novel genotyping protocols for the three-spined stickleback MHC-I and -II
genes, and evaluate the performance of popular NGS-genotyping pipelines. We also show that
fine-tuned genotyping of paired gDNA-cDNA samples facilitates amplification bias-corrected
MHC allele expression analysis.
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Chapter 1

1.2 Introduction

The ability of the host’s immune system to recognize and specifically target pathogens is a
significant contributor to its overall fitness. Thus, pathogen-mediated selection is regarded as
a major driver of vertebrate evolution, with immunity-related genes being hotspots of positive
selection (Hillier et al., 2004; Bustamante et al., 2005; Kosiol et al., 2008; Barreiro and Quintana-
Murci, 2010). In vertebrates, pathogen-specific immune responses rely on the presentation of
short peptides by classical major histocompatibility complex (MHC) molecules, categorized
into class I or II depending on the peptide origin -intracellular or extracellular (Murphy and
Weaver, 2016).These molecules are coded by genes of the MHC region, which exhibits the
highest genetic variation in the jawed vertebrate genome (Piertney and Oliver, 2006). MHC
gene numbers can differ not only between, but also within species, where individual allele
number variation has been repeatedly observed (Kelley et al., 2005; Gaigher et al., 2016; Roved
et al., 2022).

Reliable genotyping is a crucial step toward furthering our understanding of the drivers of
this extensive polymorphism, which, despite the pivotal role of MHC in adaptive immunity,
remain elusive (Radwan et al., 2020). Early genotyping methods, such as Reference Strand-
mediated Conformation Analysis (RSCA, Argüello et al. (1998)) helped decipher MHC poly-
morphism in humans and model species, where loci can be addressed separately. In most
non-model species, however, recent gene duplication and conversion prohibit the designing
of locus-specific MHC primers (Babik, 2010; Lighten et al., 2014). Unlike traditional methods,
the increased resolution offered by next-generation sequencing (NGS) can tackle the resulting
complexity of numerous indiscriminately amplified allelic variants (Babik et al., 2009) - here-
after referred to as "alleles". However, NGS technologies exhibit inherent error rates (Schirmer
et al., 2015; Manley et al., 2016; Schirmer et al., 2016; Stoler and Nekrutenko, 2021) , and are
susceptible to cross-sample contamination (Esling et al., 2015; Schnell et al., 2015; Eisenhofer
et al., 2019) Together with known multi-locus genotyping issues, such as preferential allele
amplification and formation of random base-mismatch errors and PCR-associated chimeras
(Kanagawa, 2003; Lenz and Becker, 2008; Babik, 2010), the increased chances of observing ar-
tifacts alongside genuine alleles in NGS genotyping makes their separation a formidable task
(Galan et al., 2010; Lighten et al., 2014; Biedrzycka et al., 2017).

To counter the ensuing risk of allelic diversity overestimation (Sommer et al., 2013; Biedrzy-
cka et al., 2017), multiple bioinformatic workflows have been developed for the processing and
genotyping of sequencing data (i.e., genotyping pipelines), each one representing a different
approach towards tackling artifacts (Lighten et al., 2014; Biedrzycka et al., 2017). So far, efforts
to assess pipelines at MHC genotyping have largely depended on allele-calling repeatability
between duplicate samples (Lighten et al., 2014; Biedrzycka et al., 2017; Rekdal et al., 2018).
However, this can yield misleading results, given the non-random nature of PCR/sequencing
artifacts (Lighten et al., 2014; Biedrzycka et al., 2017). Other studies have utilized datasets
exclusively containing genomic DNA samples of a priori known genotypes (Sebastian et al.,
2016; Gillingham et al., 2021) , missing out on the importance of cDNA-typing in MHC studies
for verification of the allele expression status (Babik, 2010) . As such, a rigorous and unbiased
pipeline evaluation using independently validated genotyping results from different sample
templates has been lacking.

Here, we thoroughly evaluate three popular genotyping pipelines: the ‘Degree of Change’
(DOC) criterionmethod (Lighten et al., 2014) , the Amplicon Sequence Assignment (AmpliSAS)
pipeline (Sebastian et al., 2016) , and the Allele CAlling procedure for Illumina Amplicon se-
quencing data (ACACIA) pipeline (Gillingham et al., 2021) . We use NGS data derived from
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genomic DNA and cDNA of the three-spined stickleback, Gasterosteus aculeatus L., a species
exhibiting significant natural variation in the individual number of MHC alleles (Lenz et al.,
2009b) . We utilize two sources of reliable information for estimating genotyping performance:
an established RSCA stickleback MHC-II typing protocol, and a comprehensive plasmid li-
brary of previously isolated MHC-II sequence variants, collected over the years by cloning
various stickleback populations (Lenz and Becker, 2008; Lenz et al., 2009b) . Systematic identi-
fication of contaminants, substitution errors, PCR chimeras, and allelic drop-outs illuminates
template-specific genotyping challenges. We show that optimized typing of paired gDNA
and cDNA samples facilitates MHC-II allele expression analysis, hereby providing evidence of
allele-specific MHC-II expression patterns. Lastly, the best-performing pipeline was incorpo-
rated into our analysis of expressed MHC-I diversity in sticklebacks, presented here for the
first time using NGS technology.

1.3 Materials and methods

1.3.1 Sampling for MHC-II genotyping dataset

We generated two sets of data to serve as a benchmark for accurate pipeline evaluation at
MHC-II genotyping: (i) biological samples of sticklebacks with knownMHC-II genotypes, and
(ii) artificial samples created from a plasmid library of isolatedMHC-II alleles. Offspring ofwild
three-spined sticklebacks caught from the lake Großer Plöner See were bred andmaintained in
the aquaria rooms of the Department of Evolutionary Ecology at the Max Planck Institute for
Evolutionary Biology in Plön, Germany. Stickleback breeding and husbandrywas approved by
the Ministry of Agriculture, Environment, and Rural Areas of the State of Schleswig-Holstein,
Germany. All experiments were performed in accordance with Directive 2010/63/EU.

The fish selection aimed to include multiple different MHC-II haplotypes in our dataset
(Table A.1, Supporting Information), i.e., MHC-II allele combinations segregating in stable
haplotype blocks due to strong linkage disequilibrium (Reusch et al., 2004; Lenz et al., 2009b)
, and, as the number of alleles varies between haplotypes, for the biological samples to cap-
ture the whole range of individual MHC-II diversity (two to seven alleles) (Lenz et al., 2009b)
(Table A.2, Supporting Information). 30 sticklebacks were selected for isolation of tail tissue
DNA with the DNeasy Blood and Tissue kit (Qiagen), as well as for cDNA synthesis from
spleen total RNA. An additional 10 and 12 sticklebacks were used only for DNA and RNA ex-
traction, respectively. In brief, the spleen was mechanically homogenized in the TissueLyser
II (Qiagen) using TRIzol (Invitrogen) and the RNeasy Micro Kit (Qiagen) following the man-
ufacturer’s instructions. RNA samples were transcribed to cDNA using the High-Capacity
cDNA Reverse Transcription Kit (Thermo Fischer), and then purified with AMPure XP Beads
(Beckman Coulter), following the manufacturer’s instructions. Out of the 30 cDNA and gDNA
samples taken from the same individuals, 24 were heterozygous. Samples derived from these
24 heterozygous individuals constitute the “paired” subset used for MHC-II allele expression
analysis (see Table 1.1 for a summary of all datasets used in this study).

Additionally, a set of 18 artificial samples (hereafter ‘plasmid samples’) of random allele
combinations were created from our comprehensive plasmid library of isolated MHC-II alleles
from the local stickleback population. (Lenz et al., 2009b) Specifically, 35 different alleles from
the plasmid library were used to produce three random combinations each of 3, 4, 5, 6, 8, and
10 alleles per sample, with each sample containing 0.01ng of each allele (Table A.3, Support-
ing Information). Overall, our MHC-II dataset thus consisted of 40 gDNA, 42 cDNA, and 18
plasmid samples, amounting to 100 samples in total (Table 1.1). To ensure a fair comparison
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Table 1.1: Overview of all sample datasets used in this study.

Target Dataset name Total samples Composition Use

MHC-II ’MHC-II genotyping set’ 100
- 40 genomic DNA
- 42 cDNA
- 18 plasmid

Evaluation of pipeline
performance at MHC-II
genotyping

’"Paired" MHC-II subset’ 48 - 24 gDNA
- 24 cDNA

MHC-II allelic expression
analysis

MHC-I ’MHC-I primer subset’ 32 - 32 cDNA Comparison of MHC-I
primer pairs

’MHC-I genotyping dataset’ 185 - 185 cDNA MHC-I genotyping &
haplotype inference

of pipeline performance, gDNA and cDNA samples were balanced in terms of allele number
distribution (Fig. A.1, Supporting Information).

1.3.2 Traditional approach: RSCA genotyping of MHC-II

Reliable evaluation of NGS genotyping pipelines was based on a priori knowledge of MHC-
II genotypes of all individuals gained via an established RSCA protocol (Lenz et al., 2009b).
This protocol (see Supporting Materials and Methods) targets all currently known stickleback
MHC-II loci using established primers which amplify a 247-bp fragment of exon 2 of theMHC-
II𝛽 genes.

1.3.3 NGS approach: Illumina library preparation and sequencing of
MHC-II

After independent RSCA genotyping of our MHCI-II dataset, we developed an NGS-based
genotyping protocol, based on a two-step PCR approach for NGS library preparation, as de-
scribed by Cruaud et al. (2017) . To allow for the calculation of between-run genotyping re-
peatability, duplicates of each sample were processed separately (2x100 amplicons in total).
The first PCR primers contained Illumina sequencing primers, a “heterogeneity spacer” of 0-3
bp for optimal Illumina base-calling (Fadrosh et al., 2014) , and the same MHC-II𝛽-targeting
primer pair used for RSCA typing. The resulting 4 forward and 4 reverse primers (Table A.4,
Supporting Information) allowed 16 different primer combinations, with each being used in 6-
7 different samples per library. A detailed description of the two-step PCR protocol is provided
in the Supporting Materials and Methods. Following the final PCR step, one-step purification
was performed separately for each sample using AMPure XP Beads. Samples were pooled to-
gether in an equimolar manner and sequenced with Illumina MiSeq sequencing at 2×150 bp
read lengths using a Micro reagent kit. Generated sequences were de-multiplexed automati-
cally and used in downstream bioinformatics analyses.

1.3.4 Genotyping pipelines and parameter permutations

Three different bioinformatics pipelines were tested with our Illumina MHC-II dataset: the
DOC method, AmpliSAS, and ACACIA. While all three pipelines assume that erroneous se-

32



1.3. Materials and methods

quences (‘artifacts’) occur less frequently than genuine variants, each one employs different
clustering, filtering, and allele-calling strategies to combat their occurrence. A comprehensive
overview of these steps, alongside each pipeline’s user-adjustable parameters, are presented in
Table 1.2. The pipeline evaluation was done by using the three sample subsets (gDNA, cDNA,
and plasmid) separately, following common parameter optimization approaches, as described
below. To comply with the DOC method parameter requirements, and in order to facilitate a
fair comparison, a limit of 10 expected alleles for a single amplicon was imposed for all three
pipelines, in accordance with the maximum number of alleles present in our plasmid samples.

The DOC method

The DOC method was one of the first pipelines to incorporate a similarity-based clustering
step, during which variants differing slightly from a dominant sequence are clustered with said
‘parental’ sequence, if their frequency (read depth relative to total amplicon depth) is below a
user-specified ‘minimum dominant frequency’ threshold (Table 1.2). Then, the DOC method
estimates the number of true alleles in each amplicon based on the DOC (the second deriva-
tive) in the cumulative sequencing depth between depth-ranked variants. The variant with
the highest DOC value is considered the last true allele. For downstream analysis, merging
and quality filtering were done with the AmpliMerge and AmpliClean tools on the AmpliSAT
web server (minimum average Phred score: 30, 247-253 bp sequence length). We used the
automatic DOC method available in the AmpliLEGACY online tool (Biedrzycka et al., 2017)
.We assessed the pipeline using a ‘minimum dominant frequency’ threshold of 2%, in accor-
dance with the authors’ suggestion, then proceeded to test values of 10%, 15%, 25%, 35%, 45%,
and 55%, covering a range of clustering thresholds recommended and commonly employed
for MHC studies (Sebastian et al., 2016; Gillingham et al., 2021).

AmpliSAS

Merging and quality filtering were done with AmpliMerge and AmpliClean, same as above.
AmpliSAS implements a ‘minimum dominant frequency’ clustering threshold, similar in func-
tion to that of the DOC method. Following clustering, artifacts are eliminated by removing
low-frequency clusters according to a number of user-selected filtering parameters, including
the ‘minimum per amplicon frequency’ threshold; all remaining variants are considered to be
true alleles (Table 1.2). We tested for the optimal ‘minimum dominant frequency’ threshold
from a set of values ranging from 2% to 55% (default 25%) for each subset, for a given ‘mini-
mum amplicon frequency’ filtering threshold (i.e., 1%). The rest of the clustering parameters
were used at Illumina-default values (1% substitution error rate, 0.001% indel error rate), with
the chimera and singleton removal options selected. For our cDNA samples specifically, a sub-
stitution error rate of 2% was also tested, following careful evaluation of the artifacts included
in the results. For each sample subset, as optimal was considered the clustering threshold at
which most high-frequency errors were eliminated while all true variants retained in the final
results. Next, we proceeded to test a series of ‘minimum per amplicon frequency’ values (0%
to 5% at 0.5% intervals, default 3%) for each subset, while employing its optimal clustering
threshold.

ACACIA

ACACIA utilizes an entropy-informed clustering step, followed by multiple filtering steps (Ta-
ble 1.2). Comparable merging and quality control values were used as with AmpliClean: a read
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overlap of 47-53bp, calculated based on the expected sequence lengths, a minimumPhred score
of 30 for at least 90% of the sequence, and removal of chimeras and singletons. ACACIA also
removes unspecific PCR priming products by blasting against a set of reference sequences, for
which we provided a list of all known stickleback MHC-II𝛽 exon 2 variants. Its final filtering
step incorporates two adjustable parameters: the ‘absolute number of reads’ (abs_nor) and the
‘lowest proportion of reads’ (low_por), both referring to the coverage that any variant needs
to be present within an amplicon in order to be considered true. We followed the authors’
recommendation by first testing various ‘absolute number of reads’ values (0 to 50, at 10-read
intervals, with low_por set at 0), and then ‘lowest proportion of reads’ values, from 0% to 10%
with 0.5% intervals, with the optimal abs_nor for each subset.

1.3.5 Evaluation of pipelines at MHC-II genotyping

Genotyping errors are divided into type I, which refers to the inclusion of erroneous variants
in genotypes, and type II, i.e., genuine alleles mistakenly excluded from genotypes. When
genotyping accuracy is calculated to include both error types (e.g., Gillingham et al. (2021) ),
no clear distinction is drawn, so valuable information regarding genotyping performance is
lost. Here, we have defined genotyping accuracy, the measure of overall pipeline performance,
as the average of two different metrics, specificity and sensitivity. Specificity is defined solely
as the proportion of variants correctly identified as true alleles out of the total allele calls
across all amplicons, thus acting as a metric of type I error occurrence. To account for type
II errors (here forth referred to as “drop-outs”), we have introduced a new metric, sensitiv-
ity, defined as the inverse proportion of drop-outs over the total allele calls. Our specificity
and sensitivity metrics follow the logic behind the ‘false discovery’ and ‘false negative’ rates
utilized by Biedrzycka et al. (2017) . Lastly, we estimate the repeatability between duplicate
samples as the ratio of all variants, genuine or not, called in both duplicates, as per previous
studies (Lighten et al., 2014; Biedrzycka et al., 2017) . For a given parameter configuration (i.e.,
genotyping run), pipeline evaluation was done on the basis of the above metrics, calculated
according to the following formulas:

Specificity(%) = [1 −
erroneous sequences

total allele calls ] × 100

Sensitivity(%) = [1 −
drop-outs

total allele calls] × 100

Accuracy(%) = Specificity(%) + Sensitivity(%)
2

Repeatability(%) = [1 −
different cells among duplicates
total cells among duplicates ] × 100

For our cDNA subset, allelic drop-outs were distinguished from non-expressed alleles pro-
vided they could be i) successfully detected and ii) determined to be genuine alleles (i.e., not
contaminants) at lower filtering thresholds. Type I errors comprise contaminants, polymerase-
generated and NGS random base-mismatch errors (here forth referred to as substitution er-
rors), and chimeras. Contaminants are relatively low-depth variants, which often occur as the
products of ‘tag-jumping’, i.e., sequences mis-assigned to samples during demultiplexing. In
order to distinguish between substitution errors and contaminants, we have taken advantage
of the heterogeneity spacers in our protocol: contaminants usually bear different spacers than
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true alleles within a sample, and can thus be manually identified upon inspection. Rare con-
taminants misassigned to a sample with identical spacers were still regarded as such, provided
they could be traced back to another sample within the same column/row in the multiplex-
ing matrix. Unlike contaminants, substitution errors emerge during PCR or NGS amplification
from a within-sample parental variant and thus bear the correct spacer combination. These ar-
tifacts were easily identified as differing by 1-2 bases from the ‘true’ within-amplicon parental
variant of higher coverage. Finally, chimeras were identified by eye when co-occurring with
both parental sequences within a sample. Following their identification, we quantified the
occurrence of all three error types among the total allele calls across all amplicons for all
genotyping runs.

1.3.6 Assessment of genotyping error repeatability andmanual allele
screening

To evaluate the relationship between genotyping accuracy and repeatability, we assessed the
occurrence of duplicates sharing recurring genotyping errors, i.e., drop-outs and artifacts,
across our gDNA, cDNA and plasmid subsets for each genotyping pipeline at optimal con-
figuration. Next, for all pipelines, a final step of manual screening was employed, by taking
the consensus genotype (i.e., alleles called in both duplicates) for each sample. Post-screening,
genotyping accuracy, specificity, and sensitivity were calculated as described above.

1.3.7 Pairwise comparison of genotyping agreement betweenpipelines

To assess the level of genotyping consistency between pipelines, we performed pairwise com-
parisons of results from all pipelines at their optimal parameter configuration. Agreement
rates were calculated at both the allele level, i.e., the proportion of common allele calls out of
the total calls made by both pipelines, and at the genotype level, where agreement required
the exact same alleles being called by the two pipelines for the same sample.

1.3.8 MHC-II allele amplification efficiency and expression analysis

Stochastic processes and biased amplification efficiency can result in uneven allele amplifi-
cation during PCR of multilocus MHC genes (Burri et al., 2014; Sommer et al., 2013). Using
sequencing data from our “paired” subset of gDNA-cDNA samples, we assessed the amplifica-
tion efficiencies of MHC-II alleles. Specifically, we selected 24 heterozygous individuals whose
two haplotypes shared no alleles, to ensure each allele is present in a single copywithin an indi-
vidual. The 24 individuals corresponded to 17 different genotypes consisting of 14 haplotypes
and 29 alleles. Analyses were performed separately for gDNA and cDNA samples including
both duplicates using the R script by Sommer et al. (2013), whose technique uses observed
frequencies in a dataset to assign an efficiency value to each allele through a maximum likeli-
hood optimization approach. Next, we analyzed the allele expression levels by subtracting the
gDNA from the cDNA amplification efficiency values of each allele, thereby accounting for
biases occurring due to random processes and/or biased amplification efficiency during PCR,
as well as the allele number variation across samples. Lastly, to examine haplotype expression
levels, we calculated the average allele expression level of all alleles present in each haplotype.
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1.3.9 Illumina library preparation and sequencing of MHC-I

Following careful comparison of two sets of stickleback-specific MHC-I primers (see Support-
ing Materials and Methods), our newly designed MHC-I primers (forward 5’-GAGTCCCAA-
ACTTCCCAGAGT-3’, reverse 5’-AAACAACGCTTCAACCAAACTGGA-3’), targeting a 227-
bp fragment of exon 2, were employed in the subsequent analysis of expressed MHC-I di-
versity using our complete MHC-I dataset. Briefly, total RNA was extracted using the RNeasy
Mini Kit (Qiagen) fromwhole-body tissue of 185 sticklebacks belonging to 10 lab-bred families
(each represented by 6-24 offspring, on average 18.5 offspring/family, SD = 6.3). RNA samples
were transcribed to cDNA using the High-Capacity cDNA Reverse Transcription Kit (Thermo
Fischer), and the cDNA was purified with AMPure XP Beads. Next, each cDNA sample was
processed in duplicate via independent PCRs and sequencing runs, in order to allow for the
calculation of between-run genotyping repeatability. A two-step PCR protocol, employing
heterogeneity spacer-linked primers during the 1st PCR (Table A.5, Supporting Information),
was followed for Illumina library preparation, as described in the Supporting Materials and
Methods. The two duplicate libraries were sequenced separately with a MiSeq Reagent Kit v2
Micro, and reads demultiplexed automatically.

1.3.10 Sibship-assisted NGS cDNA-typing of expressed MHC-I genes

AmpliSAS, having yielded the best results with our MHC-II cDNA samples, was employed
for MHC-I typing, with a 25% clustering threshold, so as to minimize similar true alleles of
varying read depths getting clustered together (Biedrzycka et al., 2017) , and a low per ampli-
con frequency threshold of 0.5%, to account for the higher expected MHC-I allelic diversity.
AmpliSAS-called MHC-I variants were only regarded as true alleles if they passed manual
scrutiny (carried correct spacer combination, and not determined to be 1-2 base substitution
errors from common parental variants within amplicon, a tactic successfully employed in pre-
vious studies (e.g., Lighten et al. (2014); Zagalska-Neubauer et al. (2010)). This step is important
for the elimination of the few remaining, low-depth erroneous variants that can pass the error
correction filters, as shown in our pipeline evaluation for MHC-II. Consensus genotypes were
subsequently inferred from the genotypes of both duplicates; only alleles present in both du-
plicates were called. In cases where seemingly correct calls were only present in the second
library, said alleles were regarded as true on the assumption that the higher sequencing depth
of the second library allows for more sensitive allele detection, and provided that no contam-
inants were found within the sample. Similarly, ambiguous, low-depth calls with seemingly
correct spacers only present in first library samples alongside other contaminants were re-
garded as ‘putative artifacts’ (as contaminants bearing the correct spacer combination are rare
but possible). For final genotype verification, we used allele segregation patterns within fami-
lies in a manner similar to a previous study by Gaigher et al. (2016): true alleles were confirmed
on the bases of agreement within sibships, and within-amplicon variant depths. High-depth
variants shared by at least one sibling were regarded as genuine, while low-depth ‘putative
artifacts’ were disregarded if they were found in a single individual within a sibship. During
this process, we excluded six individuals mistakenly included in sibships (also based on MHC-
II genotyping). We thus obtained high-confidence consensus genotypes for all 179 remaining
individuals.
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1.3.11 MHC-I haplotype and linkage inference

The observed patterns of allelic segregation within the 10 sibships (each represented by 6-
24 offspring, on average 17.9 offspring/family) were used to infer potential MHC-I haplotypes.
Inferred parental genotypes that could have resulted in the observed offspring genotypes were
further validated with the R package MHCtools (Roved et al., 2022). Furthermore, the pattern
of MHC-I allelic segregation within sibships was used as the basis for the estimation of linkage
of the corresponding loci (see Gaigher et al. (2016, 2018)). We chose 8 sibships with parental
genotypes inferred to be heterozygous, as the occurrence of recombination is observable in
individuals possessing two different haplotypes. The occurrence of only four different allele
combinations within siblings would suggest that the loci are tightly linked. By assessing the
rate of recombinant offspring genotypes, we can estimate the extent to which the loci are
linked.

1.3.12 Polymorphism and pattern of positive selection of expressed
MHC-I genes

All 48 confirmed MHC-I alleles detected in this study were named following the established
nomenclature (Klein et al., 1993) and deposited toNCBI (GenBank accession numbers PP097231-
PP097278). Previously published sequences retained their given numerical suffix, with an ‘X’
as the locus designating letter, since alleles could not be assigned to specific loci (e.g., Gaac-
UX*08). Sequence diversity, including the number of polymorphic sites, the average number
of nucleotide differences (k) and the average number of pairwise differences per base pair (𝜋),
was estimated with DnaSP 6 (Rozas et al., 2017). The amino acid p-distance was obtained with
MEGA 11 (Tamura et al., 2021). The phylogenetic relationships between MHC-I alleles were
assessed with a Neighbor-Net network using SplitsTree4 (Huson and Bryant, 2006). MHC-
I sequences retrieved from the three-spined stickleback reference genome (Jones et al., 2012)
were also included in the network for comparison purposes (Table A.6). To infer codon-specific
footprints of positive selection, we used the maximum-likelihood site models in CodeML im-
plemented in PAML v4.7 (Yang, 2007). The likelihood ratio test was carried out by comparing
models M7 (neutral) with M8 (positive selection). When the best-fit model was M8, the Bayes
Empirical Bayes (BEB) method was employed to detect sites evolving under positive selec-
tion (Zhang et al., 2005a). Input trees for the CodeML analysis were produced with MrBayes
3 (Ronquist and Huelsenbeck, 2003) using the K80+G substitution model. To guarantee that
signals of selection were not affected by the tree topology, the CodeML analysis was repeated
with six different trees picked at random from the posterior distribution of tree topologies.

1.3.13 Statistical analyses and software tools

All statistical tests were performed in R 4.1.2 (Team, 2021). Plots were generated using the R
packages ggplot2 (Wickham, 2016) and ggstatsplot (Patil, 2021), and the software Graphpad
Prism 6 for Windows (GraphPad Software, 2012).
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1.4 Results

Evaluation of pipelines for NGS genotyping of MHC-II

Both duplicates were successfully sequenced for 99 out of 100 samples in our MHC-II dataset,
achieving an average final sample coverage of over 15,000 reads for all three groups -gDNA,
cDNA, and plasmid (Table A.7, Supporting Information). We proceeded to evaluate the DOC
method, AmpliSAS, and ACACIA with each group separately, based on a priori knowledge of
MHC-II genotypes obtained through RSCA (see Supporting Results, Fig. A.2).

The DOC method

Optimal results were obtained using a 35% clustering threshold for gDNA and plasmid sam-
ples, and 2% for cDNA samples (Fig. A.3, Supporting Information); the DOC method reached
high genotyping specificity across groups (96.3-99%), performing best with the gDNA subset
(95.5% sensitivity, 95% repeatability). Genotyping sensitivity of cDNA and plasmid samples
was markedly lower; 81.5% and 88.8%, respectively. Drop-out occurrence was positively cor-
related with increasing allele numbers in both cDNA and plasmid samples (Spearman’s R =
0.61, P <0.0001 and R = 0.43, P <0.0083, respectively). Despite the frequent drop-outs, repeata-
bility for cDNA and plasmid samples remained high (93.3% and 99%, respectively). Notably,
chimeras were included as genuine alleles in genotypes obtained with the DOC method for
cDNA and plasmid -but not gDNA- samples (Fig. A.3, Supporting Information). Overall, the
DOC method was most accurate for gDNA samples (97.3%), followed by plasmid (93.9%), and
cDNA samples (88.9%).

AmpliSAS

WithAmpliSAS, a 35% clustering threshold yielded the best results for gDNA and plasmid sam-
ples, and 45% for cDNA samples. These valueswere employed for subsequent benchmarking of
the ‘minimum per amplicon frequency’ threshold. At low filtering thresholds, a high number
of artifacts were included in the gDNA results (Fig. 1.1A), the majority of which were contami-
nants. The number of contaminants was negatively correlated with sample depth (Spearman’s
correlation coefficient: R = -0.50, P <0.0001). With gradually increasing cut-off values, the pres-
ence of artifacts progressively declined, until the pipeline reached optimal performance. No-
tably, at optimal configurations, contaminants still represented 1.4 to 2.6% of total allele calls
in final genotypes across pipelines. Beyond the optimal point, further threshold increases re-
sulted in allele drop-outs. With gDNA, AmpliSAS reached 98.5% accuracy (97% specificity,
100% sensitivity), and 98.8% repeatability at a 3% filtering threshold, averaging 0.13 cumula-
tive genotyping errors per sample (Fig. 1.1A), corresponding to nine contaminants and one
substitution error (Fig. 1.2A). Regarding the plasmid samples, AmpliSAS optimally achieved
99.3% accuracy at a 1.5% threshold, yielding fewer drop-outs than the DOC method (Fig. A.4,
Supporting Information).

Notably, cDNA-typing exhibited worse sensitivity at gDNA-optimal clustering and filter-
ing configurations (Fig. 1.1C), as drop-outs occurred more frequently compared to the gDNA
subset. Lowering of the filtering threshold improved sensitivity, but allowed for more erro-
neous sequences; accuracy peaked at 96.5% with 0.30 total errors per sample at a 1.5% filtering
threshold at gDNA-optimal clustering configurations (Fig. 1.1C). Implementation of the opti-
mal 45% clustering threshold, in combination with further cDNA-tailored adjustment of the
substitution error rate to 2%, led to fewer average per sample errors (0.20), with an overall
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improved optimal accuracy of 97.5% (97.7% specificity, 97.4% sensitivity), and 96.8% repeata-
bility (Fig. 1.1E). This corresponded to a total of seven contaminants, one substitution error,
and nine drop-outs, all occurring in samples containing six or seven alleles (Fig. 1.2B).

ACACIA

With ACACIA, ‘absolute number of reads’ thresholds of 20 reads for gDNA and cDNA, and
30 reads for plasmid samples yielded the best results, and were employed for benchmarking
of the downstream filtering threshold (‘percentage of reads’). Similar to AmpliSAS, at low
filtering thresholds a high number of artifacts were included in gDNA (Fig. 1.1B) and cDNA
results (Fig. 1.1D). For gDNA, ACACIA reached a peak of 98.3% accuracy (97.8% specificity
and 98.7% sensitivity), and 98.4% repeatability, averaging 0.14 cumulative errors per sample
(Fig. 1.1B), performing at similar levels as AmpliSAS. For plasmid samples, ACACIA achieved
99.1% accuracy (98.2% specificity, 100% sensitivity) at optimal settings (Fig. A.4, Supporting
Information). Finally, for cDNA samples, ACACIA yielded an optimum of 92.4% accuracy,
with an average of 0.69 total errors per sample (Fig. 1.1D).
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Figure 1.1: Evaluation of next-generation sequencing bioinformatics pipelines at genotyping
three-spined stickleback MHC-II𝛽 exon 2 using samples of genomic DNA and cDNA. Perfor-
mance of AmpliSAS with the (A) gDNA and (C) cDNA datasets at different filtering threshold settings
with minimum dominant frequency parameter set at 35% and substitution rate at 1%. Performance of
AmpliSAS with the (E) cDNA dataset at different filtering threshold settings with minimum dominant
frequency at 45% and substitution rate at 2%. Performance of ACACIA with the (B) gDNA and (D)
cDNA datasets at different filtering threshold settings with “abs_nor” parameter set at 20. The left y
axis depicts the ratio of performance parameter (sensitivity, specificity, repeatability), and the right
y axis the average per sample number of genotyping errors. Optimal filtering thresholds for a given
configuration are pinpointed with a black arrow; corresponding performance percentages are shown
in matching colors, and average number of genotyping errors per sample in red. The grey arrow in
(C) pinpoints the filtering threshold that yielded optimal gDNA results. The DOC method’s optimum
performance for each dataset is depicted as horizontal dotted lines for comparison. POR: percentage
of reads filtering threshold of ACACIA. MPAF: Minimum per amplicon frequency filtering threshold of
AmpliSAS. Note the truncated y-axis scale.
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1.4.1 Assessment of genotyping error repeatability andmanual allele
screening

At optimal pipeline configurations, the occurrence of gDNA and plasmid duplicates sharing
genotyping errors was low (1-2 samples per subset); conversely, more cDNA duplicates in-
cluded recurring errors, mostly drop-outs (Fig. A.5, Supporting Information). Manual screen-
ing, whereby only duplicate-shared alleles were retained, improved genotyping specificity
across sample subsets via elimination of non-recurring artifacts - especially in cDNA sam-
ples (Fig. A.5, A.6, Supporting Information). Post-screening sensitivity was largely unaffected
for gDNA and plasmid samples, whereas drops were observed both for cDNA samples across
pipelines, and for gDNA samples called by the DOC method, due to the presence of non-
recurring drop-outs (Fig. A.6, Supporting Information). Overall, manual scrutiny improved
the genotyping accuracy of AmpliSAS and ACACIA for all sample subsets (Table 1.3).

Table 1.3: Genotyping accuracy of the three pipelines at optimal parameter configurations
before and after manual screening of final allele calls.

gDNA cDNA Plasmid
Before After Before After Before After

DOC 97.3 94.8 88.9 88.5 93.9 94.3
AmpliSAS 98.5 99.1 97.5 98.2 99.3 99.5
ACACIA 98.3 99.0 92.4 96.5 99.1 99.1

1.4.2 Pairwise comparison of genotyping agreement betweenpipelines

Assessment of the genotyping consistency across pipelines revealed that at the allele level, the
highest agreement rates were achieved betweenAmpliSAS andACACIA across all sample sets,
ranging from 92.7% for the cDNA to 98.9% for the plasmid samples (Fig. 1.3). The agreement
rates between the DOC method and the other two pipelines were lower, with most disagree-
ments occurring due to the DOC method excluding genuine alleles in one or both duplicates.
On the genotype level, however, the DOC method and AmpliSAS produced the highest agree-
ment rates for both gDNA and cDNA samples, while for the plasmid samples, the results of
ACACIA and AmpliSAS were the closest ones. Notably, the lowest pipeline agreement rates
were observed with the cDNA dataset at both the allele and the genotype levels (Fig. 1.3).

1.4.3 MHC-II allele-specific expression analysis

Having observed decreased cDNA-typing sensitivity across all three pipelines, we subsequently
examined the variation in sequencing depth between alleles from gDNA and cDNA samples.
We used 24 duplicated pairs derived from heterozygous individuals; our “paired” dataset in-
cluded 17 different genotypes, corresponding to 14 haplotypes and 29 alleles. cDNA alleles ex-
hibited a significantly higher variance of within-amplicon read depth proportions compared
to corresponding gDNA alleles (Levene’s test, P = 0.0001236, Fig.A.7, Supporting Informa-
tion). Specifically, alleles DXB*01 and DXB*27 show significantly (P<0.01) higher proportions,
whereas DXB*28 and DXB*31 significantly lower ones (Fig. A.8A, Supporting Information).
Indeed, DXB*28 and DXB*31 were the most frequently dropped out in our pipeline evaluation
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Figure 1.3: Pairwise agreement between the ACACIA, AmpliSAS and the DOC method at
MHC-II genotyping. Pairwise genotyping agreement rates for each of the gDNA, cDNA and plasmid
sample subsets in our MHC-II genotyping dataset were calculated at optimal parameter configuration
and at both the allele and the genotype levels, with diameters of coloured circles being proportional
to the corresponding agreement rates. The highest agreement rates for each dataset are highlighted in
orange (allele level) and yellow (genotype level).

of cDNA samples (corresponding to all nine allele drop-outs at optimal AmpliSAS configura-
tion). Calculation of allele-specific gDNA and cDNA amplification efficiencies confirmed the
low variation in gDNA samples, with a ratio of maximum to minimum amplification efficiency
of 3.1 (1.62 for DXB*23 to 0.53 for DXB*07, Fig. 1.4A). All gDNA amplification efficiencies were
below two, confirming that all alleles in our dataset were present in single copies within indi-
viduals. In contrast, the cDNA dataset was characterized by a five-times higher ratio of 15.6
(3.90 for DXB*23 to 0.25 for DXB*31 of haplotype W, Fig. 1.4A). Even after the exclusion of
outlier allele DXB*23, cDNA amplification efficiencies maintained a ratio of 12.7, four-times
higher than that of the gDNA ones. Remarkably, three out of the five alleles with the highest
expression levels, and four out of the five alleles with the lowest, belong to three haplotypes
in our dataset containing an above-average three or four loci (II-O and II-G, and II-W, Fig.
1.4B). Haplotype II-W, in particular, contains both a highly expressed (DXB*27) and two lowly
expressed alleles (DXB*28 and DXB*31). Allele DXB*01, exhibiting the third highest expres-
sion level, belongs to the only single-locus haplotype in our dataset, II-F (Fig. 1.4B, A.8B). The
three alleles in our dataset which are shared by two different haplotypes seem to retain their
expression pattern across haplotypes; DXB*28 and DXB*31 show suppressed, and DXB*27 en-
hanced expression levels (Fig. A.9, Supporting Information). At the haplotype level, there is
no correlation between the number of alleles within haplotypes and their average gDNA am-
plification efficiency (Fig. 1.4C). Conversely, we observe a negative trend between haplotype
allele number and average MHC-II expression level (Spearman’s R = -0.48, P = 0.08); the cor-
relation becomes significant (Spearman’s R = -0.71, P = 0.007) after excluding haplotype II-V,
expression of which is driven by the outlier allele DXB*23 (Fig. 1.4D).
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Figure 1.4: Expression analysis ofMHC-II alleles and haplotypes. A) Relative allele amplification
efficiencies of gDNA and cDNA samples in our MHC-II paired sample subset. The name of the corre-
sponding haplotype for each allele is mentioned in parenthesis. The dashed vertical line represents
an efficiency of two, which in the gDNA samples would represent duplicated or homozygous alleles.
Allele Gaac-DXB*23 is marked as an outlier among cDNA amplification efficiency values. Red and blue
shaded areas represent the range in allele amplification efficiencies of gDNA and cDNA samples, re-
spectively. B) Expression level of each allele, calculated as the difference between gDNA and cDNA
amplification efficiency values, and grouped according to number of alleles within the corresponding
haplotype where each allele is found. C) Relationship between number of MHC-II alleles per haplo-
type and average amplification efficiency of corresponding gDNA alleles. 95% confidence intervals are
indicated by the shaded area. D) Relationship between number of MHC-II alleles per haplotype and
average haplotype expression level, calculated as the mean difference between the cDNA and gDNA
amplification efficiency values of all alleles within each haplotype. 95% confidence intervals are indi-
cated by the shaded area.
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1.4.4 Sibship-assisted NGS typing of expressed MHC-I genes
Using our newly designed primer pair, which better captures the MHC-I diversity (see Sup-
porting Information), we proceeded to sequence a duplicated cDNA library of a total of 185
individuals from 10 sibships. Both duplicates were successfully acquired for 179 out of the 185
individuals, with an average depth of 12,385±5,892 reads (Table A.8, Supporting Information).
Despite duplicates differing in depth by an average 10,637 ± 9,086 reads, the mean difference
in relative coverage of the same alleles between the two duplicates was only 1.1% (SD: 1.7%).
On a par with our previous evaluation, 97.6% of total allele calls were identical between our
179 duplicates, confirming good genotyping repeatability. For six individuals, only a single
duplicate was sequenced sufficiently, however, their high sequencing depth (14,853 ± 7,349
reads) allowed for unambiguous genotyping. AmpliSAS genotypes included some manually-
identified erroneous sequences; of the total 56 variants called, 48 were attributed to true alleles
after visual inspection. The remaining variants predominantly represented single-base substi-
tution errors and contaminants. Indeed, the lowest relative depth of an assumed genuine allele
was 0.006, while the highest among substitution errors and contaminants was 0.016 and 0.018,
respectively. Of the total 48 unique MHC-I allelic variants, 19 have previously been published,
while 18 have been previously detected in our laboratory using the old primer pair via cloning
(unpublished data, Tobias Lenz), or by others via Illumina sequencing (data summarized in
Table A.9, Supporting Information). The number of expressed MHC-I alleles per individual
ranges between 5 and 23, with a mean of 12.8 (SD = 4) (Fig. A.10A, Supporting Information).

1.4.5 MHC-I haplotype and linkage inference
Segregation analysis of the MHC-I alleles within sibships for each of the 10 families (6-24
offspring per family) confirmed the anticipated pattern of Mendelian inheritance. As expected
for parental fish with distinct genotypes, four different genotypes were detected in seven of
the ten families (Table A.10, Supporting Information); an example is shown in Fig. 1.5A. In
two families, only two offspring genotypes were detected, indicative of a homozygous state
for one of the parents. Lastly, the offspring of one family exhibited three different genotypes,
which is consistent with parents sharing a heterozygous genotype. By observing which alleles
appear to be inherited together within a kinship we were able to decipher ten distinct MHC I
haplotypes, with each containing 5-12 alleles (Table 1.4). Haplotypes frequently shared alleles;
14 out of the 48 alleles (29.2%) were found in more than one haplotype, with the most shared
allele being present in six haplotypes (Fig. A.10B, Supporting Information). For comparison,
allele sharing across MHC-II haplotypes from the same individuals was limited to only two
out of the 28 alleles (7.1%), both shared between two haplotypes from a total of 13 (Fig. A.10B,
Supporting Information). Of the 328 observed gametes (164 offspring) in the eight sibships
with heterozygous parents, five (1.52%) appeared to be parental recombinants (example shown
in Fig. 1.5B), suggesting that the linkage group encompassing the expressed MHC class I loci
of the three-spined stickleback spans >1 cM.
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Table 1.4: Ten three-spined sticklebackMHC-I haplotypes and corresponding alleles inferred
from allele segregation analysis of NGS data from ten sibships.

Haplotype Sibships Allele number Alleles
I-A 2 5 Gaac-UX*18, 44, 51, 55, 56
I-B 1 6 Gaac-UX*10, 19, 27, 52, 53, 54
I-C 8 7 Gaac-UX*08, 10, 17, 18, 19, 27, 52
I-D 3 8 Gaac-UX*18, 19, 27, 40, 44, 46, 51, 57
I-E 2 12 Gaac-UX*18, 19, 44, 47, 51, 62, 63, 64, 65, 66, 67, 74
I-F 3 9 Gaac-UX*08, 10, 17, 58, 59, 60, 61, 66, 73
I-G 4 12 Gaac-UX*13, 14, 15, 16, 18, 21, 24, 27, 41, 46, 50, 68
I-H 1 7-9 Gaac-UX*11, (18), 22, 26, (27), 42, 69, 70, 71
I-I 1 6 Gaac-UX*08, 09, 19, 20, 27, 52
I-J 2 5-6 Gaac-UX*11, 22, 26, 27, 52, (72)

Alleles whose presence in haplotypes could not be confidently determined are shown inside parentheses.
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Figure 1.5: Inference of genetic linkage between MHC-I loci of the three-spined stickleback
using sibship data. A) Shown are two examples in which the inferred parental genotypes consist of
different haplotypes, with shared alleles between parents indicated in bold. The presence and absence
of individual alleles in the offspring is designated by grey and white backgrounds, respectively. A) Fam-
ily 4, as an example of a sibship with only four genotypic combinations observed in the offspring. B)
Family 5, as an example of a family in which recombination has been detected in two offspring individu-
als. Black backgrounds indicate recombinant haplotypes, with diagonal-filled backgrounds designating
alleles whose presence or absence cannot be determined in recombinant haplotypes due to them being
present on the haplotype from the other parent. Note that the order of the allele names in this table is
purely numerical and does not reflect the order of the MHC-I gene copies on the chromosome, which
is unknown.
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1.4.6 MHC-I allelic diversity and signatures of selection

Sequence analysis of the 48 confirmed MHC-I alleles revealed a high level of genetic diversity
(Table 1.5). Pairwise comparisons between alleles revealed a wide range of sequence diver-
gence, with alleles differing by one to 45 nucleotides (mean difference: 23.43 ± 6.39 nucleotides)
(shown as p-distances in Fig. A.11, Supporting Information). However, the phylogenetic net-
works revealed no clear genetic clusters, as neither the alleles from our European individuals
nor the ones from the Alaskan stickleback genome formed distinct clusters (Fig. 1.6). Fur-
thermore, evidence of positive selection was found at 21 amino acid sites (35% of the entire
sequence), most of which are residues associated with the peptide binding domain, based on
human structure (Bjorkman et al., 1987; Wallny et al., 2006) (Fig. A.12, Supporting Informa-
tion).

Table 1.5: Genetic diversity at the MHC-I genes of the three-spined stickleback.

Number

of alleles

Number

of sites
S k 𝜋 (S.D.)

AA distance

(S.E.)
MHC-I 48 182 83 23.43 0.129 (0.005) 0.285 (0.038)

S, number of polymorphic sites; k, average number of nucleotide differences; 𝜋, average number of pairwise
differences per base pair; AA distance, amino acid pairwise p-distance.

Figure 1.6: Phylogenetic network of MHC-I nucleotide sequences. Shown are the 48 alleles
detected in this study (grey dots), and the eight MHC-I sequence variants from the stickleback reference
genome (black dots).
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1.5 Discussion

The present study illustrates how template-informed optimization of pipeline settings enables
highly reliable genotyping of complex multigenic families, such as the MHC, even at the face
of increased allelic complexity, where traditional methods, such as RSCA, fail. Furthermore,
we show that optimized genotyping of paired gDNA and cDNA samples allows for accurate
expression analysis of individual alleles and haplotypes. To ensure our results, including out-
comes of the genotyping pipeline evaluation, can be transferable to other MHC systems, in
addition to three-spined sticklebacks, we have utilized plasmid samples containing 3-10 alle-
les each; this range covers the allelic diversity that researchers often encounter in multi-locus
genotyping datasets from many non-model species; from cartilaginous fish (Gaigher et al.,
2023)and other teleosts (Lighten et al., 2014), to mammals (Sommer et al., 2013). Nevertheless,
this range might not cover the extreme diversity observed in some species, e.g., some passerine
birds. We in turn discuss our results and hope to provide take-away messages regarding ac-
curate MHC genotyping which can applied by researchers working with a plethora of diverse
species in downstream evolutionary ecology analyses.

1.5.1 Pipeline clustering and filtering adjustability is key for geno-
typing error correction

At optimal parameter configuration, the DOC method, AmpliSAS, and ACACIA performed
satisfactorily at distinguishing true alleles from artifacts in our gDNA and plasmid samples. A
common characteristic of all three pipelines is the incorporation of a clustering step, whereby
divergent variants join their putative parental sequences. Indeed, increasing the main clus-
tering threshold of AmpliSAS and the DOC method (i.e.,minimum dominant frequency) from
its default value facilitated the clustering of a few remaining high-depth 1-2 bp substitution
errors, thus enhancing genotyping specificity. Such artifacts are probably formed during early
PCR cycles and become abundant in the final product (Kanagawa, 2003). Compared with Am-
pliSAS and the DOC method, ACACIA performed equally well in genotyping the gDNA and
plasmid samples, despite lacking adjustability in its automated, entropy-based clustering tool
(Gillingham et al., 2021).

For AmpliSAS and ACACIA, persistent artifacts beyond clustering algorithm capacities,
mostly contaminants, can subsequently be eliminated via fine-tuning of the filtering threshold,
i.e., ‘minimum per amplicon frequency’ and ‘lowest proportion of reads’, respectively. Over-
all, pipeline optimization was highly effective in eliminating artifacts from gDNA genotypes.
Regardless of the pipeline, no chimeras were included in the genotypes of gDNA samples;
this could be partly due to the intentionally few PCR cycles used in our protocol (Lenz and
Becker, 2008). Accordingly, cDNA-typing results included chimeras, as cDNA samples un-
derwent extra PCR cycles. AmpliSAS proved better than ACACIA at chimera removal from
the cDNA subset, despite both pipelines incorporating dedicated chimera-removing steps em-
ploying modified versions of external software. On the other hand, the DOC method, lacking
a dedicated removal tool, was more prone to their inclusion, evident in both the plasmid and
cDNA subsets. Furthermore, the DOC method was particularly vulnerable to drop-outs, a
shortcoming stemming from the existence of alleles with differential amplification efficiencies
within amplicons (Biedrzycka et al., 2017).

Despite its limitations, the DOC method outperformed the other two pipelines at gDNA
sample genotyping formost filtering thresholds tested. However, AmpliSAS andACACIAfine-
tuning can yield strikingly improved results. At optimal settings, these pipelines achieved an
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accuracy of over 97%with gDNA samples, in agreement with previous evaluations (Biedrzycka
et al., 2017; Gillingham et al., 2021). We thus join the AmpliSAS and ACACIA authors in en-
couraging researchers to dedicate time to discover the optimal configuration for their datasets,
as these will vary depending on factors such as the per-sample allelic diversity and sequence
diversity of target amplicons. Otherwise, the DOC method might offer more reliable results
for gDNA samples, at least for MHC systems not expected to exceed an individual diversity of
five or six alleles. Previous studies have highlighted the risk of relying on allele repeatability
to validate genotyping pipelines (Biedrzycka et al., 2017; Gillingham et al., 2021). Here, due
to the relative low frequency of within-duplicate recurring errors, accuracy and repeatability
were on a par for our gDNA samples. This assumption lies behind the practice of eliminating
alleles not shared by duplicates, a final step often employed in genotyping studies of species
of unknown MHC complexity (e.g., Rekdal et al. (2018)). The degree to which this manual
screening approach can improve genotyping performance depends on the balance between
non-recurring artifacts (elimination of which improves specificity) and non-recurring drop-
outs, which decrease sensitivity. As such, we show that AmpliSAS and ACACIA genotyping
of gDNA samples was further improved. In agreement with previous findings (Biedrzycka
et al., 2017), post-screening results of duplicates lacking non-recurring errors, such as our
plasmid samples, remained mostly the same.

1.5.2 Reliable cDNA-typing requires template-specific pipeline opti-
mization

We show that, besides the sequencing platform and study system, optimal pipeline configura-
tion also depends upon the sample template (i.e., genomic DNA, cDNA, plasmid DNA), with
cDNA samples, in particular, posing unique challenges. As artifacts in our dataset frequently
exceeded 1% read depths, distinguishing them from low-frequency alleles in high-diversity
samples became complicated. This was not a serious issue with our gDNA and plasmid sam-
ples, as the variation in amplification efficiency rates was quite limited in our MHC system (ra-
tio of maximum to minimum amplification efficiency of 3.1), compared to others (ratio of 12.6
reported by Sommer et al. (2013) , 21.0 to 22.7 reported by Biedrzycka et al. (2017) . However,
due to wider variation in our cDNA samples, the inclusion of low-depth alleles required lower
filtering thresholds, in turn allowing high-depth artifacts into the final allele calls. Hence, our
cDNA dataset violated the fundamental assumption that artifacts are less common than real
alleles (Babik et al., 2009; Galan et al., 2010). The DOC method exhibited the lowest sensitivity
rate as a consequence of gaps in depth between high- and low-depth alleles.

cDNA datasets posed a challenge for AmpliSAS and ACACIA, too, as evidenced by their
overall reduced performance when used at gDNA-optimal configurations. A good indication
that variability in allele expression levels could explain the observed sub-par genotyping is that
the same alleles, namely DXB*28 and DXB*31, tend to be dropped out. We also hypothesize
that the stochasticity of RNA sub-sampling, coupled with reverse transcription, an additional
step where errors can be introduced (Arezi and Hogrefe, 2007)further complicates artifact dis-
tinction. The need for additional PCR cycles for adequate amplification of target RNA-derived
sequences can also lead to more artifacts (Lenz and Becker, 2008). Such was the case here
for MHC-II, the expression of which is presumably limited to antigen-presenting cells of the
teleost immune system as it is in mammals (Yamaguchi and Dijkstra, 2019). Further adjust-
ment of the AmpliSAS clustering parameters proved valuable for the elimination of rare errors
exceeding the default Illumina error rate, and of artifacts of exceptionally high frequency, both
of which were only found in the cDNA dataset. ACACIA, with its automated oligotyping clus-
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tering tool, was more prone to their inclusion.
All three pipelines were developed and benchmarked using gDNA samples, as do, to our

knowledge, all other pipelines for NGS amplicon data that have been published so far (e.g.,
Pavey et al. (2013); Sommer et al. (2013); Stutz and Bolnick (2014)). Nevertheless, pipeline
parameter flexibility can aid decisively in improving cDNA-typing performance; AmpliSAS,
incorporating the most adjustable clustering settings, produced the best results for cDNA sam-
ples -at optimal settings performing on a par with the gDNA subset. Discarding alleles not
present in both duplicates can further improve cDNA-typing, provided non-recurring arti-
facts outnumber recurring errors, which was the case with AmpliSAS and ACACIA in our
study. Still, as our cDNA duplicates were characterized by relatively high recurring error
rates, we would deter researchers from relying solely on repeatability as a proxy for accuracy
in cDNA-typing. Instead, we encourage researchers to i) adjust the clustering and filtering
thresholds, and ii) perform careful manual inspection of pipeline-generated genotyping re-
sults for identification of artifacts. Besides pipeline optimization, the inclusion of replicate
samples, unsaturated multiplexing design with ‘empty’ index combinations, and, if possible,
pedigree data are valuable tools toward ensuring high reliability of cDNA-typing.

1.5.3 Contaminants are an underestimated hurdle in MHC genotyp-
ing

Besides the well-documented genotyping errors of PCR/sequencing artifacts and allele drop-
outs, in our study, we also encountered contaminant sequences. By definition, contaminants
are identical to real alleles but don’t originate from within-amplicon variants- a fundamental
assumption on which stepwise threshold clustering is based (Stutz and Bolnick, 2014); there-
fore, genotyping pipelines have limited capacity to remove them. Contaminants are generated
from misassignment of sequences to wrong samples due to tag-jumping (Eisenhofer et al.,
2019; Esling et al., 2015; Schnell et al., 2015), a phenomenon linked to sizable degrees of cross-
contamination (Schnell et al., 2015; Zinger et al., 2019; Carøe and Bohmann, 2020)across var-
ious library set-ups (Bohmann et al., 2022)and multiplexing designs (Esling et al., 2015). Yet,
the possibility of contaminants has been largely overlooked in MHC studies, as covered by
Lighten et al. (2014). In some studies, contaminants were detectable only at low frequencies,
thereby not jeopardizing genotyping reliability (Gaigher et al., 2016; Biedrzycka et al., 2017).
Still, the need to improve the underlying methods to minimize the impact of tag-jumping re-
mains (Rodriguez-Martinez et al., 2022).

Here, as we have employed a saturated dual-indexing design vulnerable to tag-jumping
(Esling et al., 2015), we took advantage of heterogeneity spacer combinations to detect contam-
inants. We primarily observed contaminants at sub-optimal filtering thresholds, where they
represented the majority of errors across sample types. Adjustment of genotyping parameters
was partially successful. In agreement with (van der Valk et al., 2020), low-depth samples in
our dataset received the greatest proportion of contaminants, further highlighting the need
for sufficient sequencing depth for genotyping reliability (Biedrzycka et al., 2017). From our
experience, minimizing the storage time of indexed libraries prior to sequencing (Illumina,
2017)helped curtail, but not completely eradicate, contamination. We recognize that our mul-
tiplexing design doesn’t allow for the definitive disentanglement of contamination sources,
but hypothesize that remaining low-level contamination could be the result of mixed-clusters
on the sequencing platform (Kircher et al., 2011), or even low rates of 2nd PCR primer cross-
contamination (Bohmann et al., 2022).
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1.5.4 Genotyping discrepancies between pipelines calls for caution in
literature comparison

As researchers have historically used a number of different genotyping methods, awareness of
their levels of consistency is vital. Here, we demonstrate that the three pipelines exhibit gen-
erally high agreement levels for gDNA samples (>96%), as per previous comparisons (Biedrzy-
cka et al., 2017). However, in our cDNA subset, pipelines generated demonstrably different
results, with identical genotypes called in as few as 63% of samples. Insufficient sequencing
depth has been implicated in increased genotyping differences between pipelines (Biedrzycka
et al., 2017), but this is not the case in our study, where an above 2,000-read coverage was
achieved for 92% of amplicons. Attention has previously been drawn to the potential risks
of comparing gDNA results across studies employing different genotyping strategies (Rekdal
et al., 2018). Rather, our study shows that caution is required when attempting to compare
cDNA-typing data obtained via different approaches.

1.5.5 MHC-II allele expression negatively correlates with haplotype
allele numbers

MHC-I gene expression in birds has been studied via NGS typing of paired gDNA-cDNA sam-
ples with multiple primer sets (Drews et al., 2017; Drews and Westerdahl, 2019). Here, using
the same PCR primers ensured sharing of amplification biases, allowing us to draw indirect-
yet robust- comparisons regarding MHC-II allele expression levels. We were able to show
ubiquitous MHC-II alleles expression, but also observed higher variance in the allele depth
proportion of cDNA samples. This could potentially stem from differential regulation of the
expression of specific MHC genotypes, haplotypes, and/or alleles at the transcription level.
Studies have proposed the presence of genetic elements, such as promoters, influencing MHC
expression regulation (reviewed by Handunnetthi et al. (2010); van den Elsen (2011)). In stick-
lebacks, genetic control of MHC-II gene expression has been speculated, as individuals of high
allelic diversity exhibit lower MHC-II expression levels (Wegner et al., 2006). Given that low
individual MHC diversity has been linked to poorer immune outcomes in sticklebacks (Kurtz
et al., 2004; Wegner et al., 2003a), the observed up-regulation of MHC-II expression in individ-
uals of low allelic diversity has been proposed as a compensatory mechanism (Wegner et al.,
2006). In further support of this observation, our results show that lower allele numbers per
haplotype correlated with higher allele expression. In humans, there is mounting evidence for
haplotype-specific coordinated expression of MHC loci (Petersdorf and O’hUigin, 2019), with
studies indicating a role for transcriptional regulation and DNA methylation (Vandiedonck
et al., 2011), as well as clustered polymorphisms in specific MHC regions to exert gene regula-
tory effects (Lam et al., 2017). Here, we show that alleles of the same haplotype markedly vary
in expression levels, an observation hinting at the existence of within-haplotype differential
allele expression regulation. In further support of this observation, three alleles found in two
different haplotypes seemingly retain their expression patterns. Further studies are needed to
elucidate the basis of differential MHC allele expression regulation within haplotypes.

1.5.6 Sibship-assistedMHC-I typing reveals high individual expressed
diversity

As already exhibited for MHC-II, careful optimization of genotyping parameters, although
essential, does not guarantee perfect genotyping. For our MHC-I dataset, which consists of
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cDNA samples of unknown composition, AmpliSAS genotypes were therefore manually scru-
tinized. In the absence of an independent typing method for genotype validation, we relied
on the repeatability between duplicate samples for accurate allele-calling, as well as pedi-
gree information, shown to be a useful tool (Gaigher et al., 2016; Rekdal et al., 2018). Given
the importance of sufficient sequencing depth (Sommer et al., 2013)and careful primer design
(Gillingham et al., 2021)in enabling the distinction of poorly amplified alleles from artifacts,
we evaluated two primer pairs targeting MHC-I and ensured very deep coverage of samples.
Expecting a higher individual diversity (Schaschl and Wegner, 2006; Jäger et al., 2007), we em-
ployed lower clustering and filtering thresholds than the ones found optimal for MHC-II. As
fewer PCR cycles sufficed for adequate MHC-I amplification, presumably due to ubiquitous
MHC-I expression (Yamaguchi and Dijkstra, 2019), we anticipated artifacts of lower depth in
our MHC-I dataset compared to MHC-II. Lastly, as our lab-bred sticklebacks were kept under
constant conditions, no significant variation was anticipated in MHC gene expression due to
e.g., infection (Hansen and La Patra, 2002; Peatman et al., 2008). However, as this assumption
can be easily violated in wild populations, we encourage awareness of the possibility of greater
variance in allelic expression levels when cDNA-typing individuals in non-controlled settings.

Our final results, involving a total of 48 alleles, offer us a first glimpse into the expressed
MHC-I allelic diversity of the three-spined stickleback using NGS technologies. Interestingly,
the 11 previously undiscovered alleles were insufficiently amplified by the old primer pair
or only found in a single MHC-I haplotype. The successful detection of these novel variants
highlights the advantage of deep sequencing in spotting under-expressed or less preferentially
amplified alleles (Sommer et al., 2013). All newly detected alleles had sequence similarity
of over 92% with U-lineage MHC-I genes of the Alaskan reference genome (Grimholt et al.,
2015), and two matched those of a local European genome (Thorburn et al., 2023). Individual
expressed MHC-I allelic diversity ranged between five and 24 expressed alleles, exceeding
previous estimations based on non-NGS genotyping methods (Schaschl and Wegner, 2006;
Jäger et al., 2007). These results place the stickleback on the higher end of the number of
expressed MHC-I loci among other teleost taxa, which range from one in Atlantic salmon
(Grimholt et al., 2002) to 17 in the Atlantic cod (Persson et al., 1999).

1.5.7 MHC-I alleles are highly polymorphic and often shared between
haplotypes

Sequence analysis revealed typical features of functional MHC genes, including high poly-
morphism, high sequence divergence between alleles, and evidence of positive selection on
specific amino acid sites involved in peptide binding. These findings are in line with prior ef-
forts to characterize MHC-I genes in sticklebacks (Schaschl and Wegner, 2006). Furthermore,
as neither the alleles from our individuals nor the ones from the Alaskan stickleback genome
formed significantly supported phylogenetic clusters, we hypothesize that the allelic variation
at the MHC-I genes predates the divergence of the Pacific and the Atlantic clade, indicating
continuous balancing selection for more than 44 thousand years (Fang et al., 2018). Inferred
MHC-I haplotypes from our analysis carried between five and 12 expressed alleles; these re-
sults suggest the expression of all 12 known MHC-I loci in the stickleback Sato et al. (1998).
Same as MHC II (Reusch and Langefors, 2005), MHC I genes are believed to be generated by
repeated and recent gene duplications (Schaschl and Wegner, 2007). The MHC-I inter-locus
recombination rate of 1.52% we report here is over five times higher than previous estima-
tions (Schaschl and Wegner, 2006), likely due to the increased sensitivity of our NGS-based
genotyping. Hence, our results suggest that the linkage group encompassing the expressed
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MHC class I loci of the three-spined stickleback spans more than 1 cM. Additionally, we ob-
serve increased allele sharing among MHC-I haplotypes compared to MHC-II, possibly the
result of more frequent recombinations within a longer MHC-I genomic region. Further NGS
studies, ideally incorporating gDNA data, are needed to elucidate the differences in molecular
mechanisms of evolution of the MHC-I genomic region in the three-spined stickleback.

1.6 Conclusion
To the best of our knowledge, this study stands as a pioneering effort to present an indepen-
dent and thorough evaluation of genotyping pipelines that is not restricted to gDNA sam-
ples. By employing different sample templates, and constructing our analysis on an in-depth
breakdown of genotyping errors, we highlight the need for template-specific optimization of
adjustable pipeline parameters. In doing so, we hope to assist researchers in future efforts to
reliably genotype MHC, and other multigene families, using cDNA samples. Valuable infor-
mation is to be gained regarding MHC gene expression status, in general, as well as explicit
allele expression patterns, as showcased here with our MHC-I and MHC-II data, respectively.
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Effect of genetic background and
helminth infection on the TCR
repertoire of the three-spined
stickleback

2.1 Abstract
Vertebrate adaptive immunity is controlled by a set of somatically diversified receptors on the
surface of T cells. The cumulative diversity of this T cell receptor (TCR) repertoire is conse-
quential for the outcome of antigenic challenges, yet our understanding of its genetic determi-
nants remains poor. Here, we set out to investigated the dynamics of the TCR repertoire after
experimental infection with Schistocephalus solidus, a parasite known for its immunosuppres-
sive affects, while also controlling for the effects of genetic background on inter-individual
TCR repertoire variation. To do so, we employ advanced molecular and bioinformatics ap-
proaches to analyze the TCR𝛽 repertoire of lab-reared three-spined sticklebacks from genet-
ically diverse sibships. We provide the first direct experimental evidence of significant back-
ground genetic effects on the variation of TCR𝛽 repertoire diversity among individuals. Also
evident are substantial family-based biases in the usage of V-J gene segments, reflecting genet-
ically controlled variance in the mechanisms controlling the VDJ recombination machinery.
Individuals infected with a fast-growing S. solidus strain displayed enhanced TCR𝛽 repertoire
overlap, presumably due to parasite-induced suppression of private T cell responses. Further-
more, we detect public clonotypes of high abundance present in the repertoires of fish across
treatment groups. In-depth analyses of these MHC-unrestricted, infection-non-specific TCR
sequences reveal distinct properties, such as high generation probabilities and post-generation
selection pressures, signifying a biological function. Combined with a limited VJ gene usage
profile and formation of tight TCR𝛽 network clusters based on sequence similarity, these re-
sults strongly suggest the existence of a group of natural killer-like T cells in the stickleback,
in accordance with other teleost species.
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2.2 Introduction

The adaptive immune system of jawed vertebrates is centered around the presentation of
non-self peptides byMajor Histocompatibility Complex (MHC) molecules, and the subsequent
interaction of the resulting pMHC-complex with a specialized receptor on the T cell surface;
activation of the latter is the starting point of all downstream cellular and humoral immune
responses (Murphy and Weaver, 2016). T cell receptors (TCRs) are heterodimeric molecules
produced during lymphocyte development in the thymus via VDJ recombination, which is
the somatic rearrangement of germline V (variable) and J (joining) segments to compose the
variable domain of the 𝛼 chain, and the rearrangement of V, D (diversity), and J segments for
the 𝛽 chain – which jointly form an 𝛼𝛽 TCR molecule (Alt et al., 1992). This semi-stochastic
process results in the generation of a pool of diverse TCRs, the total number of which varies
widely among species: there are at least 2×107 distinct 𝛼𝛽 TCRs in adult humans (Arstila et al.,
1999), 2×106 inmice (Casrouge et al., 2000), and at least one order ofmagnitude less in zebrafish
(Covacu et al., 2016). The term ‘TCR repertoire’ describes the entirety of an individual’s T cells
with their corresponding TCR at a given point in time. As each TCR has a limited binding
specificity, the diversity of the TCR repertoire is believed to be a crucial factor in an individual’s
capacity to defend against pathogens (Nikolich-Žugich et al., 2004; Turner et al., 2009).

The advent of next generation sequencing (NGS) technologies has propelled an unprece-
dented “deep dive” into the vertebrate TCR repertoire (Benichou et al., 2012). A consistent
finding emerging from the literature is that there is substantial intra-species variation in the
diversity of the TCR repertoire among individuals (Robins et al., 2010; Elhanati et al., 2018;
Krishna et al., 2020). Numerous studies attempting to explain this variation have identified
several determinants of TCR repertoire diversity: some are genetic, i.e., sex (Britanova et al.,
2016; Migalska et al., 2019; Krishna et al., 2020), while others are environmental, such as age
(Qi et al., 2014; Britanova et al., 2014, 2016), acute infection status, and the presence or absence
of chronic infections, like CMV (Krishna et al., 2020). A crucial observation is that considerable
levels of variation are maintained even when other key factors are accounted for; for example,
two age- and sex-matched individuals can differ in their diversity by a factor of two (Yoshida
et al., 2017). Special emphasis has been given to uncovering the role of individual MHC diver-
sity in shaping the TCR repertoire, motivated by the long-theorized association between the
number of expressed MHC alleles and its size, on the basis of constrains imposed by thymic
selection (Nowak et al., 1992; Borghans et al., 2003; Woelfing et al., 2008). So far, however,
studies in humans and mice have produced contradictory results (Krishna et al., 2020; Brown
et al., 2024).

An obstacle in the above attempts to comprehensively unravel the factors shaping the TCR
repertoire stems from the fact that the overwhelmingmajority of research is limited to humans
and mice; this undermines the assessment of the -likely significant- role of individual genetic
variation (Gragert, 2022; Omer et al., 2022; Corcoran and Karlsson Hedestam, 2024). Studies in
humans are -by default- observational and typically lack information on the subjects’ genetic
background (e.g., Emerson et al. (2017))– and yet, rare studies that have recruited subjects
of known kinship offer valuable insights (Zvyagin et al., 2014). On the other hand, experi-
mental approaches using murine models - while useful for uncovering molecular mechanisms
through genetic manipulations and production of knock-out strains - are unsuitable for ex-
amining effects of natural genetic variation due to the genetic invariability of inbred strains
(Watson et al., 2019; Corcoran and Karlsson Hedestam, 2024). Studies in non-model species
encompassing natural genetic diversity are hard to come by, but can advance our understand-
ing - as demonstrated in a study on the MHC diversity effect on the TCR repertoire of bank
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voles (Migalska et al., 2019).
In order to bridge the gap in our knowledge regarding the role of genetic background

in the shaping the individual TCR repertoire, we have conducted our research in the three-
spined stickleback, Gasterosteus aculeatus. This is a vertebrate species well-established in eco-
evolutionary research, that combines the benefits of controlled experimental studies while also
incorporating the natural genetic variation of an out-bred population. Importantly, its adaptive
immune system shares important features with its mammalian counterpart, including exten-
sive natural MHC variation (Chapter 1), which can be reliably genotyped through established
techniques (Lenz et al., 2009a; Efstratiou et al., 2024). Furthermore, it possesses a functional
thymus and complete VDJ recombination machinery capable of producing a diverse T cell
repertoire (Wölfing, 2012). This is therefore an ideal system for us to elucidate crucial ques-
tions regarding non-MHC genetic background effects on the TCR repertoire. To take things
one step further, we employed the well-studied experimental Schistocephalus solidus parasite
model to examine the effects of infection on the TCR repertoire. S. solidus is a cestode highly
adapted to the host’s immune system and believed to exert immunomodulatory effects on its
host (Scharsack et al., 2004; Piecyk et al., 2019a; Berger et al., 2021). Towards this end, we use
two parasite strains of divergent eco-evolutionary histories and virulence levels (Weber et al.,
2017; Piecyk et al., 2019b; Franke et al., 2014).

The aim of this study is three-fold. First, we characterize basic aspects of the TCR repertoire
of the three-spined stickleback, by employing advanced NGS methodologies for an unbiased
and in-depth analysis. By including fish from multiple families in our study, we expect to
uncover novel insights regarding the role of genetic background in shaping this part of the
adaptive immune system. Secondly, we investigate how infection with a helminth parasite
postulated to have immunomodulatory ability shapes the TCR𝛽 repertoire of the stickleback.
Lastly, this experiments stands -to the best of our knowledge- as a pioneering attempt at sep-
arately examining the TCR repertoires stemming from two independent genomic loci in a
species where two such loci exist (Wölfing, 2012).

2.3 Materials and Methods

2.3.1 Experimental fish and parasites

Three-spined sticklebacks were caught during April-May 2019 from the lake Großer Plöner
See in Northern Germany (54° 9’21.16"N, 10°25’50.14"E), and kept under standardized summer
conditions (18°C, 16/8 hours light/dark regime) at the Max Planck Institute for Evolutionary
Biology (Plön, Germany). All fish were genotyped at the MHC class IIB loci according to
(Lenz et al., 2009a), and subsequently, male-female pairings were chosen so that resulting F1
sibships have genotypes segregating across a range of MHC-II allele numbers reflecting the
MHC-II variability in natural populations (Eizaguirre et al., 2011). During summer, multi-
ple clutches from each parental couple were produced. Hatched F1 offspring of each family
were kept under constant summer conditions to limit sexual maturation. To avoid exposure
to eukaryotic parasites, fish were fed ad libitum with frozen insect larvae and supplied with
ultra-filtrated water. In March 2020, sibships from six F1 families (families A-F) were selected
for the experiment. Each family consisted of individuals of various genotypes correspond-
ing to varying levels of individual MHC-II allelic diversity (Table B.1), as deciphered through
RSCA genotyping.

Two Schistocephalus solidus strains were used in this study, each from a different popula-
tion: the GOT strain was obtained from Gotland, Sweden, and the NO strain from Lake Skog-
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seidvatnet, Norway. Worms were reared in the laboratory by employing a modified in vitro
system (Jakobsen et al., 2012)which simulates the conditions in a bird’s gut, were the para-
sites naturally reproduce (Smyth, 1954). The protocol followed is described in detail in (Kalbe
et al., 2016). In brief, worm eggs were washed and stored at 4℃ until use. In order to obtain
coracidia, the copepod-infecting larval stage of S. solidus, eggs were incubated for 3 weeks at
20°C in the dark, before light stimulation for hatching. Macrocyclops albidus copepods, first
intermediate hosts in the S. solidus life cycle, were cultured in the laboratory. Medium sized
copepods were separated into 24-well microtiter plates with 1.5 mL tap water, starved for a
day, and fed a single S. solidus coracidium. Subsequently, copepods were kept at 18°C and
fed with live Artemia salina naupliae and Paramecium caudatum. Two weeks post exposure,
copepods microscopically confirmed to be infected with S. solidus procercoids were used for
controlled stickleback infections.

2.3.2 Stickleback infections and dissections
Experimental infections with laboratory-cultured Schistocephalus solidus were completed

on two days within one week in March 2020, when the sticklebacks were approximately 7
months old. On each day, 10 sticklebacks from each of the six families were exposed to S.
solidus, while 5 fish from each of the families were used as controls. As one parasite strain
was used per day, sticklebacks were processed in two batches (GOT and NO). Each batch con-
sisted of 90 individuals: 60 exposed and 30 control. Overall, 30 individuals per family were
used, amounting to 180 fish in total. An overview of the experimental design is provided in
Figure 2.1. Exposure-group sticklebacks were distributed into 1L tanks and received a single
S. solidus-infected copepod, whereas control fish were sham-exposed, i.e., received one unin-
fected copepod. All controls were treated identically, but processed on different days, as part
of either the GOT or NO experimental batches. All sticklebacks were returned to their original
16L tanks after two days, and confirmation that the copepods were ingested was provided by
microscopically examining the filtered 1L tank water.

Dissections took place eight weeks post S. solidus exposure, following the same order as
described above. The fish were sacrificed with an overdose of the anesthetic MS-222, weighed,
and their standard length was measured. S. solidus plerocercoids were recovered from the ab-
dominal cavity of infected fish; additionally, the weighs of the spleen, head kidney and liver
were recorded. We counted 42 infected fish, 78 exposed but uninfected, and 58 controls (Ta-
ble B.2). Two individuals belonging to the sham-exposed group died during the course of the
experiment and were excluded from downstream analysis. Experimental procedures were ap-
proved by the animal ethics committee of the local ministry (Ministerium für Energiewende,
Landwirtschaft, Umwelt, Natur und Digitalisierung) of the state of Schleswig Holstein (ap-
proval no. V 241 - 870612018 (23-3118)).

The parasite index (PI) (% PI = (parasite weight/ (fish + parasite weight)) * 100) was cal-
culated as a proxy for each parasite’s virulence (Arme and Owen, 1967). The body condition
of all fish was evaluated on the basis of two indices. The condition factor (CF), calculated
by the formula 100 × fish weight/fish lengthb (Frischknecht, 1993). Exponent b represents a
stickleback population-specific constant and was computed from all control fish in our ex-
periment (b=2.565). Secondly, the hepatosomatic index (HSI) was used as a measure of each
individual’s nutritional status (Chellappa et al., 1995). Lastly, host immunological activation
was assessed through the splenosomatic index (SSI) and the head kidney index (HKI), follow-
ing the formula (organ weight/fish weight-worm weight) *100 (Bolger and Connolly, 1989).
Spleens were stored in RNAlater at -20℃ for further use.
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Figure 2.1: Schematic diagram of the experimental design and timeline. Control individuals
underwent identical treatment but were handled on separate days, as part of the S. solidus GOT strain
or the S. solidus NO strain batches (see Materials and Methods); are thus referred to as GOT and NO
control, respectively. Fish numbers per family are presented in Table B.2. Created with BioRender.com.
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2.3.3 TCR𝛽-targeting 5’ RACE and library preparation for Illumina
sequencing

A total of 114 fish from the 180 individuals used in the infection experiment were selected
for TCR𝛽 sequencing, so as to have a balanced representation of each family in every treatment
group (Table B.3). Our TCR sequencing efforts focused on the 𝛽 chain, the more diverse of the
two chains comprising the TCR, due to its CDR3 including a D segment, likely to offer a better
picture of the extent of the stickleback TCR diversity. We also chose the spleen, an immuno-
logically important organ with high T cell density (Bjørgen and Koppang, 2021). Total RNA
was extracted from the spleens and cDNA synthesis performed using a 5’RACE protocol with
unique molecular identifiers (UMI) coupled with a SmartNNNa 5’-template switch adapter and
a reverse primer for the constant regions of the TCR𝛽 chain, following a published protocol
(Egorov et al., 2015). Two aliquots of the single strand cDNA of each individual were used as
technical replicates to perform a two-step PCR amplification with a forward primer targeting
the template switch adapter, and reverse primers specific for each constant region of the two
TCR𝛽 loci. In the second PCR, the two loci were targeted separately using primers which
included Illumina sequencing adaptors and heterogeneity spacers (listed in Table B.4), follow-
ing (Fadrosh et al., 2014). A schematic overview of the protocol is given in Figure B.1, and a
detailed description is provided in the Supplementary Materials and Methods. The libraries
were subjected to 2x250 bp paired-end sequencing on the Illumina NovaSeq 6000 platform.

2.3.4 Bioinformatics pipeline for TCR𝛽 repertoire extraction
RawTCR sequencing datawere processedwith theMiXCR software (version 4.5.0) (Bolotin

et al., 2015). The pipeline groups raw sequencing reads by unique molecular identifiers (UMI),
performs UMI-based error correction, and extracts individual repertoires. Due to the range
in sequencing depth across sample time points, a moderate threshold of six reads per UMI
group (e.g., MIG size of six) was chosen for both TCR𝛽1 and TCR𝛽2 repertoires; thus, MIGs
supported by fewer than 6 reads were discarded. This allows for the analysis of large TCR
repertoires at the expense of more stringent error correction (e.g., MIG size > 10). As a ref-
erence database for repertoire extraction we used an expanded version of the three-spined
stickleback reference genome-based TCR𝛽 gene library previously assembled (Wölfing, 2012).
Because the stickleback reference genome (Jones et al., 2012) is derived from an individual be-
longing to a relatively distant Canadian population, we sought to further confirm the validity
of our TCR𝛽 gene library by mapping our raw sequencing reads to a recently published local
stickleback genome (Thorburn et al., 2023). By using the BWA-MEM aligning algorithm and
the software IGV (Robinson et al., 2017) we were able to find previously unidentified loci in
both RB1 and TRB2 loci. This led to the incorporation of two TRBV1, one TRBV2, and one
TRBJ2 additional gene segments. In total, our updated TCR𝛽 gene library consisted of 19 V, 1
D, and 8 J TRB1 gene segments, and 14 V, 1D, and 9 J TRB2 gene segments (Table B.5).

Our analysis focused on the CDR3 region, and exclusively on functional sequences, i.e., nu-
cleotide sequences without stop codons or frame shifts, which made up approximately 70% of
the total sequences of each individual. We also filtered out any sequences consisting of gene
segments from both loci (e.g., a sequence made of adjoined TRV1-TRJ1-TRC2 segments), as
the distance between the two loci on the chromosome renders any organic recombination be-
tween them highly improbable - they thus likely represent technical artifacts stemming from
cross-contamination (Wölfing, 2012). Because of considerable variation in the size (i.e., total
UMIs or starting cDNA molecules) of the resulting functional TCR𝛽1 and TCR𝛽2 repertoires
across individuals (Supplementary Results), a down-sampling step was implemented in or-
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der to avoid sampling-related biases, as described in detail in Supplementary Materials and
Methods (Izraelson et al., 2018; Egorov et al., 2018, 2015; Britanova et al., 2014).

2.3.5 Clonotype sharing and inter-repertoire overlap analysis

Initial analysis of repertoire diversity was performed on unique CDR3 nucleotide sequence
variants together with their corresponding V, D (if appropriate), and J segments; each such re-
arrangement corresponds to a unique starting TCR𝛽 molecule. Conversely, all subsequent
analyses were performed based on unique CDR3 amino-acid sequences coupled with their
corresponding V gene segment, referred to as ‘clonotypes’. This definition better captures
each sequence’s biological function, given that both the CDR3 region and parts of the V gene
(CDR1 and CDR2) of the TCR engage with the peptide-MHC complex (Birnbaum et al., 2014).
The inter-individual repertoire overlap is dependent on the number and size of study sam-
ples (Bradley and Thomas, 2019). In order to avoid biases that could potentially stem from an
unbalanced design, we used a subset of 96 samples, where individuals are equally distributed
between the three infection status groups and two S. solidus strains. We used VDJtools to
calculate the extent of pairwise overlap for various fractions of the top most abundant clono-
types in each repertoire, as well as the full, size-standardized repertoire. Sharing level for each
clonotypewas decided based on the extent of its sharing across the entire dataset of TCR𝛽1 and
TCR𝛽2 repertoires: clonotypes detected in only a single individual were deemed as private,
those detected in 2 to 12 individuals were relatively private, while those clonotypes present in
13 to 48 different individuals were relatively public. Lastly, as public were regarded clonotypes
found in the majority (>48) of individuals in our dataset.

2.3.6 Generation probability inference and synthetic repertoire sim-
ulation

We used the software IGOR (Marcou et al., 2018) to infer two independent three-spined
stickleback-specific models of VDJ recombination, one for each TRB genomic locus. IGOR is
a probabilistic model that is trained on non-productive TCR rearrangements; by learning the
recombination statistics (i.e., germline gene choice, nucleotide deletions at the V-D and D-J
junctions, and N nucleotide insertions) from these unselected sequences, it can then be used
to calculate the generation probability of any given TCR sequence. 5,000 of an individual’s
non-productive sequences suffice for IGOR to learn an accurate TRB model (Marcou et al.,
2018). Due to the small repertoire sizes in our study, acquiring such individual-specific models
was not feasible. Nevertheless, since variability in recombination statistics across individuals is
generally low so that a universal model captures reasonably well the statistics of each individ-
ual (Elhanati et al., 2018; Sethna et al., 2020), we proceeded to pool together all non-functional
TCR𝛽1 (n=86,690) and TCR𝛽2 (n=37,893) unique nucleotide sequences across all individual
repertoires in our dataset. We kept sequences found in multiple individuals because they rep-
resent independent recombination events. The inferred ‘population’-specific TRB1 and TRB2
recombination models had sufficiently low error rates (0.005 and 0.003, respectively). We then
used these models to estimate the generation probability of each TCR𝛽1 and TCR𝛽2 unique
nt sequence in our dataset.

Next, we wanted to study pre-selection repertoires, i.e., repertoires that have not under-
gone any form of selection, either in the thymus, or in the periphery. We used the software
OLGA (Sethna et al., 2019) to generate artificial TCR repertoires, which represent the output
of VDJ-recombination and, as such, reflect its inherent biases. For this part of the analyses, we
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generated an equal number of TCR𝛽1 and TCR𝛽2 repertoires as our balanced dataset (n=96),
with repertoire size matching the size of our down-sampled observed repertoires (2395 and
860 sequences for the TCR𝛽1 and TCR𝛽2 repertoires, respectively). The simulated datasets
were used to calculate the level of sharing of each artificially generated clonotype among all
simulated TCR𝛽1 and TCR𝛽2 samples; afterwards, we compared the distribution of clonotype
sharing levels against the observed repertoires. For the calculation of the average pairwise
overlap of simulated TCR𝛽1 repertoires, we generated a set of 36 artificial repertoires of a total
of 10,000 sequences each; each repertoire corresponding to a control sample in our observed
dataset. We performed 5,000 iterations of sub-sampling 2395 sequences from each sample,
then calculated the average percentage of overlapping clonotypes for all 496 sample pairs in
each iteration. Final mean and standard deviation values correspond to the mean of all 5,000
iterations. We repeated this analysis for simulated TCR𝛽2 repertoires, by sub-sampling to 860
sequences in each iteration. Lastly, we used the software Sonnia to estimate the Q selection
factor of each unique clonotype, with a slight modification to allow for specific V–J combina-
tions (Sethna et al., 2020). The Q selection factor is a proxy of the sequence-specific selection
pressure exerted upon each clonotype that can best explain the difference in its observed fre-
quency in experimental TCR repertoires from its frequency in artificial repertoires, generated
based on the inferred IGOR recombination models.

2.3.7 Similarity network analysis

TCR repertoire similarity network objects were created in R with the NAIR package (Yang
et al., 2023), through which we obtained the number of clusters and clustered nodes, as well
as node degree and betweenness. To generate a network of sequence similarity, functional
nt sequences where collapsed into one node when their amino acid CDR3 sequence and V
segments were identical, in accordance with our definition of a clonotype. A Levenshtein
distance of 1, denoting sequences differing by at most one amino acid substitution/ insertion/
deletion, was selected as the sequence similarity cut-off used in cluster formation. Thus, edges
only connected those nodes that differed by maximum 1 Levenshtein distance, resulting in an
undirected graph. For visualization, network objects and node metadata files were exported
as mat and csv files, respectively, and imported into Cytoscape (Shannon et al., 2003).

2.3.8 Detection of differentially expanded clonotypes

Clonotypes that were differentially expanded between infection status groups in a statis-
tically significant manner were identified using EdgeR, a software for differential gene ex-
pression analysis (M. D. Robinson et al., 2010). In each sample, TCR𝛽1 clonotypes were fil-
tered by UMI counts via thefilterByExpr function with the following parameters: min.count
= 4, min.total.count = 4, large.n = 0, and min.prop = 0. For TCR𝛽2 clonotypes min.count
and min.total.count were set to 3, as an adjustment to the overall smaller size of the reper-
toire. EdgeR automatically adjusts any differential expression analysis for varying sequencing
depths as represented by differing library sizes (i.e., total UMI counts per sample). No count
normalization method was applied, as we did not expect the majority of clonotypes to be
equally expanded between sample pairs. Each infection status groupwas tested against all oth-
ers using a quasi-likelihood (QL) negative binomial generalized log-linear model followed by
the F-test. Final clonotypes were filtered for an FDR <0.05 and a logFC ≥ 2.5. EdgeR was used
as implemented in the TCRgrapher R package (https://github.com/KseniaMIPT/tcrgrapher).
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2.3.9 Statistical analyses and data visualization

All statistical analyses were performed with R (Team, 2021). Infection rates, calculated
as the proportion of infected out of all exposed fish were used in generalized mixed effects
models (GLMMs) with binomial error structure using the lme4 R package (Bates et al., 2024).
Independent variables included stickleback family, parasite strain, and their interaction. Sex
was included in all statistical analyses as random term, unless otherwise noted. Post hoc tests
included Tukey’s all-pair comparisons with R packagemultcomp (Hothorn et al., 2024) or Type
III Wald 𝜒2-tests using Anova() from car (Fox et al., 2024). Next, parasite index (PI) was used
as response variable in a GLMM with family, parasite strain, and individual MHC-II diversity
level as fixed effects; tank, which was confounded with fish family and treatment group (GOT,
NO), was used as random effect.

Three infection status groups were defined for further analyses: the control group, the
exposed group, which included sticklebacks exposed to S. solidus but uninfected at the time
of dissection, and the infected group. Unless otherwise stated, comparisons were restricted
within the GOT and NO batches, in order to control for batch effects. Body condition (CF,
HSI), and immunological indices (SSI, HKI) were used as independent variables in GLMMs to
examine differences between groups. Biologically relevant interaction terms were fitted, and
random factors included sex (to account for potential sex-specific differences) and fish tank.
Best fitting models were selected with likelihood ratio tests and the Akaike information cri-
terion by sequentially dropping non-significant terms. Significance of remaining components
was determined by Wald F-tests using the anova() function from the ‘stats’ core R package.
The effect of individual MHC-II allelic diversity on the TCR𝛽1 and TCR𝛽2 repertoire diversity
was explored while controlling for other variables, by expressing the diversity as residuals of
a GLMM with family and infection status as fixed effects. Tank was used as random effect.
Based on previous findings of MHC-specific effects on the TCR repertoire (Migalska et al.,
2019; Brown et al., 2024), we tried fitting both linear and quadratic polynomial on these resid-
uals to test the effect of individual MHC-II diversity on each repertoire’s diversity.

V and J gene usage frequencies were obtained for all TCR𝛽1 and TCR𝛽2 samples with
the VDJtools software. Weighted usage of each V and J gene from the two TRB genomic loci
was analyzed on the basis of host family, infection status, and strain by GLMMs. Differences
in weighted gene usage frequencies by parasite strain were analyzed separately in infected
individuals. The V and J gene usage profiles of pre-selected TCR repertoires were examined in
a similar manner, by using non-functional TCR𝛽1 and TCR𝛽2 clonotypes from each individual.

For inter-individual repertoire overlap analysis, we first tested the homogeneity in disper-
sion between different families and infection status groups using ANOVA. Non-parametric
permutational multivariate analyses of variance (PERMANOVA) were then calculated on Eu-
clidian distance matrices using function adonis() from R package vegan (Oksanen et al., 2024).
10,000 permutations were run for each test, which family, infection status, and tank as fixed
effects. Significant results were followed up with post-hoc Tukey’s multiple comparisons of
means of dispersion to identify which groups differed significantly. Non-metric multidimen-
sional scaling (NMDS) on Euclidian distances and two dimensions was employed for visual-
ization of inter-individual repertoire overlap with function metaMDS()).

The R package ‘ggplot2’ (Wickham, 2016) was used for generating figures. Color palettes
used in plots and figures were from ColorBrewer (Neuwirth, 2022). Heatmaps were created
using the package ComplexHeatmap (Gu et al., 2016), and R packages ggmap and rnaturalearth
were used for drawing the map of the sampling site (Kahle and Wickham, 2013; Massicotte
et al., 2023). The software Cytoscape (Shannon et al., 2003) was used for visualization of TCR
repertoire similarity networks.
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2.4 Results

2.4.1 Results of S. solidus experimental infection
Weperformed controlled single infections of lab-bred three-spined sticklebacks fromNorth-

ern Germany with two allopatric strains of S. solidus- a fast-growth strain from Norway (NO)
and a slow-growth strain from Sweden (GOT) (Figure 2.2A). Of the 120 individuals exposed
in total, 42 (35%) harbored a parasite at the time of dissection; 18 fish were infected with the
GOT strain and 24 with the NO strain – corresponding to an average infection rate of 30% for
the GOT and 40% for the NO strain (Table B.2). We tested whether the infection rate was fish
family- or parasite strain-dependent using binomial logistic regression (results presented in
Table B.6). Infection rates did not differ significantly between parasite strains (X21 = 1.99, p
= 0.158) or fish families (X21 = 7.81, p = 0.167), despite the observed variation (Figure 2.2B).
Individual MHC-II allelic diversity also did not have a significant effect on the infection rate
(X23 = 1.86, p = 0.602). As expected, the parasite index of infected individuals, a proxy of
parasite virulence, differed significantly between the two parasite strains (X21 = 84.77, p =
<0.0001), with NO S. solidus growing considerably bigger (Figure 2.2C). Neither fish family
nor individual MHC-II allelic diversity had a significant effect on parasite index (Table B.7).

Next, we examined the effects of infection status, parasite strain, their interaction, as well
as fish family on the various stickleback body and immunological condition indices. Inter-
estingly, out of all variables in our GLMM models, only family had a significant effect on the
stickleback condition factor, whereas infection status had a major effect on the HSI, the HKI,
and the SSI (Table B.8). Given the pronounced difference in growth between the two parasite
strains, and the fact that either strain or the interaction between infection status and strain
had significant effects on the HSI, HKI and SSI (Table B.8), we proceeded to analyze the differ-
ences in the three indices between infection status for each strain separately. No differences
were observed between the control and exposed fish of the two strains for any of the 3 in-
dices (Figure 2.2D, Table B.9). Furthermore, NO-infected fish had significantly lower HSI, and
higher HKI and SSI compared to their control and exposed counterparts (Figure 2.2D, Table
B.9). GOT-infected fish, on the other hand, had a higher SSI compared to the control. Be-
tween the two strains, NO-infected fish had significantly higher HKI and SSI, and lower HSI
compared to GOT-infected fish (Figure B.2, Table B.10). Lastly, unlike other indices which
are not sensitive to the parasite index, the HKI of both NO- and GOT-infected individuals is
significantly affected by parasite size (Table B.11).

2.4.2 TCR repertoire diversity and gene usage
We focused our TCR sequencing efforts on a dataset of 114 individuals (Table B.3). We

yielded samples ranging in size between 2,000 to 8,300 TCR𝛽 cDNA molecules (TRBMs) in
the TCR𝛽1 repertoire, and 860-4,200 TRBMs in the TCR𝛽2 repertoire. Samples of NO-infected
individuals were on average smaller, while those from GOT-infected fish were larger than
their control and exposed counterparts (Figure B.3A, B). According to conservative estimate,
these numbers correspond to a total of 10,000 unique TCR𝛽 nt sequences in the spleen (Sup-
plementary Results). Following normalization of sample sizes (Supplementary Materials and
Methods, Supplementary Results, Figure B.4A, B), we fitted GLMMs to predict the observed
diversity (i.e., number of unique nt sequences) of both repertoires. We found that family and
infection status provide substantial explanatory power, with a strong family effect on both
TCR𝛽1 and TCR𝛽2, and infection status affecting the TCR𝛽1 repertoire only (Table 1, condi-
tional R2TCR𝛽1=0.36, R2TCR𝛽2=0.32,). Post-hoc testing revealed significant differences in TCR𝛽1
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Figure 2.2: Infection with virulent S. solidus strain leads to deteriorated condition in three-
spined sticklebacks. A)Map of the sampling spots for the host and the parasites. Sticklebacks origi-
nated from the Großer Plöner See (GPS) lake in Northern Germany, and S. solidus parasites were cap-
tured from Gotland, Sweden (GOT), and lake Skogseidvatnet, Norway (NO). B) Stickleback infection
rates eight weeks post exposure to S. solidus shown by parasite strain (GOT and NO), and stickleback
family (A to F). Horizontal dashed lines indicate across-family average infection rates for each strain. C)
Comparison of the parasite index of the two S. solidus strains, a measure of relative growth inside their
hosts. D) Comparison of hepatosomatic index, head kidney index, and splenosomatic index between
the three experimental groups of sticklebacks (control, exposed but uninfected, and infected) and by
parasite strain. Asterisks indicate P value significance levels as inferred from GLMM analysis described
in Tables S9, S10 (**** p< 10-5, *** p< 10-4, ** p< 10-3, * p< 0.05). Stickleback and S. solidus icons created
with BioRender.com.
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(Figure 2.3A) and TCR𝛽2 diversity (Figure B.5A) between various family pairs. Overall, family
effects alone explain 22.9% and 28.5% of the TCR𝛽1 and TCR𝛽2 diversity variance observed
across all individuals, respectively. When the cumulative TCR𝛽 diversity is considered, fam-
ily accounts for 29.9% of the total variance, while infection status for only 0.9%. The inclu-
sion of individual MHC-II diversity or MHC-II genotype slightly improved our GLM mod-
els (with MHC-II diversity: R2TCR𝛽1=0.38, R2TCR𝛽2=0.33, with MHC genotype: R2TCR𝛽1=0.41,
R2TCR𝛽2=0.40). Nevertheless, their effects were non-significant (F<1.3, P>0.27 in all cases), as
also shown via residual regression analysis (Figure B.6). Neither MHC-II diversity nor MHC-II
genotype had a substantial impact on TCR diversity within the same family.

As expected due to the power law distribution of clone sizes in both repertoires (Figure
B.4C, D), increased family diversity stems from a higher percentage of T cells represented by
single-cell clonotypes (‘singletons’), as well as expanded clonotypes occupying less repertoire
space (Figures 2.3B, B.5B). Interestingly, infected individuals have a higher average TCR𝛽1
repertoire diversity compared to exposed fish (Figure 2.3C); this difference was retained when
control and exposed fish were grouped together (Tukey’s post-hoc test, P=0.0347). We see
a lower percentage of repertoire space occupied by expanded clonotypes in the NO-infected
individuals (Figure 2.3D). Neither infection status- nor parasite strain-based differences are
observed in the diversity of the TCR𝛽2 repertoire (Figure B.5C). Overall, we find a strong and
statistically significant positive correlation (Spearman’s rho= 0.60, P= 5.1super-12) between
intra-individual diversity of the two repertoires (Figure B.7).
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Next, we examined the V and J gene usage frequency of the TCR𝛽1 and TCR𝛽2 repertoires
(genes listed in Table B.5). Strong biases are observed within all gene groups, with specific V-J
combinations being heavily favored in each repertoire (Figure B.8, Figure B.9). GLMManalyses
revealed a significant family effect on gene usage frequency for various V and J gene segments
of both loci (Figure B.8). Notably, infection status also had a significant effect on the frequency
of nine gene segments (Figure B.10). Of those genes, only V1.17 varied significantly between
infected individuals based on parasite strain (Figure B.10); NO-infected individuals used V1.17
at higher frequencies (F=6.73, P= 0.03098). In order to characterize the initial repertoire formed
by VDJ recombination itself, we performed separate analysis of non-functional nt sequences;
we find that family-based differences are even more prominent in the pre-thymic selection
repertoires, particularly when it comes to V gene selection in both loci (Figure B.11).

2.4.3 Clonotype sharing and inter-individual TCR repertoire overlap

Our sequencing efforts yielded 74,795 unique TCR𝛽1 nt sequences, corresponding to 63,307
clonotypes, i.e., distinct CDR3 aa sequences with their corresponding V gene. The overwhelm-
ing majority of clonotypes (80%) belong to a single individual. However, hundreds of se-
quences were highly shared among individuals; 275 sequences (0.43%) were shared by more
than half of the 96 samples in our balanced dataset. Notably, we found ten clonotypes that
were shared by all 96 fish (0.016% of all clonotypes). Thus, clonotypes have a wide range of
sharing levels. We defined a clonotype as “private” if it appeared in only one individual, as
“relatively private” if it was shared by two to 12 fish, as “relatively public” if shared by 13–48
fish, and as “public” if shared more than half the fish (n>48). Public clonotypes are on average
more abundant than private ones within each repertoire (Figure B.12A). Furthermore, the av-
erage TCR𝛽1 repertoire comprises of 33% private, 25% relatively private, 29% relatively public,
and 13% public clonotypes (Figure B.12B).

To investigate the factors affecting the degree of clonotype sharing between individuals, we
performed distance-matrix-based analysis of inter-individual TCR𝛽1 repertoire overlap. We
employed a balanced sample subset (Materials and Methods) and focused on each sample’s
top 500 most abundant clonotypes. Families exhibited homogeneous variance in dispersion
(ANOVA: F5,90= 1.1557, p= 0.3373), and differed moderately in their composition of overlap-
ping clonotypes (PERMANOVA: R2 = 0.05699, F5,89 = 1.0879, p <0.0001), as visualized with
non-metric multidimensional scaling (NMDS) (Figure B.12C). Overall, the average within- and
between-family repertoire overlap of control individuals did not differ significantly (p= 0.266,
Table B.12). Accordingly, sharing anMHC-II haplotype did not increase the average repertoire
overlap of control samples (p= 0.349, Table B.13).

Grouping by infection status revealed significant heterogeneity in dispersion (ANOVA:
F2,93 = 6.0905, p = 0.00327). The infected group, in particular, displayed substantially smaller
inter-repertoire distances than the control and exposed groups (Table B.14; Figure 2.4A). Post-
hoc testing showed this clustering was driven by NO-infected individuals (Table B.14). Indeed,
NO-infected repertoires had the highest average number of overlapping clonotypes (n=148),
far exceeding that of GOT-infected repertoires (n=103) (Figure 2.4B, B.12D). As NMDS analysis
did not reveal distinct clustering centers, we deduce that no compositional difference in over-
lapping clonotypes exists between groups. In other words, the high clustering of NO-infected
individuals is based on non-group-exclusive clonotypes. As confirmation, we identified all 42
clonotypes shared exclusively between NO-infected samples (Figure 2.4C). Removal of these
clonotypes resulted in same clustering patterns, allowing us to reject the hypothesis that they
play any role in clustering. Indeed, the majority of overlapping clonotypes within each treat-
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Figure 2.3: TCR𝛽1 repertoire diversity and clonality are genetic background-dependent. Mean
per individual observed diversity (unique nt sequences) obtained from down-sampled repertoires of
2,395 T cells was compared between stickleback families (A) and infection status grouped by parasite
strain (C). Where GLMM showed a statistically significant effect, Tukey’s post-hoc tests were per-
formed with asterisks signifying P value significance levels *** P < 10-4, ** P < 10-3, * P < 0.05). B, D)
Clonal space homeostasis showing the average percent of clonal space occupied by clones of a given
size. Singletons, small, medium and large clones were defined as constituting <0.05, <0.2, <0.3 or >=
0.3% of analyzed T cells, respectively. In terms of starting cDNA molecules, these frequencies cor-
respond to 1, 2-4,5-7 and >=8 UMIs, respectively. Comparisons were made between families (B) and
infection status by parasite strain (D). For each size type, GLMMs were fitted (P values on top of each
category, ns non-significant); for statistically significant cases, they were followed by Tukey’s post-hoc
tests, with asterisks signifying P value significance levels after Holm correction (***P < 10-4, ** P < 10-3,
* P < 0.05). Tank was incorporated in all models as random effect. Non-significant comparisons are
omitted for visual clarity.
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ment group stems from the public compartment, from which NO-infected repertoires draw
more clonotypes on average (Figure 2.4D).

It follows logically that NO-infected repertoires have lower percentage of private clono-
types; indeed, both singletons and expanded private clonotypes are fewer in NO-infected
repertoires (Figure B.12E). This pattern of private clonotype suppression is prevalent across
different repertoire fractions (Figure B.12F). When clonotype abundance is accounted for, the
difference becomes even starker (Figure 2.4E). Next, we asked whether the total abundance of
private clonotypes in a repertoire is a function of parasite growth within infected individuals.
Statistical modeling showed that the private clonotype compartment in infected individuals
is better predicted by the parasite index than the parasite strain itself (GLMM with family in-
cluded as main effect, tank as random effect; PI: F=7.99, p=0.03; strain: F=4.6, p=0.11). Indeed,
there is a very strong negative correlation (Spearman’s R= -0.67, p=<0.0001) between para-
site index and the space occupied by private clonotypes in repertoires of infected individuals
(Figure 2.4F).

We have extended the above analysis to our TCR𝛽2 repertoires. As compared to TCR𝛽1,
TCR𝛽2 repertoires have limited clonotype sharing; 1.8% of the total 33,334 clonotypes are ei-
ther public (n=28) or relatively public (n=564), together comprising less than a quarter of the
average individual’s repertoire (Figure B.13A). These highly shared TCR𝛽2 clonotypes are gen-
erally more abundant compared to private ones, mirroring their TCR𝛽1 counterparts (Figure
B.13B). Neither family nor MHC-II haplotype sharing affected the extend of repertoire overlap
among control individuals (Tables S12, S13). TCR𝛽2 repertoires of NO-infected individuals on
average tended to show more pairwise overlapping clonotypes (Figure B.13C), of which rela-
tively public clonotypes constituted the majority (Figure B.13D). However, the difference was
statistically non-significant (Table B.14). TCR𝛽2 repertoires of NO-infected individuals dis-
played mild private clonotype suppression and simultaneous expansion of public/relatively
public clonotypes (Figure B.13E, F). We conclude that infection with NO S. solidus leads to
a prominent contraction of the private TCR𝛽1 clonotype compartment relative to the public
one, whereas such a contraction is less evident in the TCR𝛽2 repertoire.

2.4.4 Detection of differentially expanded clonotypes

Besides the widespread presence of abundant, non-infection-specific public clonotypes,
we also found highly expanded TCR𝛽1 and TCR𝛽2 clonotypes in the private and relatively
private compartments (Figure B.12A, B.13B). To test whether there exist clonotypes that are
preferentially expanded among individuals of the same infection status, we employed EdgeR,
a tool effectively employed in TCR repertoire studies (Pogorelyy et al., 2018; Minervina et
al., 2021, Meinhardt et al.,2022). Overall, we detected 184 TCR𝛽1 and 59 TCR𝛽2 differentially
expanded (DE) clonotypes across all three infection status groups (Figure 2.5A), nearly all of
which are either private ( 60%) or relatively private ( 40%) (Figure 2.5B). 48 TCR𝛽1 and 20
TCR𝛽2 DE clonotypes were specific to S. solidus-infected individuals, and can potentially in-
clude S. solidus-specific responses. Notably, the average number of both DE TCR𝛽1 and TCR𝛽2
clonotypes per individual was significantly lower in NO-infected individuals compared to both
the control, as well as the GOT-infected ones (Figure 2.5C). This agrees with our previous ob-
servations of suppressed private clonotypes following NO S. solidus infection. Interestingly,
we found three DE clonotypes shared by control and seven DE clonotypes shared by exposed
individuals in both treatments, while a single common DE clonotype was detected between
GOT- and NO-infected fish (Figure 2.5D).
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Figure 2.4: Diminished private clonotypes drive the increased TCR𝛽1 repertoire overlap be-
tween individuals infected with the virulent S. solidus strain. (A) Clustering of the TCR𝛽1 reper-
toires of infected individuals confirmed with non-metric multi-dimensional scaling (NMDS) based on
the D index, calculated as the number of shared clonotypes between any two samples, normalized for
their individual diversities; Euclidean distance between samples reflects the distance between reper-
toires. Repertoires down-sampled to the top 500 most abundant clonotypes were used. Outlier sam-
ples were moved inwards to the plot periphery for better visualization. (B) Average number of pair-
wise overlapping clonotypes between any two samples (S1/S2) out of the top 500 clonotypes by infec-
tion status within the NO treatment group. (C) Number of overlapping clonotypes by sharing level,
grouped by infection status and parasite strain. (D) Scatterplot showing a strong correlation (Spear-
man’s R=0.77, p<2.2e-16) between sharing level among NO-infected repertoires (n=16 samples) and
sharing level among the rest of the samples (n=80). All clonotypes present in at least two NO-infected
samples were used (n=1,001). Each dot represents a single clonotype. Gold color designates public
clonotypes (n=128), and blue clonotypes exclusive to NO-infected samples (n=42). (E) Analysis of the
repertoire space occupied (i.e., cumulative frequency) of private clonotypes by infection status and
parasite strain for different fractions of the TCR𝛽1 repertoire. P values for each fraction refer to the
statistical significance of the effect of infection status, obtained from GLMM models with family and
infection status as main effects, and tank as random effect. Yellow shading highlights repertoire fraction
(top 500 clonotypes) analyzed in panels A-D and F. (F) Scatterplot showing a strong negative correlation
(Spearman’s R=-0.67, p=<0.0001) between the parasite index and the proportion of homeostatic space
occupied by private clonotypes in the top 500 clonotypes of TCR𝛽1 repertoires of infected individuals.
95% confidence intervals are indicated by the grey shaded area. Horizontal yellow area marks the 95%
confidence interval of private repertoire space for all control individuals (n=36).
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2.4.5 Generationprobabilities and selection of private andpublic clono-
types

Both private and public clonotype compartments of the TCR𝛽1 and TCR𝛽2 repertoires
contain abundant clonotypes, presumably resulting from expansion in response to an anti-
gen (Figure 2.6A, Figure B.14A). We have further shown that the repertoires of NO-infected
individuals have an increased cumulative abundance of public clonotypes, leading to reper-
toire convergence, but their private clonotypes, possibly including S. solidus-related ones, are
constricted. We asked whether public clonotypes possess distinct characteristics that might
explain this response to NO S. solidus infection. To answer, we compared public clonotypes to
private expanded ones, including the previously detected DE clonotypes. We found that both
TCR𝛽1 but not TCR𝛽2 public clonotypes possess a shorter average CDR3 amino-acid length
(Figure B.15A, B); both have fewer non-template nucleotide (N) insertions (Figure B.15C). Fur-
thermore, public clonotypes exhibit a high nucleotide sequence convergence, i.e., multiple
nucleotide sequences encoding for the same amino acid sequence (Figure B.13D). These fea-
tures help explain the public clonotypes’ higher generation probabilities, as inferred through
a stickleback-trained computational model of VDJ recombination: on average, public TCR𝛽1
and TCR𝛽2 clonotypes are 3.6 and 4.2 times more likely to be produced than private expanded
ones, respectively (Figure 2.6B, Figure B.14B). However, comparison of our observed dataset
with simulated repertoires shows that the elevated likelihood of generation alone cannot ex-
plain the presence of public clonotypes in either repertoire (Figure B.15E). VDJ recombination
biases can only support a small fraction of the levels of pairwise repertoire overlap observed
between our control samples (Figure B.15F).

The existence of public repertoires can thus only be explained via a mechanism that selects
for them, in the thymus or in the periphery- or both. In other words, public clonotypes must
serve a biological function and their omnipresence is not a byproduct of recombination bi-
ases. The inference of a stickleback-specific selection model allowed us to assess the Q factor,
a measure of the selection pressure for each clonotype that best explains its abundance in our
observed dataset compared to artificial, pre-selection repertoires. We thus confirm that there
is a selection bias towards public clonotypes compared to private expanded ones (Figure 2.6C,
Figure B.14C). Biased selection heavily implies the existence of distinct structural properties
of public TCRs that would allow for their preferential engagement during thymic selection.
We therefore turn our attention to the V and J gene composition profile of public clonotypes.
Interestingly, public TCR𝛽1 clonotypes exhibit restricted V and J gene usage, heavily skewed
towards V1.17 and J1.7 (Figure 2.6D). Indeed, V1.17-J1.7 clonotypes represent the most fre-
quent V-J combination in the relative public and public compartments of the TCR𝛽1 repertoire
(Figure B.16A). Notably, V1.17-J1.7 clonotypes are driving the increased overlap between NO-
infected repertoires, and constitute the most increased VJ combination of overlapping clono-
types compared to other infection groups (Figure 2.6E). Similarly, TCR𝛽2 public clonotypes
are V2.1-J2.8-rich (Figure B.14D, B.16B), and drive the increased overlap between NO-infected
TCR𝛽2 repertoires (Figure B.14E). As opposed to relatively private expanded clonotypes, 40%
of which are only present in individuals with at least one MHC-II haplotype in common, none
of the public clonotypes are MHC-II-restricted (Figure 2.6F, B.14F).

2.4.6 Network analysis of the TCR𝛽 repertoire architecture
Next, we examined the organization of the stickleback TCR𝛽 repertoires via network anal-

ysis, and investigated whether S. solidus infection impacts the network structure. We con-
structed TCR𝛽1 and TCR𝛽2 networks for each individual in our dataset using the top 500
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Figure 2.6: Public TCR𝛽1 clonotypes exhibit distinct properties that distinguish them from
private expanded ones. (A) Relationship between clonotype average within-repertoire frequency
(abundance) and sharing across different individuals. Each dot represents one clonotype. Both the
private/relatively private and public compartments include expanded clonotypes, i.e., with clone size
>1. We focus on the 275 public (n>48) clonotypes (in red) and 275 mostly (relatively) private expanded
clonotypes, including the 184 differentially expanded (DE) ones (in pink). (B)Distribution of generation
probabilities Pgen for private expanded and public clonotypes, as calculated with the software IGOR.
The Pgen value of each clonotype was calculated as an average of all nt sequences encoding each
clonotype. Inset asterisks signify statistical significance as inferred from Wilcoxon rank-sum test (P=
5.93e-11). (C) Comparison of average Q values between private expanded and public clonotypes. Q is a
proxy of the selection pressure of each clonotype in the thymus and the periphery, as calculatedwith the
software Sonnia. Asterisks signify statistical significance as inferred from Wilcoxon rank-sum test (P=
7.24e-15). (D)Heatmaps of frequency of usage of V (left) and J (right) gene segments within the private
expanded and the public clonotypes. (E) Heatmap of the average number of pairwise overlapping
clonotypes by VJ gene usage within each of the six treatment groups. Shown are the most frequent
VJ gene combinations, i.e., those accounting on average for >2% of all overlapping clonotypes across
treatment groups. (F) Proportion of relatively private expanded (n=77) and public (n=275) clonotypes
that are shared exclusively by individuals sharing at least one MHC-II haplotype. Green color denotes
sharing, grey non-sharing. Asterisks signify statistical significance as inferred from Chi-squared test
(P= 4.37e-28).
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TCR𝛽1 and top 250 TCR𝛽2 most abundant clonotypes from each repertoire, respectively. In
each network, clonotypes are depicted as nodes, and are connected with each other based on
their level of sequence similarity; i.e., clonotypes differing by a maximum Levenshtein dis-
tance of 1 appear connected via an edge, while clonotypes separated by more than one amino
acid difference from any other remain isolated. Any group of two or more nodes that are
inter-connected by edges is termed a cluster.

We found that, in the TCR𝛽1 repertoire, an average of 194 ± 17 (mean ±SD) out of the 500
most frequent clonotypes per individual were clustered (Figure 2.7A). These TCR𝛽1 repertoire
networks consisted of 248 ± 44 edges. On the other hand, networks constructed with an equal
number of randomly selected TCR𝛽1 clonotypes were sparser, with 152 ± 17 nodes clustered,
and 134 ± 23 edges (Figure 2.7B). An interesting observation is that network clusters are mostly
formed by public and not private clonotypes; indeed, public TCR𝛽1 clonotypes were 6.9 times
more connected on average that private ones (Figure 2.7C). We made similar observations by
analyzing individuals’ networks of top 250 TCR𝛽2 clonotypes; despite the noticeably lower
connectivity levels, public clonotypes were still 3.7 times more connected on average than
private ones (Figure 2.7C). Interestingly, we found no significant difference in the number of
network edges in either repertoire from individuals infected with either strain of S. solidus
compared to the controls (Figure B.17). We did, however, find that NO-infected individuals
had TCR𝛽1 repertoires with decreased abundance inequality compared to the exposed group,
as measured via the Gini index (z=-2.492, P= 0.034 from Tukey’s post-hoc test, GLMM shown
in Table B.15). No such differences were observed in the TCR𝛽2 repertoire (Table B.15).

In order to further examine the high sequence similarity exhibited by public TCR𝛽1 clono-
types, we analyzed the connectivity levels of a network of the 500 most widely shared clono-
types (all 275 public and 225 relatively public). The network included 252 clustered nodes
(50.4%) and 391 edges (Figure B.18A). We compared this with a network formed by a set of
316 most abundant private clonotypes and the 184 differentially expanded ones (n=500 in to-
tal). This network was less connected, manifesting 109 clustered nodes (21.8%) and only 66
edges (Figure B.18B). It is worth noting that the vast majority of DE clonotypes (130 or 71%)
were isolated, i.e., not connected to any other nodes in the network (Figure B.18B). We further
found that the biggest public network cluster, comprising 135 clonotypes, showed a strong bias
towards gene V1.17 (50.4% usage frequency), as opposed to a frequency of 26.2% between un-
clustered public clonotypes and 11% among private ones (Figure B.19A). J gene usage of the big
cluster public clonotypes was similarly biased towards J1.7 (37%, versus 19.4% among private
clonotypes) (Figure B.19B). Lastly, analysis of the physicochemical properties of the amino
acids making up each clonotype revealed that the public clonotypes forming the big cluster
had considerably higher average polarity and lower hydropathy levels compared to private
clonotypes, but didn’t differ significantly from the unclustered public ones (Figure B.19C, D).

2.5 Discussion
In this study, we set out to comprehensively analyze the TCR𝛽 repertoire of the three-

spined stickleback via high-throughput NGS technology and an advanced error correction-
inclusive bioinformatics approach. Our main goal was to examine the response of the stickle-
back’s TCR𝛽 repertoire to controlled infectionwith a naturally occurring parasite, the helminth
Schistocephalus solidus, while also accounting for the role of host genetic background. We thus
employed six lab-reared stickleback families and performed experimental exposure to two S.
solidus strains of different virulence. The infection status of exposed fish was evaluated af-
ter a period of eight weeks, and their spleen TCR𝛽 repertoires compared to their unexposed
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counterparts kept under identical conditions in the lab.

2.5.1 Sticklebacks possess limited TCR𝛽 repertoire diversity

Our sequencing protocol facilitates the independent targeting of both T cell receptor 𝛽
chain loci (TRB1 and TRB2) present in the three-spined stickleback (Wölfing, 2012). It thus
allowed us to perform, for the first time, an in-depth analysis of the TCR𝛽1 and TCR𝛽2 reper-
toires alike, in a vertebrate species where the two loci are independent. Previous TCR reper-
toire studies in the zebrafish, a teleost with a single TRB locus containing two constant regions,
have focused solely on the TCR𝛽1 repertoire, i.e., transcripts of the C𝛽1 segment (Covacu et al.,
2016), based on earlier reports that TCR𝛽2 transcripts are comparatively scarce (Meeker et al.,
2010). Here, we show that the contribution of the TCR𝛽2 repertoire is not negligible, as it
accounts for more than a third of stickleback’s spleen repertoire diversity. We estimated the
lower bound total TCR𝛽 repertoire diversity in the stickleback spleen at 104 unique TCRs,
following two different approaches (Chao, 1984; Giorgetti et al., 2021). his number is likely an
underestimation, mainly due to the absence of information regarding the sequence diversity of
the 𝛼 chain - its joining with the 𝛽 chain to form the TCR heterodimer noticeably increases the
actual TCR repertoire diversity (Arstila et al., 1999; Casrouge et al., 2000). The relatively low
sensitivity of the UMI-based 5’RACE methodology employed here, coupled with our data be-
ing the result of non-exhaustive sequencing efforts are additional factors that lead to diversity
underestimation (Rosati et al., 2017; Barennes et al., 2021).

Nevertheless, this estimate can be used for insightful comparisons with other vertebrate
species. For example, the 1000-fold difference in TCR repertoire size between humans and
mice is thought to be a reflection of the area that each species needs to have ‘patrolled’ i.e.„
larger animals requiremore cells for immune surveillance (Langman and Cohn, 1987). Notably,
this size difference is primarily driven by clonality, not diversity: a given TCR is expressed,
on average, by 100 times more T cells in humans than in mice (Nikolich-Žugich et al., 2004).
Here, however, the stickleback spleen TCR𝛽 diversity was found to be two orders of magnitude
lower than that of the mouse (2x106) (Casrouge et al., 2000) – despite the two species differing
by approximately equal measure in body size. Similarly, the zebrafish’s estimated 2x105 T cells
(Covacu et al., 2016) remain ten times fewer than those inmice (3x108), even after correcting for
total body mass (Bousso et al., 1998). Teleost B cell receptor repertoires seem to be similarly
restricted compared to mammals (Du Pasquier, 1982). It therefore appears that, for reasons
extending beyond divergent body sizes, teleost species harbor intrinsically smaller adaptive
immune receptor repertoires compared to higher vertebrates.

2.5.2 TCR𝛽 diversity and geneusage are genetic background-dependent

A chief goal of the present study was to illuminate the long-overlooked factor of genetic
background in shaping the TCR𝛽 repertoire. By employing the three-spined stickleback, a
model system that incorporates natural genetic variation, while simultaneously controlling
for known determinants of the TCR repertoire diversity, we estimated that approximately
30% of the observed variance in total TCR𝛽 repertoire diversity across individuals can be ex-
plained by the stickleback genetic background. In principle, the diversity of an individual’s
TCR repertoire at a given timepoint is determined by three separate processes: VDJ recom-
bination, central selection in the thymus, and peripheral selection via clonal expansion or
deletion in response to encounter with antigens. Here, peripheral TCR selective forces, mea-
sured in terms of changes in TCR diversity in S. solidus-infected individuals, were not a key
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determinant of TCR repertoire diversity, as infection status accounted for less than 1% of the
variance in its total diversity. We conclude that the main drivers of TCR repertoire diversity in
our experiment were VDJ recombination and/or subsequent thymic selection, both processes
dependent on the host genetic background.

VDJ recombination, themechanism responsible for generating amassive number of unique
TCRs (Alt et al., 1992), can potentially contribute to inter-individual diversity variation through
differences in the frequency of usage of the various V, D, and J gene segments (Sethna et al.,
2020). Here, in agreement with higher V-J segment usage similarity in monozygotic twins
(Zvyagin et al., 2014), we observe significant differences in V-J usage among stickleback fami-
lies. Family effects were even more pronounced in non-functional, unselected TCR repertoire,
a strong indication of the role of genetic factors beyond the MHC in gene usage variation
(Melenhorst et al., 2008). Such V-J usage variation could stem from polymorphisms in the
TRB locus (Gragert, 2022; Omer et al., 2022; Corcoran and Karlsson Hedestam, 2024), or ge-
netic variation in genes encoding key proteins, e.g., RAG1/2 and TdT, of the recombination
process (Schatz and Swanson, 2011; Lee et al., 2016; Troshchynsky et al., 2015; Russell et al.,
2022)Furthermore, epigenetic effects could account for parts of the observed family effects in
this experiment by means of altered chromatin accessibility at the TRB loci (Jaeger et al., 2013;
Ji et al., 2019; Aburajab et al., 2023).

Besides VDJ recombination, inter-individual variation in the process of selection is also
expected to contribute to the variance in TCR repertoire diversity in a population. During
thymic selection, the strength of interaction with self-peptide–MHC complexes dictates the
survival of a small proportion of T cells bearing ‘appropriate’ TCRs (Kyewski and Klein, 2006;
Klein et al., 2014). Similar to peripheral selection, this process relies on the MHC-restricted
antigen presentation, it is thus expected to primarily reflect the different selective pressures
by divergent MHC genotypes. Surprisingly, computational approaches indicate that this step
contributes a surprisingly limited amount to population-level variation (Sethna et al., 2020),
and could provide some context as to why we found no evidence of strong effects for either in-
dividual MHC-II diversity or MHC-II genotype on the TCR repertoire diversity of sticklebacks
in our dataset. It is important to consider, however, that neither the experimental design nor
the dataset of our study was explicitly designed for investigating MHC-related effects. Even
so, the fact that the explanatory power of our statistical models improved upon incorporation
of these two factors suggests that our study should not be seen as a disputation of previous
results. We rather hope that it will serve as motivation for future analyses to further explore
the link between individual TCR and MHC diversity in the stickleback, perhaps by taking into
account MHC-I allelic diversity, which studies suggest play a greater role in TCR diversity
(Migalska et al., 2019; Krishna et al., 2020).

2.5.3 Inter-individual TCR repertoire overlap is driven by abundant
public clonotypes and is infection status- and parasite strain-
dependent

The stickleback TCR repertoire consists of clonotypes of various sharing levels among in-
dividuals, as is the case in virtually all species studied so far (Robins et al., 2010; Madi et al.,
2014; Covacu et al., 2016; Madi et al., 2017; Giorgetti et al., 2021). Interestingly, even though
the two stickleback TRB genomic loci do not differ considerably in their number of V, D, and J
genes, the TCR𝛽1 repertoire contained proportionally 5 times more public clonotypes than the
TCR𝛽2 repertoire. Non-exhaustive sequencing preferentially captures highly abundant pub-
lic clonotypes and thus exaggerates their overall presence relative to lower frequency clones
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(Zvyagin et al., 2014). Therefore, given the equal sequencing depth granted to the two reper-
toires, more TCR𝛽1 public clonotypes could be the result of shallower sequencing of the –
comparatively larger- TCR𝛽1 repertoire.

We have found that highly shared clonotypes in both repertoires are heavily represented
among pairwise overlapping clonotypes – a finding that has been linked to their high relative
intra-repertoire abundance (Giorgetti et al., 2021), assumed to be due to peripheral selection
and expansion in response to antigens from persistent pathogens (Zvyagin et al., 2014). We
would therefore expect that MHC-II haplotype sharing would increase the pairwise repertoire
overlap among the TCR repertoires of our control sticklebacks. Yet, no such increase was ob-
served, in agreement with past studies in humans sharing MHC-I alleles (Robins et al., 2010).
Conversely, human monozygotic twins, who are genetically identical, have been shown to ex-
hibit more pronounced overlap compared to unrelated individuals (Zvyagin et al., 2014). Here,
sticklebacks within a single family shared significantly more clonotypes than with unrelated
fish. The above strongly suggest that thymic selection – via different MHC alleles - plays a mi-
nor role in determining TCR sharing across individuals (Li et al., 2012). This serves as further
indication that the composition of the TCR repertoire is largely defined by the pre-selection
step of VDJ recombination, variance in which can lead to quantifiable differences in aspects
such as gene usage and overlap among unrelated individuals.

Another notable result in this experiment was the significantly higher TCR repertoire over-
lap among individuals infected with the virulent Norwegian (NO) strain of S. solidus. This
overlap was mostly driven by public, non-infection-specific clonotypes. Local sticklebacks ex-
perimentally infected with the NO strain have been shown to exhibit altered gene expression
at 8-9 weeks post exposure; namely, down-regulation of both MHC-II and TCR𝛽1 in the head
kidney (Piecyk et al., 2019a, 2021), and spleen (Piecyk et al., 2019b). Crucially, no such effect
was observedwith the less virulent GOT strain (Piecyk et al., 2019b). In full agreement with the
above findings, we obtained smaller TCR𝛽1 and TCR𝛽2 repertoire samples from NO-infected,
but not GOT-infected individuals. The above differences can be viewed as a result of different
eco-evolutionary backgrounds, i.e., a parasite strain’s higher virulence is a trait evolved under
an escalated arms race with its local host population (Piecyk et al., 2019a).

In our experimental system, the use of allopatric S. solidus strains precludes local adap-
tation effects on the parasite’s growth (Kalbe et al., 2016). As such, within the course of the
experiment, all NO parasites were able to surpass the body mass threshold associated with
sexual maturity (Tierney and Crompton, 1992; Hammerschmidt and Kurtz, 2007), as opposed
to a small minority of the GOT parasites. Significantly, this stage presumably marks the on-
set of S. solidus immune modulation of its host (Scharsack et al., 2007b; Barber and Schar-
sack, 2010), a hypothesis backed by the experimental finding of increased co-infection rates
in sticklebacks only after S. solidus had reached this size (Piecyk et al., 2019a). A series of
studies have offered further support to the notion that S. solidus can effectively manipulate
the stickleback’s immune responses (Scharsack et al., 2004; Hammerschmidt and Kurtz, 2005;
Barber and Scharsack, 2010). Notably, a positive correlation between the expression levels of
the immunosuppressive FoxP3a gene and the S. solidus parasite index has been described in
wild stickleback populations (Robertson et al., 2016).

A well-studied mechanism through which helminths achieve host immune manipulation
is the secretion and excretion of bioactive molecules (Hewitson et al., 2009). It is likely that this
also applies to S. solidus, as extracellular vesicles have been detected via electron microscopy
in plerocercoids in the stickleback’s body cavity (Mazanec et al., 2023). Notably, a proteomics
study of the excretome of infective-stage S. solidus has identified potential immunoregula-
tory proteins, capable of inhibiting host antigen processing and MHC presentation pathways
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(Berger et al., 2021). One of the identifiedmanipulation factors has been proven to substantially
inhibit the presentation of selected antigenic epitopes to T cells during nematode infection
(Manoury et al., 2001). Recent helminth infection studies in mice provide additional evidence
of their T cell-related immunomodulatory effects, which include induction of regulatory T
cells (Hartmann et al., 2019), and suppression of by-stander T cell activation after antigenic
challenge (Even et al., 2024). Furthermore, apoptosis of lymphocytes in peripheral blood has
been reported in humans with persistent helminth infection (Kalinkovich et al., 1998). With
regards to S. solidus, there is in vitro evidence that excretory products from mature parasites
induce the simultaneous activation and killing of lymphocyte subsets (Scharsack et al., 2013).
Our finding, therefore, is in alignment with the immunomodulatory capacities of S. solidus, as
exhibited via a contraction of the stickleback’s private TCR repertoire in individuals harboring
sexually mature parasites- the life stage characterized by the highest secretion of excretory-
secretory products (Mazanec et al., 2023). This is further attested to by a strong correlation
between parasite index and homeostatic space occupied by private TCR clones.

2.5.4 Differentially expanded clonotypes are private, MHC-restricted,
with diverse gene usage and broad antigen specificities

As complex multicellular parasites, helminths express a large number of proteins, peptides
of which can potentially be recognized by different T-cell, if presented by antigen presenting
cells (Homan and Bremel, 2018). Therefore, and in stark contrast to what can occur during in-
fection with antigenically simple pathogens, such as viruses, where a single immunodominant
peptide can trigger public T cell responses (as reviewed by (Venturi et al., 2008b), a helminth
infection induces the expansion of clonally diverse and private T cell responses, even among
genetically similar mice (Brown et al., 2021). In our study, we identified a group of clonotypes
which were differentially expanded (DE) between S. solidus-infected and non-infected stickle-
backs. The overwhelming majority of these DE clonotypes are private, and could, presumably,
include S. solidus-specific TCRs.

Most T cells can only recognize antigenic peptides processed by antigen-presenting cells
and bound in the groove of MHC molecules- provided there exist the right MHC allele. Due
to this MHC-restriction, public clonotypes are expected to emerge as a response to infection
only in a subset of the population that shares a common MHC allele (discussed in detail in
(Van Rhijn and Moody, 2015). Here, we find that about half of non-private DE clonotypes
from both TCR𝛽1 and TCR𝛽2 repertoires are indeed present in individuals sharing an MHC-
II haplotype. We theorize that the remaining DE clonotypes have expanded in response to
MHC-I presented antigens and, as such, will be shared by a set of sticklebacks with a common
MHC-I haplotype. This is in accordance with quantitative PCR data suggesting the presence
of both CD8+ than CD4+ T cells in the stickleback spleen (discussed in Chapter 3). Moreover,
the significantly fewer DE clonotypes detected in NO-infected sticklebacks further indicates
S. solidus’s alleged immunomodulatory properties.

A T cell receptor’s specificity to a given peptide-MHC complex is instructed by its three
complement determining regions (CDRs), two of which (CDR1 and CDR2) are germline en-
coded by the corresponding V gene (Krogsgaard and Davis, 2005). TCRs with identical CDRs
most probably recognize the same antigen-MHC complex in different individuals. Despite not
having information regarding the TCR𝛼, TCR𝛽 clonotypes by themselves can be instructive,
as binding of the same p-MHC complex usually comes with shared sequence motifs (Thomas
et al., 2014; Klinger et al., 2015; Glanville et al., 2017). We thus examined the potential anti-
genic specificity of DE and private expanded clonotypes by constructing sequence similar-
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ity networks of the hypervariable CDR3, the principal determinant of specificity (Davis and
Bjorkman, 1988). DE and other private abundant clonotypes exhibited low connectivity net-
works, in accordance with previously described private TCR networks of humans and mice
(Madi et al., 2017). Such scarce networks signify broad, unfocused antigenic binding scopes,
seemingly in support of the notion that expanded clonotypes from different individuals target
distinct epitopes. This is not surprising per se, given the sticklebacks’ variable genetic and
MHC background, and months-long exposure to the non-sterile aquarium environment. The
detection of a single DE clonotype shared by individuals infected with GOT and NO S. solidus
raises the possibility of a common parasitic antigen, and warrants further investigation. In the
context of individual-specific repertoires, however, infection failed to disrupt the networks, as
would be expected after an immune-triggering challenge (Madi et al., 2017).

2.5.5 Public clonotypes exhibit invariant T cell-like properties and
could be activated during virulent helminth infection

A non-negligible number of TCR𝛽1 and TCR𝛽2 clonotypes were shared widely across
sticklebacks in our dataset, and exhibited high abundance. These public clonotypes, unlike
the privately expanded ones, were not confined to individuals sharing an MHC-II haplotype.
Lack of MHC-I genotyping data prevents us from ruling out the possibility that a fraction of
shared clonotypes has clonally expanded in many MHC-I matched sticklebacks in response
to a common peptide. It is, however, unlikely that a majority of the unrelated individuals in
our dataset possesses a common MHC-I allele, even with the frequent allele sharing between
MHC-I haplotypes (as discussed in Chapter 1). No public TCRs operating within an MHC-
restricted framework are expected to be found in the majority of individuals from an out-bred
population (Van Rhijn and Moody, 2015). This raises the question: how are the observed,
seemingly MHC-unrestricted, pubic clonotypes generated in the stickleback and why are they
so abundant?

Upon closer examination, we detected a set of distinctive properties of public clonotypes:
fewer non-templated nucleotide (N) insertions, and -for TCR𝛽1 clonotypes- shorter CDR3
length. Both are features commonly observed amongst abundant clonotypes in human TCR
repertoires (Venturi et al., 2008b; Robins et al., 2010; Shugay et al., 2013; Zvyagin et al., 2014).
In accordance with the above features, public clonotypes also had higher rates of nucleotide
convergence, i.e., the process of generation of an identical clonotype through distinct recombi-
nation events (Venturi et al., 2008b). This was in agreement with a previous study in zebrafish
(Covacu et al., 2016). In silico testing using stickleback-trained recombination models estab-
lished the higher generation probabilities of public clonotypes. However, further analysis of
artificial TCR repertoires revealed that recombination-related biases do not suffice as a sole ex-
planation for the near ubiquitous presence and high frequency of public clonotypes. Instead,
public clonotypes must also be selected for, either in the thymus or in the periphery (Elha-
nati et al., 2018), their presumed biological role computationally supported by higher levels of
sequence-specific selection pressures (Sethna et al., 2020).

An additional key observation regarding TCR𝛽1 and TCR𝛽2 public clonotypes is their re-
stricted V and J gene usage, skewed towards V1.17/J1.7, and V2.1/J2.8, respectively. Such biased
VJ usage profiles are strongly evocative of a subset of T cells in mice and humans called ‘un-
conventional’ T cells, which express a semi-invariant 𝛼𝛽 T-cell receptor (Godfrey et al., 2015).
Unconventional 𝛼𝛽 T cells, such as invariant Natural Killer T (iNKT) cells, are selected in the
thymus in an MHC-independent manner on monomorphic MHC-I-like receptors (Bezbradica
et al., 2005; Lepore et al., 2014), which explains their universal sharing among individuals.
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The heavy V𝛽 gene bias of iNKT TCRs is imposed due to their recognizing their receptors ex-
clusively through the germline-encoded CDR2𝛽 region (Mallevaey et al., 2009). Non-classical
MHC-I genes are also present in all ectotherms (Flajnik, 2018), e.g., invariant TCR-expressing
unconventional T cells have been detected in the amphibian Xenopus (Edholm et al., 2013).
Teleosts also possess an ancient lineage of non-classical MHC-I genes likely to interact NKT-
like cells (Dijkstra et al., 2018). In the stickleback, one such non-classical MHC-I allele has
already been identified (Grimholt et al., 2015).

A large portion of unconventional T cells in humans are CD4-CD8-, and make up for a
small share of total T cells in peripheral blood (Godfrey et al., 2015). Most of the relevant lit-
erature in humans and mice has focused on TCRs from sorted CD4+ and CD8+ T cell subsets
(Emerson et al., 2017; Pogorelyy et al., 2017; Egorov et al., 2018; Trofimov et al., 2022); conse-
quently, unconventional T cells likely make up for a small portion of the generated repertoires
(Pogorelyy et al., 2017; DeWitt et al., 2018). On the other hand, teleost single-cell transcrip-
tomics paint a different picture. In zebrafish, around half of spleen 𝛼𝛽 T-cells are conventional
T cells, the rest comprise heterogeneous populations of NKT-like cells (Hu et al., 2023). Like-
wise, in salmon, over 60% of spleen T-cells are ‘unconventional’ CD4-CD8-, with a proportion
resembling innate-like T cells (Sun et al., 2024). Assuming that the stickleback spleen immune
cell composition resembles that of other teleosts, we expect that bulk RNA sequencing of un-
sorted cells results in the inclusion of a substantial subset of unconventional T cells. Further
support comes from a TCR repertoire study in minifish, in which a large portion of TCRs com-
prises invariant T cells (Giorgetti et al., 2021). Therefore, we predict that at least part of the
public TCRs we observe in this study represent a subset of unconventional T cells, not yet
fully characterized in the stickleback.

Further investigation of the architecture of TCR repertoire similarity networks provides
substantial support to this hypothesis. As opposed to the broad antigen specificities of private
clonotypes, many public clonotypes self-organized in tight clusters, displaying a limited anti-
gen recognition breadth. Similar public clonotype-formed network structures have already
been described in fish and humans, and attributed to invariant TCRs from unconventional T
cells (Giorgetti et al., 2021; DeWitt et al., 2018) . Why do public clonotypes cluster together?
The strict V𝛽 restriction of invariant TCRs ensures that each peripheral iNKT cell recognizes
a similar spectrum of antigens through a set of hypervariable CDR3𝛽 sequences, which in-
teract with the CD1d receptor (Mallevaey et al., 2009). These V𝛽-sharing public clonotypes
would then cluster together on account of their similar sequences. Yet another indication of
the MHC-independent nature of these cluster-forming public clonotypes is that they substan-
tially differ in hydrophobicity and polarity compared to private clonotypes- distinct CDR3𝛽
physicochemical properties of surviving TCRs being a sign of MHC-based thymic selection
(Lu et al., 2019).

What role could such unconventional T cells play during a stickleback immune response?
If our hypothesis regarding the S. solidus NO strain immunomodulation is correct, then the
higher relative proportion of the -presumably- MHC-independent public clonotypes could be
explained by the parasite-induced suppression of MHC-restricted T cells. Mammalian iNKT
cells recognize CD1d-bound glycolipids, and can serve an overall tolerogenic role during infec-
tion (Wu and Van Kaer, 2011). Helminth cell walls contain a variety of glycolipids and lipopro-
teins (Yang et al., 2016), and iNKT cells have been shown to secrete immunoregulatory cy-
tokines when exposed to nematode-derived antigens (Aravindhan and Anand, 2017). Further-
more, there is evidence that iNKT cells promote accelerated tissue repair (Linehan et al., 2018),
which would be very useful during wound-inducing infection with a fast-growing helminth.
It is, therefore, also possible that virulent S. solidus infection could trigger the activation of
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NKT-like cells through CD1d-presented parasite-derived lipid ligands. Such an expansion of
public TCRs would not contradict the overall TCR𝛽 downregulation, because their increased
abundance would be masked by other ‘canonical’ T cells, and so would not be reflected in the
total TCR𝛽 gene expression levels (Piecyk et al., 2019a).

Lastly, some of the public clonotypes detected in this study do not exhibit the tell-tale
properties of iNKT cells, such as skewed VJ gene usage. This is also the case in human TCR
repertoires, in which only a small fraction of public clonotypes is attributable to invariant
T cells (Pogorelyy et al., 2017); leading to the hypothesis that the majority of public TCRs
are produced prenatally and form a common ‘core’ repertoire; while prominent at birth, this
common core slowly decays with age (Britanova et al., 2016; Pogorelyy et al., 2017). As op-
posed to clonal expansion through MHC, the high abundance of such ‘core’ public clonotypes
could be the combinatory result of recombination biases (Britanova et al., 2014), and periph-
eral homeostatic proliferation, the mechanism that maintains naive T cell numbers in the pe-
riphery (Takada and Jameson, 2009), but decreases with age (Ferrando-Martínez et al., 2011;
Moro-García et al., 2013). During fetal development, these ‘core’ public TCRs could rapidly
proliferate to fill up the empty homeostatic space and form the initial protective repertoire
(Pogorelyy et al., 2017). In accordance with this theory, we postulate that, besides invariant
T cells, stickleback public TCRs also represent a ‘core’ repertoire, with a putative role of pro-
tecting larvae hatching in pathogen-rich water. It is not inconceivable that a fraction of these
public ‘core’ TCRs exhibit degenerate specificities, including cross-reaction between different
MHC alleles (Huseby et al., 2005), given that teleost T cells resemble properties of mammalian
innate-like lymphocytes (Scapigliati et al., 2018). Such a theory has been offered as an expla-
nation for the public 𝛼𝛽 TCR clonotypes in the zebrafish, which expanded in response to both
self and foreign antigens (Covacu et al., 2016). Similarly, public TCRs in mice exhibit cross-
reactive self-antigen specificities (Madi et al., 2014), and shown to arrange in tight clusters in
TCR similarity networks (Madi et al., 2017).

2.5.6 Study caveats

In this study, we have discussed virulent S. solidus infection in the context of immunomodu-
lation of the stickleback’s T cell responses. Our inter-individual repertoire analysis was based
on sample size normalization for elimination of sampling biases (Izraelson et al., 2018). We
cannot rule out, however, a scenario where an unequal amount of input cDNA molecules due
to uneven spleen T cell concentrations, combined with unsaturated sequencing depths, con-
tributes to the higher observed frequency of public clonotypes in NO-infected sticklebacks
(Greiff et al., 2015; Zvyagin et al., 2014). Nevertheless, the marginally different spleen size be-
tween GOT- and NO-infected individuals grants us confidence that our results are accurate.
Future analysis of repertoires obtained from pre-sorted T cells could clarify the extent to which
the fewer private responses in NO-infected individuals is the result of helminth infection and
not sampling biases inherent to bulk sequencing. Moreover, such targeted T cell sequencing
together with MHC-I genotyping would help us decipher whether observed changes in public
clonotype frequencies among treatment groups are due to suppression of the private com-
partment, expansion of the public one, or both. Such an approach would additionally increase
the likelihood of detecting infection status-specific differences in the repertoire diversity by
eliminating the noise of irrelevant cell populations.
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2.6 Conclusion
This study serves as a concerted effort to systematically investigate the TCR repertoire

of an important species in eco-evolutionary research, the three-spined stickleback. By fully
utilizing the stickleback’s natural genetic variation and employing a high-fidelity NGS pro-
tocol, we were able to demonstrate, for the first time, that non-MHC genetic effects account
for a substantial portion of inter-individual variance in TCR repertoire diversity. We further
showed that infection with a virulent parasite can disrupt the relative balance between private
and public TCR clonotypes; the latter being more abundant in the subset stemming from the
TRB1 genomic locus. It remains to be seen whether these public TCR sequences, which share
features with those of evolutionarily distant mammalian species, represent an uncharacter-
ized population of MHC-independent, invariant T cells in the stickleback. We further theorize
that the remaining, VJ-unrestricted, public TCRs are part of a ‘core’ repertoire. The recurrent
detection of public TCRs across vertebrate taxa suggest that they constitute an evolutionary
conserved feature of adaptive immunity, more prominent in diversity-restricted TCR reper-
toires of small vertebrates, and offers exciting implications regarding their role during the
early stages of the evolution of adaptive immunity.
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Chapter 3

Exposure to natural parasitic fauna
leads to TCR repertoire activation in the
three-spined stickleback

“A living thing is not only structure, but structure in motion. As static, it reveals the
superlative combination of compounds of matter; as a moving event, it presents the
most intricate time-pattern in nature. Life is exquisitely a time-thing, like music.”

– Ernest Everett Just

3.1 Abstract
Parasites can impose great fitness costs on hosts, whose immune responses are vital for con-
trolling ongoing infections. Natural settings, characterized by extensive genetic diversity of
parasites and variation in the abiotic environment, can dictate immune system functions. This
important natural context is often overlooked in laboratory-based research and can affect con-
clusions drawn from single infection studies. Here, we investigate the dynamics of the T cell
receptor (TCR) repertoire of the three-spined stickleback under semi-natural conditions, aim-
ing to better capture its immunological status in the wild. During late spring and summer,
lab-bred naive fish in enclosures were exposed to the local parasite fauna in the lake from
which their parents were caught, which is characterized by a high diversity of parasite taxa.
Fish were recovered after four and eight weeks of lake exposure, screened for macro-parasites,
and their spleen TCR𝛽 repertoires high-throughput sequenced. After eight weeks of expo-
sure, a robust stimulation of the stickleback adaptive immune system was evident through
a substantial increase of clonally expanded TCR𝛽1 clonotypes and simultaneous decrease of
repertoire diversity compared to lab-kept controls. This coincided with high average macro-
parasite burden, as various co-infecting taxa were detected in each individual. Interestingly,
significant sex-based differences were observed in parasite burden among lake-exposed fish,
as well as in repertoire diversity of exposed and control fish. In further indication of T cell
activation, the TCR repertoire of exposed fish exhibited perturbed similarity network archi-
tecture due to lower clonotype connectivity levels, in spite of the persistence of highly shared
clonotypes. Finally, comparison of TCR repertoires among control sticklebacks of common
genetic background differing in age revealed strikingly similar changes to those described in
mammals.
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3.2 Introduction

Animal studies on immunization and single infection, like the one described in Chapter
2, are extremely valuable for deciphering the dynamics of an immune response to a particular
trigger, such as an antigen or an entire pathogen. In these experiments, the systematic control
of environmental parameters such as diet, temperature, population density and contact with
other species, is an indispensable tool for researchers to ‘shield’ the already intricate immune
reactions from external factors that can affect their duration, intensity, and -ultimately-, out-
come. Towards this end, the use of animals that are germ-free, specific-pathogen free (SPF),
or harbor a known fauna or flora (gnotobiotic) ensures that the presence of third-party micro-
and macro-organisms does not interfere with experimental results.

Unsurprisingly, such highly regulated experimental conditions hardly represent reality.
Natural situations aremuch less predictable than those in a laboratory setting – especially con-
cerning the number of pathogens an organism faces. On a daily basis, a vertebrate encounters
a plethora of foreign, and potentially pathogenic, agents; and at any given time point, many
vertebrates host more than one kind of parasite (Petney and Andrews, 1998; Cox, 2001; Laf-
ferty, 2010). Given that pathogens constitute a major selective force on their hosts (Fumagalli
et al., 2011; Fumagalli and Sironi, 2014), we can reason that the vertebrate immune system has
evolved to deal with multiple pathogens at once. The host’s immune responses are therefore
‘choreographed’ by means of timing, spatial compartmentalization, finely-tuned molecular
feedback loops, and elaborate mechanisms of cellular regulation, precisely in order to orches-
trate a multifaceted defensive effort able to handle simultaneous insults (Germain, 2001; Ester-
házy et al., 2019). It has even been hypothesized that, such is the extent to which the immune
system has grown to anticipate encounters with an array of micro- and macro-organisms, that
the absence of adequate exposure during a crucial developmental period can have detrimental
effects later in life, autoimmunity being one of them (Rook et al., 2003; Stiemsma et al., 2015).

Immune responses, including those driven by T cells, can vary tremendously depending
on whether the host is simultaneously infected with more than one (or, in the case of parasites
that grow or reproduce considerably within the host, even the same) species (Lafferty and
Kuris, 2009). Once inside the host, a complex array of interactions, both between the host and
the pathogens, as well as pathogen-to-pathogen, can unfold. Such multi-parasite within-host
interactions have only recently attractedmajor scientific interest (Lafferty and Kuris, 2009), but
-already- the evidence is compelling: they can directly affect the course of infection of each one
(Telfer et al., 2010; Alizon et al., 2013). Perhaps there is no better example than cross-immunity,
the phenomenon involving the generation of a network of innate immune and regulatory cells,
as well as cytokines, in response to a primary infection which confers protection against a
succeeding one with a second pathogen (Efstratiou et al., 2020). Conversely, co-infection can
also increase host susceptibility, e.g., through the immunosuppressing effect exerted by some
helminths, which allows the establishment of secondary infections through lowering of the
host’s resistance (Graham, 2008).

Regarding the T cell dynamics in the context of co-infection, there are examples of helminth-
induced suppression of human T cell responses against bacteria (Resende Co et al., 2007; Li
et al., 2015), but also upregulation of regulatory T cells (Tregs) against viruses (Montes et al.,
2009). Perhaps the best-known example is the synergistic effect between HIV and Mycobac-
terium tuberculosis; infection with the former can lead to depletion of CD4+ T cells and more
Tregs, which in turn increases the risk of reactivation of latent tuberculosis and susceptibility
to new infection (Pawlowski et al., 2012). The above examples underline the importance of
considering the context in which T cell immune responses are studied in any given experi-
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mental or observational study system.
In an effort to deepen our understanding of its T cell-specific immune responses, we sought

to emulate the three-spined stickleback’s living conditions in thewild. We did so by conducting
a field experiment under semi-natural conditions, during which the fish were exposed to their
natal lake environment. This is an excellent setup to answer questions regarding the dynamics
of the T cell receptor (TCR) repertoire under circumstances of naturally occurring mixed in-
fections: sticklebacks are hosts to a wide range of parasites (Kalbe et al., 2002; MacColl, 2009),
while the lake Großer Plöner See, to which they were released, is home to a high parasite di-
versity (Kalbe et al., 2002; Eizaguirre et al., 2012a). Crucially, the stickleback’s individual MHC
diversity has been heavily implicated in influencing parasite burden (Wegner et al., 2003a,b,
2008); correspondingly, there’s indirect evidence of T cell-associated responses being induced
during infection (Scharsack and Kalbe, 2014; Haase et al., 2016; Robertson et al., 2016; Piecyk
et al., 2019a). Importantly, as a result of habitat-specific adaptation, lake stickleback ecotypes
have been shown to demonstrate a robust immune response to sympatric parasite species
(Kalbe and Kurtz, 2006), while evidence of local adaptation of MHC genotypes further impli-
cates an important role for antigen-specific immunity (Eizaguirre et al., 2012a). By subjecting
the sticklebacks to the naturally heterogeneous abiotic and biotic factors of lake exposure, all
of which can affect the immune function (Lazzaro and Little, 2008), we ensure that any ob-
servations regarding the T cell repertoire will accurately reflect the common immunological
status of sticklebacks in the wild.

Through this experiment, we set out to test the following hypotheses formulated based
on our findings from Chapter 2: firstly, that lake exposure will result in T cell activation
and expansion, and thus change in the clonal distribution of TCR clonotypes; accordingly,
we anticipate a decrease of the TCR repertoire diversity of exposed sticklebacks. Secondly, we
expect that exposed sticklebacks will also exhibit a contraction of the public TCR compartment
in favor of more private, pathogen-specific responses. Finally, and as a consequence of our
second hypothesis, we predict that the TCR similarity networks of exposed individuals will be
less connected compared to those of control fish.

3.3 Material and Methods

3.3.1 Fish breeding and maintenance in the aquaria

Fish used in this experiment were the lab-reared offspring of wild-caught sticklebacks from
the Großer Plöner See lake collected during April-May 2019, and were bred in the aquaria of
the MPI for Evolutionary Biology during the summer of 2019. The experimental fish were
raised under standardized summer conditions (18°C, 16/8 hours light/dark regime) in the lab
in one 90 L aquarium per sibship (around 80 individuals). To prevent contact with eukaryotic
parasites, the aquarium was supplied with constant ultra-filtered freshwater from a nearby
lake, and the fish were fed on an ad libitum basis with frozen insect larvae. Following MHC-II
genotyping of the parental generation (described in Chapter 2), all 252 fish from 10 selected
sibships (i.e., families F1-F10) were prepared for the enclosure experiment. Before the start of
the experiment, conditions were set to spring (12°C, 12/12 hours light/dark regime) in order for
the fish to acclimate to the lake water temperature outdoor light conditions at the time of ex-
posure. Fish body weight and standard-length measurements were taken, while a dorsal spine
from each fish was clipped for subsequent DNA extraction. The experiment was approved
by the animal ethics committee of the local ministry (Ministerium für Energiewende, Land-
wirtschaft, Umwelt, Natur und Digitalisierung) of the state of Schleswig Holstein (approval
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no. V 244 - 68663/2020 (58-7/20)).

3.3.2 Lake exposure and experimental timeline

Four enclosure cages, measuring 1x0.5x0.5 m with a 5 mm mesh size, were used to expose
fish to the natural parasitic fauna of the lake Großer Plöner See. A single cage was stocked
with 16 sticklebacks from each one of families F1 and F2 (32 in total) and kept in the lake
for an intermediate period of approximately four weeks. Twelve more sticklebacks (six from
each one of families F1 and F2) were kept in a 90L aquarium tank at the institute to serve as
intermediate control. The remaining three cages were used for a period of approximately eight
weeks; these received a total of 147 sticklebacks from 10 families (families F1-F10). In order to
control for cage effects, each cage hosted 48–50 fish, corresponding to a standardized 4-5 fish
from each family. Lastly, a total of 61 fish from the 10 families (approximately 6 fish/family)
were kept in a 90L aquarium at the institute to serve as final control. An overview of the
experimental design and timeline is provided in Figure 3.1A.

On May 11th 2021, when fish were between 20 and 21 months old, the cages were moved
into the Großer Plöner See at around 1 m beneath surface level, within a natural habitat for
sticklebacks. Water temperature was approximately 12℃(Figure 3.1B). Regular removal of al-
gae from the surface of cages was performed so as to allow for free flow of invertebrate inter-
mediate hosts and free-living infective parasite stages. Water temperature was also frequently
monitored so as to ensure fish were not exposed to extreme temperatures, as heatwave events
can cause mass die-offs (Wegner et al., 2008). The temperature of the aquaria room were both
intermediate and final control individuals were kept was changed three times over the course
of the experiment to follow that of the lake (Figure 3.1B).

Over the course of the experiment, two fish from the four-week-exposure group as well
as eight fish from the eight-week-exposure group died in the outdoor cages, while seven fish
of the final control group died in the aquarium (Table C.1). The remaining 30 living fish from
the four-week-exposure group were brought to the lab on June 5th and dissected two days
later. Fish of the intermediate control group (n=12) were dissected on June 10th. Surviving
fish from each one of the three eight-week-exposure cages (n=139) were brought to the lab
in three batches on separate consecutive days (July 3th-5th), and dissected in the same order
two days later (July 5th-7th). Only one intact corpse of a dead fish was found, due to rapid
decomposition. Accurate determination of parasite load in the dead fish was impossible, and
so only the surviving fish were dissected. Fish of the final control group (n=54 surviving) were
dissected on July 8th.

3.3.3 Dissections and macro-parasite screening

For dissection in the laboratory, sticklebacks were sacrificed with an overdose of the anes-
thetic MS-222, weighed and their standard length was measured. All surviving four-week-
exposed fish (n=30) were dissected and screened for external and internal macro-parasites.
For the eight-week-exposure group, 110 out of the 139 fish were randomly chosen for dissec-
tion, due to limited dissection capacity. We followed an established protocol targeting multiple
stickleback tissues and facilitating the detection local macro-parasite species (Kalbe et al., 2002;
Lenz et al., 2009b). Briefly, individuals were first screened externally for macro-parasites with a
microscope. Subsequently, all inner organs, including eyes and gills were screened microscop-
ically and parasites were counted and classified at the lowest possible taxonomic level. The
spleens of all fish, including those from the control groups, were stored in RNAlater at -20℃
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Figure 3.1: A) Diagram of the experimental design and timeline. Fish numbers per family are shown
in Table C.1. B) Temperature progression of the Großer Plöner See lake water and the aquaria room
throughout the experimental period. Created with BioRender.com.

for further use. The tail fin of all dissected fish was clipped for subsequent DNA extraction for
molecular sex, MHC-II, and microsatellite typing.

Total parasite load of lake-exposed fish was used as a measure of cumulative intensity
of infection by calculating the square root of the sums of all standardized log-transformed
count values from all parasite taxa detected within each individual (Wegner et al., 2008). This
procedure produces values which follow a normally distribution (Shapiro-Wilk W-test: W =
0.98, P = 0.08), and ensures equal contribution of each taxon to the sum, while also accounting
for their abundance. Total parasite load was in high correlation with the sum of different
taxa infecting each eight-week-exposed individual (Spearman’s R = 0.88, n = 110, P < 0.0001).
Stickleback body condition was assessed through the condition factor (CF), calculated by the
formula 100 × fish weight/fish lengthb with fish population-specific exponent b (Frischknecht,
1993). Exponent b was computed from all fish prior to exposure and equaled 1.043.

3.3.4 Sex, MHC-II, and microsatellite typing

Two rounds of DNA extractions were performed, one from dorsal spines of the fish col-
lected prior to lake exposure and one from tail fin tissue taken post-experiment. The DNeasy
Blood and Tissue kit (Qiagen) was used per the manufacturer’s instructions. Identification
of fish sex was largely feasible for the lake-exposed fish after recapturing, due to the red col-
oration developed bymales. Further confirmation was provided throughmolecular sex typing,
as described by (Griffiths et al., 2000) and adapted for high-throughput typing via capillary
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electrophoresis. Briefly, PCR primers from (Griffiths et al., 2000) were fluorescently labelled
and used to amplify an ldh sex-specific marker. 1 µl PCR product was mixed in 10 µl HiDi
before a 3-minute denaturation step (94°C) followed by snap-cooling on ice for 5 min. An
Applied Biosystem 3730 DNA Analyzer was used for the detection of the fluorescent signal
emitted by the DNA fragments. Runs were subsequently analyzed with GeneMarker v.3.0.1
(Softgenetics). Two chromatogram peaks (268bp and 300bp) were present in males, while the
presence of a single peak (300bp) represented females. Results from the molecular sex typing
were at almost 100% agreement with the visual typing during dissections. All fish were thus
successfully sex typed.

In this study, we concentrated on MHC class IIB (MHC-II) genes, as they are critical for
activation of the immune system against most extracellular parasites (Murphy and Weaver,
2016). MHC-II genotyping was achieved following the NGS protocol previously developed
and described in detail in Chapter 1 (Efstratiou et al., 2024). Lastly, in order to identify each
individual fish’s parenthood and match pre- and post-exposure body measurements, we per-
formedmicrosatellite analysis. Briefly, we assessed the allelic variation at 11 microsatellite loci
combined in three different PCR multiplex protocols: the first PCR contained primers for four
microsatellites (GAC 1125, GAC 4170, GAC 5196, and GAC 7033), all developed by (Largiadèr
et al., 1999). The second PCR targeted another four microsatellites (Stn 18, Stn 32, Stn 75, and
Stn 84), and the third PCR amplified the final three loci (Stn 36, Stn 170, Stn 174), first de-
scribed by (Peichel et al., 2001). This number of microsatellites allowed for high parenthood
resolution across the 10 families used in our experiment. We followed the protocol previously
described for these multiplex PCR reactions (Kalbe et al., 2009). GeneMarker v.3.0.1 was used
for allele calling, and each individual was identifiedmanually. Unambiguous identificationwas
thus achieved for all but 16 individuals, which were subsequently excluded from comparisons
of pre- and post-experiment body measurements. In combination with MHC-II genotyping
data, family was successfully determined in all but one individual, which was excluded from
downstream analyses that involved family as a factor.

3.3.5 TCR𝛽 sequencing and bioinformatics pipeline for repertoire ex-
traction

A total of 192 out of the 236 fish that were retrieved during the experiment were selected
for TCR𝛽 sequencing; selection aimed at providing a balanced dataset with regards to number
of fish per family, treatment group, and cage (Table C.2). The NGS library preparation and
sequencing protocol was the same as described inChapter 2, as were the bioinformatics steps
for TCR𝛽1 and TCR𝛽2 individual repertoire extraction. A moderate threshold of six reads per
UMI group was chosen for both TCR𝛽1 and TCR𝛽2 repertoires. Repertoires were filtered so
as to retain functional nt sequences, and exclude artifacts consisting of gene segments from
both genomic loci. For unbiased inter-individual comparative analyses, all TCR𝛽1 and TCR𝛽2
functional repertoires were down-sized to 942 and 199 UMIs, respectively.

3.3.6 Similarity network analysis

Similarity network analysis was carried out for the TCR𝛽1 and TCR𝛽2 repertoires sepa-
rately and as described in detail in Chapter 2. For the TCR𝛽1 repertoire, we focused on the
top 250 clonotypes of size-standardized samples. Three samples that fell below this threshold
were excluded from the analysis. For the TCR𝛽2 repertoire, the top 50 clonotypes were used
for similarity network construction, and two samples with fewer clonotypes were eliminated.
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3.3.7 Repertoire size standardization for age comparisons

We sought to compare the size of the TCR𝛽1 and TCR𝛽2 repertoires from the 22-23-month-
old fish from the present experiment with those from selected nine-month-old fish of another
experiment (seeChapter 2), focusing on individuals from three families that were used in both
experiments (Table C.8). The size of each repertoire is the total number of functional TCR𝛽1
and TCR𝛽2 nt sequences from one individual, which corresponds to the number of starting
TCR𝛽 cDNA molecules (TRBMs) present in the initial amount of spleen RNA used. We as-
sume that each TRBM roughly corresponds to a single T cell, and therefore the total number
of TRBMs is equal to the amount of T cells in the sample (Britanova et al., 2014, 2016). In our
wet lab protocol, we use the same amount of spleen total RNA from each individual per reverse
transcription reaction. However, the amount of total spleen RNA varied considerably across
control individuals – both between as well as within experiments (9-month-old: mean 1.72 ±
0.75 𝜇g, 22-23-month-old 2.90 ± 2.20 𝜇g). This resulted in a wide range of total spleen RNA
proportions being used from each individual across our datasets. To ensure reliable repertoire
size comparison across individuals, we proceeded to normalize the TCR repertoire size accord-
ing to each individual’s proportion of spleen RNA usage. We thus calculated the extrapolated
number of TRBMs which corresponds to the size of the TCR repertoire we would have theo-
retically retrieved following the same protocol, provided the entirety of the spleen RNA from
each individual had been used.

3.3.8 qPCR for quantification of T cell-specific gene expression

Our TCR sequencing protocol produced substantially smaller T cell repertoire sample sizes
in the present experiment compared to the Schistocephalus solidus experiment of Chapter 2.
We sought to externally validate this result -and thus exclude any protocol-related issues- by
employing a quantitative real-time PCR (qPCR) approach. In order to obtain an approximation
of the relative number T cells present in each sample we chose three T cell-specific genes:
CD4.1, CD8𝛼 and CD8𝛽, using newly designed stickleback-specific primers. As reference gene
we used ubiquitin, previously shown to have the most stable expression among stickleback
head kidney samples (Piecyk et al., 2019a). In total, 19 samples from an equal number of
individuals were analyzed over two independent runs: 8 samples of control and exposed but
uninfected 9-month-old individuals from the S. solidus experiment, and 11 samples from 22-
to 23-month-old control individuals from the current experiment. All individuals belonged to
families F2 and F7. In brief, 1𝜇g of total spleen RNA from each individual was used per reverse
transcription reaction with the High-Capacity cDNA reverse transcription kit (ThermoFisher),
according to the manufacturer’s protocol. 2𝜇l of 1:10 diluted cDNA product were mixed with
0.5𝜇l primer mix (10𝜇M), 2.5𝜇l water, and 5𝜇l of SYBR Green, used as the DNA binding dye.
Relative gene expression was measured in duplicates for each sample with the QuantStudio
1 Real-Time-PCR-System (ThermoFisher). Ubc expression levels were used for normalization.
Relative expression values were calculated as the average of both duplicates using the ΔΔCt
method and exported as log10 transformed CNRQ (calibrated normalized relative quantities).

3.3.9 Statistical analyses and data visualization

All statistical analyses were performed with R (Team, 2021). Cage was found to have a sig-
nificant effect on parasite load, and was thus incorporated as random effect in all downstream
statistical models. To account for any sex-related biases with regards to body condition, par-
asite load, and T cell responses of individuals, we incorporated sex as a main effect in all
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our GLMM models. The effect of individual MHC-II diversity of lake-exposed fish in parasite
infection was separately evaluated by controlling for factors sex and cage, as well as non-
MHC-related family effects: total parasite load was expressed as residuals of a GLM with total
parasite load as the dependent variable and family, sex, and cage and as fixed effects. Based on
previous findings of an optimal intermediate MHC-II diversity (Wegner et al., 2003b,a; Kurtz
et al., 2004; Wegner et al., 2008), we proceeded to examine the MHC-II effect on the residuals
by fitting a quadratic polynomial as the simplest function having a minimum. All statistical
tests performed are stated in the text and/or figure legends.

The R package ‘ggplot2’ (Wickham, 2016) was used for generating figures. Colors for plots
and figures were chosen from the ColorBrewer palette (Neuwirth, 2022). Paired boxplots were
created with the package ‘ggpubr’ (Kassambara, 2023). Heatmaps were created using the pack-
age ComplexHeatmap (Gu et al., 2016), and package ggmap was used for drawing the map of
the experimental site (Kahle and Wickham, 2013). TCR similarity networks were visualized
with Cytoscape (Shannon et al., 2003).

3.4 Results

3.4.1 Macro-parasite infection rates post lake exposure

We exposed three-spined sticklebacks from 10 lab-bred families (Table C.1) to their lake of
origin for a period of either four or eight weeks; additional sticklebacks from each family were
kept at comparable densities in tanks in a temperature-matched aquarium room as controls
(Figures 3.1A,3.2A). Lake water temperature was approximately 16℃ at the time of retrieval
of the four-week-exposed fish (Figure3.1B). The majority (n=28/30) of the sticklebacks that
were exposed to the lake for a four-week period did not harbor any macro-parasites. One of
the remaining two four-week-exposed fish was infected with Diplostomum sp., and the other
with Cyathocotyle sp. (Figure 3.2B, 3.2C). Lake water temperature eight weeks post expo-
sure was approximately 24℃at the time of retrieval of the fully-exposed fish (Figure 3.1B). We
found a total of 12 macro-parasites in and/or on the fish exposed in the lake for eight weeks
(Figure 3.2B): nematodes Contracaecum sp., Camallanus sp., and Raphidascaris sp., trematodes
Diplostomum sp., Apatemon sp, Cyathocotyle sp., Gyrodactylus sp., and Echinochasmus sp., ces-
todes Proteocephalus sp. and Schistocephalus solidus, crustacean Argulus foliaceus and mussel
larvae (Glochidia). These taxa infect different host tissues, such as inner organs (eyes), the
digestive tract, the body cavity, gills and skin (Figure 3.2B).

All long-exposed fish that were screened for parasites (n=110) harbored at least one par-
asite taxon, with an average of three infecting each individual (Figure 3.2C). With regards
to helminths, each individual was infected with an average of 2.8 taxa. Consequently, the
individual total parasite load was significantly higher in individuals exposed for eight as op-
posed to four weeks (Figure 3.2D). This was further confirmed by comparing individuals from
families F1 and F2, the only ones represented in both short- and long-term exposure groups
(z = 5.408, P= 6.39e-08, from Tukey’s post-hoc tests following GLMM with family, sex, and
duration as fixed effects, and cage as random effect). The individual parasite load among
eight-week-exposed fish differed significantly between families, cages, and sexes, but not in-
dividual MHC-II diversities (Table C.3, Figure C.1A). The number of parasite taxa detected in
each eight-week-exposed individual was affected by sex and cage, but not family or individual
MHC-II diversity (Table C.3, Figure C.1B). Female fish harbored more parasite taxa (z=1.98,
P=0.048, Tukey’s post-hoc test) than males.

Interestingly, lake exposure was associated with better body condition compared to the
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aquaria-kept control groups; this difference was starker in the eight-week-exposed fish (Figure
3.2E).We testedwhether individual parasite load affected the change in body condition of long-
exposed fish. GLMM analysis showed that change in body condition during the eight-week
exposure period was affected by family, but not by parasite load, MHC-II individual diversity,
or sex (Table C.4). Additionally, therewas no statistically significant correlation between initial
body condition and parasite load (Spearman’s R=0.17, P= 0.08).
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Figure 3.2: A)Map showing the geographic location of the enclosure cages placed in the Großer Plöner
See, and the two aquaria tanks at theMax-Planck Institute for Evolutionary Biology used for the control
individuals. B) Prevalence, i.e., percentage of infected host individuals, of the 12 macro-parasite taxa
detected in the lake-exposed individuals by duration of exposure. Bars are color-coded according to the
site of infection of the corresponding taxa, as shown in the legend. C) Number of macro-parasite taxa
detected per individual grouped by duration of exposure. Each dot corresponds to a single exposed in-
dividual. Asterisk signifies P value significance level for factor duration as calculated from GLMs with
family, sex, duration, and cage as fixed effects (**** P < 10-4). D) Total parasite load of individuals by
experiment duration of exposure. Each dot corresponds to a single exposed individual. Asterisk signi-
fies P value significance level for factor duration as calculated from GLMs with family, sex, duration,
and cage as fixed effects (**** P < 10-4). E) Comparison of condition factor (CF) between control and
lake-exposed sticklebacks pre- and post-exposure, grouped by duration of exposure. Asterisks signify P
value significance level for factor treatment as calculated from separate GLMs for each duration group,
with family, sex, treatment and, when applicable, cage, as fixed effects (ns non-significant P>0.05, ****
P < 10-4).
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3.4.2 TCR repertoire diversity and clonality
Next, we examined the diversity and clonality of size-standardized TCR𝛽1 and TCR𝛽2

repertoires. We fit GLMMs with all relevant biological (family, sex, MHC-II diversity) and
experimental (treatment, duration and their interaction) variables. Cage was used as random
effect (Table C.5). Sex was a significant factor in both repertoires, with males showing higher
average diversity compared to females (TCR𝛽1: z= 2.44, P=0.015, TCR𝛽2: z= 3.79, P= 0.0002,
from Tukey’s post-hoc tests). When analyzing the control and exposed groups separately,
control individuals showed sex differences only for the TCR𝛽2 repertoire (GLMMwith family,
sex, MHC diversity and duration: F=8.06, P= 0.007), while exposed individuals showed sex
differences in the total repertoire diversity, i.e., TCR𝛽1 and TCR𝛽2 diversity combined (Table
C.6).

Interestingly, the interaction of treatment and duration was only important for the TCR𝛽1
repertoire; the diversity of TCR𝛽2 repertoire was affected by the duration of the experiment,
not by the treatment (Table C.5). Indeed, eight-week-exposed fish, but not four-week-exposed
fish, had markedly lower TCR𝛽1 repertoire diversity compared to control fish (Figure 3.3A,
B). Furthermore, family was found to have a significant effect on the diversity of the TCR𝛽2
but not the TCR𝛽1 repertoire (Table C.5; C.2A, B). As expected, the lower TCR𝛽1 repertoire
diversity of the eight-week-exposed fishwas accompanied by a smaller singleton compartment
and more repertoire space occupied by highly expanded clonotypes – a pattern not mirrored
in the TCR𝛽2 repertoire (Figure 3.3C, D). Families only differed significantly in the amount
of TCR𝛽2 repertoire space occupied by singletons (Figure C.2C, D). Overall, family effects
alone explained 5% and 8% of the TCR𝛽1 and TCR𝛽2 variance in diversity observed across all
individuals, respectively. When the cumulative TCR𝛽 diversity is considered, family accounted
for 5% of the total variance in diversity.

Because family had a significant effect on TCR𝛽2 repertoire diversity as well as on individ-
ual parasite load, we examined if the two variables were correlated; we calculated the mean
TCR𝛽2 repertoire diversity and mean parasite load of individuals belonging to the same fam-
ily. Indeed, we found a positive correlation; families with higher average TCR𝛽2 repertoire
diversity after an eight-week exposure period had higher mean parasite loads (Spearman’s
R=0.66, P=0.044, Figure C.3A). The same significant correlation was also found for the TCR𝛽1
repertoire (Spearman’s R=0.75, P=0.018, Figure C.3B).
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Figure 3.3: A, B) Intra-individual repertoire diversity (number of unique nt sequences) of the TCR𝛽1
(A) and TCR𝛽2 (B) repertoires was compared between control and lake-exposed stickleback grouped
by exposure duration (four and eight weeks). P values were calculated using GLMMs for each duration
group separately, with family, sex, and treatment as fixed effects and cage as random effect. C,D)Clonal
space homeostasis showing the average percent of clonal space occupied by clones of a given size. Sin-
gletons, small, medium and large clones of the TCR𝛽1 repertoire (C) were defined as corresponding to
1, 2-4,5-7 and >=8 UMIs, respectively. For the TCR𝛽2 repertoire (D), the same categories correspond to
1, 2-3,4-5 and >=6 UMIs, respectively. Comparisons were made between treatment groups by exposure
duration. For singletons and large clonotypes, GLMMs were fitted with family, sex, and treatment as
fixed effects and cage as random effect.
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3.4.3 Effect of S. solidus co-infection on parasite load and TCR reper-
toire diversity

Out of the 110 fish that were eight-week-exposed and subsequently screened for macro-
parasites, nine (8.18%) were infected with Schistocephalus solidus (Figure 3.2B); seven indi-
viduals had a single S. solidus plerocercoid while the remaining two were carrying two ple-
rocercoids in their body cavity. All nine S. solidus-infected individuals were simultaneously
co-infected with other macro-parasite taxa, ranging in number from one to three. To test
whether the average parasite load of S. solidus-infected individuals differed from that of non-
S. solidus-infected individuals, we performed Monte-Carlo sampling. The distribution of mean
parasite load of nine randomly sampled individuals from the eight-week-exposure group was
calculated over 5,000 iterations. In each iteration, random individuals were matched with the
S. solidus infected group with regards to family and cage, in order to control for their observed
effects on the parasite load (Table C.3). Themean parasite load of S. solidus-infected individuals
fell well within the 95% confidence interval of the parasite load distribution of non-S. solidus
infected individuals (Figure C.4). As a second proxy of immune modulation, we also tested the
rate of co-infection with Diplostomum sp. We observe no statistically significant difference in
the proportion of Diplostomum sp. co-infection between the two groups (S. solidus-infected
11.1%, S. solidus uninfected 29.7%, Fisher’s exact test: P=0.44).

Similar statistical analysis was employed to explore the diversity of TCR𝛽1 and TCR𝛽2
repertoires of S. solidus-infected individuals in comparison to non- S. solidus-infected ones. Be-
cause only seven S. solidus-infected individuals were TCR-sequenced, comparisons were made
between seven random eight-week exposed fish. For both repertoires, Monte-Carlo sampling
was limited to individuals which were sex-matched with the S. solidus-infected group, so as to
account for its observed effect on repertoire diversity (Table C.7). Results indicate that fish in-
fected with S. solidus do not exhibit different diversity levels in either repertoire in comparison
to not infected fish (Figure C.5A, B).

3.4.4 Public clonotypes and TCR similarity network architecture
Next, we asked whether exposure to the lake affected the presence and/or abundance of

public clonotypes, i.e., clonotypes shared by most than half of the fish in our dataset. Our
sequencing protocol produced 19,345 unique TCR𝛽1 nt sequences, which corresponded to
17,643 clonotypes. Following the logic of the analysis in Chapter 2, we defined a clonotype
as “private” if it appeared in only one individual, as “relatively private” if it was shared by
two to 24 fish, as “relatively public” if shared by 25–96 fish, and as “public” if shared more
than half the fish (n>96). The overwhelming majority of clonotypes (17,407 or 98.7%) belong
to the private and relatively private compartments, while only 1.3%, or 236 clonotypes, were
shared by more than an eighth of the individuals (n>24). Of those, only 8 clonotypes were
public (0.05% of total). The TCR𝛽2 repertoire included a total of 13,651 unique clonotypes; of
those, only 5, or 0.04%, belonged to the relatively public compartment, while none were public.
Due to the very low count of widely shared clonotypes in both repertoires, we will hereafter
consider relatively public and public clonotypes together in our analysis; their presence and
abundance will be compared to that of the private and relatively private compartments.

We first examined how lake exposure affected the composition of the stickleback reper-
toires with regards to public/relatively public clonotypes. Public and relatively public clono-
types occurred in the repertoires of both fish groups. Interestingly, we found that public and
relatively public clonotypes from repertoires of individuals exposed to the lake for the full pe-
riod of eight weeks occupied, on average, more space compared to their control counterparts;
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this same was not observed in the four-week exposure group (Figure 3.4A). To examine if the
structure of repertoire similarity networks of exposed fish differed from the control, we calcu-
lated the number of edges, ameasure of network connectivity. We found that TCR𝛽1 repertoire
networks constructed with the top 250 most abundant clonotypes of eight-week-exposed indi-
viduals have significantly lower numbers of edges in comparison to the control group (Figure
3.4B). Furthermore, the top 250 most abundant clonotypes of eight-week-exposed individu-
als had a higher Gini index than those of control fish, indicating a more uneven abundance
(Figure 3.4C). The above analysis was extended to the TCR𝛽2 repertoire; eight-week-exposed
individuals did not differ in the proportion repertoire space occupied by (relatively) public
clonotypes, neither in the connectivity nor the Gini index of the top 50 clonotypes differed
from that of their control counterparts (Figure C.6).
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Figure 3.4: TCR𝛽1 repertoire similarity networks are less connected in eight-week-exposed
individuals. A) Comparison of the occupied repertoire space (i.e., cumulative frequency) of public and
relatively public (n>24) clonotypes among the entire down-sampled TCR𝛽1 repertoires of control and
lake-exposed sticklebacks, by duration of exposure. B) Comparison of the number of edges connecting
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Comparison of the Gini index (a measure for repertoire evenness) between control and lake-exposed
sticklebacks, by duration of exposure. Asterisks in all panels signify P value significance levels for fac-
tor treatment, as calculated using GLMMs for each duration group separately, with family, sex, and
treatment as fixed effects, and cage as random effect (ns: non-significant P > 0.05, * P < 0.05, *** P <
10-3).
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3.4.5 Effect of aging on TCR repertoire size, diversity, and clonality
In this experiment, we observed smaller sample sizes in both TCR𝛽1 and TCR𝛽2 repertoires

compared to those from the single-infection Schistocephalus solidus experiment (Chapter 2),
despite following the same TCR sequencing protocol. For both experiments we used fish that
were lab-bred in the summer of 2019. A clear difference was the age of the sticklebacks at the
time of the experiments: those employed in the S. solidus experiment were approximately nine
months old, whereas individuals used for the Lake exposure experiment were between 22 and
23 months old. Therefore, we decided to conduct a more detailed investigation of the effect
of aging on the TCR repertoire of the stickleback. To account for family effects, which we
have shown can influence the repertoire diversity, we selected individuals from 3 stickleback
families used in both experiments (total of 38 fish, Table C.8). Furthermore, we limited our
analysis to individuals belonging to control groups, i.e., fish that were maintained in the lab
aquaria throughout their life.

We first confirmed that the selected subset of individuals maintained the representative
difference in the size, i.e., total number of functional nt sequences, of both TCR𝛽1 and TCR𝛽2
repertoire samples (Figure C.7A); cumulatively, the TCR𝛽 repertoire samples of older stick-
lebacks were on average 2.5 times smaller compared to those of their younger counterparts
(2,808 to 6,999 TRBMs). The same starting amount of RNA was used for all individuals in
our protocol; therefore, any difference in repertoire size should correspond to variation in
the abundance of TCR𝛽 RNA molecules in the given RNA quantity. We used real-time PCR
(qPCR) for quantification of relative expression levels of T-cell-specific genes. Curiously, older
fish had a markedly lower (approximately 3.6 times) CD8𝛼 relative expression, but CD4.1 and
CD8𝛽 expression levels were unchanged (Figure C.7B). Nevertheless, as CD8𝛼 amounted to
two thirds of the within-sample cumulative T-cell-specific gene expression, a significant drop
could help explain the smaller size of the repertoire in older sticklebacks.

We thus confirmed that older individuals had a smaller total TCR𝛽 repertoirewithin a given
amount of spleen RNA. In order to account for the difference in the amount of spleen RNA
recovered from each individual, we compared the size of the repertoires after normalization
for the proportion of spleen RNA used per individual (Materials and Methods). Interestingly,
we see a small decline in the normalized size of the TCR𝛽1 repertoire of old fish (Figure 3.5A).
Confirmation of this small reduction in size of the TCR𝛽1 repertoire in older individuals led
us to our next question: does aging also affect the repertoire diversity? To answer this, we
standardized all samples to the same size, i.e., 942 TCR𝛽1 UMIs and 199 TCR𝛽2 UMIs. Older
sticklebacks had a considerably more limited repertoire diversity in both TCR𝛽1 and TCR𝛽2
repertoires (Figure 3.5B). Accordingly, the clonal distribution revealed a significantly higher
proportion of expanded clonotypes and a smaller proportion of singletons in both repertoires
of aged individuals (Figure 3.5C, D).

101



Chapter 3

*

TRB1 TRB2

9 months 22−23 months 9 months 22−23 months

30

60

90

120

40

80

120

160

Age

N
or

m
al

iz
ed

 r
ep

er
to

ire
 s

iz
e 

(T
R

B
M

s 
x1

00
)

A

**** ****

TRB1 TRB2

9 months 22−23 months 9 months 22−23 months

8

12

16

20

50

60

70

80

Age

U
ni

qu
e 

nt
 s

eq
ue

nc
es

 (x
10

)

B

Family F10 (C) F7 (B) F2 (E)

****

***

****

0

25

50

75

100

Singletons Small Medium Large
Size of TCRβ1 clonotypes

R
ep

er
to

ire
 s

pa
ce

 (
%

)

C
****

****

***

*

0

25

50

75

100

Singletons Small Medium Large
Size of TCRβ2 clonotypes

R
ep

er
to

ire
 s

pa
ce

 (
%

)

D

Age 9 months 22−23 months

Figure 3.5: Effect of aging on normalized TCR repertoire size, diversity and clonality. A) Com-
parison of the size of the TCR𝛽1 (left panel) and TCR𝛽2 (right panel) repertoires by age group following
adjustment for the ratio of spleen RNA used per individual. P values were calculated using GLMs for
each repertoire separately, with family, sex, and age as fixed effects. Asterisks signify P value signifi-
cance levels for factor age (* P < 0.05). B) Mean per individual observed diversity (number of unique
nt sequences) obtained from down-sampled repertoires was compared between age groups. P values
were calculated using GLMs for each repertoire separately, with family, sex, and age as fixed effects.
Asterisks signify P value significance levels for factor age (**** P < 10-4). C, D) Clonal space homeosta-
sis showing the average percent of clonal space occupied by clones of a given size in the TCR𝛽1 (C)
and TCR𝛽2 (D) repertoire. For the TCR𝛽1 repertoire, singletons, small, medium and large clones corre-
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for factor age (****P < 10-4, *** P < 10-3, * P < 0.05). Family and sex were also incorporated in all models
as fixed effects. Non-significant comparisons are omitted for visual clarity.
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3.4.6 Effect of aging on clonotype sharing and TCR repertoire simi-
larity network structure

Weproceeded to examine the composition of the down-sampled repertoireswith regards to
clonotype sharing. The proportion of relatively public and public clonotypes (i.e., clonotypes
present inmore than a quarter of individuals) in the TCR𝛽1 repertoires of older fishwas almost
three times lower compared to younger ones (Figure 3.6C); indeed, we found a total of 253
relatively public and public clonotypes among the repertoires of younger fish, but only 96 such
clonotypes among older individuals. In terms of repertoire space, relatively public and public
clonotypes occupied 24% of homeostatic space in young sticklebacks on average, but only
12% in older ones (F1,32= 59.2, P= 9e-09, from GLM also including sex and family). Notably,
even though the V gene usage among private expanded clonotypes was comparable between
the two groups, the V gene usage profile of relatively public and public clonotypes in old
individuals was markedly different than that of younger fish: usage frequency of gene V1.2,
in particular, was elevated, while that of V1.17 was reduced (Figure C.8).

We asked whether there is an overlap between the (relatively) public clonotypes of young
and old sticklebacks; we detected 24 such common clonotypes (Table 1), the average intra-
repertoire abundance of which did not differ between the two age groups (Figure C.9). By
extending our search to private and relatively private clonotypes, we found that 50 (or 52%) of
the relatively public and public clonotypes of old individuals were also present in one or more
younger individuals. Inversely, 108 (43%) of (relatively) public clonotypes of young individuals
were detected in at least one older individual.

To investigate whether the presence of fewer widely shared clonotypes in older individu-
als affected their repertoire architecture, we used the top 250 most abundant clonotypes from
each individual to build sequence similarity networks. As can be observed from the exam-
ples of a young and an old individual (Figure 3.6A, B), TCR𝛽1 repertoires of older fish were
less connected, i.e., had significantly reduced number of edges (Figure 3.6D). Furthermore,
old individuals had less evenly distributed abundance among the top 250 clonotypes, as ev-
idenced by a significantly higher Gini index (Figure 3.6E). We repeated the above analysis
for the TCR𝛽2 repertoire, and found a statistically significant drop in the percentage of rela-
tively public and public clonotypes in older compared to younger sticklebacks; in fact, there
were no such clonotypes in the TCR𝛽2 repertoires of the 22-23-month-old fish (Figure C.10A).
This drop did not translate to any notable change in the connectivity of the repertoire (Figure
C.10B); nevertheless, TCR𝛽2 repertoire evenness, as measured by the Gini index, was reduced
in older sticklebacks (Figure C.10C).
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Figure 3.6: Stickleback TCR𝛽1 repertoire similarity networks become less connected with
age. A, B)Network formed by the 250 most frequent CDR3 aa sequences expressed in the splenic TCR𝛽
repertoire from a nine-month-old (A) and a 23-month-old (B) stickleback. Nodes (CDR3 sequences) were
connected by edges defined by a Levenshtein distance of 1. Node size reflects the relative frequency of
each clonotype among the top 250 (panel A inset). The nodes are colored according to their sharing
levels (panel A inset). C)Comparison of the proportion of relatively public and public clonotypes among
the entire down-sampled TCR𝛽1 repertoires of young and old sticklebacks. Clonotypes were regarded
as relatively public and public if present in more than one quarter of the individuals in each group. D)
Comparison of the number of edges connecting nodes in each individual network between young and
old sticklebacks. (E) Comparison of the Gini index (a measure for repertoire evenness) between young
and old sticklebacks. Asterisks in panels C, D, and E signify P value significance levels for factor age,
as calculated using GLMs with family, sex, and age as fixed effects (**** P < 10-4).
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3.5 Discussion

3.5.1 Parasite load is dependent upon duration of exposure, host ge-
netic background and sex

Weobserved a sharp increase inmacro-parasite infection, both in the number of taxa and in
parasite load from four- to eight-week-exposed fish. Temperature is an environmental factor
that might play a role in this difference. Four-week-exposed fish were retrieved from the lake
as water temperature had risen approximately 4℃ since the start of the experiment. Further-
more, for at least the first 11 days of this four-week period, the water temperature was mostly
stable at 12℃. Conversely, eight-week-exposed fish underwent a >11℃ increase in tempera-
ture, with a large portion of this period spent in temperatures above 20℃. The efficiency of the
teleost immune system is highly susceptible to temperature variation, and is compromised fol-
lowing extended exposure to higher temperatures (Scharsack and Franke, 2022). For example,
head kidney lymphocyte activation against S. solidus is much higher at relatively low (<15℃)
temperatures, which also coincide with better control of parasite growth (Franke et al., 2017;
Scharsack et al., 2021). Eight-week-exposed sticklebacks could therefore have been more vul-
nerable to infections, especially towards the end of the exposure period, when temperatures
reached severe levels (Wegner et al., 2008). Generally, stickleback infections follow a seasonal
pattern, with higher incidence in the summer compared to spring, in accordance with the
abundance and level of infection of the invertebrate intermediate parasite hosts (Pennycuick,
1971). Furthermore, pathogen-pathogen interactions might also affect the parasite burden:
infection with one parasite can predispose to a secondary infection. For example, S. solidus
infection is thought to increase the rate of co-infection with Diplostomum sp. (Piecyk et al.,
2019a). Lastly, it is conceivable that for some parasites, the time needed to become detectable
inside the stickleback is prolonged in lower temperatures due to restrained growth, as is the
case with S. solidus (Scharsack et al., 2021); this could make their early detection challenging,
and thus inflate the parasite load of longer-exposed fish.

Individual parasite load differed significantly between families, in agreement with previ-
ous stickleback field studies in the lake (Wegner et al., 2008). On the other hand, individual
MHC-II diversity did not significantly impact parasite load, contrary to some previous lake
exposure results (Wegner et al., 2008), and studies on wild-caught sticklebacks (Wegner et al.,
2003b). It should be noted, however, that due to our dataset was unbalanced with regards to
individual MHC-II diversity, and thus likely cannot capture the full effect of the latter. Fur-
thermore, the full duration of exposure in the previous field experiment was almost double
that of ours (approximately 105 versus 55 days) (Wegner et al., 2008), which is also bound to
influence our observations and might explain differences among studies with regard to MHC
effects. Family-based differences in parasite resistance could reflect variation in genetic ele-
ments pertaining to the function of the innate immune system, which comprises the first line
of defense against macro-parasites. The genetic basis of parasite resistance has been demon-
strated in invertebrate host–parasite systems, which rely heavily on innate immunity (Carton
et al., 2005). Innate immunity has been implicated in the clearance of macro-parasites in the
stickleback within the first few days of infection, before the onset of adaptive immune re-
sponses (Wedekind and Little, 2004; Wegner et al., 2007; Barber and Scharsack, 2010).

A factor that did have a significant effect on parasite loads was sex: female sticklebacks ex-
posed to the lake for the full experimental duration exhibited higher parasite loads than males,
in agreement with previous results (Kalbe et al., 2009). Such differential stickleback parasitism
between the sexes has been linked to dietary differences due to higher energy demands of fe-
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males (Reimchen and Nosil, 2001; Kalbe et al., 2009). In agreement with this potential dietary
link, our results showed a strong cage effect on individual parasite load, as also previously
seen (Kalbe et al., 2009). Fish kept in the same cage are likely to consume similar food items,
including intermediate hosts of trophically transmitted parasites. Alternatively, this discrep-
ancy could signal lower immunocompetence of female sticklebacks – this hypothesis is further
discussed below.

3.5.2 The TCR repertoire of exposed fish exhibits signs of activation

As per our initial hypothesis, the TCR𝛽 repertoire of the lake-exposed fish was signif-
icantly changed in terms of diversity and clonality compared to control fish. Specifically,
expanded clonotypes of eight-week-exposed fish occupied significantly greater homeostatic
space, thereby reducing the overall diversity of the TCR pool. Both are signatures of TCR
repertoire mobilization against pathogenic challenges (e.g., Callan et al. (1998); Musvosvi et al.
(2023)). One interesting finding is that the above changes were limited to TCR𝛽1, the diversity
of which was not dependent on stickleback family. Conversely, TCR𝛽2 diversity was genetic
background-dependent, but not significantly affected by lake exposure. Notably, the TCR𝛽2
repertoire was also under stronger family influence in the S. solidus experiment (Chapter 2).
Themechanisms behind this dichotomy is unknown, but might reflect innate differences in the
T cell type composition (e.g., cytotoxic, regulatory, or helper T cells, unconventional T cells)
of each repertoire. If so, the diverse roles of T cell subsets- which encompass distinct response
trajectories following environmental triggers (Liang et al., 2018; Sun et al., 2023)- could help
explain the differences in diversity and clonality between the repertoires. It is also possible
that the two TRB loci of the stickleback operate under the regulation of distinct genetic or
epigenetic mechanisms.

T cell activation, like macro-parasite infection, was time-dependent: there were no mean-
ingful changes in the diversity or the clonality of the TCR repertoire of four-week-exposed
fish. Given that the control fish were possibly exposed to microbes (i.e., bacteria and viruses)
present in the aquaria freshwater, but not to macro-parasites, the above results possibly hint
at a macro-parasite-triggered adaptive immune activation during the full duration of the ex-
periment. This would align with previous findings, linking the resistance of sticklebacks to
various macro-parasites with MHC genetics, and, by extension, to adaptive immune responses
(Wegner et al., 2003a; Lenz et al., 2009b; Eizaguirre et al., 2011, 2012b,a). One would thus antici-
pate a relationship between the severity of an individual’s parasitic burden and the magnitude
of the T cell response. The positive correlation between average per family parasite load and
average per family repertoire diversity in both repertoires, could indeed be indicative of pro-
tective T cell responses against macro-parasite infection, given that lower repertoire diversity
is a common signature of clonal expansion.

Besides contact with the micro- and macro-parasitic fauna, lake exposure also grants ac-
cess to diverse food sources, such as planktonic invertebrates (copepods and daphnids), insect
larvae, and small snails. On the other hand, aquaria-kept control fish were exclusively fed
frozen food. The richer diet of the lake fish could have affected the immune system both di-
rectly (i.e., more energy to allocate for immune responses), and indirectly through induced
changes in the gut microbiome (Bolnick et al., 2014). Recent studies indicate that the com-
position of symbiotic gut microbial communities can shape the TCR repertoire (Ivanov et al.,
2022; Nagashima et al., 2023). Hence, it is conceivable that the dissimilar diets between the
two treatment groups contributed to the observed TCR repertoire changes. Our experimental
design prohibits the disentanglement of the effects of fish diet and macro-parasite infection
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on TCR diversity, especially considering that five out of the twelve macro-parasites found in
this study are transmitted trophically to the stickleback (Eizaguirre et al., 2012a). Follow-up
experimental studies would be needed to specifically address microbiome influence on the
TCR dynamics, and help elucidate to what extent substantial TRC repertoire changes, such as
the ones observed here, can be attributed to macro-parasite infection, changes in microbiome
composition, or a combination thereof.

3.5.3 S. solidus co-infected fish do not exhibit signs of immunomod-
ulation

Specialist parasites are more likely to be locally adapted compared to generalists, i.e., par-
asites that have a wide range of host species (Lajeunesse and Forbes, 2002). S. solidus, in
particular, has been proposed to have evolved fast growth and strong immunomodulatory ca-
pabilities against a frequently exposed and immunologically adept local stickleback population
(Piecyk et al., 2019a). Under such escalated evolutionary ‘arms-race’ dynamics, highly resis-
tant sticklebacks are expected to successfully impede S. solidus growth, and therefore delay
the effects of immunomodulation (Kalbe et al., 2016; Piecyk et al., 2019a). On the other hand,
the individuals in our experiment originate from a low-resistance local stickleback population,
presumably evolved under de-escalated arm-race dynamics: S. solidus prevalence is low, and
parasite strains from this region exhibit relatively slow growth rate and low virulence (Franke
et al., 2014; Piecyk et al., 2019a,b). Indeed, local fish experimentally infected with slow-growth
S. solidus do not show signs of immune modulation, i.e., no elevated co-infection rates with
Diplostomum sp. (Piecyk et al., 2019a). We thus did not expect that infection with the local
S. solidus would impact the co-infection rate with Diplostomum sp., specifically, or the mean
individual parasite load, generally. Indeed, our results were in line with previous literature.
Furthermore, as yet another proxy for immunomodulation, we investigated the TCR repertoire
diversity of S. solidus-infected fish compared to uninfected ones. No difference was observed
in either TCR𝛽1 or TCR𝛽2 repertoire; this is in accordance with our results from Chapter 2,
whereby only infection with a virulent S. solidus strain and not a slow-growth one, slightly
increased the TCR repertoire diversity.

3.5.4 Sex as important factor shaping TCR repertoire diversity

Unlike ourChapter 2 experiment, where the lab conditions under which sticklebacks were
maintained were not permissive of sexual maturation, in this study, sticklebacks were allowed
to mature. Remarkably, stickleback sex was the factor with the strongest overall effect on the
TCR diversity. The effect of sex was significant for the diversity of both TCR𝛽1 and TCR𝛽2
repertoires of lake-exposed individuals, but was limited to TCR𝛽2 in control fish. The syner-
gistic effects of environmental temperature and photoperiod (O’Brien et al., 2012), as well as a
rich natural diet (?Reyes and Baker, 2017), which was accompanied by significantly enhanced
body condition (Chellappa et al., 1989), could have propelled the sexual maturation of lake-
exposed fish - apparent from the red coloration of males. To the best of our knowledge, this
is the first report of sex-related differences in the TCR repertoire diversity of a teleost species.
However, this observation is not surprising, as the vertebrate immune system functions in
close interaction with the endocrine system (Balm, 1997; Segner et al., 2017), and exhibits sex-
ual dimorphism in its performance across diverse vertebrate taxa, including teleosts (Segner
et al., 2017).
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3.5. Discussion

What is surprising is that male sticklebacks had generally higher TCR diversity than fe-
males, whereas the opposite has been observed in mammals, such as humans (Britanova et al.,
2016; Krishna et al., 2020), and small rodents (Migalska et al., 2019). In humans, androgens have
been associated with a suppressive effect on the immune system (Trigunaite et al., 2015; Foo
et al., 2017). T cells, in particular, show a lower degree of MHC-mediated selection and expan-
sion in males (Schneider-Hohendorf et al., 2018). Unlike mammals, where the overwhelming
majority of species offer maternal-only care (Woodroffe and Vincent, 1994), in sticklebacks it
is the males that provide the necessary care for the survival of their offspring (Pressley, 1981;
Wootton, 1984). Parental care -typically associated with females- has long been linked to bet-
ter immune function (Rolff, 2002). Remarkably, this observation has been extended to male
pipefish and seahorses, both sex-role reversed fish species (Roth et al., 2011; Lin et al., 2016).
It is tempting to hypothesize that the similar parental care strategy of sticklebacks could be
associated with the higher male TCR repertoire diversity reported here, which was also ac-
companied by a lower overall parasite load.

3.5.5 Public TCR clonotypes persist following extended lake expo-
sure

Diminished TCR𝛽1 diversity in lake-exposed sticklebacks was not accompanied, as we
predicted, by a smaller public clonotype repertoire space. On the contrary – we observe a
slightly larger public TCR𝛽1 clonotype compartment in eight-week-exposed fish compared to
controls. Superficially, this contradicts the principle that T cell activation through immuniza-
tion and infection results in fewer shared clonotypes (Venturi et al., 2016; Madi et al., 2017),
as repertoires diverge from a more similar, naive state (Britanova et al., 2016). There could
be a number of reasons behind this contradiction. Firstly, unlike these previous studies, our
eight-week-exposed fish faced challenges with multiple pathogens, including helminths. The
expansion of public clonotype space seen here resembles the one following virulent S. solidus
infection described in Chapter 2. An explanation for the persisting public clonotypes, there-
fore, would be a helminth-induced suppression of what would otherwise be prominent private
T cell responses to other parasites (Taylor et al., 2012). It is also conceivable that part of the
public responses we observe in this experiment are shared only within lake-exposed individ-
uals, and driven by common antigenic stimulation by ubiquitous antigenic triggers (Li et al.,
2012). After all, public TCRs do appear in pathogen-specific TCR repertoires (Miles et al., 2011),
especially against dominant epitopes (Lim et al., 2000). In support of this, public clonotypes in
our experiment are skewed towards usage of the V1.2 gene segment, most commonly used by
private expanded clones. Further analysis of our dataset will clarify whether this hypothesis is
correct, by calculating what percentage of public clonotypes are exclusive to the lake exposed
individuals, and, crucially, whether these public clonotypes are MHC-restricted.

Furthermore, public clonotypes could also include expanded, MHC-unrestricted T cells
which target commensal bacteria (Linehan et al., 2018). Diet change of fish in the lake could
have elicited shared responses to common gut microbes. This theory is especially fitting, as
such commensal-specific responses by unconventional T cells not only promote protection
to pathogens, but also accelerate repair of damaged tissue (Linehan et al., 2018), which is a
distinctive by-product of helminth infection (Anthony et al., 2007; Chen et al., 2012). The above
align well with our hypothesis from Chapter 2, according to which part of the public TCRs
in the stickleback stem from invariant NK-like T cells. Lastly, we cannot exclude a scenario
where an initial first wave of pathogenic insults led to private T cell responses dominating
the repertoire space during the first few weeks. Thereafter, public clonotypes return to their
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Chapter 3

baseline levels. Such recovery of public clonotypes has previously been described in mice
following immunization (Madi et al., 2017). In this case, we could have missed any changes
in the frequency of public clonotypes due to the late sampling time point. In any case, it is
important to acknowledge that elucidating the dynamics of TCR clonotype sharing in a natural
setting with simultaneous infections at different stages of progression is a formidable task, and
any overly-simplistic interpretations should be approached with caution.

3.5.6 Extended lake exposure leads to perturbed TCR similarity net-
works

The observed TCR𝛽1 repertoire mobilization in eight-week-exposed fish was further con-
firmed in our study by the finding that the similarity networks of corresponding repertoires
displayed signs of disruption, i.e., reduced levels of connectivity, and higher abundance in-
equality amongst top clonotypes. Similar changes in both indices have previously been ob-
served in mouse TCR repertoires following immunization and in vitro antigen stimulation
(Madi et al., 2017). In both studies, public clonotypes contributed a higher average degree of
connectivity than private ones. Nevertheless, here, the reduced network connectivity can-
not be attributed to a decrease in public clonotypes as in the study by Madi et al. This is
a further indication that at least some public clonotypes present in the repertoires of eight-
week-exposed fish were not well-connected within the network, reminiscent of the attributes
of isolated clonotypes emerging in response to antigenic stimulation (Madi et al., 2017).

3.5.7 Age diminishes the TCR repertoire diversity and changes its ar-
chitecture

The stickleback is a relatively short-lived fish; individuals usually live for one to two years,
and most do not survive until a second spawning season (Wootton et al., 1978; Wootton, 1984).
Fish used in this study, therefore, were already of advanced age (almost two years old) by the
end of the experiment. As some of them belong to three families also used in the S. solidus
experiment described in Chapter 2, we took the opportunity to study the effect of age on
the TCR repertoire of the stickleback, while controlling for genetic background. Our analysis
employed individuals that served in control groups, lacking any contact with macro-parasites
for the entirety of the subjects’ life.

We observed a small decline in the extrapolated total spleen size of the TCR𝛽 repertoire in
older individuals. This stands in agreement with previous studies in humans showing a minor
but clear decrease of total T cell counts in blood with aging (Yan et al., 2010; Britanova et al.,
2016). We further showed that the TCR𝛽 repertoire decline in older sticklebacks coincides
with a decrease in the relative number of CD8-expressing T cells. Interestingly, reports in
humans indicate that age-related TCR repertoire attrition is subset-specific andmore profound
for CD8+ than CD4+ T cells (Sun et al., 2022). This age-related contraction of the repertoire
has been linked to limited thymic output of new T cells in advanced stages of life, termed
thymic involution (Pido-Lopez et al., 2001). A series of human studies demonstrate that thymic
atrophy is accompanied by clonal expansions of antigen-driven T cells, leading to a decrease
in the number and proportion of repertoire space occupied by naive T cells; consequently,
old age is characterized by decreased TCR diversity (Britanova et al., 2014, 2016; Yoshida et al.,
2017; Egorov et al., 2018). Our results are therefore in accordance with the above observations,
as the TCR𝛽 repertoire diversity of older sticklebacks was significantly constricted compared
to younger fish. Again, CD8+ T cells are more affected by this age-related diversity decrease,
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3.6. Conclusion

suggesting that aging has a more profound effect on cytotoxic as opposed to helper T cell
functions (Ahmed et al., 2009; Yoshida et al., 2017; Sun et al., 2022). Future targeted sequencing
of sorted T cell subsets of the stickleback will better elucidate these aging dynamics, by also
considering its -presumably substantial- CD4-CD8- T cell population, as observed in other
teleost species (Sun et al., 2022; Hu et al., 2023).

Alongside the age-induced constriction in TCR𝛽 repertoire diversity of sticklebacks, we
also detected a prominent shrinking by 50% of the public clonotype compartment in repertoires
of older individuals. Diminishing of public clonotypes with age has been established in hu-
mans and mice alike, as these give way to more private, antigen-driven clonotypes (Britanova
et al., 2014, 2016; Madi et al., 2017; Pogorelyy et al., 2017). As discussed in Chapter 2, public
clonotypes in humans are believed to form a common ‘core’ repertoire; while prominent at
birth, this common core slowly decays with age (Britanova et al., 2016; Pogorelyy et al., 2017).
Importantly, the frequency of unconventional T cells is also known to decline with advanced
age (as reviewed by (Kurioka and Klenerman, 2023). Here, half of public clonotypes observed
in repertoires of old individuals were also present in young repertoires. Therefore, our results
support the ‘core’ repertoire theory of prenatally produced public clonotypes slowly fainting
throughout an individual’s lifetime (Pogorelyy et al., 2017). However, here we also observed
that common public clonotypes between young and older fish had the same relative abun-
dance. This suggests that at least a portion of public clonotypes are dependent on selection
and clonal expansion, as opposed to the proposed passive maintenance via homeostatic pro-
liferation in the periphery (Britanova et al., 2016). This stands as further evidence towards a
portion of the stickleback public clonotypes representing unconventional, MHC-unrestricted
T cells serving a biological function (Chapter 2).

3.6 Conclusion
This study aimed at exploring the changes pertaining to the TCR repertoire in response to
semi-natural settings by employing a state-of-the-art sequencing methodology and the estab-
lished three-spined stickleback eco-evolutionary model. We show that exposure to a natal lake
environment with natural parasites is associated with detectable T cell activation and disrup-
tion of clonotype clusters in TCR𝛽1 repertoire similarity networks- while public clonotypes
persevered. To the best of our knowledge, this study is also the first report of age-related
changes in the TCR repertoire of a teleost species. Remarkably, the changes are largely analo-
gous to those seen in mammals, including humans. This speaks to the common fundamental
principles governing the organization of adaptive immune repertoires across the vertebrate
clade throughout an individual’s lifetime.
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Synthesis

“Nature uses only the longest threads to weave her patterns, so that each small piece of
her fabric reveals the organization of the entire tapestry.”

– Richard P. Feynman

The main goal of this thesis was to explore fundamental questions regarding the verte-
brate adaptive immune system, and more specifically, how the T cell receptor (TCR) repertoire
responds to infection. To do so, I used the vertebrate three-spined stickleback (Gasterosteus
aculeatus) as a model with which I conducted both a laboratory and a field experiment, ex-
ploring the response of the repertoire to infection with a single and multiple macro-parasites,
respectively. Additionally, by employing a species which captures the existing natural popu-
lation diversity, I was able to assess the effect of the individual genetic variation of the host
on various aspects of the TCR repertoire.

The adaptive immune system of jawed vertebrate relies upon recognition of self from non-
self, which is primarily achieved through MHC molecules. In Chapter 1, I have shown that
the three-spined stickleback has a fully developed and highly diverse set of MHC-I andMHC-II
genes showing strong patterns of differential gene expression. This was achieved through the
establishment of a reliable and easily adaptable NGS protocol, which allows for the detection
and characterization of previously undetected MHC alleles in natural populations of species
whose MHC genes are hard to target individually. Furthermore, this protocol is not limited by
template, as it can be used with cDNA as starting material. In fact, incorporating cDNA into
studies of MHC diversity can provide valuable insight into the levels of expression of each
allele – and link to health and disease.

When a vertebrate host is infected with a pathogen, MHC molecules on the surface of
antigen-presenting cells present pathogen-derived peptides to T cells, the central mediators
of both humoral and cellular adaptive immunity. The T cells exhibit an enormous diversity
of T cell receptors, which constitutes the TCR repertoire. In Chapter 2, I performed in-depth
analysis of the factors that affect the TCR repertoire diversity of the stickleback under con-
trolled experimental conditions, and in response to a helminth infection. An interesting result
that stood out was the significant effect of genetic background on an individual’s TCR𝛽1 and
TCR𝛽2 repertoire diversity. In the following two section, I discuss possible underlying mech-
anisms and its implications for future research.

The TCR repertoire of an unusual genomic configuration
The stickleback is one of the few vertebrate species known to possess two separate TRB

loci, TRB1 and TRB2, both constituting independent VDJ recombination units. This config-
uration, believed to be the product of block duplication (Wölfing, 2012), contrasts the single
translocon arrangement containing two distinct C genes described in other teleosts (Zhou
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et al., 2003; Meeker et al., 2010). Instead, it resembles a common immunoglobulin locus organi-
zation into multiple independent clusters of cartilaginous fish (Smith et al., 2019). This unusual
TRB organization found in the stickleback raises multiple questions pertaining to its evolution
and mechanisms of allelic exclusion (Malissen et al., 1992). More relevant to the scope of this
thesis, however, is the apparent absence of functional TCRs stemming from inter-locus recom-
bination; provided the same number of gene segments, this architecture results in a reduced
combinatorial repertoire diversity compared to a single large translocon (Wölfing, 2012). Here,
I have shown that both TRB loci contribute considerably to the total TCR repertoire diversity,
and despite the stickleback’s peculiar TRB arrangement, the total inferred TCR𝛽 spleen diver-
sity is -proportionally- on par with the numbers reported in zebrafish (Covacu et al., 2016),
and minifish (Giorgetti et al., 2021). Curiously, the stickleback does not possess a significantly
expanded set of V, D, or J genes, and so compares poorly to the combinatorial diversity of the
single translocons from these species (Wölfing, 2012). It appears that other factors are com-
pensating for the stickleback’s restricted combinatorial capacity, that result in a functional and
diverse TCR repertoire.

TCR repertoire diversity: a family affair?

In every individual, the naïve TCR repertoire is generated as T cells initially go through
a semi-stochastic VDJ recombination process of acquiring a TCR (Alt et al., 1992), followed
by a process of selection for those T cells expressing ‘useful’ TCRs (Kyewski and Klein, 2006;
Klein et al., 2014). Both steps are reliant on genetic elements, from the genes of the TRB lo-
cus providing the building blocks of rearrangement, to those encoding the enzymes driving
recombination, to the MHC, whose proteins implement self-antigen presentation. This “com-
plex probabilistic tangle of genetically determined biases” (Russell et al., 2022) largely dictates
the diversity of the ensuing repertoire, with inter-individual variation being well-documented
in all vertebrate species studied so far, including the stickleback, as shown in this thesis. Which
are the genetic mechanisms behind this variance?

TCR repertoire diversity and the MHC background

Due to their closely linked function, MHC diversity has long been assumed to be a pri-
mary determinant of the TCR repertoire size, and, consequently, its diversity. The prevalent
hypothesis, known as the TCR depletion hypothesis, predicts that high individual MHC diver-
sity results the decreased T cell survival due to higher chances of TCR self-reactivity during
negative selection, which in turn leads to drastically smaller repertoire (Nowak et al., 1992).
The existence of a suggested trade-off between individual MHC diversity and TCR repertoire
has been supported by theoretical models (Woelfing et al., 2008). Conversely, it has been pro-
posed that a high number of MHC alleles could lead to survival of more T cells, by means
of boosting positive selection (Borghans et al., 2003). Evidence for either side of this debate
has proven challenging to find. Recently, and thanks to the advancement of sequencing tech-
nologies, human TCR repertoire diversity was shown to be positively correlated with MHC-I
diversity (Krishna et al., 2020). A study in bank voles, on the other hand, reported that in-
creased MHC-I diversity restricts the TCR repertoire, while MHC-II diversity was deemed
unimpactful (Migalska et al., 2019). Yet, in mice, MHC-II heterozygosity apparently limits the
repertoire size (Brown et al., 2024). These wildly contradictory results speak to how difficult
it is to ‘isolate’ MHC effects from all other relevant genetic and environmental factors at play.
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Disentangling the role of MHC genotypes from the genetic background is especially diffi-
cult (Rauch et al., 2006). In Chapters 2 and 3, I have showed that under standardized experi-
mental conditions, individual MHC-II diversity does not significantly impact the stickleback’s
TCR repertoire diversity. However, neither the experiments nor the datasets were specifi-
cally designed to examine this particular association; a key missing part being the stickle-
backs’ MHC-I genotypes, shown in Chapter 1 to result in extended allele number variation
between individuals, and previously associated with stronger influence on the TCR repertoire
than MHC-II (Migalska et al., 2019). Future dedicated experiments should employ balanced
datasets of sticklebacks of identical MHC genotypes belonging to different families; ideally,
sticklebacks would be of younger age, so as to eliminate the effects of accumulating anti-
genic exposure that might “cover” the MHC effect by skewing the repertoire diversity. With
the above in mind, the results presented within this thesis do not allow us to exclude MHC
diversity as an important factor; they do, however, underline that the connection between
individual MHC and TCR repertoire diversities is not as straightforward as once thought.

TCR repertoire diversity and the non-MHC genetic background
An effect that has not received nearly asmuch attention from researchers is the one exerted

by the genetic background as a whole, not just the MHC, on the TCR repertoire. The extent to
which individual genetic variation is associated with their resulting TCR repertoire diversity
remain largely unexplored (Russell et al., 2022). One of the key findings of this thesis is the
substantial role that the non-MHC genetic background plays in the TCR repertoire diversity, as
confirmed by two separate experiments on adult sticklebacks (Chapters 2 and 3). In principle,
the impact of the various genetic mechanisms that govern the diversity of the “naïve”, i.e.,
antigen-inexperienced, repertoire is bound to faint over time, as the repertoire is progressively
shaped by succeeding exposures to a variety of pathogens, and the combinatorial effects of
all other known and unknown environmental aspects, including diet-induced divergence in
microbiome communities. This has been demonstrated in humans, where the TCR repertoires
of young individuals form a ‘core’ repertoire from which they diverge with age (Britanova
et al., 2016). It is, therefore, not surprising that the variance in cumulative repertoire diversity
attributable to family effects decreased 6-fold (30% to 5%) between 9-month-old (Chapter 2)
and 22-23-month-old (Chapter 3) sticklebacks. Besides MHC, what could be the sources of
the observed variation in TCR repertoire diversity between stickleback families?

The role of inter-individual variation in VDJ recombination

Computational models show that VDJ recombination, rather than thymic selection, drives
most of the population-level variation in the TCR repertoire (Sethna et al., 2020). VDJ recom-
bination generates an extremely diverse, unrefined pool of T cells, the overwhelming majority
of which bear non-viable TCRs (Bradley and Thomas, 2019). This primary TCR repertoire di-
versity is the amalgamation of two independent sources: combinatorial diversity, generated
through the choice of V, D, and J genes, and junctional diversity, created via random nucleotide
insertions and deletions. Crucially, inter-individual variation in VDJ recombination-related
genes can affect both combinatorial and junctional diversities, resulting in differences in the
functional TCR repertoire diversity (Russell et al., 2022).

Variability in V, D, and J gene usage between individuals is substantial (Sethna et al., 2020),
and can directly affect the combinatorial diversity of the TCR repertoire (Russell et al., 2022).
For example, one can easily imagine how severe bias towards specific V and J genes can signif-
icantly undermine the generated diversity. Strikingly, much of the V-J combinatorial diversity
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in humans is genetically determined (Pham et al., 2012), a fact supported by the observation
that TCR repertoires of genetically identical humans exhibit highly similar gene usage pro-
files (Zvyagin et al., 2014). Accordingly, here I have shown that sticklebacks from different
families differ significantly in V and J usage frequencies. We know that variation at the MHC
biases germline gene usage (Sharon et al., 2016; Gao et al., 2019). This family effect, however,
was even more pronounced in non-functional, unselected TCR repertoires, which is strongly
indicative of the role of genetic factors beyond the MHC in the observed gene usage variation
– as already evident in humans (Melenhorst et al., 2008). What are the drivers of such family-
based variation in V and J gene usage? Recent studies point towards variation in the germline
genes themselves - both structural, i.e., difference in gene copy numbers, and in the form of
SNPs (Gragert, 2022; Omer et al., 2022; Russell et al., 2022; Corcoran et al., 2023; Corcoran
and Karlsson Hedestam, 2024). Furthermore, variation in cis-elements in the TRB locus, such
as recombination signal sequences (RSS), enhancers, and promoters can also differ between
individuals (Melenhorst et al., 2008; Miles et al., 2011). The picture gets even more compli-
cated when we consider the trans-regulatory elements of VDJ recombination. All of the above
can lead to recombination biases, and, in turn, impact the combinatorial diversity of the TCR
repertoire.

Another potential explanation for the observed genetic background effect in TCR reper-
toire diversity of sticklebacks is variation in genes guiding the junctional repertoire diversity.
Mutations in the recombination-activating genes (RAG) 1 and 2, the proteins initiating VDJ
recombination (Schatz and Swanson, 2011), can result in loss of TCR repertoire diversity and
cause severe clinical presentations (Lee et al., 2016; Notarangelo et al., 2016). Variation at the
complex genetic regulatory network controlling RAG1/2 could also indirectly impact the TCR
repertoire (Y. Ji et al., 2010). Furthermore, it is likely that inter-individual variation in the num-
ber of non-templated nucleotides inserted at the junctions by terminal deoxyribonucleotidyl
transferase (TdT) also plays a role (Sethna et al., 2020). Tdt is a crucial determinant of TCR
repertoire diversity (Cabaniols et al., 2001), and its targeted disruption leads to a sharp drop
in diversity (Gilfillan et al., 1993). Importantly, there are several naturally occurring Tdt SNPs
among human populations, the varying efficiency of which can impact repertoire diversity
(Troshchynsky et al., 2015; Russell et al., 2022). Genetic variants of the enzyme Artemis, the
gene thought responsible for junctional nucleotide deletion, have also been identified (Russell
et al., 2022).

Lastly, we cannot rule out the possibility that epigenetic, rather than genetic, effects, ac-
count for parts of the observed family effects on TCR repertoire diversity described in this
thesis. There is accruing evidence of the role of epigenetic factors in the regulation of VDJ
recombination, by means of altering the chromatin accessibility at the TRB loci (Jaeger et al.,
2013; Ji et al., 2019; Aburajab et al., 2023). Considering the fact that each immature lympho-
cyte in the stickleback has double the available TRB loci from which a functional TCR can be
molded, we expect a strong role for epigenetic mechanisms in allelic exclusion (Bossen et al.,
2012). In any case, the significant correlation of intra-individual TCR𝛽1 and TCR𝛽2 reper-
toire diversity in the stickleback further attests to genetic and/ or epigenetic factors exerting
a ‘central’ control over the diversity of the TCR repertoire.

Another interesting result that warrants further investigation is the evidently stronger
effect of family background on the TCR𝛽2 rather than the TCR𝛽1 repertoire, as observed both
in younger and older sticklebacks. Could this difference indicate divergence in specialization
in terms of TCR functions between the two translocons? The stickleback provides an ideal
system to further investigate the possibility of differential genetic background effects on the
two separate TRB loci. Future experiments employing juvenile sticklebacks (i.e., younger than
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2 months old), whose TCR repertoire is mostly naïve, coupled with targeted T cell sequencing
is likely to reveal an even more pronounced role for genetic background than detected in this
thesis, and would therefore make for an even better study system to further elucidate the
sources of this inter-individual variation in diversity.

TRB germline variation as overlooked factor in past studies

As discussed above, inter-individual variation at the TRB locus is a potential source of
TCR repertoire variability; nevertheless, there is a sizable gap in our knowledge regarding
the true extent of germline gene polymorphisms in the population. The development of the
TCR gene nomenclature by the ImMunoGeneTics (IMGT) group marked an organized effort
to create a comprehensive database of TRB germline genes (Lefranc et al., 1999). However,
efforts to identify new allelic variants have long been stagnant – as opposed to the better
characterized BCR locus (Omer et al., 2022). Short-read NGS efforts to map the TRB locus face
a plethora of technical challenges due to the repetitive and complex nature of the genomic
region (Watson et al., 2017). Alternative de novo approaches, through germline gene inference
of expressed TCR repertoires, have been rare, as most TCR repertoire sequencing studies are
heavily concentrated on the CDR3 (Glanville et al., 2017).

The issue of limited data on existing TRB variation certainly extends to the stickleback. An-
notation of its two TRB loci was based on in silico analysis of the Ensembl reference genome of
a stickleback from a distant Alaskan population (Jones et al., 2012), combined with screening
and sequencing of local stickleback-derived libraries (Wölfing, 2012). In this thesis, utilization
of a recently published genome from a local stickleback (Thorburn et al., 2023) for mapping of
TCR𝛽 sequences led to the detection of new and seemingly functional V and J genes (Chapter
2). Dedicated genomic efforts are needed to clarify whether these genes are ubiquitous in the
local stickleback population, or whether they represent CNV between individuals at the pop-
ulation level. Considerable CNV of germline gene segments has been documented between
chicken strains (Dunon et al., 1994), while instances of TRBV gene deletions has also recently
been reported in human TRB loci (Corcoran et al., 2023). Even more extended deletions at the
TRB, resulting in reduced TCR repertoire diversity and thus ability of to recognize antigens,
have been described in wild mice (Woodland et al., 1990; Nanda et al., 1991). Even if there
is no comparable structural variation within the local stickleback population, we anticipate
widespread small polymorphisms, such as SNPs, leading to extensive allelic variation of TRB
genes. The original effort at annotating the stickleback TRB loci, despite being constrained by
its non-high-throughput capacity, still resulted in the identification of SNPs and small inser-
tions/deletions in the local stickleback population in comparison to the Alaskan genome.

Absence of information regarding germline gene variation in the stickleback restricted our
analysis to gene-level identification of V, D and J segments for each TCR𝛽 sequence. The high
sequence similarity between certain V gene pairs (Wölfing, 2012) meant that a given TCR’s
composition could not always be unambiguously assigned to a specific gene. Given the com-
monplace variation at TCR and BCR loci in other species (Corcoran and Karlsson Hedestam,
2024), it is almost certain that future research into genomic variation of the stickleback TRB
will reveal allelic variation at germline genes, which could be associated with observed biases
in gene usage patterns (Elhanati et al., 2018). We postulate that the family-based VJ usage
differences could be the result of siblings sharing the same germline TRB haplotypes, i.e., sets
of specific alleles at each expressed TRB gene carried by multiple individuals, as such distinct
TRB haplotypes are associated with different gene usage patterns in humans (Omer et al.,
2022). In humans, polymorphic alleles vary considerably in frequency between populations,
and individuals have been found to be heterozygous in a large proportion of TRBV genes (Cor-
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coran et al., 2023). In sticklebacks, the compactness of the two distant TRB loci (Wölfing, 2012),
could theoretically allow for up to four different TRB haplotypes contributing to the diversity
of the expressed TCR repertoire within an individual. Increased heterozygosity supported by
a diverse pool of TRB haplotypes could be a way for sticklebacks to compensate for limited
numbers of V, D and J germlines genes compared to other teleosts possessing a single locus
(Covacu et al., 2016; Giorgetti et al., 2021).

Why we need to account for it – path to personalized medicine and evolutionary
understanding

In addition to the practical hurdles in characterizing germline TRB variation, systematic
research into germline variability has been hindered by the notion that the “shuffling” of V, D,
and J genes during somatic recombination probably generates much the same kind of reper-
toire, regardless of the “starting deck”, i.e., the germline genes available to an individual (Omer
et al., 2022). This is best reflected by the thoroughness with which MHC genes –the disease
“messenger” rather that the effector - have been investigated as disease susceptibility genes
(Dendrou et al., 2018); the TCR is tightly associated with the MHC in recognizing antigenic
peptides, and yet the germline genes providing the building blocks for its formation are rarely
given much attention. Recently, a series of works highlighting the direct impact of germline
gene variation on the human TCR repertoire has challenged this idea (Corcoran and Karls-
son Hedestam, 2024). For example, certain non-functional allelic variants can cause loss of
expression of corresponding genes (Subrahmanyan et al., 2001; Corcoran et al., 2023). Such
non-functional gene variants can potentially lead to loss of unconventional T cell subsets ex-
pressing invariant TCRs encompassing the particular gene (Corcoran et al., 2023). Further-
more, allelic variation in specific V gene variants has been linked to susceptibility to certain
bacterial enterotoxins (Rödström et al., 2015). Another V gene polymorphism has been asso-
ciated with protection against severe adverse effects of immune checkpoint inhibitor treat-
ment among cancer patients (Stephen et al., 2023). Genetic predisposition to a life threatening
condition of cutaneous hypersensitivity - previously only weakly linked to HLA-, has been
associated with a specific combination of V and J alleles (Pan et al., 2019).

From the above, it seems that the scarcity of known TCR gene - disease associations is
less likely due to the irrelevance of individual TCR genetic variation, but rather a reflection
of our lack of knowledge thereof. The advent of novel sequencing tools is bound to rapidly
enhance the characterization of both allelic variation and CNV within the TCR (Rodriguez
et al., 2022). Detailed cataloguing will enable in-depth understanding of the functional role of
this variation, including differential responses to pathogenic epitopes, peptides, molecules, or
cellular ligands within populations, due to the presence or absence of specific alleles. In the fu-
ture, targeted therapeutic approaches based on high-throughput genotyping of both TCR and
MHC genes individualized could be designed to maximize the patient’s response to medical
interventions, such as vaccination (Corcoran and Karlsson Hedestam, 2024). Besides potential
clinical applications in humans, the documentation of allelic and structural variation in the
TCR gene loci will also be crucial for better understanding the evolutionary forces shaping
the highly dynamic TCR regions (Su and Nei, 2001). One would expect that the preservation
of a diverse TRB allele pool over evolutionary time would require strong selective forces, such
as balancing selection (Gragert, 2022), as is the case with the MHC (Trowsdale, 2011). So far,
however, evidence points toward neutral evolutionary processes, rather than selection favor-
ing a more diversified TCR repertoire (Subrahmanyan et al., 2001). The question regarding the
evolutionary history behind what is bound to be extensive TRB polymorphism remains.
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Beyond (epi)genetics: the TCR repertoire is shaped by in-
fection and aging

Besides the aforementioned (epi)genetically determined biases shaping the naïve TCR reper-
toire, accumulation of pathogenic exposures over the course of a lifetime further molds an in-
dividual’s pool of T cells, as these undergo antigen-driven clonal expansions and deletions in
the periphery (Woodsworth et al., 2013). Infection typically leads to decreased overall reper-
toire diversity as naïve T cells, which contribute the most to TCR diversity (Britanova et al.,
2016), proportionally concede ground to few antigen-triggered, abundant T cell clones (Hou
et al., 2016). This is the case following exposure to various pathogens, e.g., HIV, human her-
pes virus, and Mycobacterium tuberculosis (Baum et al., 2012; Cyktor et al., 2013; Zhu et al.,
2013). Moreover, immune activation usually perturbs the architecture of TCR similarity net-
works, which in naïve individuals is dominated by clusters formed by highly abundant public
TCRs (Madi et al., 2017). Within this thesis, a picture of TCR repertoire activation was de-
scribed in Chapter 3, where lake-exposed and heavily parasitized sticklebacks exhibited both
decreased overall TCR repertoire diversity and associated clonal expansion, as well as less
connected TCR similarity networks. Conversely, in Chapter 2, I showed that Schistocephalus
solidus infection does not significantly alter the TCR repertoire diversity, nor does it perturb
the similarity network architecture of infected individuals.

Helminths as master immunomodulators

Infection with most pathogens, such as viruses and bacteria, is a race against time for
the host: its immune system has a limited window to produce an effective and targeted re-
sponse against the invading organism. Failure to do so in a timely manner can prove detri-
mental, since uncontrolled pathogen replication often bears a progressively greater toll on
host fitness. Infection with helminths, on the other hand, differs from that with pathogenic
microorganisms: firstly, most parasitic worms don’t reproduce inside the host (Begon, 2009),
and, secondly, unlike viruses and bacteria, a common strategy of helminths is the establish-
ment of stable, chronic infections (van Riet et al., 2007). Helminth infections are remarkably
common amongst humans, which affect approximately a billion people worldwide (Montre-
sor et al., 2020). At the same time, compared to other infectious diseases, infection-induced
mortality is relatively rare (Lustigman et al., 2012). These statistics speak to the exceptional
ability of helminths to both avoid elimination and minimize severe pathology in the host; this
is achieved via immunomodulation, a phenomenon that is conserved across a wide range of
vertebrate hosts (Harnett, 2014).

Immunomodulation can be exerted via a number of different mechanisms, as reviewed by
Maizels and Yazdanbakhsh (2003): some helminths can inhibit the production of “alarmin” cy-
tokines by epithelial cells, normally induced by signals of cell stress or death, which act as ini-
tiators of innate immune responses. Furthermore, helminths can interfere with the host’s abil-
ity to properly recognize and react to helminth-derived molecules, as mediated by germline-
encoded innate immune receptors. In addition to suppression of targeted responses mediated
by effector T and B cells, helminths can also induce regulatory T cells, which further con-
tribute to immunosuppression. T cell hypo-responsiveness is especially pronounced during
the chronic phase of infection with some helminths, which is marked by T cell “anergy”, a state
where T cells have lost their capacity to respond to challenge with parasite-derived antigens
through clonal expansion (McSorley and Maizels, 2012). Regarding S. solidus, there is evidence
to suggest that it can manipulate innate immune responses of the stickleback through evasion
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and suppression mechanisms (Scharsack et al., 2004; Hammerschmidt and Kurtz, 2005; Barber
and Scharsack, 2010); it is also very likely that it dampens the host’s adaptive immune re-
sponses via down-regulation of MHC-II gene expression, as well as TCR𝛽1 expression (Piecyk
et al., 2019a,b, 2021). The state of parasite-induced immune suppression is believed to be main-
tained by means of effector molecules (Hewitson et al., 2009). Indeed, accumulating evidence
points towards S. solidus immune manipulation via excretory/secretory products (Scharsack
et al., 2004, 2013; Franke et al., 2014; Berger et al., 2021; Mazanec et al., 2023). Some or all of
the above mechanisms can be part of the explanation as to why infection of sticklebacks with
S. solidus did not seem to elicit detectable T cell-based immune responses Chapter 2.

Some results presented in Chapter 2 indicate that, as opposed to the slower-growing
strain, the fast-growing Norwegian strain of S. solidus shows signs of suppression of the stick-
leback’s private T cell responses. We hypothesize that S. solidus from the Norwegian popula-
tion might be driven by evolutionary forces towards higher immune suppression phenotypes
in response to its local stickleback population being able to mount effective immune responses
that can significantly limit its growth (Piecyk et al., 2019a). The Norwegian S. solidus strain
and its sympatric sticklebacks have likely co-evolved under evolutionary arms race dynam-
ics selecting for increased resistance and virulence (Kalbe et al., 2016). The context of their
local biotic and abiotic environments can be instrumental; high S. solidus prevalence - and
thus high infection rates (Weber et al., 2017) -in the Norwegian lake of origin strongly suggest
that local sticklebacks are under high selection pressure to evolve immunocompetence, un-
like sticklebacks used in this thesis (Piecyk et al., 2019b). Furthermore, increased virulence in
the form of fast growth would also be expected under competition among S. solidus parasites
in the case of multiple infections (Schulenburg et al., 2009), which is indeed a phenomenon
commonly observed in the Norwegian system. Interestingly, the slow-growth S. solidus strain
used in this thesis also originates from a high prevalence population (Piecyk et al., 2019b),
which is indicative of other factors influencing the parasite’s growth strategy. One such fac-
tor could be the diversity of the local parasitic fauna; as opposed to the natal German lake
of sticklebacks used in this thesis, parasite diversity in the Norwegian lake is low (Piecyk
et al., 2019b). Abundance of other parasitic species could preclude sticklebacks from evolving
costly S. solidus-specific immune responses, as they could benefit more from generalized, non-
directed defenses against a wider scope of pathogens (Piecyk et al., 2019b). Lastly, the presence
of predators besides the stickleback-eating birds that serve as final hosts of S. solidus, such as
bigger fish, could influence parasite virulence (Jakobsen and Johnsen, 1987). Ecosystems char-
acterized by low non-host predator abundance, where transmission rate to piscivorous birds is
high, would favor the evolution of virulent S. solidus strains (Bérénos et al., 2009; Kalbe et al.,
2016). Future field studies of the habitats of the two S. solidus strains used in this thesis would
illuminate whether the two populations indeed differ in their prevalence of species predating
on sticklebacks, and the overall prevalence of parasitic fauna.

Aging as the accumulation of a lifetime of immune responses

The TCR repertoire represents a dynamic entity: it continuously changes in response to
the internal and external environment of the individual (DeWitt et al., 2018); as such, its study
through sampling and NGS sequencing represents a snapshot in time, each TCR “caught” at
a specific abundance, with those represented at particularly high frequencies possibly partici-
pating in ongoing immune responses. This thesis has been centered around the response of the
TCR repertoire to external stimuli in the form of parasitic challenges. By expanding our inves-
tigation to include snapshots of repertoires of sticklebacks at two different life stages, we were
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able to report -for the first time- noteworthy findings pertaining to the response of the TCR
repertoire of a teleost to the physiological aging process. Generally speaking, aging induces
similar changes to the TCR repertoire of humans as does infection, namely reduced diversity,
increased clonal expansion, and altered repertoire architecture (Qi et al., 2014; Britanova et al.,
2014, 2016; Yoshida et al., 2017; Egorov et al., 2018; Minervina et al., 2021). Infection-induced
changes are short-lived, with the repertoire recovering after resolution of the infection (Madi
et al., 2017), while age-induced changes are fairly gradual and permanent (Britanova et al.,
2014). This makes intuitive sense, as we can think of aging as the accumulation of pathogenic
exposures over the course of an individual’s life. Indeed, in Chapter 3 we observed that the
TCR repertoire of sticklebacks of advanced age, near or past their expected lifespan in the wild,
displayed all the familiar signs of immune activation also observed in lake-exposed individuals.

There is a striking resemblance between the aging-related effects on the TCR repertoire
of the three-spined stickleback and those described in humans: beyond the above-mentioned
changes shared with immune activation, aging has been shown to slightly reduce the total
number of T cells in the periphery (Yan et al., 2010; Britanova et al., 2016), reduce public TCR
abundance (Pogorelyy et al., 2017), and lead to disproportionate decline in CD8+ T cells (Sun
et al., 2022). As such, the immune system of an elderly human is characterized by weak-
ened adaptive responses, especially against common viral infections such as influenza; it thus
resembles that of a newborn (Simon et al., 2015). In humans, two independent but comple-
mentary mechanisms support the maintenance of a steady population of T cells: homeostatic
proliferation of naïve T cells in the periphery (Takada and Jameson, 2009), and generation of
new T cells in the thymus (Murray et al., 2003). While both have been implicated in age-related
changes in the TCR repertoire, there is evidence that homeostatic turnover of naïve T cells is
crucial in adults (Egorov et al., 2018), as thymic output sharply declines with age (Goronzy and
Weyand, 2005; Naylor et al., 2005; Palmer, 2013). Interestingly, the opposite is true in mice,
where thymic output is key for sustaining peripheral naive T cells (den Braber et al., 2012). Are
both of these mechanisms present in the stickleback? Future studies will elucidate fundamen-
tal questions regarding the adaptive immune system and aging, and perhaps uncover further
parallels between higher and lower vertebrates. It has been hypothesized that the evolution of
an individual’s immune system, whose pathogen-fighting aptitude peaks in early adulthood,
reflects the critical role of young adults in the procreation and survival of the species (Simon
et al., 2015). An interesting research topic would be to examine whether T cell senescence in
the stickleback sets in past the age of sexual maturity.

Public TCRs - an ancient link between innate and adaptive
immunity?

An exciting finding within this thesis is that the TCR repertoire of the stickleback con-
tains a non-negligible number of clonotypes that are highly shared across individuals. These
clonotypes were independently observed in younger (9-month-old) and older (nearly 2-year-
old) sticklebacks in two separate experiments (Chapters 2 and 3). The detection of common
public TCRs between the two age groups from the two experiments confers further support
for their persisting existence throughout an individual’s lifetime.
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Public TCRs are widespread across vertebrate taxa and likely represent
innate-like T cells

Public clonotypes are not unique to the three-spined stickleback. They were first described
in mammals, initially in the context of viral epitope-specific responses among MHC-matched
individuals (Venturi et al., 2006, 2008b), and their detection was subsequently extended to to-
tal TCR repertoires of healthy individuals (Robins et al., 2010; Venturi et al., 2011; Li et al.,
2012; Shugay et al., 2013). The existence of public TCRs initially puzzled researchers, given
the practically infinite sequences that can be generated through VDJ recombination (Davis and
Bjorkman, 1988). It soon became clear, however, that the recombination machinery is heavily
biased, and therefore bound to repeatedly produce certain sequences via convergent recom-
bination (Venturi et al., 2008a; Quigley et al., 2010; Li et al., 2012; Elhanati et al., 2018). Part of
these public clonotypes are now known to represent unconventional, i.e., MHC-unrestricted,
T cells, such as invariant natural killer T cells (NKT cells) and mucosal associated invariant T
cells (MAIT cells) (Godfrey et al., 2015). These “innate-like T cells”, present in multiple mam-
malian species (Greenaway et al., 2013), utilize invariant TCR alpha and beta chains (Van Rhijn
and Moody, 2015), which have been computationally confirmed to be produced efficiently
through convergent recombination, ensuring their presence across individuals (Greenaway
et al., 2013). In this thesis, the distinct properties of a fraction of public clonotypes of the
stickleback, namely their high generation probability, fewer N insertions, high nucleotide con-
vergence, restricted VJ usage, and CDR3 sequence clustering in similarity networks (Chapter
2), perfectly fit the profile of invariant T cells. The presence of a non-classical MHC-I gene in
the stickleback genome further attests to these public clonotypes stemming from non-classical
MHC-I restricted T cells (Grimholt et al., 2015). I further speculated that the remaining, non VJ
restricted public clonotypes represent conventional, i.e., MHC-restricted, T cells whose abun-
dance is explained by homeostatic proliferation in the periphery (Britanova et al., 2016), as
described in humans (Pogorelyy et al., 2017).

Significantly, public TCRs have also been detected in non-mammalian species, including
amphibians and teleosts (Edholm et al., 2013; Madi et al., 2014; Covacu et al., 2016; Madi et al.,
2017; Giorgetti et al., 2021). Although direct evidence that these public TCRs represent uncon-
ventional or “innate-like” T cells is still missing, genomic data point towards this direction.
Indeed, non-classical MHC-I genes are present in all taxa of jawed vertebrates (Edholm et al.,
2014), from cartilaginous fish (Almeida et al., 2020) and other ectotherms (Flajnik, 2018), to
birds (Robert and Edholm, 2014), to mammals (Legoux et al., 2017). Genomic studies have also
identified an ancient lineage of non-classical MHC-I genes likely to interact NKT-like cells in
teleosts (Dijkstra et al., 2018). The case of Xenopus laevis is noteworthy, as it is the only non-
mammalian species in which unconventional T cells have been functionally characterized and
linked to semi-invariant TCRs (Edholm et al., 2013; Robert and Edholm, 2014; Edholm et al.,
2015). Thus, public TCRs appear to be a fundamental feature of the TCR repertoire in all verte-
brate species. Their universal presence from teleosts to mammals, groups that diverged more
than 350 million years ago, strongly suggests an evolutionarily conserved role for unconven-
tional T cells in vertebrates (Edholm et al., 2014).

Public TCRs are overrepresented in lower vertebrates and potentially
compensate for limited TCR repertoires diversity

Despite their omnipresence, public TCRs are not equally abundant in the TCR repertoire
of all vertebrate species. Widely shared TCRs are a dominant portion of the individual TCR
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repertoire of zebrafish (Covacu et al., 2016), minifish (Giorgetti et al., 2021), the tadpole (Ed-
holm et al., 2013), and as shown here, the stickleback. For example, non-private clonotypes
made up 40% of the total TCR𝛽1 amino acid sequences detected in zebrafish (Covacu et al.,
2016), and 20% of the total TCR𝛽1 clonotypes in sticklebacks (Chapter 2). In mice, humans,
and other mammals, public clonotypes constitute a much smaller fraction of the total TCR
repertoire (Miles et al., 2011). Higher TCR sharing levels between mice than between humans
have been attributed to the overall lower number of added nucleotides in murine TCRs (Zvya-
gin et al., 2014). Fewer nucleotide insertions during VDJ recombination is closely associated
with the generation of public clonotypes, as it increases the chances of convergent recom-
bination (Venturi et al., 2011). Fittingly, the average number of nucleotide insertions in the
TCR repertoire of naive sticklebacks is lower than both humans and mice (Wölfing, 2012). As
already discussed in Chapter 2, the stickleback TCR repertoire, similar to other teleosts, is
restricted in its diversity compared to those of mammals, even when accounting for body size
differences.

This observation has led to the theory that species with limited TCR repertoire diver-
sity compensate by employing a set of public cross-reactive TCRs whose specificities is wide
enough to target epitopes shared bymultiple pathogens (Castro et al., 2017; Covacu et al., 2016).
In accordance with this hypothesis, public TCRs actively respond to immunization with both
self- and non-self peptides in zebrafish (Covacu et al., 2016), are critical against viral infection
in tadpoles (Edholm et al., 2013; Robert and Edholm, 2014; Edholm et al., 2015), expand after
parasitic infection in channel catfish (Findly et al., 2017), while their persistence in the reper-
toires of lake-exposed and heavily parasitized sticklebacks also points towards active partici-
pation in immune responses (Chapter 3). It therefore appears that invariant T cell populations
are critical in lower vertebrates, whose TCR repertoire is optimized to ensure protection with
a relatively small number of lymphocytes (Giorgetti et al., 2021). A standing hypothesis is that
public TCRs provide a mechanism for the rapid generation of protective immunity against
key pathogens (Covacu et al., 2016; Robert and Edholm, 2014). In further support of this idea,
rearranged TCR genes encoding parasitic infection-responding public TCRs have been de-
tected in the genome of channel catfish (Findly et al., 2018). Equivalently, B cells expressing
germline-encoded public BCRs protect against infection by common pathogens (Castro et al.,
2021). This apparent prominent protective role of public TCRs in lower vertebrates suggest
that they are less reliant on T cell responses conferred by highly diversified antigen receptors.
Indeed, genetically engineered zebrafish incapable of VDJ recombination still mount a specific
protection after bacterial re-exposure (Hohn and Petrie-Hanson, 2012).

On the other hand, higher vertebrates capable of forming diverse TCR repertoires appear to
be less reliant on public TCRs in their adult stage; their protective role is believed to be impor-
tant during early ontogeny (Robert and Edholm, 2014). Indeed, human and murine newborns
are characterized by sub-optimal classical MHC-I function, but highly expressed nonclassi-
cal MHC-I genes (Robert and Edholm, 2014). Thus, survival during early life stages, prior
to the development of a mature diversified TCR repertoire, might be dependent upon a pre-
existing pool of invariant T cells, able rapidly initiate innate-like immune responses. There is
a plethora of studies in humans that supports this hypothesis; Pogorelyy et al. (2017) suggest
that a considerable fraction of public clonotypes in humans are created prenatally, a devel-
opmental stage that coincides with reduced TdT activity (Benedict et al., 2000). These public
TCRs, which likely represent innate-like T cells (Simon et al., 2015), are highly functional
and fast-responding to antigens (Davenport et al., 2020). They form a “core” TCR repertoire,
which slowly gives way to antigen-experienced, diverse T cells throughout an individual’s life
(Britanova et al., 2016; Pogorelyy et al., 2017). In adults, persisting populations of iNKT and
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MAIT cells have specialized functions at the early stage of infection, especially in regulating
subsequent adaptive immune responses (Wu and Van Kaer, 2011; Toubal et al., 2019).

The emerging picture of a binary TCR repertoire architecture

Thus, the picture that emerges from studies on human public TCRs and age-related changes
in T cell composition is that of two co-existing TCR repertoire “layers”; a first layer, consist-
ing of prenatal public TCRs of low sequence diversity that persist with age, and a second
layer, formed by private, TdT-dependent TCRs that are formed during infancy and increase
the TCR repertoire diversity. This theory, supported by an observational study using TCR
repertoire data (Trofimov et al., 2022), agrees remarkably well with previous theoretical pre-
dictions (Vrisekoop et al., 2014). Interestingly, the two layers seem to have distinct functions:
prenatal public TCRs are likely polyreactive to self and non-self, and shown to be associated
with known pathogens or autoantigens, while TDT-dependent TCRs can target peptides in a
more specific manner (Trofimov et al., 2022). It is hard not to notice that the characteristics of
the first TCR repertoire “layer” closely resemble those we find in the prominent public TCRs
of sticklebacks (Chapter 2): short sequence length, restricted VJ gene usage, and high gener-
ation probabilities. Accordingly, the longer, private TdT-dependent sequences observed in the
second “layer” of human TCR repertoire are reminiscent of the clonotypes in the stickleback’s
restricted private TCR compartment. It has been proposed that a layered immune system
could be the product of evolutionary processes, during which following descendants obtain
predominance during development, giving rise to cell populations responsible for progres-
sively more complex immune activities (Scapigliati et al., 2018), in accordance with Haeckel’s
famous proposition that "ontogeny recapitulating phylogeny". I argue that this could be the
case here; the “core” or first “layer” of the TCR repertoire of mammals is generated early dur-
ing ontogenesis, at a time of low TdT activity, and is reminiscent of the protective, public TCRs
from invariant T cells prominent throughout the life of lower vertebrates (Edholm et al., 2013).
If the evident prominence of public TCRs in the repertoires of lower vertebrates does indeed
represent an early step during the evolution of adaptive immunity, as already hypothesized
(Flajnik and Kasahara, 2010; Boehm et al., 2012), then how did this shift from a public TCR-
heavy to a more diversified repertoire take place? And under what evolutionary context was
the expression of public TCRs advantageous to ancestral vertebrate species?

Proposed evolutionary mechanism and implications

A groundbreaking study by Giorgetti et al. (2023) offers an elegant answer. The authors
show that microhomologies at the ends of V and J genes in the vertebrate genome can guide
RAG-mediated recombination, by determining which germline genes will be used for the com-
position of a rearranged TCR𝛼 chain. By looking into various species across the vertebrate
clade, they find that the presence and extent of these microhomologies correlates inversely
with the level of junctional diversity of the ensuing rearranged TCR𝛼 sequences. Therefore,
they were able to find an association between the high degree of microhomology-directed re-
combination with the high degree of public TCR𝛼 sequences in the repertoire of the zebrafish,
and three other teleost species. Strikingly, due to the dominant role of TRA locus microho-
mologies, amongst all vertebrates, teleosts exhibit the highest level of predictability in the
TCR𝛼 generated sequences, and thus have a species-specific public TCR𝛼 repertoire. Con-
versely, the TCR𝛼 repertoire of mammalian species exhibits lower predictability levels (and
thus, lower levels of public TCRs), due to loss of microhomology signatures. They further
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note that in zebrafish, lower levels of TdT, activity of which interferes with microhomology-
guided recombination, coincides with higher degrees of public TCRs. LowTdT activity is also a
characteristic of fetal life stages of higher vertebrates, during which TCR repertoire generation
is more reliant on microhomology-based recombination.

The above findings perfectly align with the prominent public TCR compartment in the
three-spined stickleback described within this thesis, as well as the general consensus of lower
TRC repertoire diversity found in lower vertebrates, as already discussed. They also provide
a much-needed explanation as to the way vertebrates might have gradually moved towards
higher TCR repertoire diversity over the course of evolution. Regarding the evolutionary con-
text that favored the presence of public TCRs in ancestral vertebrates, Giorgetti et al. (2021)
hypothesize that by constraining TCR sequence diversity, microhomology-guided VDJ recom-
binationmight have been crucial inminimizing the potential of autoimmunity during the early
stages of vertebrate evolution. As such, this mechanism could have aided in incorporating the
intrinsically risky process of somatic diversification into the immune system of jawed verte-
brates, an innovation that gave rise to the intricate adaptive immune system we see today.

Whether the above findings can be expanded to include the TRB locus and corresponding
TCR𝛽 repertoire of vertebrates is a topic of upcoming research. What is certain is that the
adaptive immune system has been successful enough that is represented in the vast majority
of extant vertebrate species. The gamble of adaptive immunity has clearly paid off, despite
the risks involved. Future studies need to address exciting questions such as: what were the
evolutionary forces that drove higher vertebrates towards elevated levels TCR repertoire di-
versity? Could it be that a more diversified repertoire offers an advantage in the arms race with
pathogens by protecting against the emergence of antigen-loss variants (Liston et al., 2021)?
And, even more broadly, what primordial need did the emergence of adaptive immunity serve
in the vertebrate ancestor in the first place? Is it possible that the need to differentiate between
symbiotic and pathogenic microorganisms was a contributor (Lee and Mazmanian, 2010)? Re-
search in the field of evolutionary immunology is bound to provide us with valuable insights
in the near future.
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Concluding remarks

The past decade has been a time of fast-paced progress in the field of adaptive immune re-
ceptor (AIRR) repertoire research, fueled by NGS technologies and single cell transcriptomics.
This pace is surely going to increase, with the advent of machine learning approaches and
large language models trained on AIRR data for TCR-epitope interaction prediction and dis-
ease diagnosis (Liu et al., 2019; Peng et al., 2023); with promising applications in medicine,
e.g., in targeted cancer immunotherapy (Joshi et al., 2022; Yang et al., 2023). A case is to be
made that basic research will continue to offer - as it so frequently does - novel insights, and
guide towards future research directions. In the words of Max Planck, “insight must precede
application”.

In this thesis, I have used NGS sequencing to conduct an in-depth study of key parts of the
immune system in an eco-evolutionarymodel species, the three-spined stickleback. I have thus
provided the first experimental evidence that the diversity of the T cell receptor repertoire -
arguably its most decisive feature- is dependent upon the individual’s genetic variation. While
some of the sources of variance among individuals have already been addressed, e.g., enzymes
involved in the somatic recombination process, others have been overlooked. Specifically,
future research should address the largely unknown TRB germline variation at the population
level. Encouragingly, this field has been granted more attention recently (Luo et al., 2019;
Omer et al., 2022). Novel targeted long-read NGS methodologies (Rodriguez et al., 2022) will
assist in fully exploring genetic diversity within the TCR gene region, which in turn is likely
to reveal novel disease associations, and pave the road to personalized medicine.

Also shown in this thesis is the naturally high MHC-I expressed diversity of the stickle-
back. As such, the stickleback constitutes a prime model to further disentangle the effects
of genetic background and individual MHC diversity, an effort in which the highly reliable
NGS genotyping protocol developed here will be of value. This has been an open question for
years in the community, with efforts to address it having thus far yielded inconsistent results,
hindered by the use of datasets where the factor of individual genetic variation is masked.
Experimental work with carefully designed datasets in genetically variable model species will
decisively aid this effort.

Lastly, I have provided indirect evidence of public, MHC-unrestricted, germline-encoded
TCRs in the stickleback, as already described in mammals, amphibians, and other teleosts. I
hypothesize that these TCRs represent a population of “innate-like” T cells, an evolutionar-
ily conserved T cell population, and whose seemingly ubiquitous presence of across wildly
divergent vertebrate species attests to their functional importance. The results of this thesis
strongly support the notion that a large part of the TCR repertoire of the stickleback forms a
“core” of public TCR specificities, in accordance with a proposed hypothesis (Giorgetti et al.,
2023) which, if proven right, will mark a huge leap in our understanding of the evolution of the
adaptive immune system in jawed vertebrates. The phenotypic make-up of the T cell subsets
forming this core in the stickleback, as well as the extent to which this core is involved in the
protection against pathogens, is an exciting topic for future research.
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Appendix A

Template-specific optimization of NGS
genotyping pipelines reveals
allele-specific variation in MHC gene
expression

A.1 Supplementary Materials and Methods

A.1.1 Traditional approach: RSCA genotyping of MHC-II

Initially, all individuals in our dataset were genotyped for MHC-II with the established RSCA
protocol (Lenz, Eizaguirre, Becker, et al., 2009), as were our artificial plasmid combination sam-
ples to confirm the presence of the expected alleles. This protocol targets all currently known
MHC-II loci of the three-spined stickleback using the primer pair GAIIEx2startF (5’-GTC TTT
AAC TCC ACG GAG CTG AAG G-3’) and GAIIExon2R_RSCA (5’-ACT CAC CGG ACT TAG
TCA G-3’). The product is a 247 bp fragment of exon 2 of the MHC-IIß genes, encoding the b1
domain, which, together with the a1 domain, form the highly polymorphic peptide-binding
region of the MHC-II molecule (Brown et al., 1993). The PCR reaction contained either 100
ng of genomic DNA or cDNA samples, or 0.01 ng of the artificial samples, following the PCR
protocol as previously described (Lenz, Eizaguirre, Becker, et al., 2009), and using two refer-
ence alleles for allele identification (Lenz and Becker (2008). This MHC genotyping protocol
has been used extensively in local stickleback populations (Lenz, Eizaguirre, Scharsack, et al.,
2009; Eizaguirre et al., 2011, 2012), allowing us to obtain reliable haplotype identity and unam-
biguously genotype all samples in our dataset, hence ensuring the basis for proper comparison
of genotyping pipelines.

A.1.2 NGS approach: Illumina library preparation and sequencing of
MHC-II

The first PCR reaction contained either 100 ng of genomic DNA or cDNA samples, or 0.01
ng of plasmid combination samples, 1× GeneAmp PCR Buffer II, 5 mM MgCl2, 50 𝜇M of each
dNTP, 0.5 𝜇M of each primer, and 1 unit of AmpliTaq Gold polymerase. We used the fol-
lowing PCR program: 94℃ for 10 minutes, 22 cycles of denaturation at 94℃ for 30 seconds,
annealing at 58℃ for 30 seconds and elongation at 72℃ for 60 seconds, finally 72℃ for 5 min-
utes. An additional ‘reconditioning’ PCR (Thompson et al., 2002) of 8 cycles was employed for
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adequate MHC-II amplification from cDNA samples. Subsequently, 5 𝜇L of PCR product un-
derwent a multiplexing PCR, with primers incorporating Illumina-specific adapters and 8-bp
indices. For maximum multiplexing capacity, we employed a dual-indexing saturated design,
with each primer used in multiple combinations (Galan et al., 2010). The reaction volume of
25 𝜇l included 1× PCR Phusion Buffer, 200 𝜇M of each dNTP, 0.5 𝜇M of each primer, and 1 unit
of Phusion Hot Start II DNA Polymerase (Thermo Fisher). The thermal cycler program was:
98℃ for 30 seconds, 8 cycles of 98℃ for 9 seconds, 50℃ for 30 seconds and 72℃ for 2 minutes,
and 72℃ for 10 minutes.

A.1.3 Development of MHC-I-targeting primer pairs

In the three-spined stickleback, MHC class I genes have so far not been as thoroughly explored
as MHC class II genes. We therefore started the development of a reliable MHC-I genotyping
protocol with careful primer design and evaluation: two species-specific primer pairs were
tested on the basis ofMHC I allele amplification using a sub-dataset of 32 samples (representing
all 10 sibships, chosen at random from our 185-sample dataset). Both primer pairs target exon
2 of the MHC-I gene (encoding the a1 domain of the molecule), which -together with exon 3,
encoding the a2 domain- encodes for the highly polymorphic peptide-binding region of the
MHC-I molecule (Bjorkman et al., 1987). The first pair comprised two previously published
primers, the forward primer 5’- GTC CCAAACTTCCCAGAGTTTGTG -3’ (Sato et al., 1998)
and the reverse primer 5’-ACC TCCAGTTTGGTTGAAGCGT-3’ (Schaschl &Wegner, 2006);
this pair amplifies a 228 bp fragment and has been shown to successfully amplify at least 22
distinct MHC-I variants (Schaschl & Wegner, 2006). The second primer pair (forward primer
GAI_Ex2_For 5’-GAG TCC CAA ACT TCC CAG AGT-3’, reverse primer GAI_Ex2_Rev 5’-
AAA CAA CGC TTC AAC CAA ACT GGA-3’), tested here for the first time, was designed
to amplify the same part of exon 2 (227 bp in length) from all known MHC-I loci based on
sequence information from both the stickleback reference genome (Jones et al., 2012), and a
novel genome sequence of a local three-spined stickleback from the same population as the
fish of this study (Thorburn et al., 2023).

A.1.4 NGS approach: Illumina library preparation and sequencing of
MHC-I

As was the case in our MHC-II protocol, both MHC-I primer pairs included heterogeneity
spacers used in various combinations (Table S5). PCR amplification with the first primer pair
was achieved via initial heating at 95° C for 10 min, followed by 22 cycles of denaturation
at 95° C for 30 s, annealing at 60° C for 30 s, extension at 72° C for 1 min and ending with
a 5 min extension step at 72° C. The PCR reaction (25 𝜇l) contained 2 𝜇l cDNA template, 50
𝜇M dNTPs, 2.5 mM MgCl2, 1 U AmpliTaq Gold polymerase (Thermo Fischer), and 0.5 𝜇M of
each primer. Identical PCR reactions and conditions were followed for the second primer set,
with the exception of the annealing temperature, which was set at 58° C. We followed a simi-
lar protocol for library preparation as described for MHC-II, with adaptors and indices added
for multiplexing during a 2nd PCR, followed by a purification step. Libraries were sequenced
separately on Illumina MiSeq platform using a MiSeq Reagent Kit v2 Micro. Demultiplexed
sample reads were merged and quality filtered for a minimum Phred score of 30 using the
AmpliSAT web server, then processed with AmpliSAS at default parameters, with a 25% clus-
tering threshold, to avoid clustering of similar true alleles of varying amplification efficiencies
(Biedrzycka et al., 2017), and a low per amplicon frequency filtering threshold of 0.5%, to ac-
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count for the higher expected MHC-I allelic diversity. In an effort to further ensure reliability
of genotyping results, pipeline-called alleles were regarded as true only if determined upon
manual inspection to be neither contaminants nor erroneous sequences originating from 1-2
substitutions from a more abundant parental variant which ‘escaped’ the clustering step, as
shown to occasionally ensue in our MHC-II dataset.

A.2 Supplementary Results

A.2.1 RSCA-based genotyping of MHC-II
Using our RSCA genotyping protocol for MHC-II, we were able to successfully genotype all
individuals in our dataset. In total, we detected 31 distinct alleles, ranging from one to seven
per individual, with an average of four. An additional very divergent allele, which has been
previously described (Reusch & Langefors, 2005; Lenz, Eizaguirre, Scharsack, et al., 2009; Lenz
et al., 2013), was detected in every gDNA sample and multiple cDNA samples. This variant
(NCBI accession no DQ399896) likely originates from a separate highly conserved and non-
classical MHC locus, and has been excluded from further analysis in the present study. Using
our allele library with known mobility values, all 31 alleles were identified unambiguously.
When two alleles were not distinguishable due to their very similar mobility values when hy-
bridized with the first reference allele, the use of the second reference allele provided clearly
distinct peaks and the variants were successfully identified (example shown in Fig. S2A). The
31 identified alleles belonged to 35 different MHC-II genotypes, from various combinations
of 15 distinct MHC-II haplotypes (Tables S1 and S2), largely overlapping with the haplotypes
detected in previous studies of the local lake population (Lenz, Eizaguirre, Scharsack, et al.,
2009; Kaufmann et al., 2017). The haplotypes contained between one and four alleles. When
typing our 18 plasmid combination samples, in total encompassing 35 alleles, identification
was straightforward in samples containing up to 6 alleles. However, for samples consisting of
8 and 10 alleles, distinguishing between different variants proved a challenging task, as peaks
were often indistinguishable. In certain cases, allele identification was difficult even with mo-
bility values from both reference alleles, due to multiple overlapping allele peaks (Fig. S2B). All
alleles were named following the nomenclature proposed by Klein et al. (1990) and deposited
to NCBI (accession numbers to be provided upon acceptance). Previously published sequences
retained their given numerical suffix, with an ‘X’ as the locus designating letter, since alleles
could not be assigned to specific loci (e.g. Gaac-DXB*03, see Tables S1, S3).

A.2.2 Evaluation of novel stickleback-specific MHC-I primers
In order to best capture the stickleback MHC-I diversity, two sets of primers were tested with
a subset of cDNA samples from 32 individuals. Of those, 30 were successfully sequenced with
both primers and were used for comparison. The newly designed stickleback-specific primer
pair (GAI_Ex2_For, GAI_Ex2_Rev) consistently amplified a higher number of MHC-I variants
in our comparison dataset (Table S9); 44 vs. 34 allelic variants in total, and 11.8 (SD 3.5) vs. 9.4
(SD 2.9) alleles per individual.

A.3 Supplementary Tables
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Table A.1: Overview of all haplotypes and corresponding alleles present in the three-spined
stickleback gDNA and cDNA samples of our MHC-II genotyping dataset.
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Table A.2: Overview of the MHC-II genotypes of the three-spined stickleback gDNA and
cDNA samples included in the pipeline evaluation dataset.
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TableA.3: Plasmid allele composition of artificial combination samples included in ourMHC-
II genotyping dataset, used to evaluate the performance of bioinformatics pipelines at geno-
typing MHC-II genes of the three-spined stickleback.

Table A.4: MHC-II primers used in the first PCR step of our NGS protocol. Underlined nu-
cleotides represent the multiplexing read 1/2 sequencing primers. Heterogeneity spacers are high-
lighted in bold. MHC-II-specific sequences are shown in italics.
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Table A.5: MHC-I primers used in the first PCR step of our NGS protocol. Underlined nu-
cleotides represent the multiplexing read 1/2 sequencing primers. Heterogeneity spacers are high-
lighted in bold. MHC-I-specific sequences are shown in italics.
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Table A.6: MHC-I alleles retrieved from the Ensembl reference genome of the three-spined
stickleback.
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Table A.7: Processing details of raw sequencing data obtained from our duplicate MHC-II
genotyping dataset. N, number of samples successfully sequenced.

Table A.8: Processing details of raw sequencing data obtained from our duplicate MHC-I
genotyping dataset. N, number of samples successfully sequenced.
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Table A.9: Comparison of the two MHC-I exon 2 primer pairs tested at amplifying alleles
in the three-spined stickleback. Detection status from previous studies (with corresponding NCBI
accession numbers) and sequence identity with published three-spined stickleback genomes are shown.
N, number of samples successfully sequenced.
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Table A.10: Inferred parental and observed offspring MHC-I genotypes of the 10 families
included in our dataset.
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A.4 Supplementary Figures

FigureA.1: Distribution of allele numbers in the 40 genomic and 42 cDNAsamples comprising
our pipeline evaluation dataset.
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Figure A.2: RSCA chromatograms after hybridization to FLR_3_1_4 (top panel) and
FLR_2_2_8 (bottom panel) of A) a genomic DNA sample containing four alleles, and B) a plas-
mid combination sample containing ten alleles. Each chromatogram shows the homoduplex of
the FLR (leftmost peak) and variable number of heteroduplex peaks for the individual alleles.
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Figure A.3: Genotyping performance of the Degree of Change (DOC) method with the gDNA
(A), cDNA (B), and ‘artificial’ plasmid combination (C) datasets (left y axis), presented along-
side corresponding average per sample numbers of genotyping errors (right y axis). Optimal
thresholds for each dataset are pinpointed with an arrow.
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Figure A.4: Genotyping performance of AmpliSAS (A) and ACACIA (B) with the ‘artificial’
plasmid combination dataset (left y axis), presented alongside corresponding average per
sample numbers of genotyping errors (right y axis). As the DOC method doesn’t employ an
adjustable filtering step, its optimum performance is depicted as horizontal dotted lines. Optimal filter-
ing thresholds are pinpointed with an arrow. POR: percentage of reads filtering threshold of ACACIA.
MPAF: Minimum per amplicon frequency filtering threshold of AmpliSAS. Note the truncated y-axis
scale. Optimal thresholds for each dataset are pinpointed with an arrow.
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FigureA.5: Occurrence of duplicate pairswith andwithout recurring genotyping errors across
our gDNA, cDNA and plasmid sample subsets for each genotyping pipeline at optimal con-
figuration. The ‘missing’ part of each pie represents duplicates with recurring errors, which are cate-
gorized further based on the type of errors (drop-outs or artifacts) on the side bar chart. Note that the
sum of duplicates might differ across pipelines, due to the presence of pairs including more than one
error types.
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Figure A.6: Genotyping specificity and sensitivity rates of the three pipelines at optimal pa-
rameter configurations before and after manual screening of allele calls.
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Figure A.7: Comparison of allelic read depth variance between the 24 gDNA and cDNA sam-
ples of our “paired” MHC-II dataset. For each allele, read depth proportion was calculated relative
to the cumulative read depth of all true alleles within its corresponding gDNA or cDNA sample. Each
dot represents the average read depth of a single allele calculated from two replicates. There is a statis-
tically significant difference in the variances between the two sample groups, as confirmed by Levene’s
test (P = 0.0001236).

200



A.4. Supplementary Figures

Figure A.8: A) Comparison of sequencing read depth proportions of alleles between gDNA
and cDNA samples. Boxplots represent the average read depth of alleles from both replicate sam-
ples, calculated as a proportion of the total read depth of all true alleles within each sample. Alleles
are arranged along the x axis in order of increasing mean gDNA depth. Asterisks signify statistically
significant differences (*P < 0.05, ** P<0.01, *** P<0.001, Wilcoxon signed-rank test). B) Comparison
of read depth proportions of alleles from gDNA and cDNA samples grouped by haplotype.
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Figure A.9: Comparison of allele sequencing depth between gDNA and cDNA samples for the
three alleles (Gaac-DXB*27, Gaac-DXB*28, and Gaac-DXB*31) in our ‘paired’ MHC-II dataset
found in more than one haplotype. Results are grouped by the two haplotypes in which each allele
is present. P values from Wilcoxon signed-rank test.
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Figure A.10: A) Distribution of individual MHC-I allele diversity across the 179 individuals in
our MHC-I dataset. B) Sharing of alleles among all different MHC-I (left) haplotypes. Allele
sharing among corresponding MHC-II haplotypes (right) are shown for comparison.
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Figure A.11: Histogram of the nucleotide (A) and amino acid (B) p-distance between the 48
MHC-I alleles in the three-spined stickleback.

205



Chapter A

Figure A.12: Alignment of amino acid sequences of the 48 observed MHC-I alleles. Grey sites
were identified to evolve under positive selection according to the M8 model (P > 95%). *, residues
involved in the peptide binding (based on human HLA structure).

206



Appendix B

Effect of genetic background and
helminth infection on the TCR
repertoire of the three-spined
stickleback

B.1 Supplementary Materials and Methods

B.1.1 RNA extraction and TCR𝛽-specific cDNA synthesis with bar-
coding

Total RNA from the spleen of 114 sticklebacks was extracted using TRIzol reagent according to
the manufacturer’s protocol. cDNA synthesis was performed by using a 5’RACE protocol with
unique molecular identifiers (UMI) coupled with a SmartNNNa 5’-template switch adapter and
a reverse primer for the constant regions of the TCR𝛽 chain following (Egorov et al., 2015). 1 𝜇g
(or 60% on average) of total RNA from each fish was used per reverse transcription reaction
with the SMARTScribe Reverse Transcriptase (Takara Bio) with the stickleback C-segment-
specific primer ‘Cgen1’ (5-TGAAGAAGCTGACGGTGCAGGTG-3’) and the SmartNNNa 5’-
template switch adapter (5-AAGCAGUGGTAUCAACGCAGAGUNNNNUNNNNUNNNNU-CTT
[rGrGrGrG]-3’). The Ns of the template switch adapter represent the UMI. The synthesized
cDNA was treated with uracil-DNA glycosylase and purified using the AMPure XP Beads
(Beckman Coulter) following the manufacturer’s instructions and with a ratio 1 (cDNA prod-
uct): 1.8 (beads). Finally, purified cDNA was eluted with DEPC-treated water (final volume 40
𝜇l).

B.1.2 Library preparation

Next, we implemented a two-step PCR protocol targeting both TCR𝛽 chain loci (Figure S1).
For the first PCR, we used a step-out primer mix that targets the template switch adapter, and
a nested primer specific to the C segment of the TCR𝛽1 or the TCR𝛽2 gene. Two aliquots
of the cDNA of each individual were used as technical replicates. Each reaction included 10
𝜇l of purified cDNA, so that a total of approximately 1/3 of the original total RNA material
per fish was subjected to analysis. The cDNA was mixed with 0.02 𝜇M of Step-out1 primer
(5- CACTCTATCCGACAAGCAGTGGTATCAACGCAG -3’), 0.2 𝜇M of Step-out2 primer (5-
CACTCTATCCGACAAGCAGT -3’), 1× Q5 buffer, 0.2 mM dNTP, 0.2 𝜇M reverse primer ‘C1b’
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(5- CGTGGTCCGGATAGAATCCGC -3’), 0.2 𝜇M reverse primer ‘C2c’ (5- CACATTCCTTCG-
GCGAAGGTC -3’), 0.02 U/𝜇l Q5 High-Fidelity DNA polymerase (New England Biolabs), and
water to 25 𝜇l. The cycler protocol is as follows: 95°C for 1m 30 s followed by 24 cycles of 95°C
for 10 s, 60°C for 20 s, and 72°C for 40 s, followed by 4 min final extension at 72°C. Afterwards,
the two duplicates were pooled together and purified with AMPure XP Beads (following the
manufacturer’s instructions (ratio PCR product: beads equal to 1:1). Finally, purified PCR
product was eluted with water (final volume 40 𝜇l).

In the second PCR, each target locus ( TCR𝛽1 and TCR𝛽2) was amplified separately. Illu-
mina sequencing adaptors and heterogeneity spacers were inserted together with the forward
(‘M1’) and reverse (‘C1’, ‘C2’) primers as per (Fadrosh et al., 2014). All 2nd PCR primers are
listed in Table S4. For each locus, a duplicate reaction was performed for each sample. 3 𝜇l of
1st PCR product were used per 25 𝜇l reaction volume, using 0.4 𝜇M of forward primer ‘M1’,
0.4 𝜇M of reverse primer ‘C1’ or ‘C2’, and the same concentrations of remaining components
as described above for the 1st PCR. The cycler protocol was identical to that of the 1st PCR,
except for the number of cycles; 16 cycles were employed for C1, while 14 were used for C2.
Duplicates for each locus (i.e. C1+C1) were pooled together, purified with AMPure XP beads
(ratio 1:1), and eluted with 40 𝜇l of water. Samples were run on an agarose gel and the amount
of product (expected band btw 600-700 bp) in each sample was calculated using the software
ImageJ. Subsequently, equal amounts of C1 or C2 PCR product from different samples were
pooled together. Each of the C1 and C2 pools were size-separated on agarose gels, and the area
of the target band was excised. DNA was extracted using the Nucleo Spin MN Gel and PCR
clean-up kit (Macherey-Nagel) following the manufacturer’s protocol. Lastly, DNA concentra-
tion of each library was measured on a NanoDrop™ 3300 Fluorospectrometer (ThermoFisher).
Paired-end sequencingwas performed in an IlluminaNovaSeq 6000 instrument at a read length
of 250 bp.

B.1.3 Sample size normalization and diversity analysis

Because of considerable variation in the size (i.e. total UMIs or starting cDNA molecules)
of the functional TCR𝛽1 and TCR𝛽2 repertoires across individuals (Supplementary Results), a
down-sampling step was implemented in order to avoid sampling-related bias. Such bias stems
from uneven sampling and sequencing depth, which are known to significantly affect diver-
sity measures (Shugay et al., 2015). Here, we normalized samples to a UMI size, inferred by
calculating the 20-th quantile across all TCR𝛽1 or TCR𝛽2 samples (Q20), and taking the min-
imal sample which is above 0.5*Q20, as implemented by MiXCR. Down-sampled repertoires
were employed for all downstream analyses with the exception of two TCR𝛽1 and two TCR𝛽2
samples that fell below the minimum required size and were excluded from the dataset. Basic
comparative post-analyses of the diversity, clonality, V-J gene segment usage, and overlap of
individual down-sampled TCR repertoires was carried out with MiXCR version 4.3.2 and VD-
Jtools version 1.2.1 (Shugay et al., 2015). For our diversity analysis we calculated the observed
diversity, i.e. number of unique nucleotide sequences in each repertoire. We calculated the
mean observed diversity using normalized repertoires, after subsampling each repertoire 10
times. Through the above steps of normalization to a fixed repertoire size and repeated random
subsampling, we are confident to yield an interpretable measure that is robust to variation in
repertoire size and sequencing depth (Bradley & Thomas, 2019).
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B.2 Supplementary Results

B.2.1 Extrapolation of total spleen 𝛼𝛽 T cell repertoire diversity
Hereafter wewill use the term TCR𝛽 cDNAmolecules (TRBMs) for describing clonotype count
units. The size of our TCR𝛽1 repertoire samples, defined as the sum of TRBMs, ranged from ap-
proximately 2,000 to 8,300 TRBMs (mean 4,700 ± 1,200 s.d.), while the TCR𝛽2 repertoire sample
size was less than half the size, between 860-4,200 TRBMs (mean 2000 ± 600 s.d.). We used a
nonparametric, incidence-based estimator,Chao1, to deal with the “unseen species” problem
in our dataset (Chao, 1984). Chao1 uses abundance data to estimate a lower boundary of TCR𝛽
repertoire diversity within a sample and accounts for missed species due to sampling. We cal-
culated a lower bound total diversity of 7,322±2,733 TCR𝛽1 and 3,070±991 TCR𝛽2 unique nt
sequences. This amounts to a TCR𝛽 diversity of at least 104 TCR𝛽 unique nt sequences in the
stickleback spleen. We arrive at a similar result by following a different approach, as described
by (Giorgetti et al., 2021): the average number of TCR𝛽 unique nt sequences was 2,264, and
given the use of approximately 1/3 of total spleen RNA for sequencing (Materials and Meth-
ods), this would point towards a minimum of 7,000 distinct TCR𝛽 nt sequences. However, for
a plethora of reasons addressed in the Discussion, this serves as a lower-bound estimate and
caution should be taken for its interpretation, as it most likely represents an underestimation
of the true spleen TCR𝛽 repertoire diversity of the stickleback.

B.2.2 Rarefaction analysis and size normalization
In order to evaluate the saturation level achieved through our sampling methodology, we per-
formed rarefaction analysis using total TCR𝛽1 and TCR𝛽2 repertoire samples. A rarefaction
curve shows the expected number of distinct clonotypes, i.e. observed clonotype diversity,
discovered as a function of the total number of TRBMs within a sample. For both TCR𝛽1
and TCR𝛽2 samples (Figure S4A, B), the decreasing curve slope indicates we have managed to
capture a good portion of the existing diversity in our samples, yet the absence of a plateau
means we haven’t reached complete saturation, i.e., greater sampling and thus higher numbers
of TRBMs would have resulted in higher observed diversity. Given the non-saturated rarefac-
tion curves and the considerable variation in repertoire size for both TCR𝛽1 and TCR𝛽2 across
individuals, as described above, we proceeded to normalize sample sizes by down-sampling
TCR𝛽1 and TCR𝛽2 repertoires to 2395 and 860 TRBMs, respectively (see Supplementary Ma-
terials and Methods).

B.3 Supplementary Tables
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Table B.1: Overview of lab-bred stickleback families and their MHC-II genotypes used in this
study.

Table B.2: Summary table of the experimental design. Sample sizes and infection outcome are
presented by fish family and S. solidus strain. In parentheses are the numbers of Schistocephalus solidus-
infected fish within the GOT-treated and NO-treated groups.

Table B.3: Numbers of fish used for TCR𝛽 sequencing by infection status, S. solidus strain
treatment group, and fish family.
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Table B.4: TCR𝛽 primers used in the second PCR step of our NGS protocol. Underlined nu-
cleotides represent the multiplexing read 1/2 sequencing primers. Heterogeneity spacers are high-
lighted in bold. TCR𝛽-specific sequences are shown in italics.
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Table B.5: Nucleotide sequences of V, D, and J coding gene segments of the TRB1 and TRB2
loci of the three-spined stickleback.

Table B.6: Family, parasite strain and their interaction effects on infection rates. Results from
Type III chi-square tests of generalized linear mixed effect models (GLMMs) using fish sex as random
intercept.

Table B.7: Effect of host family, individual MHC-II allelic diversity, and parasite strain on
parasite indices. Generalized linear mixed model (GLMMs) included host family, individual MHC-II
allelic diversity, and parasite strain as fixed effects, as well as fish sex and tank as random terms. Bold
numbers indicate significance with an alpha of 0.05.
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Table B.8: Effects of family, infection status, parasite strain, and the interaction between
infection status and strain on host condition and immunological indices. Results from Type
III Wald F tests of generalized linear mixed effect models (GLMMs) using fish sex and tank as random
intercepts when appropriate.
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Table B.9: Effect of exposure and infection on host indices according to S. solidus strain. Stick-
lebacks were either sham-exposed (control), S. solidus exposed but uninfected (exposed), or S. solidus
infected (infected). Response variables on which infection status was shown to have a significant ef-
fect in Table S8 were used. LMMs included infection status as fixed effect, and fish sex as random term.
Tukey’s all-pair comparisons or comparisons of manually defined contrasts were performed. Bold num-
bers indicate significance post FDR correction according to Benjamini and Hochberg with an alpha of
0.05.

Table B.10: Effect of S. solidus strain on condition and immunological indices of infected
sticklebacks. Response variables were the parasite index (PI), body condition factor (CF), hepato-
somatic index (HSI), as well as the splenosomatic index (SSI) and head kidney index (HKI). GLMMs
included parasite strain as fixed effect and fish sex and tank as random terms. Post hoc tests are based
on Tukey’s comparisons. Bold numbers indicate significance with an alpha of 0.05.
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Table B.11: Effects of family and parasite index on host body and immunological indices of
NO- and GOT-infected fish. Results from Type III Wald F tests of generalized linear mixed effect
models (GLMMs) using fish sex as random intercept.
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Table B.12: Mean pairwise intra- and inter-family repertoire overlap for each family in our
dataset. Results are given for the TCR𝛽1 and TCR𝛽2 repertoires separately. Overlap was calculated
using the top 500 (TCR𝛽1) or top 250 (TCR𝛽2) most abundant aa clonotypes from each control sample.
Mean+-SD values of overlapping clonotypes shown. Parentheses denote number of pairwise compar-
isons, p values from Wilcoxon test. Statistically significant differences highlighted in bold.

Table B.13: Mean pairwise intra- and inter- haplotype repertoire overlap for each MHC-II
haplotype in our dataset. Results are given for the TCR𝛽1 and TCR𝛽2 repertoires separately. Overlap
was calculated using the top 500 (TCR𝛽1) or top 250 (TCR𝛽2) most abundant aa clonotypes from each
control individual. Mean +-SD values of overlapping clonotypes shown. Parentheses denote number
of pairwise comparisons, p values from Wilcoxon test.
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Table B.14: Post-hoc Tukey’s multiple comparisons of means of distances from centroid
(dispersion) across infection status groups based on similarity-matrix of TCR𝛽1 and TCR𝛽2
repertoires. Calculated with 95% family-wise confidence level. Analyses were performed with the
entire subset, and by strain.

Table B.15: Effects of family and infection status on TCR𝛽1 and TCR𝛽2 clonotype abundance
inequality, as measured with the Gini index by treatment group. Results from Type III Wald F
tests of generalized linear mixed effect models (GLMMs) using tank as random intercept.
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Figure B.1: Schematic overview of the 5’ RACE protocol for TCR𝛽 targeting, amplification,
and library preparation for Illumina sequencing. Created with Biorender.com.
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Figure B.2: Comparison of various host indices between sticklebacks experimentally infected
with two allopatric strains of the parasite S. solidus. Comparison of two body condition indices
(condition factor and hepatosomatic index) and two immunological condition indices (head kidney
index and splenosomatic index) by parasite strain. P values shownwere calculated based on the GLMMs
described in Table S10 (**** p< 10-5, * p< 0.05).
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Figure B.3: Total TCR𝛽 repertoire sample sizes from our sequenced three-spined stickleback
dataset grouped by infection status and S. solidus strain. Shown are the sizes of the (A) TCR𝛽1
and (B) TCR𝛽2 functional repertoires obtained post-bioinformatic extraction and error correction, as
described inMaterials andMethods. Sample sizes are expressed in total TCR𝛽 cDNAmolecules (TRBM).
For each repertoire, samples were grouped by strain and GLMMs were fitted with family and infection
status as fixed effects, and sex and tank as random effects. When infection status had a significant
effect, we performed Tukey’s post-hoc tests, with asterisks signifying P value significance levels after
Holm correction (***P< 10-4, ** P < 10-3). Non-significant comparisons are omitted for visual clarity.

225



Chapter B

0

2000

4000

6000

0 2000 4000 6000
Sample size (TRBM)

T
C

R
β1

 c
lo

no
ty

pe
s

A

0

1000

2000

0 1000 2000
Sample size (TRBM)

T
C

R
β2

 c
lo

no
ty

pe
s

B

Infection status Control Exposed Infected

4%

12.3% 26.9% 28.4% 28.4%

0.0

0.5

1.0

1.5

2.0

2.5

0 500 1000 1500
TCRβ1 clonotypes

F
re

qu
en

cy
 (

%
)

C

3.5%

9.6%

17.4%
34.4% 35.2%

0.0

0.5

1.0

1.5

2.0

2.5

0 100 200 300 400 500
TCRβ2 clonotypes

F
re

qu
en

cy
 (

%
)

D

Repertoire space quintiles 1st 2nd 3rd 4th 5th

Figure B.4: TCR repertoire rarefaction analysis. Rarefaction plots of the total TCR𝛽1 (A) and
TCR𝛽2 (B) functional repertoires from a single family (family E). The plots show the relationship be-
tween repertoire size on the x axis (i.e., total cDNA molecules, TRBM) and clonotype diversity (i.e.,
unique TCR𝛽 nucleotide sequences) on the y axis. Each line represents a single sample / individual
(n=16). Solid and dashed lines mark interpolated and extrapolated regions of rarefaction curves respec-
tively, points mark exact sample size and diversity of each sample. Shaded areas mark 95% confidence
intervals. Interpolation and extrapolation up to the size of the largest sample are based on multinomial
models, as implemented by VDJtools. All samples fall beneath the dashed diagonal (representing a state
of complete unsaturation), however our samples did not reach sequencing saturation (i.e., plateauing
of curves). C, D) Rank-abundance plots of clonotypes from a control individual’s TCR𝛽1 and TCR𝛽2
repertoire, showing that a small number of highest ranking clonotypes (based on their clonal frequency)
occupy a disproportionate amount of the total repertoire space. Numbers refer to the percentage of total
clonotypes occupying each one of the five space quintiles. Lowest frequency clonotypes (i.e., single-
tons) make up for 3/5 and 2/5 of the TCR𝛽1 and TCR𝛽2 repertoire space, respectively.
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Figure B.5: TCR𝛽2 repertoire diversity and clonality is family-dependent. Mean values of ob-
served diversity (i.e., unique nt sequences) obtained from down-sampled repertoires of 860 T cells was
compared between stickleback families (A) and infection status grouped by parasite strain (C). Where
GLMM showed a statistically significant effect, Tukey’s post-hoc tests were performed with asterisks
signifying P value significance levels *** p< 10-4, ** p< 10-3, * p< 0.05). B, D) Clonal space homeosta-
sis showing the average percent of clonal space occupied by clones of a given size. Singletons, small,
medium and large clones were defined as constituting <0.15, <0.35, <0.6 or >= 0.6% of analyzed T cells,
respectively. In terms of starting cDNA molecules, these frequencies correspond to 1, 2-3, 4-5, and >5
UMIs, respectively. Comparisons weremade between families (B) and infection status by parasite strain
(D). For each size type, GLMMs were fitted (P values on top of each category, ns non-significant); for
statistically significant cases, they were followed by Tukey’s post-hoc tests, with asterisks signifying P
value significance levels after Holm correction (***P< 10-4, ** P < 10-3, * P < 0.05). In all models, tank
was used as random effect. Non-significant comparisons are omitted for visual clarity.
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Figure B.6: Effect of individual MHC-II diversity on TCR diversity. Mean (A) TCR𝛽1 repertoire
diversity residuals ± S.E. and (B) TCR𝛽2 repertoire diversity± S.E of sticklebacks grouped by individual
MHC-II diversity. Grey circles indicate the mean value of all individuals possessing the given number
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Figure B.8: V and J gene segment usage in the functional TCR𝛽 repertoire. Heatmaps present
the frequency of usage of V and J gene segments of the TCR𝛽1 (A, C) and TCR𝛽2 (B, D) loci. Weighted
usage profiles were used, and hierarchical clustering of samples based on the frequency of usage was
performed using Euclidean distance. Annotation bars on top of each heatmap show the family and
infectious status of each sample. Names of gene segment highlighted in color are thosewhose frequency
differs significantly between families (orange), infection status (green), or both (purple), as inferred from
GLMM analyses with family and infection status as fixed effects, and tank as random effect.
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Figure B.9: Sankey diagrams illustrating the pattern of V and J gene pairings of the TCR
repertoire. Shown are the structures of the gene-segment pairings of the TCR𝛽1 (left) and the TCR𝛽2
(right) repertoires from a representative individual belonging to the control group, family A. In each
panel, the two V and J genes are arrayed left to right. Below each gene is a color-stack representing
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neighboring gene-stacks show how the two segment distributions pair up, with their thickness corre-
sponding to the unweighted frequency of clonotypes having those two segments.
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Figure B.10: V and J gene segment usage in the functional TCR𝛽 repertoire of infected indi-
viduals. Heatmaps present the frequency of usage of V and J gene segments of the TCR𝛽1 (A, C) and
TCR𝛽2 (B, D) loci. Weighted usage profiles were used, and hierarchical clustering of samples based
on the frequency of usage was performed using Euclidean distance. Annotation bars on top of each
heatmap show the family and parasite strain of each sample. Names of gene segment highlighted in
green are those whose frequency differs significantly between strains, as inferred from GLMM analyses
with family and strain as fixed effects, and tank as random effect.
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Figure B.11: V and J gene segment usage in the non-functional TCR𝛽 repertoire. Heatmaps
present the frequency of usage of V and J gene segments of the TCR𝛽1 (A, C) and TCR𝛽2 (B, D) loci.
Unweighted usage profiles were used, and hierarchical clustering of samples based on the frequency
of usage was performed using Euclidean distance. Annotation bars on top of each heatmap show the
family and infectious status of each sample. Names of gene segment highlighted in orange are those
whose frequency differs significantly between families, as inferred from GLMM analyses with family
as fixed and tank as random effect.
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Figure B.12: Infection-non-specific public clonotypes drive the extensive TCR𝛽1 repertoire
overlap between individuals infected with NO S. solidus. (A) Relationship between clonotype
average within-repertoire frequency (abundance) and sharing across different individuals. The golden
line connects the mean frequency of clonotypes at each sharing level. (B) Bar plot showing average
distribution (%) of clonotypes by publicness level within each TCR𝛽1 repertoire sample in our dataset.
Bars denote SD. (C) Non-metric multidimensional scaling (NMDS) plots on inter-repertoire Euclidean
distances and two dimensions comparing data from different stickleback families. NMDS was based on
the number of overlapping clonotypes between repertoires down-sampled to the top 500 most abun-
dant clonotypes. Each dot represents the repertoire of one individual; colors refer to stickleback family.
Ellipses represent 95% confidence intervals, and diamonds the centroids of each family. Outlier sam-
ples were moved to the plot periphery for better visualization. (B) Average pairwise repertoire overlap
percentages with control, exposed and infected individuals of the GOT strain treatment. (D) Average
number of pairwise overlapping clonotypes of each infection status group in the NO treatment. (E)
Percentage of private clonotypes by infection status and parasite strain for different fractions of the
TCR𝛽1 repertoires. For the NO-infected group, we observe a decline towards the more abundant reper-
toire ends. P values pertain to the effect of infection status for each repertoire fraction, as obtained from
GLMMs with family and infection status as main effects, and tank as random effect. (F) Percentage of
singletons (clonotypes of clonal size equal to 1) and expanded clonotypes (>1) by infection status and
parasite strain, within the top 500 repertoire fraction. P values from Tukey’s post hoc tests, following
GLMMs with family and infection status as main effects, and tank as random effect. 233
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Figure B.13: Infection-non-specific public clonotypes drive the extensive TCR𝛽2 repertoire
overlap between individuals infected with NO S. solidus. (A) Bar plot showing average distribu-
tion (%) of clonotypes by publicness level within each TCR𝛽2 repertoire sample in our dataset. Bars
denote SD. (B) Relationship between clonotype average within-repertoire frequency (abundance) and
sharing across different individuals. The golden line shows the average frequency of clonotypes at each
specific sharing level. (C) Average pairwise repertoire overlap percentages with control, exposed and
infected individuals of the NO treatment. Shown are the average numbers of overlapping clonotypes
+- SD between TCR𝛽2 repertoires down-sampled to the top 250 most abundant clonotypes. (D) Num-
ber of pairwise overlapping clonotypes by publicness level for each infection status and by strain. (E)
Analysis of the repertoire space occupied (i.e., cumulative frequency) of private clonotypes by infection
status and parasite strain for different fractions of the TCR𝛽2 repertoire. NO-infected repertoires have
fewer private clonotypes on average compared to their exposed and control counterparts. P values for
each fraction refer to the statistical significance of the effect of infection status, obtained from fitting
GLMM models with family and infection status as main effects, and tank as random effect. (F) Similar
analysis as described in panel E, for the repertoire space occupied by public and relatively public clono-
types.
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Figure B.14: Public TCR𝛽2 clonotypes have distinct properties that set them apart from pri-
vate expanded clonotypes. A) Relationship between clonotype average within-repertoire frequency
(abundance) and sharing across different individuals. Each dot represents one clonotype. Both the
private/relatively private and public/relative public compartments include expanded clonotypes, i.e.,
clonotypes of clone size >1. We focus on the 300most shared clonotypes (in red) and 300most expanded
private/relatively private clonotypes, including 59 differentially expanded (DE) clonotypes across infec-
tion status groups (in pink). B) Distribution of generation probabilities Pgen for private expanded and
public clonotypes. The Pgen value of each clonotype was calculated as an average of all corresponding
nt sequences. Inset asterisks signify statistical significance as inferred from Wilcoxon rank-sum test
(P= 7.58e-09). C) Comparison of average Q values between private expanded and public clonotypes. Q
is a proxy of the selection pressure of each clonotype in the thymus and the periphery, as calculated
with the software Sonnia. Asterisks signify statistical significance as inferred fromWilcoxon rank-sum
test (P= 0.0265). D) Heatmaps of frequency of usage of V (left) and J (right) gene segments within the
private expanded and the public clonotypes. E) Heatmap of the average number of pairwise overlap-
ping clonotypes by VJ gene usage within each of the six treatment groups. Shown are the most frequent
VJ gene combinations, i.e., those accounting on average for >2% of all overlapping clonotypes across
treatment groups. F) Proportion of relatively private expanded (n=31) and public (n=300) clonotypes
that are shared exclusively by individuals sharing at least one MHC-II haplotype. Green color denotes
sharing. Asterisks signify statistical significance as inferred from Chi-squared test (P= 8.08e-31).
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Figure B.15: VDJ recombination biases cannot explain the presence of highly public clono-
types. A, B) Frequency distribution of CDR3 amino acid lengths of private expanded and public TCR𝛽1
and TCR𝛽2 clonotypes, respectively. Insets show comparison of average lengths, with asterisks signi-
fying statistical significance inferred from Wilcoxon rank-sum tests (TCR𝛽1: P= 8.21e-10, TCR𝛽2: P=
0.326). C) Comparison of average number of non-templated nucleotide (N) insertions between pri-
vate expanded and public clonotypes. Asterisks signify statistical significance inferred from Wilcoxon
rank-sum tests (TCR𝛽1: P= 6.38e-06, TCR𝛽2 P= 0.00428). D) Comparison of average number of unique
nucleotide sequences corresponding to each private expanded and public TCR𝛽1 and TCR𝛽2 clonotype.
Asterisks signify statistical significance inferred from Wilcoxon rank-sum tests (TCR𝛽1: P= 2.87e-14,
TCR𝛽2: P= 3.08e-25). E) Average percentage of clonotypes across publicness levels within TCR𝛽1 (left
panel) and TCR𝛽2 (right panel) samples in our observed and simulated repertoires. Simulated reper-
toires were generated with the OLGA software. Bars denote SD. F) Pairwise overlap of observed and
simulated TCR𝛽1 and TCR𝛽2 control repertoires. Shown are the mean percent of overlapping clono-
types +- SD from all pairwise comparisons (n=496). For the simulated dataset, values were computed
using the mean and SD from 5,000 iterations (see Materials andMethods). The overlap level of observed
repertoires was not reached in any of the 5,000 iterations.
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Figure B.16: Clonotypes of certain VJ combinations are more frequent in the public and rel-
atively public compartments. Frequency of clonotypes bearing unique VJ combinations by sharing
level in the (A) TCR𝛽1 and (B) TCR𝛽2 repertoires.
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Figure B.17: Average similarity network connectivity levels of the TCR𝛽 repertoires of indi-
viduals grouped by infection status and parasite strain. Shown are the total number of edges from
each individual’s TCR𝛽1 (A) and TCR𝛽2 (B) repertoire networks. Networks composed of the top 500
and top 250 most abundant TCR𝛽1 and TCR𝛽2 clonotypes, respectively. P values correspond to factor
infection status from GLMMs with family as second independent variable, and tank as random effect.
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Figure B.18: TCR𝛽1 public and private clonotypes form distinctly different similarity net-
works. Networks formed by (A) the 500 most widely shared TCR𝛽1 clonotypes (all 275 public and 225
relatively public) across individuals in our dataset and (B) the 500 most abundant private clonotypes,
including all previously identified differentially expanded clonotypes. Nodes (clonotypes) were con-
nected by edges defined by a Levenshtein distance of 1. Node size reflects the average frequency of
each clonotype across all repertoires in which it was detected. The nodes are colored according to V
gene usage. Differentially expanded clonotypes are shown in diamond shape.
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Figure B.19: Distinct properties of TCR𝛽1 public clustered clonotypes. Proportion of public
clustered, public unclustered, and private clonotypes by (A) V gene and (B) J gene usage. As ‘public
clustered’ were regarded the 135 clonotypes forming the biggest cluster shown in Figure S18A. ‘Pub-
lic unclustered’ (n=248) were the clonotypes forming the isolated nodes of Figure S18A, and ‘private’
(n=500) were all the clonotypes of Figure S18B. (C) Comparison of public clustered, public unclustered,
and private clonotypes on the basis of average proportion of polar amino acids per clonotype, corrected
by clonotype length. Asterisks signify statistical significance inferred from Wilcoxon rank-sum tests
(P= 0.00023) with private clonotypes as reference group. (D) Comparison of public clustered, public
unclustered, and private clonotypes on the basis of average hydropathy levels per clonotype, corrected
by clonotype length. Asterisks signify statistical significance inferred from Wilcoxon rank-sum tests
(P= 0.002) with private clonotypes as reference group. Non-significant comparisons omitted for visual
clarity.
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Appendix C

Exposure to natural parasitic fauna
leads to TCR repertoire activation in the
three-spined stickleback

C.1 Supplementary Tables

TableC.1: Numbers of surviving fish used in the study by treatment group, duration of experi-
ment, and fish family. Corresponding total number of deaths in each group are shown in parentheses.
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Table C.2: Numbers of fish used for TCR𝛽 sequencing by treatment group, duration of exper-
iment, and fish family.

Table C.3: Effect of family, MHC-II diversity, sex, and cage on the total parasite load of stickle-
backs of the eight-week exposure group. Results from generalized linear model (GLM). Statistically
significant factors highlighted in bold.

Table C.4: Effect of family, individual MHC-II diversity, parasite load, and sex on body condi-
tion change among sticklebacks of the eight-week exposure group. Results from Type III Wald
F tests of generalized linear mixed effect models (GLMMs) using lake cage as random intercept.
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Table C.5: Effect of various independent variables on the average observed diversity of TCR𝛽1
and TCR𝛽2 repertoires, from 10 independent size normalization iterations. For each repertoire
the entire datasets were used. Results from Type III F tests of generalized linear mixed effect models
(GLMMs). Cage was used as random effect. Statistically significant factors are marked in bold.

Table C.6: Effect of various independent variables on the average total observed TCR diver-
sity of control and exposed individuals. Diversity values were the mean from 10 independent size
normalization iterations. For each repertoire the entire datasets were used. Results from Type III F
tests of generalized linear mixed effect models (GLMMs). Cage was used as random effect. Statistically
significant factors are marked in bold.
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Table C.7: Effect of various independent variables on the average observed diversity of TCR𝛽1
and TCR𝛽2 repertoires of fish exposed to the lake for eight weeks. Diversity values from 10 inde-
pendent size normalization iterations. Results from Type III F tests of generalized linear models (GLMs).
Statistically significant factors are marked in bold. Results from Type III Wald F tests of generalized
linear mixed effect models (GLMMs) using lake cage as random intercept.

Table C.8: Dataset of individuals used to examine the effects of aging on the stickleback TCR
repertoire, grouped by family. Control fish from both the S. solidus experiment (Chapter 2) and the
lake exposure experiment (Chapter 3) were used. In parentheses are the corresponding family names
used in Chapter 2.
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C.2 Supplementary Figures
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Figure C.1: Effect of individual MHC-II diversity on parasite load and number of macropar-
asite taxa. Mean (A) parasite load residuals ± S.E. and (B) number of macroparasite taxa residuals ±
S.E. of eight-week-exposed sticklebacks grouped by individual MHC-II diversity. Grey circles indicate
the mean value of all individuals possessing the given number of MHC-II alleles. To reduce variation
introduced by effects of family, sex, and cage, residuals of a GLM were used for subsequent analysis
(Table S3). Accordingly, the GLM for the number of macroparasite taxa included sex and cage as inde-
pendent variables (Table S3). The displayed quadratic polynomials are fitted to the means. N indicates
sample sizes for each diversity level.
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Figure C.2: Intra-individual repertoire diversity (unique nt sequences) of the TCR𝛽1 (A) and
TCR𝛽2 (B) repertoires was compared between stickleback families. P value for family was cal-
culated using GLMM with family, sex, treatment, duration, and treatment:duration as fixed effects;
cage was used as random effect. C, D) Clonal space homeostasis showing the average percent
of clonal space occupied by clones of a given size. Singletons, small, medium and large clones
of the TCR𝛽1 repertoire (C) were defined as corresponding to 1, 2-4,5-7 and >=8 UMIs, respectively.
For the TCR𝛽2 repertoire (D), the same categories correspond to 1, 2-3,4-5 and >=6 UMIs, respectively.
Comparisons were made between families. For singletons and large clonotypes, GLMMs were fitted
with family, sex, duration, and treatment as fixed effects and cage as random effect. Asterisks on top of
each category indicate P value significance levels for family (**P < 0.01, * P < 0.05, ns non-significant,
P > 0.05).
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Figure C.3: Correlation between mean TCR repertoire diversity and mean individual para-
site load per stickleback family among eight-week-exposed sticklebacks. Analysis was per-
formed separately for the (A) TCR𝛽1 and (B) TCR𝛽2 repertoire. Mean per family repertoire
diversity (number of unique nt sequences) was calculated based on each individual’s average from 10
independent size normalization iterations. Spearman’s R and P values depicted on each graph. 95%
confidence intervals are indicated by the grey shaded areas.
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Figure C.4: Comparison of parasite load between eight-week exposed fish who are either co-
infected with Schistocephalus solidus or not. Histograms show the distribution of mean parasite
load of randomly sub-sampled individuals not co-infected with S. solidus over 5,000 iterations. Grey
area marks the 95% confidence interval. Family and cage were controlled so that for each iteration the
sub-sampled group (n=9) was matching the S. solidus co-infected group (n=9). Red arrow indicates the
mean parasite load of the S. solidus co-infected fish.
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Figure C.5: Comparison of intra-individual repertoire diversity (unique nt sequences) of the
TCR𝛽1 (A) and TCR𝛽2 (B) repertoires between eight-week exposed fish who are either co-
infected with Schistocephalus solidus or not. Histograms show the distribution of mean repertoire
diversity of randomly sub-sampled individuals not co-infected with S. solidus over 2,000 iterations.
Grey area marks the 95% confidence interval. Sex was controlled so that for each iteration the sub-
sampled group (n=7) were matching those of the S. solidus co-infected group (n=7). Red arrows indicate
the mean diversity of the S. solidus co-infected fish in each repertoire.
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Figure C.6: TCR𝛽2 repertoire of eight-week-exposed individuals include more highly shared
clonotypes. textbf(A) Comparison of the occupied repertoire space (i.e., cumulative frequency) of
public and relatively public (n>24) clonotypes among the entire down-sampled TCR𝛽1 repertoires of
control and lake-exposed sticklebacks, by duration of exposure. textbf(B) Comparison of the number
of edges connecting nodes in each individual network between control and lake-exposed sticklebacks,
by duration of exposure. Networks were constructed using the top 50 most abundant clonotypes of
each individual. textbf(C) Comparison of the Gini index (a measure for repertoire evenness) between
control and lake-exposed sticklebacks, by duration of exposure. Asterisks in all panels signify P value
significance levels for factor treatment, as calculated using GLMMs for each duration group separately,
with family, sex, and treatment as fixed effects, and cage as random effect (ns: non-significant P > 0.05).
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Figure C.7: Effect of aging on the relative size of the TCR repertoire, i.e., size within a given
amount of spleen RNA. (A) Comparison of the size of TCR𝛽1 (left panel) and TCR𝛽2 (right panel)
non-normalized repertoires (i.e., total number of unique functional CDR3 nt sequences) between 9-
month-old and 22- to 23-month-old sticklebacks. Each dot represents a single individual, and fill color
indicates the individual’s family. (B) Comparison of relative expression levels of CD4.1, CD8𝛼 and
CD8𝛽 genes between 9-month-old and 22- to 23-month-old sticklebacks. Each dot represents a sin-
gle individual, and fill color indicates the individual’s family. In all panels, asterisks indicate P value
significance levels for variable age, as calculated with GLMs with family, sex, and age as independent
variables (**** P<10-4, **P < 0.01).
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Figure C.8: Heatmaps of frequency of usage of V gene segments within the private expanded
and (relatively) public clonotypes of the TCR𝛽1 repertoires of (A) young and (B) old stick-
lebacks. Private clonotypes were regarded as expanded if their average intra-repertoire frequency
exceeded 0.002. This filtering resulted in 689 private expanded clonotypes among the repertoires of
young individuals, and 714 private expanded clonotypes among the repertoires of old ones.
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Figure C.9: Average intra-repertoire frequency of the 24 relatively public and public TCR𝛽1
clonotypes common to both young (nine-month-old) and old (23-month-old) sticklebacks.
Each dot represents a single clonotype, and dotted lines connect the same clonotypes across the two
groups. P value from the Wilcoxon signed-rank test (P= 0.39).
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Figure C.10: Effect of aging on the stickleback TCR𝛽2 repertoire. (A) Comparison of the pro-
portion of relatively public and public clonotypes among the entire TCR𝛽2 repertoires of young (nine-
month-old) and old (23-month-old) sticklebacks. Clonotypes were regarded as relatively public and
public if present in more than one quarter of the individuals in each group. (B) Comparison of the
number of edges connecting nodes in individual similarity networks of young and old sticklebacks. Net-
works were built using the 100 most frequent CDR3 aa sequences expressed in down-sampled TCR𝛽2
repertoires. (C) Comparison of the Gini index (a measure for repertoire evenness) between young and
old sticklebacks. Asterisks in all panels signify P value significance levels for factor age, as calculated
using GLMs with family, sex, and age as fixed effects (**** P < 10-4, ns non-significant). Each dot repre-
sents a single clonotype, and dotted lines connect the same clonotypes across the two groups. P value
from the Wilcoxon signed-rank test (P= 0.39).
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