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Abstract (English)

Birds have well-defined roles in maintaining the ecological balance as predators, seed dispersers,
nutrient cyclers, and pollinators making them an integral part of many ecosystems. Birds are often the
flag-ship species and are important for wildlife preservation. Some of the avian populations are very
well connected across the globe through their annual migration, increasing risks of epidemics of
infections. Birds also face different levels of existence encounters in challenging living conditions like
deserts and cold mountains. To cope with these diverse environments not only need physiological
adaptations, but also a very well-equipped immune system, optimised to challenges common to the
environment they inhabit. How well a host immune system responds to pathogens determines the overall
fitness of the organism and its survival. Insight into the avian immune system functions is of great
significance as birds are reservoirs of innumerable pathogens. They have been the primary source of
several major epidemics’ onset leading to worldwide human and animal fatalities (e.g., COVID-19,
Avian influenza, or West Nile virus outbreaks). Similar to all living beings, avian hosts and pathogens
are always in a continuous adaptational arms race. This coevolution of hosts and their pathogens forms
the base of the host immune system evolution. Pathogens utilise diverse mechanisms to evade the host
immune systems. However, the survival and success of all pathogens depend on how well they can
colonize the host, evade the host's defences, multiply, and make the disease contagious. Switching of
hosts by pathogens has led to the commencement of many drastic infection outbreaks.

Though extensive research efforts have been paid to avian species research, there are still missing gaps
especially in less explored avian models and wild bird species. Studies on these species are significant
as, unlike farmed poultry or laboratory models, wild birds are living in their natural habitats, with all
natural factors acting on the hosts. Unlike inbred model organisms, wild models can provide a real-time
dynamics description of natural immune regulation and adaptation in immunomodulation. The changes
that arise in pathogens and hosts during infection can be detected through gene expression analysis of
their tissue-specific transcriptomic profiles. This research offers a better insight into the ongoing
immune regulation in the host-pathogen system and how it affects the host’s fitness. The same pathogens
may cause different immune responses in different host species. Each host has diverse modes of immune
response regulation allowing it to overcome the pathogen attacks. Inflammation is one of the key
immune systems responses allowing pathogen clearance in vertebrates. It is a highly controlled immune
process, because of its potentially self-damaging nature. In my dissertation, to unveil the underlying
mechanisms of immunogenetic variations and the evolution of immune genes, me and my colleagues
revised the origin and diversification of immune genes, clarified different concepts related to the
evolution of immune genes, and proposed different hypotheses using comparative approaches. Next,
based on plasma and cerebrospinal fluid proteomes of parrots and chickens, we provided insights into
avian adult neurogenesis, which is very important for the recovery from neuroinflammatory disorders.
We also inspected the early inflammatory cytokine expression changes in the brain in passerines and
parrots during peripheral inflammation using multiple bioinformatics approaches. The study revealed
the gene loss of the neuroimmune gene regulator cannabinoid receptor 2 (CNR2) in parrots, which makes
the parrots more susceptible to brain inflammation. Our study on zebra finches (Taeniopygia guttata)
discovered controlled brain inflammation with a functional CNR2 gene using a 3’end transcriptomic
approach. We found evidence for ongoing adaptation in immune regulation in a wild disease model, the
house finch (Haemorhous mexicanus) host, and Mycoplasma gallisepticum (MG) parasite. The results
indicated how house finch populations with different coevolutionary histories with MG
immunologically respond to MG isolates from two different evolutionary time points, providing
evidence for immune regulatory mechanisms tackled by these birds to resist or tolerate the pathogen.
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Abstract (in Czech)

Ptáci hrají významné role při udržování ekologické rovnováhy jako predátoři, roznašeči semen, cyklátoři
živin a opylovači, což z nich činí nedílnou součást mnoha ekosystémů. Ptáci jsou často vlajkovými
druhy a jsou tak důležití pro ochranu volně žijících živočichů obecně. Některé ptačí populace jsou
globálně propojené v důsledku migrace, což je činí náchylnými k epidemiím infekcí. Ptáci také čelí
různým existenčním hrozbám v náročných podmínkách prostředí, od pouští po studené hory. Aby se
vyrovnali s těmito různorodými prostředími, potřebují nejen fyziologické adaptace, ale také velmi dobře
vybavený imunitní systém optimalizovaný na patogeny běžné v prostředí, které obývají. Jak dobře
imunitní systém hostitele reaguje na patogeny, určuje celkovou fitness a přežití jedince. Vhled do funkce
ptačích imunitních systémů je velmi důležitý, protože ptáci jsou zásobárnou nesčetných patogenů. Byli
primárním zdrojem několika velkých epidemií vedoucích k celosvětovým úmrtím lidí a zvířat (např.
Covid 19, ptačí chřipka, virus západonilské horečky). Podobně jako všechny živé bytosti jsou ptačí
hostitelé a patogeny vždy v neustálém adaptačním závodě ve zbrojení. Tato koevoluce hostitelů a jejich
patogenů tvoří základ vývoje imunitního systému hostitele. Patogeny využívají různé mechanismy, aby
se vyhnuly imunitnímu systému hostitele. Přežití a úspěch všech patogenů však závisí na tom, jak dobře
dokážou kolonizovat hostitele, uniknout jejich obraně, množit se a způsobit nákazu nových hostitelů.
Změna hostitele vedla u mnoha patogenů k počátku nových drastických infekcí.

Přestože výzkumu ptačích druhů bylo věnováno veliké výzkumné úsilí, stále existují v našem poznání
mezery, zejména v méně prozkoumaných ptačích modelech a druzích volně žijících ptáků. Studie na
těchto druzích jsou významné, protože na rozdíl od farmové drůbeže nebo laboratorních modelů žijí
volně žijící ptáci ve svém přirozeném prostředí, kde na hostitele působí všechny přírodní faktory. Na
rozdíl od běžně používaných inbredních modelových organismů, tyto divoké modely by mohly
poskytnout popis dynamiky přirozené imunitní regulace a adaptací v imunomodulaci v reálném čase.
Změny, které vznikají u patogenů a hostitelů během infekce, lze detekovat analýzou genové exprese
pomocí tkáňově specifických transkriptomických profilů. Tyto studie poskytují dobrý přehled o
probíhající imunitní regulaci v systému hostitel-patogen a o tom, jak ovlivňuje fitness hostitele. Stejné
patogeny mohou u různých hostitelských druhů vyvolat různé imunitní reakce. Každý hostitel má vlastní
způsob imunitní odpovědi umožňující mu překonat útoky patogenů. Zánět je jednou z klíčových reakcí
imunitního systému sloužící k eliminaci patogenů u obratlovců. Jedná se o vysoce kontrolovaný imunitní
proces, který má potenciálně sebepoškozující povahu. Abychom odhalili základní mechanismy
imunogenetických variací a evoluce imunitních genů, v mém doktorském projektu jsme já a mí kolegové
zrevidovali původ a diverzifikaci imunitních genů, představili různé koncepty evoluce imunitních genů
a navrhli nové hypotézy. Dále jsme na základě proteomů plazmy a mozkomíšního moku papoušků a
kuřat poskytli náhled na dospělou neurogenezi, což je proces velmi důležitý pro uzdravování z
neurozánětlivých poruch. Pomocí různých bioinformatických přístupů jsme zkoumali časné změny
exprese zánětlivých cytokinů v mozku u pěvců a papoušků během periferního zánětu. Studie odhalila
ztrátu neuroimunologického regulačního genu kanabinoidního receptoru 2 (CNR2) u papoušků, kvůli
které jsou papoušci náchylnější k neurologickému zánětu. Naše studie na zebřičkách (Taeniopygia
guttata) s funkčním genem CNR2 popsala kontrolovaný zánět mozku pomocí 3'end transkriptomického
přístupu. Našli jsme důkazy pro pokračující adaptaci v imunitní regulaci u modelu přirozeného
onemocnění, divokého hostitele hýla mexického (Haemorhous mexicanus) a parazita Mycoplasma
gallisepticum (MG). Výsledky ukázaly, jak populace hýlů s různou koevoluční historií s MG
imunologicky reagují na izoláty MG ze dvou různých evolučních časových bodů, což poskytuje důkaz
o adaptacích regulačních mechanismů imunity, kterými se tito ptáci přizpůsobují, aby získali rezistenci
nebo toleranci k patogenu.
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General Introduction

We are never alone. We thrive and survive with pathogens. This survival from the pathogens causing
infections is one of the major selective pressures for all living organisms (Sironi et al. 2015). With the
past works, in this host and pathogen research, we know that they always have conflicting interactions.
These interactions are usually moulded by the constant interplay and sequences of adaptation and
counteradaptation from the associated partners. This reciprocal selection can lead to coevolution, with
constant variations in both host resistance and parasite infectivity, as stated by the Red Queen
hypothesis. It also promotes genetic diversity, and influences a variety of life history traits (Papkou et
al. 2019). Immune genes exhibit greater evidence for genetic diversity and adaptive evolution than
others, due to the constant demand for the host immune systems to respond to the evolving pathogens
(McTaggart et al. 2012). This continuous process eventually lead to the evolution of a large variety of
immune defence mechanisms (Danilova 2006; Buchmann 2014).

Evolution of immunity occurs at different time spans i.e., from the profound temporal evolution of whole
systems, to the evolution of variant pathogens and individuals within a species over the generations of
a host species, to the positive selection on the frequency of lymphocyte clones in an individual at the
time of infection (Kaufman 2010). One such evolved immune system innate immunity, which is the first
defence line of organisms against pathogens has evolved over millions of years. It is composed of
various immune cells and mediators, where many of which belong to the same gene families in most
vertebrates (Medzhitov, Preston-Hurlburt, and Janeway 1997). When the innate immune system cells
encounter with a pathogen or tissue injury the inflammatory response is activated (Newton and Dixit
2012). In more general terms, inflammation is the host immune system’s response to injury or infection,
characterized by redness, swelling, heat, and pain. But a long-term or persistent inflammation can affect
the fitness of the host. Therefore, the immune system carefully manages the inflammation to maintain
the host’s health and fitness. We know that not all foreign particles can elicit a proper immune response.
However, certain substances, such as pathogen-associated molecular patterns (PAMPs), danger-
associated molecular patterns (DAMPs), fragments of dead cells, and toxins can well evoke the immune
systems response.

PAMPs are conserved in most microbes (Thomma, Nürnberger, and Joosten 2011; Takeuchi and Akira
2010) while danger-associated molecular patterns (DAMPs) are typically intracellular molecules
released during tissue damage (Vénéreau, Ceriotti, and Bianchi 2015). The host cells will recognize
these PAMPs and DAMPs through the pattern recognition receptors (PRRs) (Amarante-Mendes et al.
2018). Upon their activation, PRRs send signals intracellularly which causes the initiation, production,
and release of pro-inflammatory mediators, like cytokines, chemokines, and interferons (Kawai and
Akira 2006). This induces the release of factors ensuring the recruitment of the leukocytes to the site of
infection (L. Chen et al. 2018). The commonly triggered inflammatory signalling pathways are NF-κB,
MAPK, and JAK-STAT (L. Chen et al. 2018). These mechanisms are highly conserved among
vertebrates (Owen-Ashley and Wingfield 2007; Land 2020).
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Figure 1: Key events occurring during an infection. The epithelial barrier is disturbed and leads to the increased
exposure of resident inflammatory cells (macrophages, mast cells, dendritic cells) to microbes. PAMP and
endogenous ligands are recognized by the macrophages through PRRs. Engagement of the PRRs triggers

signalling pathways that lead to the release of chemokines and cytokines, the recruitment and activation of
lymphocytes, and the propagation of chronic inflammation. Courtesy (Karin, Lawrence, and Nizet 2006)

(License-CC BY-NC-SA 3.0)

As mentioned above, a properly balanced inflammatory response is very important, as this offer a wide
range of protection against infections and coordinate long-term adaptive immunity toward specific
pathogens (Xiao 2017). It also eliminates harmful stimuli and promotes the healing process by initiating
tissue repair and recovery (L. Chen et al. 2018). Hence, inflammation is a defence mechanism that is
vital to health (Nathan and Ding 2010). Usually, during acute inflammatory responses, all the immune
genes involved collectively contribute to the elimination of the injury or infection and re-establish tissue
homeostasis. However, uncontrolled acute inflammation may become chronic, contributing to a variety
of chronic inflammatory diseases (Zhou, Hong, and Huang 2016). The role of inflammation is crucial
when the host’s inflammatory response, rather than pathogen toxins, is primarily responsible for host
damage. For example, in tuberculosis caused by Mycobacterium tuberculosis, bacteria can persist in the
host organism for decades leading to chronic inflammation. Severe inflammation leads to lung
liquefaction, causing a respiratory capacity loss for the host and facilitating pathogen transmission
through infection droplets (Nathan and Ding 2010). In the above example, the chronic inflammation
occurring in a specific tissue leads to the dysfunction or failure of the entire organ. But the effect of
chronic inflammation is more wide and systemic causing damage to different parts of the host including
the brain. Persistent peripheral inflammation and innate immune system activation are considered major
trigger leading to acute neuroinflammatory disease progression (Träger and Tabrizi 2013). This brain
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inflammation further leads to stress-related behaviour changes (Ravi, Miller, and Michopoulos 2021) in
the organisms such as sickness behaviours like sadness, fatigue, decreased food intake, altered sleep,
and social-behavioural isolation which may be critical for survival during infection or injuries (R. Straub
et al. 2010; R. H. Straub 2017; Furman et al. 2019). Though the immediate effect of neuroinflammation
is sickness behaviour, it can also alter neurogenesis (Sung et al. 2020). Neurogenesis is an important
factor in establishing and preserving cognitive function and repairing brain cellular damage caused by
aging and brain disorders (Poulose et al. 2017). During a lifetime, adult neurogenesis has a significant
role in both normal brain functioning and regulating brain-related illness (Zhao, Deng, and Gage 2008),
especially, the role of cerebrospinal fluid (CSF) in mediating the adult neurogenesis (Zappaterra and
Lehtinen 2012; Fame and Lehtinen 2020; Sawamoto et al. 2006; Lehtinen et al. 2011; Bachy, Kozyraki,
and Wassef 2008; Villeda et al. 2011).

The key step in studying neuroinflammation or inflammation and immunity is selecting the appropriate
model organism. Most of the inflammation and immune-related studies have been conducted in model
organisms like rodents including neuroimmune studies (Papadopoulos et al. 2014; Cardinal et al. 2021;
Dong et al. 2021; Ellenbroek and Youn 2016). Model organisms are vital for biological research as they
facilitate researchers to study diseases quicker, cheaper, and in a wide range. But the use of model
organisms has several limitations. For example, being under laboratory conditions with standardised
genomes, they mostly lack genetic variation (Magalhães 2015), making them often not suitable for
studies related to the evolution of immune genes. Rodents have limited cognition abilities and lack some
other traits characteristic to humans, such as day activity that is shared with birds (Crystal 2012; Bateson
and Feenders 2010a). Domestic chicken (Gallus gallus) has served as an important classical avian model
organism for many inflammations, developmental and neural studies (Dal Pont et al. 2021; French et al.
2020; Xiaolong Zhang et al. 2022; Flores-Santin and Burggren 2021; Voukali et al. 2021). But to be
noted, the modern chicken in its many forms is the result of artificial selection stronger than nearly any
other domesticated animal (Flores-Santin and Burggren 2021). Recent evidence shows that the neural
densities of chickens are much lower than other evolutionarily derived birds like parrots and passerines
(Stapley et al. 2008; Wirthlin et al. 2018), indicating the limits of this model organism for
neuroinflammation studies. Studying other species within the vast biodiversity, including less studied
models and free-living animals with unexplored traits living in their natural habitats, could help to
overcome some of the above shortcomings (Magalhães 2015) and yield additional insights into the
evolution of inflammation, health, condition, and immunity.

There is one more additional advantage of using non-model organisms in eco-immunological research,
as we can assess the immune responses linked with host fitness by together considering the
environmental and genetic variability (Demas, Nelson, and Nelson 2012). The passerines
(Passeriformes) and parrots (Psittaciformes) are some of the common non-model organisms used in the
field of eco-immunology (Hickman et al. 2017; Griffith et al. 2021; Ohmer et al. 2021). Though they
are cognitively more advanced than usual laboratory models, often there is a shortage of information
about their basic biology. Phylogenetic evidence suggest that parrots are the closest relatives of passerine
birds which made them significant models in many comparative studies (Bateson and Feenders 2010b)
such as evolutionary studies, brain function analysis, immunological research, and development of
molecular markers (Hains et al. 2020; Warren et al. 2010). They are known for their exceptional
cognitive abilities and complex social interactions similar to most advanced vertebrates (Medina-García,
Jawor, and Wright 2017) and have shown sickness behaviours like lethargy during pathogen infection
(Hess, Bartick, and Hoefer 1998). Veterinarians have noticed and diagnosed signs of depression in
parrots, such as anxiety, apathy, overeating, indifference, and self-harm (plucking feathers) (van Zeeland
et al. 2009; Péron and Grosset 2014; J. Chen et al. 2020). Additionally, both parrots and passerines serve
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as ideal subjects for biological experiments due to their suitability for captive breeding. They can be
well maintained in cages, exhibit excellent breeding capabilities, and have moderate lifespans (Young
et al. 2012). Also, their advanced cognitive abilities enable researchers to establish connections between
physiological processes, neuronal structures, and behavioural patterns (Olkowicz et al. 2016; Emery
2006). Moreover, the availability of a complete sequenced genomes for some of the parrot and passerine
species, also makes them an efficient model in comparative research at both inter and intraspecific
levels.

Figure 2: Retroposon evidence for the early branching events in the avian tree of life. Black filled circles (branch
A) are bird-specific retroposon insertions. Dark grey balls represent retroposon presence/absence markers that
are congruent with one another. Light grey balls on grey gradient (label F) are retroposon markers that were

probably inserted at the very beginning of the neoavian radiation. This schematic diagram shows the relatedness
of passerines and parrots, and also how distant is gallus from these species Courtesy (Suh et al. 2011) (License-

CC BY-NC-SA 3.0)

In addition to the above-mentioned advantages of using these birds as model organisms, there is further
additional immunological advantages when studying naturally occurring wildlife bird-pathogen model
systems. These bird hosts offer a clearer understanding of real-life immune system functioning. It is also
important to study such systems due to the frequent occurrence of new zoonotic infections that are
transmitted from wildlife to humans (Bloom, Black, and Rappuoli 2017; Cunningham, Daszak, and
Wood 2017). The primary limitation associated with utilizing the wild host-pathogen model is the
challenge of obtaining access to these systems and conducting practical assessments of immune
responses. Not only in birds, overall, in vertebrates there are very less such host-pathogen systems
studied. Some examples of such studies in vertebrates are in amphibians (Voyles et al. 2018) and bats
(Langwig et al. 2017) challenged by fungus or rabbits encountered by myxoma virus (Alves et al. 2019).
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One such available model system is the house finch (Haemorhous mexicanus) and Mycoplasma
gallisepticum (MG). This model system has undergone coevolution for nearly three decades, with
intermittent disease outbreaks spanning across the US from east to west, providing compelling evidence
of a continuous arms race of survival and evolution.

Once we have identified the right model organism to study the immunological responses, the next major
challenge is identifying the appropriate methodology to identify and connect the underlying molecular
mechanism with the immune gene response. The omics technology is one of the most modern and
accurate methods today available to connect the gaps in the biological field. Transcriptome profiling by
RNA-based next-generation sequencing (RNA-seq) is one of the most extensively used omics
technology in immunological research. As budgerigars and zebra finches have fully sequenced genomes,
the bioinformatic analysis of RNA-seq data is much easier and more accurate. The genome of these
birds could even serve as a reference genome for the transcriptomic profiling of birds from the same
family. In the last decade, RNA-seq price had dropped significantly. The relatively low cost and
increased sensitivity of RNA-seq compared to other sequencing methods make it a cost-effective option
for numerous scientific researches (Z. Wang, Gerstein, and Snyder 2009). Easier, cheaper, and faster
alternatives for RNA-seq technologies also have been developed in recent years like QuantSeq, which
generates highly strand-specific NGS libraries close to the 3′ end of polyadenylated RNAs (Moll et al.
2014)(including mRNA and most the lncRNAs). As the use of RNA-seq is for abundance estimation at
the gene level and for differential transcript expression under various circumstances, 3’ end sequencing
by QuantSeq approach can be an appropriate choice.

The QuantSeq approach is a reliable method for gene expression analysis and has better contributed to
the understanding of transcriptomic profiling even in less explored species (Corley et al. 2019; Moll et
al. 2014; Jarvis et al. 2020; Ma et al. 2019; Vo et al. 2021). So, here we have opted QuantSeq for the
estimation of differential gene expression in our model organisms which was later confirmed by RT-
qPCR. In this thesis, we aim to describe the investigated immunogenetic variations and the evolution of
immune genes, including the evidence for adult neurogenesis using different omics approaches. The
research highlights the use of the QuantSeq approach as an alternative to the classical RNA-seq method
to identify the gene expression change in both the avian brain and periphery induced by sterile
inflammation. We describe the early inflammatory cytokine expression changes in zebra finch and
parrots and how these variations in immunity induce different behaviour and physiological changes in
these species. And finally, we explored the immune regulation in conjunctiva tissue of the wild host-
pathogen model, in four different house finch populations infected with MG strains from two distinct
evolutionary time points, revealing the diverse immune response and immune regulatory mechanisms
opted by the birds against the pathogen. Overall, my research contributes to a better understanding of
immunogenetics, immune gene evolution, and neuroinflammation in different avian species. The
following aims provide a more detailed explanation of the research objectives.
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General aims

1) How variation in immunity arise among different species? What are the underlying
evolutionary molecular mechanisms that shape immune system regulation?

Host immunity is constantly adapting to maximize defence efficiency against diseases within a
given environment, driven by co-evolution with pathogens. More thorough research into how
immunogenetic variation impacts the diversity of immune responses seen across domestic and
wild animal species is now possible due to recent advancements in analytical methods and
bioinformatics approaches. We reviewed the present understanding of the evolution of immune
gene diversity in vertebrates. Through comparative approaches, we put forward novel
hypotheses for future experimentation (PAPER I).

2) Does neurogenesis occur in adult birds?

Neurogenesis plays a crucial role in maintaining cognitive function and facilitating the repair of
damaged brain cells associated with aging, brain inflammation and, brain disorders. Employing
a proteomic approach, our study sought to investigate the interspecific variation in CSF and
plasma proteins that contribute to the physiological regulation of adult neurogenesis in diverse
species of highly cognitively advanced avian organisms (PAPER II).

3) What is the effect of peripheral inflammation on immune homeostasis of avian brain?

Inflammation in the periphery triggers cytokine signalling that acts systemically to affect distant
organs. Inflammation may be propagated across the blood-brain barrier to induce
neuroinflammation. Inflammation in the brain leads to sickness behaviour in some birds
including social withdrawal symptoms. We examined gene expression changes in the brain of
parrots and a passerine and evaluated the impact in the brain of two bird groups using genomics
and transcriptomics approaches. We also revealed that the 3’end transcriptomic strategy is a
reliable method for identifying avian brain inflammation (PAPER III and PAPER IV).

4) What is the immunological mechanism of tolerance to infection that evolves in the host in
response to evolution of increased virulence in a recently emerged pathogen?

The interaction of the house finch and MG has developed into a significant natural model of
coevolution between a host and an evolving pathogen, allowing researchers to gain insight into
vital aspects of disease ecology and evolutionary biology. However, our knowledge of the
crucial immunological features of the house finch response to MG remains limited. We
described the variations in the immunological response among the different house finch
populations (differing coevolutionary history with MG) against the original and evolved isolates
of MG using a 3’ end transcriptomic approach (PAPER V).
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General Methods

Within this section, I attempted to present a broad overview of our approaches and highlight their
specificities, rather than providing intricate details that can be readily accessed in the individual
manuscripts.

Model Organisms

I used birds belonging to Psittaciformes (parrots) and Passeriformes (songbirds) orders as models for
my research.

Psittaciformes (parrots)

Parrots (Psittaciformes), comprising approximately 400 species, are widely distributed across diverse
ecosystems. Notably, parrots possess a high degree of breeding adaptability, making them easily
breedable in captivity and popular among hobby breeders (Tella, Blanco, and Carrete 2022). The main
diet of parrots typically consists of seeds, fruits, nectar, and pollens and occasionally some small
animals. They are distributed in tropical and subtropical climatic zones. Molecular studies indicate that
parrots evolved in Gondwana about 59 million years ago (Tavares et al. 2006). They are known for their
exceptional cognitive abilities and complex social interactions (Medina-García, Jawor, and Wright
2017; Wirthlin et al. 2018). Nearly 30% of parrots species are threatened with extinction, with another
ca. 15% classified as nearly threatened (Vergara‐Tabares et al. 2020; Barbosa et al. 2021; Chan et al.
2021). There is still lack a of comprehensive studies on parrot diseases. Though man-kept parrots are
one of the most popular pet birds, parrots have shown social problems like abnormal and repetitive
behaviours including feather damage and stereotypy which are indicative signs of weakened
psychological health during stress conditions (Cussen and Mench 2015). In our research studies
(PAPER II and PAPER IV), we used different parrot species (covering several different clades of
parrot phylogeny) to describe adult neurogenesis using proteomic approach and neuroimmune
regulations during peripheral stimulation using genomic and transcriptomic approaches.

Figure 3: Budgerigar (Courtesy: Martin Těšický)
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Passeriformes (songbirds)

Zebra finch

The order of passerine birds (Passeriformes) is an immensely diverse group, containing nearly 60% of
all living bird species. Passerines have evolved on the southern supercontinent Gondwana (Ericson et
al. 2014). Zebra finch (Taeniopygia guttata), one of the popular pet birds from the estrildid finch family
is a small-sized bird and mainly feeds on grass seeds (Zann et al. 1995). Previous research has proved
that zebra finch is an excellent subject for the analysis of neurological processes (Oksche et al. 1963).
Studies show that they are an exceptional model organism for brain-related experiments (Brainard and
Doupe 2002). For example, they share a number of cognitive and physiological adaptations convergent
to humans which are absent in rodents (Spierings and Ten Cate 2016). Since zebra finches retain their
learned capacities regardless of the neural turnover lined with adult neurogenesis, this model taxon could
importantly aid the future investigation in treatments for brain-related diseases (Barnea and Pravosudov
2011). Zebra finches currently used for laboratory research have been obtained from the domestic
populations accessed through pet shop supplies (Forstmeier et al. 2007). This is an appealing change
from the classic model organisms that are usually available as commercial strains (Gasch, Payseur, and
Pool 2016). Previous research shows that zebra finches respond rapidly to trauma and can control the
natural inflammation that happens in the brain during injury (A. L. Pedersen, Nelson, and Saldanha
2016), which is different in parrots where the birds are prone to neuroinflammation. In PAPER III, we
aimed to describe the biological phenomenon of systemic inflammation regulation in zebra finches by
identifying the inflammatory regulation occurring in the bird brain during peripheral stimulation.

Figure 4: Zebra finches (Courtesy: Hana Velová)

House finch

House finch (Haemorhous mexicanus) belongs to the family of true finches, Fringillidae. This is a
moderate-sized finch. They feed mainly on grains, seeds, berries, and weed seeds. Occasionally they
consume small insects. They are native to western North America and were later introduced to the

10



eastern half of the continent and Hawaii islands after they were released into the wild by pet traders
(Able and Belthoff 1998). Over the subsequent decades, this eastern population of house finches
expanded its distribution across half of the continent and the population size increased exponentially (Q.
Zhang et al. 2014). Their usual breeding habitat is urban and suburban areas across North America. At
ecological and evolutionary scales, host-pathogen interactions are dynamic. For instance, the house
finch and bacterium Mycoplasma gallisepticum (MG), are part of a host-pathogen system which can
provide deeper understanding of the adaptations in immune regulations. MG is an economically
important poultry pathogen creating alarming threat also to free-living birds (Messa Júnior et al. 2017).
In the 1990s one lineage of MG switched from galliform birds to house finches as its novel host (Dhondt,
Tessaglia, and Slothower 1998). As a result of the epidemic caused by the MG which emerged from the
Washington D.C area in 1994 and gradually spread over the eastern region, house finch populations in
the eastern US and Canada declined almost by 50% between the time period of 1994 and 1997 due to
severe conjunctivitis (Ley, Berkhoff, and McLaren 1996; Hawley et al. 2013a; Hochachka and Dhondt,
n.d.).

The evolutionarily original MG isolates (e.g. the isolate VA1994) cause in the present hosts of the co-
evolving populations milder disease with rapid recovery, while the evolved MG isolates (e.g. the isolate
NC2006 or VA2013) tend to induce stronger pathology with prolonged healing periods (Hawley et al.
2013b). At the same time, the host appears to evolve in response to MG pathogenic pressure. There is
inter-individual variability among house finches in their resistance to MG and some house finches
recover more rapidly from the MG infection than others (Hill and Farmer 2005). House finch
populations differing in the length of their contact with the pathogen apparently differ in their
inflammatory immune responses to MG (Adelman et al. 2013). The house finch-MG host-pathogen
model system is currently unique in avian evolutionary ecology given the amount of evidence already
obtained and also the wealth of variable biological material available for future experimental work aimed
at understanding the means of adaptations in this arms race. In our PAPER V, we examined natural
populations of four different house finches infected with two different strains of MG (the original 1994
isolate and a more evolutionary derived one collected in 2013) for understanding the early immune gene
regulations exhibited by the host population. Analysing gene expression using transcriptomics approach,
we have shown how each house finch population (which differs in their contact history with MG)
regulates the immune response against the different strains of the pathogen.

Figure 5: House finch (Courtesy: Bonnie Fairbanks Flint)
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Summary of the key methods

Bird collection and experimental design

Different bird groups used for the experiments in my thesis are either collected from local hobby
breeders (zebra finches and parrots) or directly from the wild (house finches) with the help of our
collaborators. The birds had access to food and water ad libitum and were kept under a controlled
light/dark cycle with a regulated temperature. In zebra finches and parrots, the experimental bird groups
were subjected to intra-abdominal administration of LPS (Escherichia coli O55:B5; Sigma-Aldrich, cat.
no. L2880) at a dosage equivalent to 6 µg per gram of the body weight. The control group, on the other
hand, received an injection of sterile Dulbecco's phosphate-buffered saline (Sigma-Aldrich, cat. no.
D5652). The LPS dosage was determined based on previous investigations involving other avian species
of similar size, where it induced a measurable non-specific immune response (Wegmann, Voegeli, and
Richner 2015). For the house finches, juvenile birds were captured from the wild using mist nets and
feeder traps from in Blacksburg, Virginia; Ames, Iowa; Tempe, Arizona; and Waianae, Oahu, Hawaii
(between June-September 2018). Finches exhibiting any clinical signs of MG infection at the time of
capture were immediately released. Upon arrival, the birds underwent a period of acclimation and
quarantine. The birds were subjected to inoculation with either a control treatment (sterile Frey’s
medium) or a high dose (7.5x106 CCU) of the lower-virulence state.

All the birds were euthanized using CO2 and collected from different tissue panels. I have tested multiple
RNA isolation kits for the extraction of RNA from brain tissue. The quality and quantity of extracted
RNA were analysed using Nanodrop and Bioanalyzer. The results confirmed that Roche High Pure RNA
Isolation Kit outperformed the others in terms of quality. The RNA was isolated from the brain and
multiple peripheral tissues and the eluted RNA was stored in the freezer at -80oC.

Library preparation for QuantSeq approach

QuantSeq uses total RNA as input, therefore no prior poly(A) enrichment or rRNA depletion is required
unlike the usual RNA-seq (Moll et al. 2014). Because QuantSeq sequences a smaller portion of the
transcript and produces only one read per transcript, it requires less sequencing capacity than the
standard RNA-Seq (Corley et al. 2019). As the protocol does not have a ligation step, it is possible to
quickly produce amplicons (DNA fragments that are generated through the amplification of a specific
region located near the 3’end of a target molecule) made from mRNA 3′ ends (Bhat et al. 2021). OligodT
priming is the first step in library preparation and the primer has Illumina-compatible linker sequences.
When the first strand synthesis is completed, the RNA is removed. The second strand synthesis consists
of random priming and DNA polymerase. The random primer also has Illumina-compatible linker or
adapter sequences. No purification step is necessary between the first and second strand synthesis. After
the second strand synthesis, a magnetic bead-based purification step is done. This is followed by library
PCR amplification and cluster generation and sequencing (Moll et al. 2014) with the Illumina (Hiseq
2500) instrument. Reduced library complexity of the 3’ end sequencing approach makes it possible to
properly identify transcript abundance with lesser sequencing depth, enabling larger levels of
multiplexing while keeping sensitivity comparable to that of traditional mRNA sequencing methods
(Bhat et al. 2021). The library preparation and transcriptome sequencing were carried out at the
European Molecular Biology Laboratory (EMBL), Heidelberg. For each library, 80-base-long single-
end reads were generated.

12



Figure 6: Schematic diagram of mRNA indicating the 3′ region from which QuantSeq reads are derived and
RNA-seq reads come from the entire transcript. Courtesy (Corley et al. 2019) (License-CC BY-NC-SA 3.0)

A classic RNA-seq workflow usually comprises the following steps: raw data pre-processing, read
mapping, expression quantification, and differential expression analysis. Before data pre-processing,
RNA-seq data may first be submitted to quality control (QC) of the raw data. The next step involves the
adapter trimming followed by read mapping to the reference genome. Then, the gene level expression
is estimated and finally, differential gene expression is estimated (Yang and Kim 2015). There are
several numbers of tools available for the analysis and the user's decisions on the reference genome,
annotation tools, and associated parameter settings at each stage of the analysis will have a significant
impact on the analysis's outcome.

Bioinformatics interpretation and differential gene expression analysis

I tested two different pipelines, namely BAQCOM and Bluebee on the sequenced data. After evaluating
the results, I selected the BAQCOM pipeline for the remaining analysis. Following the de-multiplexing
of the sequenced data, the raw data QC is performed using the FastQC tool(Andrews 2010). This
analysis displays the quality profile of the sequenced data. The next step is the adapter removal. It
removes the ligated adapters to samples during library preparation. Trimmomatic tool is used for the
same (Bolger, Lohse, and Usadel 2014). Next, the sequenced reads are aligned to the reference genome
using the STAR aligner (Dobin et al. 2013). The reference genome and annotation files are downloaded
from the online bioinformatic resource, Ensembl (Howe et al. 2021). For the expression quantification,
the featureCounts, (Liao, Smyth, and Shi 2014) tool was used for counting reads generation after the
alignment with the reference genome. Finally, the differential gene expression was estimated using the
DESeq2 package from R Bioconductor. The sequencing results were submitted to the National Center
for Biotechnology Information (NCBI) Sequence Read Archive (SRA). Gene functional annotations
(gene ontology, GO) were assigned using the Ensembl BioMart (Smedley et al. 2015) with the bird
reference, manually supplemented with Uniprot (The UniProt Consortium et al. 2021) annotations. The
GO terms for unannotated genes were attributed by finding orthologous genes in the chicken or human
reference using gprofiler (Raudvere et al. 2019).

To understand changes in expression in lowly- expressed genes, we adopted the following approach to
reveal more subtle differences compared to the transcriptomic approach. We first divided the total
number of reference (cytokine)-aligned reads by the total number of reads in the sample to normalize
the expression data in the remaining target genes (Cn). Then, we multiplied each of the normalized read
counts by 10 million to scale the data (approx. 10 million was the average number of reads per sample
in our dataset). Relative differential gene expression = (Cn x 106) Treatment/((Cn x 106)/N)Control. The
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cytokine expression was calculated as the scaled-normalized number of reads per treatment individual
divided by the mean scaled-normalized number of reads in all the control birds.

The cheaper cost of sequencing using QuantSeq allowed us to include more samples in the research,
which is its greatest benefit. This becomes especially crucial when working with less common model
organism because individual genetic variation might also result in erroneous differences in DGE
between control and treatment groups. We validated the DGE of a few genes using RT-qPCR (TaqMan
probe-based assay).

Figure 7: Workflow of RNA-seq data (reference-based) analysis using bioinformatics tool at gene level. This
schematic diagram provides an illustration of the BAQCOM pipeline we used for running the bioinformatics

analysis, quantification of the read counts and differential expression analysis at the gene level.

Proteomic data analysis

A total of seven chickens, five budgerigars, and five cockatiels were used to collect CSF and plasma
samples. The animals were collected from local hobby breeders and were kept in the departmental
animal facility. Birds were euthanized using CO2. The collected CSF and plasma were stored at -80oC.
For the isolation and purification of proteins from the above samples, ProteoSpin detergent-free total
protein isolation kit (Norgen Biotek, Thorold, ON, Canada) was used. The isolated proteins were stored
at -20oC. Protein precipitation was carried out using acetone and the samples were dried for 30 minutes
at 37oC. Subsequently, the samples were treated with trypsin and incubated at 37oC. Mass spectrometry
analysis was carried out for protein detection (nLC − MS/MS analysis). Proteomic data was analysed
using MaxQuant software (Cox et al. 2014). R software was used for statistical and bioinformatic
analysis. Differential protein expression was estimated using the Differential Enrichment analysis of the
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Proteomics data (DEP) package (Xiaofei Zhang et al. 2018) in R. The package Interacting Gene
Retrieval (STRING 11.0; http://string-db.org) (Mering et al. 2003) web-tool was used to analyse and
construct the PPI network of the common group of proteins that were over-represented in CSF compared
to PL (adjusted p-value cut off (FDR) 0.05, identified by the t-test analysis). We used the online
ShinyGO (v0.61) (Ge, Jung, and Yao 2020) tool to identify the GO terms of biological functions that
are significantly overrepresented in CSF compared to blood plasma network visualization. ShinyGO can
provide a graphical image of enrichment, pathway, gene features, and protein interactions (Ge, Jung,
and Yao 2020). Gene set Enrichment Analysis (GSEA) was performed. This is a potent tool for
interpreting gene expression data (Subramanian et al. 2005). When comparing CSF to plasma, the
analysis based on GO biological functions classification and pathway enrichment indicated differential
representation in proteins related to neuronal function. Using annotations from humans, all proteins were
ranked according to the correlation between their abundance and the classification (CSF or Plasma)
(Human Gene Symbol with Remapping MSigDB.v7.2). As previously advised, we employed the GOs
analysis of biological processes with nominal p values 0.05 and adjusted p-values 0.25 (Subramanian et
al. 2005).

Figure 8: Comparison of the nLC-MS/MS cross-species protein identification success in both cerebrospinal fluid
(CSF) and plasma (PL) samples of chickens (GG), budgerigars (MU) and cockatiels (NH), after mapping to

three selected avian reference proteomes GG, MU and Taeniopygia guttata (TG). (a) The overview of the study
design and mapping approach is schematically illustrated. (b) Venn diagrams show the proportions of proteins
identified based on the different reference proteomes of GG (grey), TG (red) and MU (green) for GG, MU and

NH (BioVenn, http://www.biovenn.nl/) (Voukali et al. 2021) (License-CC BY-NC-SA 3.0).
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General results and discussion

Coevolution between hosts and pathogens shapes the immune systems in all organisms. Emerging
infectious diseases apply novel and powerful selection pressures on hosts (Vinkler et al. 2018).
Evolutionary immunology aims to describe the immune diversity among and across species resulting in
variations in immune regulation (Barreiro and Quintana-Murci 2010). Nature exhibits a wide array of
defences in hosts against parasitism, encompassing immune mechanisms like resistance and tolerance,
as well as behavioural strategies such as social avoidance and mate choice. These defence strategies
coexist with a multitude of parasitic attributes, including virulence, chronicity, and acuteness, various
life cycles involving one or multiple hosts, and diverse transmission mechanisms such as airborne,
environmental, social, and sexual routes. Understanding the reasons behind this remarkable diversity
necessitates an examination of how different traits in hosts and parasites have evolved in response to
one another. Host-parasite coevolution involves hosts adapting to avoid or tolerate infections, while
parasites reciprocally counter-adapt to evade or overcome host defences (Buckingham and Ashby 2022).
Several evolutionary forces impact immunogenetic diversity. Immunity and immune regulations are
controlled by numerous genes which have a direct and indirect role in defence mechanisms. About 10
% of the genes in the vertebrate genomes are involved in immunity (Vinkler et al. 2023). Immune related
genes are one of the most rapidly evolving genes within animals (Behrman et al. 2018) and the use of
common laboratory model species may not be sufficient to achieve the rightful information about the
complex mechanisms underlying vertebrate immune system (Mestas and Hughes 2004). Thus,
comparative research is necessary to reveal functional immunological variation at both inter and
intraspecific levels. The availability of genomic data alone does not provide all the necessary insights,
but recent developments in immunogenomics (like functional association studies) offer ways to explain
this variability (Holt 2015). We need to develop specific hypotheses and verifiable predictions that can
explain this immunogenetic variability to deepen our understanding.

When researching host-parasite coevolution, most researches were concentrated on the candidate gene
method, focusing on a few well-known candidates, like TLRs (Toll-like receptors) or MHC (Major
Histocompatibility Complex) (Borghans, Beltman, and De Boer 2004; Těšický and Vinkler 2015; Khan
et al. 2019). It is now apparent that investigating MHC alone is unable to account for the majority of
adaptive variation against infectious illnesses (Acevedo-Whitehouse and Cunningham 2006). Although
the majority of our conclusions regarding evolutionary immunology have derived from the MHC, the
MHC is not a very feasible model for all immune studies due to its complex and instant evolution.
Usually in the pursuit of answering research questions, we usually search for model genes but with the
widespread adoption of genomics and transcriptomics, it is now possible to discover novel candidates
for immune genes. So how can you discover the right immunity gene among thousands of others? To a
certain extent, using different methods and model organisms, we try to answer this question in the
following research papers.

In Paper I my co-authors and I reviewed the current knowledge on the evolution of immune genes in
vertebrates. We summarised how to use genomic or transcriptomic approaches to search for potential
genes. We reviewed model host-parasite systems tracked for host immune gene evolution. First, we
introduce the immunome concept, a framework for hierarchical characterising genes involved in
immune defence: (i) the core immunome: genes whose primary (and in many cases, only) physiological
function is in the recognition of, and/or response to, pathogens; (ii) the peripheral immunome: genes
with a clear immunological role, but which also contribute to non-immune physiological function; and
(iii) non-immune resistance genes (NIRGs; which could be called the accessory immunome or even the
resistome). The core immunome's genes are typically also examined for other significant evolutionary
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events, such as convergence and parallel/coordinated evolution (Wutzler, Foerster, and Kempenaers
2012; Pavlovich et al. 2018; Świderská et al. 2018; Těšický et al. 2020). Second, we focus on how
different modes of selection can be observed in different groups of immune genes and propose
hypotheses to explain these differences. We then provide an overview of the methods to study the
evolutionary heterogeneity of immune genes at different evolutionary levels. Finally, we discuss some
of the current evidence for how specific pathogens influence the evolution of different groups of immune
genes. In this review paper, we highlight that evolutionary genetics must be combined with other types
of data to get a better understanding of immunological regulations involved in host immune defence
evolution. The result interpretation through integrated analyses is critical for the advancement of this
field. This is best accomplished through the collaborative participation of scientists from various
backgrounds, skills, and perspectives.

Immune cells contribute to the maintenance of neurogenesis and spatial learning abilities in adulthood
(Ziv et al. 2006). The central nervous system (CNS) and the immune system are both intricate and highly
organized systems that regulate the entire body, with both sharing certain common features in
developmental mechanisms and operational modes (Morimoto and Nakajima 2019). The function of the
central nervous system (CNS) is controlled by active connection with other tissues with the support of
CSF (Illes 2018). As CSF is derived from blood plasma and brain cells, it reflects both peripheral and
CNS physiological activities (Reiber 2001). Though there is an important connection between blood and
CSF, in non-mammalian vertebrates, little comparative work has been done to characterize these two
significant fluids. Several studies have shown that adult invertebrate and vertebrate CNS experience
neuronal birth and expansion, and that these cells can either replace or contribute to existing neural
networks (Lindsey and Tropepe 2006). CSF proteins can regulate neurogenesis, brain homeostasis and
participate in signalling during neuroinflammation. Even though birds represent valuable models for
constitutive adult neurogenesis, current proteomic studies of the avian CSF are limited only to chicken
embryos. In Paper II, for the very first time, we compared the domestic chicken to two parrot species:
the budgerigar (Melopsittacus undulatus) and the cockatiel (Nymphicus hollandicus), which represent
two distinct parrot clades (Psittacoidea and Cacatuoidea, respectively) (Provost, Joseph, and Smith
2018). We use liquid chromatography–tandem mass spectrometry (nLC-MS/MS) to explore the
proteomic composition of CSF and plasma in adult chickens and parrots.

First, we revealed that the phylogenetically closest avian reference proteome has the highest efficacy in
terms of protein identification success rates, even though a low proportion of proteins (7.2%, 18%, and
13.8% for chicken, budgerigar, and cockatiel, respectively) were mapped using other references.
Following data filtering, we identified 483 proteins in the chicken CSF and PL, 641 proteins in the
budgerigar, and 458 proteins in the cockatiel. We discovered more proteins in CSF than plasma, a
finding that was consistent across all avian species in this study and is similar to what has previously
been reported for humans in paired samples (Dayon et al. 2019; Guldbrandsen et al. 2014). In this study,
we also studied the cockatiel, a species that currently lacks a genome sequence. We discovered that by
using the sequence database from its closest evolutionary relative, the budgerigar, we could identify 458
proteins represented in the CSF and PL. This is more than what we obtained using other reference
genomes (chicken, 327; zebra finch, 291). This pattern corresponded to our findings in other species
included in this study. A similar approach has been used to describe the proteome of micro-organisms
and frog Xenopus laevis microtubule-associated proteome (Wright, Beynon, and Hubbard 2010; Liska
and Shevchenko 2003), but our study is the first one reporting a model of cross-species quantitative
proteomics in distinct avian taxa. Comparative pathways analyse of CSF and blood plasma indicated
clusters of proteins involved in neurogenesis, neural development, and neural differentiation
overrepresented in CSF in each species similar to the study in rodents (Martin et al. 2009). Our study
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provides the first insight into the proteomics of adult avian CSF and plasma and brings novel evidence
supporting adult neurogenesis in birds. Understanding the molecular components involved in adult
neurogenesis in birds, consistent with histological evidence, is critical for designing future experimental
work in this system.

Brain inflammation is frequently linked with severe behavioural changes and health conditions like
neurodegeneration (Kempuraj et al. 2017). Behavioural disorders have been identified in rodents and as
well as cognitively advanced birds like parrots and zebra finch (Gaskins and Bergman 2011; Kinkaid et
al. 2013; Ebisawa et al. 2021; Painsipp, Herzog, and Holzer 2010; Sulakhiya et al. 2016; White and
Wright 2021). Symptoms like anxiety, over-eating, and self-damage (e.g.: feather plucking) are
identified in parrots by veterinarians (van Zeeland et al. 2009; Péron and Grosset 2014; J. Chen et al.
2020), and zebra finches too showed altered, and repetitive behaviours (Tonna et al. 2020). Though we
are not much aware of the possible causes of the behavioural disorders in these birds, in humans they
are associated with neural inflammation (Swardfager et al. 2016). As we have the advantage of having
the sequenced genome of zebra finch and budgerigar, genetically heterogeneous avian model species,
we can adopt transcriptomic studies to understand the gene expression in the brain during peripheral
inflammation.

RNA-sequencing is a fast-expanding technology, new methods are frequently developed. To assess
these methods' relative performance, it is crucial to compare them with already-used techniques. In
Paper III, we first compared the differential gene expression patterns in zebra finch skin during LPS-
triggered peripheral inflammation obtained by using both the classical RNA-seq and the QuantSeq
approaches. Previous research has shown that QuantSeq could be a viable alternative to traditional RNA-
Seq in many applications, and it could be especially useful in studying the 3′UTR region of mRNA
(Corley et al. 2019). Similar to previous study, the RNA-seq approach identified more differentially
expressed genes (Corley et al. 2019) but failed to detect inflammatory markers. In our study, this could
be because of the lower number of RNA-seq samples we used, in contrast to QuantSeq where we were
able to sequence more samples due to its lower sequencing cost. Alternatively, QuantSeq results
revealed more specific expression changes in genes regulating inflammation. Based on this result, we
used QuantSeq to relate gene expression in the periphery and brain. Although we found only subtle
differential gene expression changes in the brain during peripheral inflammation, several upregulated
genes had clear immune function (e.g., AVD-like or ACOD1). The expression of Avidin (AVD)-related
genes is increased in chickens during inflammation (Kunnas, Wallén, and Kulomaa 1993) as well as
during bacterial and viral infections (Kunnas, Wallén, and Kulomaa 1993; Korpela et al. 1982). Higher
expression of AVD can lead to the expression of stress proteins leading to the development of several
neurodegenerative diseases, including Alzheimer's and Parkinson's (Guo et al. 2022). Similarly, ACOD1
(aconitate decarboxylase 1, also known as immune responsive gene 1, IRG1) is a main regulator of
immunometabolism during infection with significant anti-inflammatory properties (Wu 2022). Previous
research in mice has shown that viral (Mills et al. 2018) and bacterial (Shi et al. 2005; Ganta et al. 2017)
pathogens significantly increase ACOD1 expression. For selected candidate target genes, QuantSeq
results were validated with RT-qPCR. We show significant co-structure between peripheral and brain
inflammation in our dataset. Our results obtained shows that zebra finches are able to regulate the
peripheral inflammatory signals in brain. Our findings also suggest the advantages of the transcriptomic
3'-end approach for avian brain research in minimising the transcriptomic costs. It could be an alternative
transcriptomic approach for classical RNA-seq if the research primarily involves gene expression
studies.

The cannabinoids associated with the cannabinoid receptors (CNRs) are neuronal modulators
interlinking the nervous and immune systems and have been indicated to have significant anti-
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neuroinflammatory effects in humans (Klegeris, Bissonnette, and McGeer 2003; Domenici et al. 2006;
Solas et al. 2013; Tao et al. 2016). Animals' immunological causes of behavioural problems are
significantly less well understood than those in humans, and the interspecific variance in neuroimmune
regulation networks is yet unclear. With their advanced cognitive capacities (Emery 2006), extensive
neural networks (Olkowicz et al. 2016), and widespread psychopathologies (Kinkaid et al. 2013; Péron
and Grosset 2014), parrots can aid in our understanding of the fundamental concepts behind how
neuroinflammation affects behaviour. In our experiment with parrots, Paper IV, we show that the CNR2
gene is pseudogenized in all parrots, revealing extensive karyotype rearrangements early in the parrot
phylogeny as a cause of apparent CNR2 pseudogenization (Nanda et al. 2007; Furo et al. 2018). We
used genomic and transcriptomic approaches to confirm the gene loss. CNR2 is the only gene
consistently missing in parrots, in contrast to passerine birds (where it is present) (Maresz et al. 2005)
making it a candidate for their susceptibility to neuroinflammation, according to our search for negative
regulators of inflammatory responses. Our positive selection analysis suggested that the loss of CNR2
in parrots did not result in compensatory adaptation in CNR1, and the comparative experimental results
indicate that this event has an impact on neuroimmune control. Comparative study on zebra finches and
parrot revealed that in contrast to the zebra finch, proinflammatory cytokines such as IL1B and IL6 were
upregulated in the hyperpallial tissue of CNR2-deficient budgerigars. This is further confirmed by the
fact reported in other studies that parrots are particularly prone to bornavirus-related neuropathy (J. Chen
et al. 2020; Rinder et al. 2009; Staeheli, Rinder, and Kaspers 2010; Rubbenstroth et al. 2012), and other
parrot diseases such as bacteria, viruses, and fungi are suspected of causing behavioural abnormalities
on a regular basis (Rubinstein and Lightfoot 2012; Speer 2014; Dovč et al. 2016). Thus, our findings
imply that CNR2 deficiency in parrots may affect control, dampening systemic proinflammatory
signalling (for example, mediated by IL1B and IL6). CNR2-knock-out study on mice with significant
immunopathology (Karmaus et al. 2013) supports our conclusion. Hence, our findings support the
concept that CNR2 deficiency has a regulatory role in neuroinflammation sensitivity, and they also
suggest that parrots may be susceptible to neurological disorders. Our results provide significant insight
into the evolutionary evidence for the functional impact of gene loss events during chromosomal
rearrangements in addition to offering understanding to the variation in vulnerability to
immunopathology between species. To better understand potential compensatory mechanisms in parrot
immunity and their connections to the ecology and evolution of parrot infection, we stress the
importance of further research like gene knock-out studies.
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Figure 9: Heatmap showing differences in relative expression changes of proinflammatory cytokines in brains of
LPS-stimulated budgerigars and zebra finches. MeUnX = budgerigar, X = number of the individual; TaGuY =

zebra finch, Y = number of the individual. The heatmap colour ranges from blue (lowest upregulation in
expression) to red (highest upregulation in expression). Courtesy (Divín et al. 2022) (License-CC BY-NC-SA

3.0)

Parrots and zebra finches are two of the most common pet birds. But understanding immune regulation
in wild animals has been always challenging. Studies on their immune system and how it responds
during the infection are crucial for the understanding of the evolution of the immune mechanisms and
how they recover (Abolins et al. 2018). The primary aim of studying the immunology of the wild species
is to link immune phenotype with host fitness in natural habitats (A. B. Pedersen and Babayan 2011).
Discovery of new contagious diseases in wildlife especially those transmitted by the avian hosts have
attracted world-wide interest over the past decades because of their high virulence and potential threat
to domestic animals and humans (Staley and Bonneaud 2015; Benskin et al. 2009). These new disease
emergences contributed to strong selection pressures on host immune responses by either resisting or
tolerating the pathogen (Kerr 2012). Host-pathogen coevolution is a dynamic process that continuously
contributes to the emergence of novel adaptations in both partners of this ecological interaction
(Bonneaud et al. 2018). There are always costs in the activation of immune defences, either showing
direct impacts like increased metabolic rate or as trade-offs with life processes like reduced growth and
reproductive success (Brace et al. 2017; Hasselquist and Nilsson 2012). Better adaptation can optimise
the level of the response and save the unnecessary costs. Understanding these shifts in regulating host
immune responses to pathogens in wild birds, especially in non-model system is rare.

In collaboration with our US collaborators, our study aimed to investigate the evolutionary adaptations
of gene expression in different house finch populations. These populations were infected with both the
original (collected shortly after the disease onset) and evolved strains of MG (strains collected after 20
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years of the disease outbreak). We utilized a unique research model system and employed 3’ end
transcriptomic approach to uncover these gene expression adaptations. Previous studies revealed that
evolutionarily derived MG isolate cause increased periocular expression of pro-inflammatory cytokines
resulting in increased levels of immunological activation and accompanying immunopathology, with
potential direct benefits for MG transmission (Vinkler et al. 2018; Bale, Leon, and Hawley 2020). Birds
with longer coevolutionary history with MG have prominent point tolerance than the ones in recent
contact with MG (Adelman et al. 2013). In Paper V (manuscript), we used conjunctival samples
originating from a laboratory experiment performed in 2018 with four different house finch populations
(differing in their coevolutionary history with MG) namely Virginia (VA), Iowa (IA), Arizona (AZ) and
Hawaii (HI). These birds were infected with two different MG isolates (original VA1994 and evolved
VA2013), where the Virginia birds have the longest coevolutionary history with MG and HI birds are
naive to the pathogen. Thus, we had a unique possibility to investigate the coevolutionary changes in
the host conjunctiva immunity and its dependence on increasing pathogen virulence.

We found significant alterations in gene expression during MG infection in the conjunctiva of house
finches, we also found significant variance among the populations of these birds, which had a significant
impact on the levels of overall conjunctival gene expression. Consistent with former studies (Adelman
et al. 2013), our study revealed that the bird population with the longest coevolutionary history with MG
(VA birds) show increased tolerance to MG, with up-regulated Th1 immunity (higher expression of IL7
and IL12B in untreated controls compared to other population) compared to other three bird populations.
The populations in recent contact with MG have an increased tendency for up-regulation of the IL17
pathway (observed in AZ birds). Moreover, our findings show that infection with the more recent MG
isolate (VA2013) causes higher levels of immune gene expression than infection with the original isolate
(VA1994), a similar pattern was seen by (Vinkler et al. 2018). This affects not just the immune pathways,
but also neurogenesis and neuron differentiation pathways. These effects can impact illness behaviour
in birds, as observed in previous studies (Bouwman and Hawley 2010). Finally, we found BCL10 as an
important immune gene that changes its expression during the MG infection, varies in expression
between individuals from different house finch populations, and changes its expression depending on
the MG isolate infection. Though BCL10 is an important adaptor molecule linking antigen receptor
signalling cascades to NF-κB activation in lymphocytes (D. Wang et al. 2007), the precise role it plays
in the immune regulation of house finches remains unclear.
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General conclusions

In my doctoral thesis, I endeavored to describe the effects of inflammation on immune activity in both
peripheral tissues and avian brains of wild and underrepresented avian models in neuro-immune studies
at the transcriptomic and proteomic levels. I tried to improve the understanding on what are the ongoing
adaptations of host immunity to effectively combat pathogens. This understanding is very crucial
because infectious diseases have been constantly posing a threat to the health and well-being of all living
organisms, and birds in particular play a significant role in spreading these diseases and act as reservoir
hosts for emerging pathogens.

During my Ph.D. research tenure, I and my co-authors were able to describe the importance of studying
evolutionary patterns of immune genes beyond MHCs and TLRs. Also was successful in explaining the
significance of integrating other immunological data with evolutionary genetics using integrated
analyses for the understanding of mechanisms involved in the evolution of host immune defense. This
knowledge holds significant applications in wildlife conservation and mitigating the spread of infectious
diseases. By comparing different transcriptomics approaches, we were able to show that 3’ end
sequencing (QuantSeq) could be an alternative method for classical RNA-seq for avian brain studies in
a lower budget. Using this approach, in zebra finches and parrots, we showed how the immune system
responds against peripheral inflammation and how it in turn affects the immune regulation in the brain.
The findings highlight the neuro-immune changes occurring in the avian brain during an infection and
how each bird modulates the immune regulation. We identified a previously unknown gene loss event
in parrots that apparently made these birds more susceptible to neuroinflammation, compared to
songbirds represented by zebra finches and eventually contributing to increased sensitivity to brain
inflammation. Our findings offer vital insights not only into the variability in susceptibility to
immunopathology between these species but also more generally into the functional effects of
evolutionary gene loss events caused by chromosomal rearrangements. Our research confirms that these
cognitively advanced birds are an excellent model for inflammation-related behavior studies. Additional
research is necessary to elucidate possible compensatory mechanisms in parrot immunity, linking parrot
infection ecology and evolution.

Despite recent research on wild vertebrates suggesting that tolerance to infection is a prevalent strategy
used by hosts to minimize the fitness costs associated with encountering new pathogens, there is still a
lack of evidence regarding the temporal dynamics of this evolutionary phenomenon and the specific
immunological mechanisms responsible for the transition from resistance to tolerate in host-pathogen
interactions. For the first time, our time dynamic gene expression study on conjunctival tissues of the
wild host-pathogen model house finch-MG revealed the important immunological differences between
house finch populations with different histories of MG endemism during the initial phase of the
infection. We showed that birds from the Virginia population, the one with the longest co-evolutionary
history with MG displayed increased tolerance to MG compared to other house finch populations. Our
result demonstrates how the different population of the birds modulates the immune responses and
maintains a balance between Th1 and Th17 pathway activation during the initial conjunctival response
to different strains of MG infection in house finches. We also show how original and evolutionarily
derived MG strains evoke different immune responses in the birds. The results also signify that
evolutionarily derived pathogens triggered stronger immune responses compared to the original ones by
affecting both immune and neurogenesis pathways. We strongly recommend further research in the brain
of these house finch populations to identify the neuroinflammatory changes caused by the pathogens
and how it affects the behavioral patterns of the birds. We should also investigate and validate gene
expression using more specific techniques like qPCR and proteomics.
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As a part of this research work, we also investigated a novel area of research by examining the CSF and
plasma proteomes of adult birds for the first time. Most of the current proteomic studies of the avian
CSF are limited to chicken embryos. To address this gap, using liquid chromatography-tandem mass
spectrometry (nLC-MS/MS), we explored the proteomic composition of CSF and plasma in adult
chickens and evolutionarily derived parrots. Our results indicate that proteins identified in abundance
within the CSF were predominantly associated with functional pathways linked to neural function. These
findings provide novel evidence supporting the presence of adult neurogenesis in birds, which correlates
with the previous histological data study. As a next step, we recommend incorporating the molecular
components involved in this process when designing and conducting future experiments.

Collectively, my thesis summarizes the integration of immunology, molecular biology, and evolutionary
biology which interconnect animals’ health with the environment and supports the One Health concept
advocated by the World Health Organization (WHO). Immunological studies enabled a deeper
understanding of immune regulations to pathogens, facilitating the identification of shared mechanisms
between humans and animals, thereby enhancing our ability to combat zoonotic diseases. Gene level
understanding of these immune modulations elucidated the genetic and molecular factors driving disease
progression and host-pathogen interaction, providing valuable insights for disease surveillance,
prevention, and control. Evolutionary biological aspects of our studies open the time dependent
evolutionary disease dynamics in the immune regulatory mechanisms adopted by the evolving host and
pathogen offering critical perspectives and the development of effective interventions. By harnessing
the synergetic potential of these disciplines, we were able to better comprehend and address the
challenges at the intersection of human, animal, and environmental health.
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