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Abstract

Notothenioids are the most abundant group of teleost fish found in the Southern Ocean.
These fish evolved relatively recently from a single benthic ancestor and radiated and expanded
in the extreme cold of Antarctica waters and their physiology was adapted accordingly.
Surprisingly, little is known about their immune system and how immune defences were
modulated during adaptation to the cold environment and to its water specific microbiome. The
main objective of this thesis was to characterise the immune cellular and humoral responses to
bacterial and viral-like challenges in immune tissues and plasma of two phylogenetically related
notothenioids, Notothenia coriiceps and Notothenia rossii. The methodologies applied were
based on DNA sequencing technologies and biochemical assays to measure functional plasma
enzyme activity using a comparative approach. This study a) characterised and uncovered a
role of iron-metabolism and of the pattern recognition receptors family toll-like receptors
(TLRs) after a LPS immune challenge, b) characterised for the first time the transcriptomes of
important immune tissues (head-kidney, skin, duodenum, liver and spleen) and their response
to bacterial and viral challenges and in response to temperature, c) described the microbiome
communities associated to important immune tissue barriers in recently caught and immune
challenged notothenioids. The results contribute substantially to the understanding of the main
immune and non-immune pathways in the defence against external agents in Antarctic

notothenioids.

Keywords: notothenioids, immune system, transcriptome, microbiome, pathogens
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Resumo

Os Nototeniodides sdo 0 grupo de peixes teledsteos mais abundantes no Oceano
Antartico. Estes peixes evoluiram recentemente de um ancestral benténico comum e a sua
fisiologia adaptou-se aquando da irradia¢do e expansao nas aguas frias e extremas da Antartida.
Surpreendentemente pouca informacao € conhecida acerca do seu sistema imunoldgico e como
as suas defesas imunologicas foram moduladas pela adaptacdo ao ambiente frio e ao
microbioma unico do oceano Antartico. O principal objetivo da tese foi caracterizar as respostas
imunoldgicas ao nivel celular e humoral contra patégenos agonistas bacterianos e virais em
varios tecidos ligado ao sistema imune, bem como plasma sanguineo em dois nototenidides. As
metodologias aplicadas foram baseadas em tecnologias de sequenciacdo de ADN e em ensaios
bioquimicos para quantificar a atividade de enzimas plasmaticas funcionais, através de uma
abordagem comparativa. Neste estudo foram a) caracterizados e desvendados o papel de genes
candidatos relacionados com o metabolismo do ferro e dos recetores de reconhecimento de
padrbes da familia de recetores toll-like (TLRs) apds exposicao ao LPS, b) caracterizados pela
primeira vez os transcriptomas de varios tecidos com fungdo imunoldgica (rim, pele, duodeno,
baco e figado) e a sua resposta ao LPS, c) descritas as comunidades microbianas associadas aos
principais tecidos imunoldgicos de barreira em recém capturados e apds estimulacdo por
agonistas bacterianos, virais e em resposta a aumento da temperatura. Estes resultados
contribuem substancialmente para a compreensdo dos principais componentes do sistema
imune, bem como outras vias ndo imunes envolvidas na defesa contra agentes externos nos

nototenidides antarticos.

Palavras-chave: Nototenidides, sistema imunitario, transcriptoma, microbioma, patdgenos
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Chapter 1

1- General Introduction and main goals

The Southern Ocean surrounds the dry land mass of the Antarctic continent and constitutes
an unique extreme cold aquatic environment (Beers and Jayasundara, 2015; O’Brien and
Crockett, 2013). The Antarctic notothenioids are a suborder (Notothenioidei) of the order
Perciformes, mostly endemic to Antarctica, that dominate the teleost fish fauna of Southern
Ocean. The notothenioids are thought to have evolved from a single benthic ancestor through
adaptive radiation since the cooling to the freezing point of the Southern Ocean 22.4 million
years ago (Matschiner et al., 2015). Several peculiar physiological adaptations essential to
inhabit and survive at low temperatures were discovered in the notothenioid clade, such as
acquisition of antifreeze glycoproteins, which allow avoiding intracellular ice formation at
temperatures near -1.9 °C (Cheng and Chen, 1999; DeVries and Cheng, 2005; Hofmann et al.,
2000). However, one of the areas least studied in Antarctic fishes is the immune system and
whether and how it has been modified by evolution in the stable cold environment of Antarctica
for the last 10 million years (Auvinet et al., 2020; O’Brien and Crockett, 2013).

The immune system has multiple components providing both own recognition and a line of
defence against several pathogens. It is subdivided in innate (non-specific) and acquired
(specific) immune system, and each possess humoral and cellular components (Kindt et al.,
2007). The innate immunity is the most developed in fish and hence the most studied, although
knowledge still lags behind of what is known about mammalian innate immunity (Akira et al.,
2006; Berczi and Szentivanyi, 2003; Magnadoéttir, 2006). The notothenioid immune system is
suggested to have evolved in response to potential pathogens co-inhabiting the Antarctic
ecosystem. The role of the microbiome in physiology has received much attention in the last
decade and this is also the case for fishes (Butt and VVolkoff, 2019; Perry et al., 2020). However,
little information is available about the microbiome of Southern Ocean waters and more so of
Antarctic fishes.

Therefore, the present thesis addresses a fundamental issue of scientific interest related to
evolution of the immune system and its role on host-defence against potential pathogens in two

notothenioid fishes, Notothenia coriiceps and Notothenia rossii.

1.1. The Antarctic environment
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Chapter 1

Antarctica is considered the highest, coldest, windiest, and driest continent and contains
95% of the world’s ice. The Antarctic continent is surrounded by the Southern Ocean with three
boundaries or polar fronts, the Sub-Antarctic Polar front (SAP), the Antarctic Polar Front (APF)
and the Antarctic Circumpolar Current (ACC) front (Beers and Jayasundara, 2015). These act
as physical barriers to preserve and maintain the unique physical, chemical, and biological
characteristics of Antarctica (Figure 1.1). The ACC is located between 50° and 60° S, extending
to a depth of 2,000 m, and transports more water than any other current in the world’s oceans,
and being responsible for the isolation of Antarctica from other continental shelves. The APF
was formed gradually approximately 40 million years ago and circulates outside the ACC,
blocking the intrusion of warmer waters in the Southern Ocean and the invasion of non-endemic
marine organisms. The isolation created by the polar fronts results in a uniqueness of the
Antarctic marine environment as the most thermal stable environment on the planet (Matschiner
et al., 2015) with temperatures oscillating between +1.5 to -1.9 °C at depths below 400 m
throughout the year at high latitudes (Beers and Jayasundara, 2015; Wells and Eastman,
1994)(Cheng and Detrich, 2007).
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Figure 1.1. Schematic representation of the three main currents in the Southern Ocean. The
green arrows represent the Sub-Antarctic Polar Front, the red arrows the Antarctic Polar Front with the
direction of cold-water in blue and warm-water in orange. The dotted line around the Antarctic
represents the Antarctic Circumpolar Current.
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The Southern Ocean has a high heat capacity and affects the meridional overturning
circulation, being important for redistribution of heat and freshwater in the global climate
system (Giglio and Johnson, 2016). The aquatic environment is widely distributed in Antarctica
and varies from fresh to hypersaline, mixed to stratified and from permanently ice covered to
ice free (Wilkins et al., 2013).

Interannual variations of salinity in the Southern Ocean range between 33 and 34 in the
practical salinity scale (Chaigneau and Morrow, 2002) and the pH is around 8 (Tynan et al.,
2016). It occupies 10% of the world"s oceans and is rich in oxygen with levels (3.24-6.48 mg/L)
almost 1.6-fold higher than in temperate waters (Robinson and Davison, 2008). This high
oxygen content favours the formation of free radicals with the potential associated damage to
marine organisms including fish (Chen et al., 2008; Song et al., 2016). Other water chemical
properties can affect the marine organism’s physiology, such as ion abundance and other metal
compounds. Although the general ion content of the Southern Ocean is not well studied, there
are reports on the abundance of magnesium (Mg?*) and iron (Fe?*) ions, as well as for heavy
metals as mercury (Hg) and cadmium (Cd) (Bargagli, 2008; Seco et al., 2019; Thatje and Arntz,
2004). The high levels of Mg?* have a relaxant effect on decapod crustaceans leading to a
decrease of their metabolic rate (Thatje and Arntz, 2004). Since decapod crustaceans are only
capable to regulate low levels of Mg?*, it has been hypothesized that the high levels of Mg?*
together with the low seawater temperature are responsible for their lower diversity in the
Antarctica region (Thatje and Arntz, 2004). Also, Fe?* is important for primary production since
this ion is required for the synthesis of chlorophyll and photosynthesis as well as for the
reduction of several compounds namely carbon dioxide, sulphate and nitrate (Assmy et al.,
2009; Brussaard et al., 2008; McBride et al., 2014) . Thus, Fe?* is a key factor for phytoplankton
growth resulting in an enhanced strength of the biological carbon pump, silica, and higher
sequestration of atmospheric CO: in the deep ocean (Assmy et al., 2009; Brussaard et al., 2008;
McBride et al., 2014). Natural Hg levels vary between 35 + 0.39 pmol L™ compared to other
regions outside Antarctica (0.63 to 2.76 pmol L™) (Cossa et al., 2011). Marine organisms
accumulate Hg with levels in Antarctic krill, Euphasia superba, 5 to 7 times higher in South
Orkney islands than in South Georgia and the Antarctic Polar Front (Seco et al., 2019). Also,
Cd is naturally elevated (approximately 0.7 nmol ) in Antarctic waters and several studies
indicate the accumulation of this toxic metal in digestive organs of several marine organisms
(Ahn et al., 1996; Choi et al., 2007). The vitellogenin gene was up-regulated in Trematomus
bernacchii, possibly associated to elevated levels of Cd (Canapa et al., 2007).
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1.2. The Antarctic microbiota

The marine microbiota is composed by a variety of microbes (e.g. bacteria, fungi, virus, and
protists). In the Southern Ocean, bacterial microbiota dominate the biomass of different niches
with functions ranging from primary production of energy (from CO>) to colonization of the
animals’ mucosa where they participate in food digestion and immune defence (Table 1.2)
(Sehnal et al., 2021; Wilkins et al., 2013). Most CO: is fixed by phytoplankton in the water
column, transferred to higher trophic levels and exported to deep ocean (Henson et al., 2012).
In some Antarctica regions, for instance in the Amundsen Sea, the organic carbon is recycled

and mineralized in the water column via a microbial loop (Kim et al., 2019b).

There are evidences that 78% of bacterial operational taxonomic units (OTUS) are unique
to the surface waters around Antarctica (Yau and Seth-Pasricha, 2019). The phyla most
predominant in the surface seawater and at 200-400 m depth is Proteobacteria, mainly
Gammaproteobacteria and Bacteroidetes, but at depth the diversity increases particularly in
Actinobacteria, Deltaproteobacteria and Crenarchaeota (Kim et al., 2019b; Zhang et al., 2020a).
The viruses are still largely unexplored in this polar region. It has been hypothesized they play
a key role in the microbial loop through the lyses of the bacteria and consequently leading to
changes in carbon and nutrient flow in the ecosystem (Sawstrom et al., 2007; Wilkins et al.,
2013). Other study showed similar single stranded RNA (ssRNA) composition throughout the
seasons with a predominance of several genera and families from Picornavirales order in Palmer
station and Kaneohe bay and recently reported as responsible for viral infections in gentoo
penguins (Pygoscelis papua) (De Souza et al., 2019; Miranda et al., 2016). In the Western
Antarctica Peninsula, regional variation in lytic and lysogenic viral infections has been shown
in prokaryotes, and it has been suggested that iron released by viral lysis is used for primary
production (Evans and Brussaard, 2012). In Prydz bay, double stranded DNA (dsDNA) viruses
are the most predominant, among them the Caudovirales (Siphoviridae, Myoviridae, and
Podoviridae) are abundant in surface water and nucleocytoplasmic large DNA viruses

(Phycodnaviridae, Mimiviridae, and Pandoraviridae) in bottom water (Gong et al., 2018).

1.3. The Antarctic fauna
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The Antarctic fauna is known for having specific adaptations to the polar environment such
as slow growth, gigantism, and higher longevity, especially in some invertebrates in deep
waters, and the most well studied organisms will be highlighted. The slow growth (more than
20 years) can be found in most of the ectotherms such as the erect bryozoan Cellarinella nutti
(Barnes et al., 2006). Abyssal gigantism is common among sea spiders (Pycnogonida),
Colossendeis and Ammothea, and it has been hypothesized it is the result from a combination
of low cold-driven metabolic rates and high oxygen availability (Shishido et al., 2019). Lastly,
some organisms can achieve high longevity (> 100 years), such as the Antarctic bivalve
Cucullaea raea (Buick and Ivany, 2004). In addition, there are examples of longevity combined
to gigantism, for instance the polychaete Aglaophamus trissophyllus, the nemertine Parborlasia
corrugatus and the bivalve Adamussium colbecki (Cronin et al., 2020; Davison and Franklin,
2002; Garraffoni et al., 2012).

1.3.1. Antarctic Notothenioids

The Antarctic fish fauna represents a small subset over than 33,000 teleost species thought
to exist worldwide to date (FishBase; http://www.fishbase.org). It consists of 322 species of
which 77% are grouped in 50 families from three Perciformes suborders i) the Notothenioidei,
ii) the Cottioidei and iii) the Zoarcoidae (Eastman, 2005). The greatest number of species
belong to the Notothenioidei and Cottioidei, which occupy the continental shelf (90%) and deep
sea below 800 m and correspond to 90-95% of the fish biomass, respectively (Hu et al., 2016)
(Eastman and Clarke, 1998; Stein, 2012). The Notothenioidei emerged after the Eocene,
approximately 20-10 million years ago, radiated from a benthic ancestor and occupied different
ecological niches (O’Brien and Crockett, 2013; Patarnello et al., 2011; Song et al., 2016). The
Notothenioidei are divided in eight different families, Bovichtidae, Pseudaphritidae,
Eleginopidae, Nototheniidae, Harpagiferidae, Artedidraconidae, Bathydraconidae and
Channichthyidae (Figure 1.2). Four families (Nototheniidae, Harpagiferidae, Bovichtidae and
e) also include non-Antarctic notothenioids that inhabit coastal waters of sub-Antarctic islands,
South America, New Zealand, and Australia, such as Notothenia angustata (Nototheniidae),
Harpagifer bispinis (Harpagiferidae) and Champsocephalus esox (Channichthyidae), with

sister species in Antarctica (Matschiner et al., 2015).
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Figure 1.2. Simplified phylogenetic tree of Antarctic Notothenioid families and their
distribution. The coloured circles highlight unique adaptations across families and family-specific
adaptations [from (Matschiner et al., 2015)].

The biology of notothenioids was shaped by the cold-stable environment of Antarctica that
drove physiological innovations allowing survival at sub-zero temperatures. Phenotypically,
they vary in size, weight, body depth and skin colour. The Nototheniidae colonize a diversity
of habitats, benthic, epibenthic, cryopelagic and pelagic and as a result also show a diverse diet,
composed namely of euphausiids (krill), amphipods, salps and small fish, specially

Pleuragramma antarcticum (La Mesa et al., 2004).

The single most important adaptation to the cold environment by notothenioids was the
acquisition of antifreeze glycoproteins (AFGPs) which evolved from a pancreatic trypsinogen
gene between 5 and 14 million years ago. The AFGPs decrease the freezing point of body fluids
and avoid the rapid freezing of tissues and cells in contact with sea ice by inhibiting ice crystal
formation and growth (Figure 1.3) (Matschiner et al., 2015). It has been hypothesized that is a
case of convergent evolution, since AFGPs having evolved in at least seven species of the
Gadidae family (from Arctic and temperate cold waters of the northern hemisphere) (Chen et
al., 1997a). However, the origin of the gene in codfishes remains to be clarified but there are
new evidences that different genomic processes lead to the genesis of AFGP in notothenioids

and codfishes (Baalsrud et al., 2018) and the AFGP gene may be originated from non-coding
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regions in codfish (Zhuang et al., 2019). Notothenioids also developed adaptations linked to
buoyancy that allowed colonization and feeding over the whole water column. However,
Dissostichus mawsoni and Pleuragramma antarctica are the only species neutrally buoyant
(Fernandez et al., 2012). Fish in this clade do not have a gas bladder, and buoyancy is achieved
through reduced ossification (particularly evident in the scales) and increase of lipid deposits
(subcutaneous and intermuscular) to decrease fish density and to generate static uplift (Wells
and Eastman, 1994). Another adaptation is the lack of haemoglobin and erythrocytes which is
unique in some species of the Channichthyidae (namely Chionodraco hamatus and
Chaenocephalus aceratus) (Cocca et al., 1995; Ruud, 1954) and divided the notothenioids in
two distinct groups: 1) the more abundant red-blooded notothens (such as Notothenia coriiceps
and Notothenia rossii), , and 2) the white-blooded notothens which do not have red blood cells
(Detrich and Amemiya, 2010). To compensate for the lack of red-blood cells, Chionodraco
hamatus developed a larger heart (Hemmingsen et al., 1972) and a network of larger blood
capillaries and vessels (Fitch et al., 1984). Other adaptations to extreme-cold are the absence of
a heat-shock response, which is a cell stress response, despite several studies showing evidence
for the presence of heat shock proteins (Hsp) and the constitutive expression of Hsp70 in two
Trematomus spp. species under constant cold-stress (Place et al., 2004; Place and Hofmann,
2005b). Moreover, notothenioid fishes have specificities of microtubule assembly (Detrich et
al., 2000), aerobic energy supply and higher mitochondrial density in muscle (Johnston et al.,
1998; Portner, 2006).

Figure 1.3. Schematic illustration of Antarctic notothenioid fish and the role of antifreeze
glycoproteins (AFGP). The arrows elucidate the entry and transport of ice crystals in blue and AFGP
pathways in red. The abbreviations indicate epithelium (e.p.) and rectum (r.e.).[from (Matschiner et al.,
2015)].
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The notothenioid fauna is now confronted with rapid environmental change due to
climate change (IPCC, 2019) and this is most profound in the Antartica Peninsula, where the
ice sheet is decreasing, and atmospheric temperatures have increased around 2°C in the last 50
years (Cook et al., 2005). However, the evolution of notothenioids may have constrained their
functional abilities to respond to thermal challenge as they are highly stenothermal (low
tolerance to a wide range of temperatures (Bilyk et al., 2018).

1.3.1.1. Notothenia coriiceps and Notothenia rossii, Richardson 1844

N. rossii (also known as the marbled rockcod) is predominantly distributed at the
northern and open areas of the Southern Ocean whereas N. coriiceps (also known as bullhead
rockcod) is a coastal fish that can also be found at higher latitudes. Nonetheless these species
are widely distributed, and their habitat overlaps in shallow coastal waters where N. rossii
juveniles dwell before moving into open waters. These two species can be distinguished by the
colour gradient of their skin which in N. coriiceps is yellow-black (Figure 1.4) with uniform
colour or large dark patches on the dorso-lateral region while in N. rossii is grey-brown (Figure
1.4) with darker-lighter metallic-like spots. N. coriiceps is more sedentary (Casaux et al., 1990;
Fanta and Meyer, 1998) and the growth rate is slower than N. rossii (Cali et al., 2017). N.
coriiceps reaches a maximum length of 62 cm and estimated adult age between 2-16 years
while N. rossii the estimated adult age and size is 6-18 and 92 cm (Cali et al., 2017; Merrett et
al., 1992).

Figure 1.4. Photograph of Notothenia coriiceps captured off the Antarctica Peninsula, King George
Island, Antarctica [photo Pedro M. Guerreiro].
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10cm

Figure 1.5. Photograph of Notothenia rossii captured off Antarctica Peninsula, King George Island,
Antarctica [photo Pedro M. Guerreiro].

Both in N. coriiceps and N. rossii the mature gonads (testis and ovary) can contribute to
40% of total body weight. They produce large eggs (4-5 mm in diameter) that possess positive
buoyancy with an incubation time of three months. After hatching, they become pelagic for 6-
8 months, then demersal in coastal waters until 6-9 years and mature N. coriiceps remain in
these waters while N. rossii move offshore. Because of these characteristics, both Notothenia
species are classified as semipelagic (Barrera-Oro et al., 2014; Eastman et al., 2011; Kock and
Kellermann, 1991).

N. coriiceps feeds on a diversity of benthic organisms whereas N. rossii’s diet also include
demersal preys such as krill, salp and fish, and are more active in periods with more luminosity
(Donatti et al., 2008). N. rossii is an important fisheries and the increase in commercial fishing
led to the depletion of native fish stocks in the 1970s, and consequently may have induced
changes in population structure and life history traits (Cali et al., 2017). Today, fishing is
prohibited under the Antarctic Treaty and Convention for the Conservation of Antarctic Living
Resources (Cali et al., 2017; Donatti et al., 2008; Hureau J.C., 1970).

1.4. The immune system

The immune system is a set of processes that defend the organisms against foreign
potential pathogens such as bacteria, virus, and fungi. This complex system is divided in non-
specific (or innate) and specific (or acquired/adaptive) responses, and both immune defence
mechanisms can be subdivided in humoral and cellular components that vary between innate
and acquired immunities. A comparison between several humoral factors revealed that they
have generally been conserved during vertebrate evolution, but species-specific evolutionary

adaptations have also occurred (Huising et al., 2006).
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1.4.1 The immune system of teleost fish

In last 300-450 million years, teleost fish diverged from the lineage giving rise to the
mammals , hence significant differences of the immune system, at cellular and molecular levels
are observed between fish and mammals (\Volff, 2005). Teleost fish have developed an effective
immune system, though less complex compared with mammals and without bone marrow or a
lymphatic system. However, the teleost fish head-kidney is analogous to the mammalian
adrenal gland as the principal hematopoietic organ, comprising immune cell production and
endocrine cells that produce hormones linked to stress, catecholamines and steroids (mainly
cortisol) (Geven and Klaren, 2017). It is generally assumed that the innate immune defence is
more developed in fish and the acquired immunity is more developed in mammals. However,
fish also possess B cells and immunoglobulins of adaptive immunity that are suggested to have
appeared late and to be more developed in marine species than freshwater species
(Chantanachookhin et al., 1991; Magnadottir et al., 2005).

The immune response is influenced by both intrinsic factors, such as immune cell
repertoire, and extrinsic factors such as temperature, stress, food, pH, salinity, and oxygen
availability. This makes the ecosystem a key factor in determining the immune response, and
for ectotherms that do not regulate their body temperature, the environment may play a large
role in the immune capacity and response. The high microbial load and pathogens (such as
bacteria, fungi, viruses and parasites) that fish are exposed to is proposed to have shaped the
evolution of their immune systems (Groff, 2001). For instance, 1 mL of seawater typically
contains 10° bacteria and 108 viruses which can be even higher if the organic content is high
(Tortetal., 2003; Uribe et al., 2011).

In several species of teleosts — e.g., rainbow trout (Oncorhynchus mykiss), catfish
(Ictalarus punctatus), zebrafish (Danio rerio) and Argentine seabass (Acanthistius brasilianus)
- the ontogeny of the immune system has been described for kidney, spleen and thymus and
these tissues were proposed as primordial models of hematopoiesis, which is the process of
formation and maturation of blood cells from the same precursor (Magnadottir, 2010;
Magnadottir et al., 2006). However, the fish immune defence mechanisms are relatively poorly
characterized compared to those of terrestrial vertebrates and even less in teleost fish of polar

regions. Some studies suggest that low temperature habitats may increase the efficacy of non-
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specific responses, namely in the respiratory burst of phagocytes (Ainsworth et al., 1991;
Collazo et al., 1994), macrophages (Le Morvan et al., 1998) and activity of cytotoxic cells (Le
Morvan-Rocher et al., 1995). However, other studies described that lower seawater
temperatures may contribute to the slower innate immune response in cold-water fish compared
to temperate fish species (Abram et al., 2017; MacKenzie et al., 2008; Magnoni et al., 2015;
Tort et al., 2003).

1.4.2. Innate immunity

The innate immunity provides the basic immune defence of vertebrates and is the only
type of immunity present in lower animals. It involves physical barriers, humoral and cellular
components that responds immediately or within hours to stimulation by foreign pathogens. In
teleost fish, the physical barriers include skin, intestine and gills which are protected by a body
fluid called mucus and a microbial community. The humoral response is mediated by
antimicrobial proteins and peptides (APPs), such as lysozyme, cytokines and anti-proteases,
secreted by several bone marrow derived immune cells, such as neutrophils and mast cells, and
pathogen recognition receptors (PRRs) who recognize antigens and pathogens-associated
molecular patterns (PAMPs)(Gomez et al., 2013; Soulliere and Dixon, 2017). The PRRSs survey
the host/environment and include toll-like-receptors (TLRs), C-type lectin receptors, RIG-I-
like receptors, and NOD-like receptors that are encoded in the germline of vertebrate host cells
(Brubaker et al., 2015; Thaiss et al., 2016b) and the PAMPs typically involved in pathogenesis,
include polysaccharides, lipopolysaccharides (LPS), peptidoglycan bacterial DNA, viral RNA
(e.g. the synthetic analogue polyinosinic:polycytidylic acid, poly 1:C) (Magor and Magor, 2001,
Moresco et al., 2011; Uribe et al., 2011; Zhu et al., 2013). The cellular response is a cellular
immunity mediated by different types of leucocytes, neutrophils, eosinophils, basophils,
macrophages, dendritic cells, undifferentiated lymphocytes, natural Killer (NK) cells and mast
cells (Buchmann, 2014; Kindt et al., 2007; Magnadottir, 2006) (Figure 1.6).

Several approaches have been applied to the study of innate immune in different fish
species such as enzymatic assays (lysozyme, antitrypsin and anti-macroglobulin activities) and
other immune parameters in blood plasma (ion content, haematocrit and blood cell counts) and
immune tissues (such as ion content), cell culture and analysis of gene expression of immune

tissues (RNA-seq and quantitative polymerase chain reaction).
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Figure 1.6. lllustration of the link between pathogen stimulus and the innate immune response
of the host. The potential pathogens (virus, bacteria, fungi, parasites) possess pathogen-associated
molecular patterns (PAMPS) such as nucleic acids, peptides, small molecules, lipids, and sugars. They
induce the activation of innate immunity which is divided into the cellular response, resulting from
leukocyte activation including eosinophil, neutrophil, basophil, macrophage, monocyte, mast cell,
dendritic cells, lymphocytes, and natural Killer (NK) cells) and humoral response such as complement
protein, lysozyme, chemokines/cytokines and pathogen recognition patterns (PRR), namely toll-like
receptors [BioRender software 2021 was used to prepare this illustration].

1.4.2.1. Physical Barriers

The fish epithelia are the first physical and chemical protection barriers against
pathogens and are more important in innate immune defence in fishes than in terrestrial
vertebrates because they are in permanent contact with an environment that has high microbial

load (Verschuere et al., 2000). The innate immune system has various barrier components:

The mucosa-associated lymphoid tissues (MALT) are located along the surfaces of all

mucosal tissues and possess approximately half of lymphocytes of the immune system. In
mammals, the best well-known representatives are gut-associated lymphoid tissue (GALT),
skin-associated lymphoid tissue (SALT), nasopharynx-associated lymphoid tissue (NALT) and
bronchus-associated lymphoid tissue (BALT). The larynx-associated (LALT), salivary duct-
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associated (DALT), conjunctiva-associated (CALT) and lacrimal duct-associated lymphoid
tissue (LDALT) have also been described (Cesta, 2006; Kindt et al., 2007).

In mammals, the GALT possesses antigen transporting M cells and Peyer’s patches as
well as several different immunoglobulin (Ig) isotypes in mucosal secretions, namely
immunoglobulin A (IgA), immunoglobulin M (IgM) and immunoglobulin G (IgG). In teleost
fish, the most representative MALT is SALT, NALT, GALT and gill-associated lymphoid
tissue (GIALT) (Salinas, 2015) (Figure 1.7).
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Figure 1.7. Schematic representation of the appearance of mucosa-associated lymphoid tissues
and other immune tissues in vertebrates [from (Kindt et al., 2007)].

SALT is considered the most ancient in vertebrates and possess IgM and
immunoglobulin T (IgT) or Z (lgZ), depending on the species, which are considered

homologous of mammalian IgA (MacPherson et al., 2008), and a secretory Ig receptor (SIgR)
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which is teleost fish specific (Rombout et al., 2014). The MALT of both mammals and teleost
fish contain B cells (with 1gs) and T cells (such as CD4 - helper and CD8 — cytotoxic and cells
with TCRaf3 and TCRyd) and the abundance is similar in both (Gomez et al., 2013; Salinas et
al., 2015; Toda et al., 2011).

The skin is the largest barrier organ and protects animals against external stressors. In
all vertebrates the skin structure is similar and composed by the epidermis and dermis layers
and have the same embryonic origin, respectively, in the ectoderm and in the mesoderm
(Kanitakis et al., 2002). Nonetheless, histological difference exists depending on the specific
vertebrate adaptation, either to a water-containing environment, such as the fish skin, or to a
dry-land environment, such as mammalian skin. Teleost fish usually possess scales that have
multiple functions, for example in the regulation of wave propagation, acting as an external
tendon and with inherent hydrodynamic properties that are important to fish locomotion and
swimming efficiency (Vernerey and Barthelat, 2014). Also, teleosts have a skin lacking
keratinization and contain several immune cells (such as dendritic cells, macrophages, B cells
and mast cells) and several humoral components (IgT, IgM and antimicrobial peptides)
(Esteban and Cerezuela, 2015) (Figure 1.8).
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Figure 1.8. Schematic representation of teleost fish skin structure and its cellular and humoral
components. AMPs indicates antimicrobial peptides, SC of pIgR indicates secretory polymeric
immunoglobulin receptor and (?) indicates cells that are hypothesized to be present, however not proven
until now [from (Esteban and Cerezuela, 2015)].

The intestine (or gut) is divided in three segments based on histology. The first segment

or the anterior gut or foregut contains the absorptive cells or enterocytes. The second segment

or the posterior gut contains large supranuclear vacuoles in the enterocytes, indicating high
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pinocytotic activity, and an irregular microvilli zone. The third segment or hindgut has
abundance of enterocytes with osmoregulatory capability (Rombout Jan et al., 2011).
Generally, the teleost fish gut structure is composed of a mucus layer and columnar epithelial
cells that contain goblet cells and may contain M-like cells. Also, the gut contains granulocytes,
mast cells, T and B cells and antimicrobial peptides (Gomez et al., 2013). Detailed knowledge
of the Ilymphocyte subsets distribution and the proportion of different secretory
immunoglobulins is scarce in fish (Salinas et al., 2011, 2015), although there are studies that
indicate a principal role of the second intestinal segment in the transport of antigens to the local
and systemic lymphoid tissues. It has been suggested that the thymus and the intestine were the
first organs to be populated with T cells in fish larval stages and only later the head-kidney and
spleen (Rombout et al., 1985, 1989; Rombout Jan et al., 2011). In teleost fish the study of the
bi-directional communication between brain and gut is more recent than in mammals and it has
also been suggested in Danio rerio to be an important immune barrier. The two organs exchange
reciprocal signals to coordinate function, namely immune mediators and mediators of
environmental variables affecting fish behaviour and stress coping (Davis et al., 2016; Wang et
al., 2016b) (Figure 1.9).
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Figure 1.9. Schematic representation of teleost fish gut structure and its cellular and humoral
components. AMPs indicates antimicrobial peptides, SC of plgR indicates secretory polymeric
immunoglobulin receptor and (?) indicates cells that is hypothesized to be present, however not proven
until now [Adapted from (Gomez et al., 2013)].
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The gills are an osmoregulatory organ but also contains some immune cells. This
physical barrier is also a potential portal for the entrance of pathogens and a route for in vivo
antigen uptake similar to skin and gut, since both organ barriers are in permanent contact with
the aquatic environment. The histological structure is composed of a mucus layer and squamous
epithelial cells with goblet cells and several immune cellular components (macrophages,

dendritic cells, macrophages, granulocytes, agranulocytes, B and T cells) and humoral
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components (antimicrobial peptides, IgT and IgM) according to the microbial community that
inhabit the gills. However, the gills are not well studied as skin and gut and its importance in

the immune defence need further studies (Gomez et al., 2013) (Figure 1.10).
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Figure 1.10. Schematic representation of teleost fish gill structure and its cellular and humoral
components. AMPs indicates antimicrobial peptides, SC of pIgR indicates secretory polymeric
immunoglobulin receptor and (?) indicates cells that are hypothesized to be present, albeit not proven
until now [Adapted from (Gomez et al., 2013)].

The mucus present in mucosal barriers provides protection against pathogens and the
predominant molecules are mucins. The mucins are glycoproteins produced by goblet cells with
O-glycan attachment sites in skin and gut. Other immune relevant factors in mucous include
the proteins lysozyme, lectins, calmodulin, immunoglobulins, complement, C-reactive proteins,
proteolytic enzymes and antimicrobial peptides (Angeles Esteban, 2012). The mucin
composition differs between species in its protective ability, transport, viscoelasticity and
adhesion (Johansson et al., 2011). The intestine of mammals and teleost fish possess similarities
in their mucosal surfaces which is composed of two layers, an outer layer composed of the
microbiota and the inner layer is the mucin rich mucous. In skin of higher vertebrates, 20 mucin
genes have been characterized. However, the mucins remain poorly studied in teleost fish
intestine. The studies that exist indicate large, secreted gel-forming mucin 2 (muc2) and mucin
5 subtype B (muc5B) in teleost fish mucosa. In Cyprinus carpio, muc2 is more expressed in
intestine and muc5B is more expressed in skin. Furthermore, in Sparus aurata, the membrane-
bound mucin 18 (mucl8) was identified in skin and gut mucous and suggested to respond to
parasite infections by increasing the glycosylation levels and terminal glycosylation of mucous
proteins to decrease the adherence of pathogens (Pérez-Sanchez et al., 2013; van der Marel et
al., 2010). The large gel-forming glycoprotein mucin 5 subtype AC (muc5AC) and also mucl8
transcripts were reported in the Salmo trutta m. trutta transcriptome (Malachowicz et al., 2017).
In Hippoglossus hippoglossus larvae skin transcriptome, the mucl8 and muc24, muc5B,
muc5AC and intestinal mucin (imuc) genes were also identified (Alves et al., 2018).
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The Microbiome represents the nucleic acid sequences of a collection of microscopic

microorganisms such as bacteria and virus (Liu and Jiang, 2020). Microbiome studies in fish
have increased significantly with the availability of high throughput sequencing and
metagenomics using 16S rRNA and several bacterial genome regions (such as V3-V4 region)
that allow the global bacterial microbiome to be covered (Bukin et al., 2019; Onywera and
Meiring, 2020). The microbiome is diverse and varies between ecosystems oscillating
according to intrinsic factors (such as genetic background, reproduction and age) and extrinsic
factors (such as nutrients diets, season and water quality) (Butt and VVolkoff, 2019; Campbell et
al., 2011; Franchini et al., 2014; Vergara et al., 2007) (Figure 1.11). Teleost fish are good
models to study vertebrate host-symbiont relationships owing to the ease of rearing and more
limited bacterial diversity than mammals (Gallet et al., 2019). The fish microbiome that
colonizes the epithelial barriers is crucial for homeostasis and immune defence against potential
pathogens and the skin and gut are the best studied barriers (Butt and VVolkoff, 2019; Callewaert
et al., 2020).
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Figure 1.11. Schematic representation of an Antarctic fish gut microbiome. The duodenum
epithelial barrier is represented as well as potential extrinsic and intrinsic factors that may affect the gut
microbial diversity [BioRender software 2021 was used to prepare this illustration].
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In the Southern Ocean, several studies have been performed on the skin microbiome,
particularly in whales (Bierlich et al., 2018) and in teleost fish from the suborder
Myctophiformes (Gallet et al., 2019). The dominant bacteria phyla in Antarctic fish skin belong
to the Proteobacteria (class Gammaproteobacteria) and the Firmicutes (class Mollicute) (Gallet
et al., 2019). This is similar to what was also described in teleosts from temperate waters such
as Dicentrarchus labrax and Sparus aurata (Llewellyn et al., 2014; Rosado et al., 2019). Also,
studies on the Notothenioidei found Actinobacteria (e.g. genus Corynebacterium),
Proteobacteria (e.g. photobacterium genus), Firmicutes (e.g. clostridium genus), Thermi and
Bacteroidetes (e.g. flavobacteriaceae genus) as the most abundant phyla in the gut of
Trematomus bernacchii, Chionodraco hamatus, Gymnodraco acuticeps and Pagothenia
borchgrevinki (Song et al., 2016; Ward et al., 2009). However, a comparison between the gut
and skin microbiomes of the same individuals revealed significant differences, and the gut
seems to have less bacterial diversity than the skin (Gallet et al., 2019). In addition, the
microbiome differs between the four Antarctic species above suggesting a specific bacterial
community linked to habitat, depth and diet (Silva et al., 2011; Song et al., 2016; Ye et al.,
2014). However, there is also a common bacterial community (30%-40% of the total) between
the four species that are related to the Antarctic environment. Also, the bacterial communities
in gill, fin and gut of three Mycophida from the genera Electrona, Protomyctophum and
Gymnoscopelus revealed low diversity and the dominant taxa present in the three tissues were
Gammaproteobacteria and Mollicutes (Gallet et al., 2019). Another study targeting the gut of
N. coriiceps and C. aceratus also indicated low diversity with a predominance of
Gammaproteobacteria (Ward et al., 2009).

1.4.2.2. Humoral response
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Figure 1.12. Schematic representation of the humoral components involved in innate and acquired
immunity.

The humoral response is present in both innate and acquired immunity. The humoral
immunity involves macromolecules present in extracellular fluids (such as mucous and blood),
the innate immune defence includes antimicrobial peptides, complement proteins and other
proteins and in acquired immune defence includes the cytokines and antibodies (Figure 1.12).

Transferrin is an iron-binding blood glycoprotein, which regulates the availability of
free iron by chelating activity and iron transport. The level of this glycoprotein in the blood is
considered a good indicator of the immune response to bacterial infection in teleost fish because
bacteria have high capacity for iron absorption, iron that is required for their growth and
multiplication (Ellis, 2001; Liu et al., 2012; Martinez et al., 2020; Stafford and Belosevic,
2003).

Hepcidin is a key regulator of iron entry and an antimicrobial peptide (AMP) with a role
in the innate immune defence against pathogens (Krause et al., 2000; Park et al., 2001). This
AMP was initially discovered in humans and subsequently in fish, birds and reptiles. The gene
sequence and protein structure of hepcidin is conserved from fish to mammals (Wang et al.,
2005). A gene family expansion in teleost fish resulted in seven hepcidin genes compared to
two in mammals. The liver is the organ with the highest expression of hepcidin, although low
levels are also detected in other tissues. Hepcidin blood levels are also considered to be a good

indicator of immune response to bacterial exposure (Pigeon et al., 2001; Yang et al., 2007).
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Lysozyme is an important enzyme of the innate immune response and protects against
pathogen invasion through its lytic activity. It hydrolyses -[1,4] linked glycoside bonds in the
cell wall of Gram positive bacteria. It is considered one of the main anti-bacterial molecules in
fish and its activity is induced rapidly by bacteria and conditions such as stress (Demers and
Bayne, 1997; Douxfils et al., 2011; Saurabh and Sahoo, 2008; Wang et al., 2005). Lysozyme
also lyses gram negative bacteria (Jollés and Jollés, 1984; Magnaddttir et al., 2002) and it is
proposed to activate the complement system in fish blood (Bayne and Gerwick, 2001; Yada et
al., 2008). This enzyme is synthetized mainly in the liver and extra-hepatic sites but it is also
present in other tissues such as spleen and other components such as mucus and plasma
(Saurabh and Sahoo, 2008). Cellular components of the immune system are also, responsible
for the production of lysozyme, namely leucocytes, monocytes, macrophages and neutrophils.
Recently, a variable number of human homologues of lysozyme C-type and G-type were
identified in fish (Li et al., 2021b).

The cytokines are small proteins important for immune cell signalling that modulate the
humoral and the cellular immune responses against pathogens and directly or indirectly mediate
immune surveillance, growth, developmental and repair processes. The cytokine family
includes chemokines, interferons (IFNs), interleukins (IL), tumour necrosis factor (TNF),
peroxidases (PO) and lymphokines. The IFNs are important against viral infection, enhance
MHC activation and regulation of the immune system. They are divided in three main types:
type I such as IFN alpha (IFNa), type II such as IFN gamma (IFNy) and type III such as
interferon receptor lambda 1 (INFLR1). The chemokines are signalling molecules that induce
chemotaxis in nearby cells and their major role is to guide the migration of cells, including
monocytes/macrophages, mast cells, eosinophils, neutrophils and T-lymphocytes (Ono et al.,
2003; Xie et al., 2003). Phytohemagglutinin (PHA), a mitogen from fish leucocytes is reported
to increase the migration of leucocytes (Bridges and Manning, 1991; StG Howell, 1987),
whereas migration inhibition factor (MIF) decreases their migration (Chang et al., 2008). The
interleukins are involved in the development and differentiation of B and T cells, as well as
other hematopoietic cells (Ben Menachem-Zidon et al., 2011; Brocker et al., 2010). Most types
of cytokines are secreted by helper CD4 lymphocytes, monocytes/macrophages, and
endothelial cells. This is the case of the interleukins that are a large gene family and encode
proteins with different functions in the immune system. The first identified and best studied is
interleukin-1 (IL-1) which is produced by macrophages after activation of host pattern
recognition receptors (PRRs) by danger associated molecular patterns (DAMPS) or PAMPs.
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Interleukins mediate the inflammatory response and are involved in cell proliferation,
differentiation and apoptosis(Angosto et al., 2012; Chaves-Pozo et al., 2004; Pelegrin et al.,
2004; Vojtech et al., 2012). IL-1p gene expression is induced by LPS, and it is one of the
cytokine specific-responses in several fish species including Dicentrarchus labrax and Sparus
aurata (Buonocore et al., 2006; Engelsma et al., 2001; Hong et al., 2001; Zou et al., 1999).

Protease inhibitors present in fish plasma include a-1-antitrypsin, a-2-antiplasmin and

a-2-macroglobulin. Trypsin is a serine protease, highly specific for the hydrolysis of peptide
bonds involving arginine and lysine residues, present in pancreatic tissue and acts in the
digestive tract in vertebrates (Baird, 2013; Lemieux and Blier, 2007; Rackis, 1965). Trypsin
has been characterized in marine fishes such as Japanese anchovy (Engralius japonicus),
tropical sierra (Scomberomorus concolor) white leg shrimp (Litopenaeus vannamei) and
Atlantic salmon (Salmo salar). It has a fast rate of autolysis, high catalytic efficiency at low
temperatures, sensitivity to denaturation at high temperatures and lower optimal pH relative to
mammalian form. The inhibitors a-1-Antitrypsin (the most stable) protects tissues from trypsin
released from cells associated during inflammation and a-2 macroglobulin (a-2M, the most
versatile) is the trypsin inhibitor best known in fish and both respond to bacterial challenges
(Baird, 2013; Lemieux and Blier, 2007; Rackis, 1965). These two inhibitors are produced in
the liver but also in cells from other tissues such as phagocytic cells (macrophages), fibroblasts
and adrenocortical cells (Christybapita et al., 2007; Freedman, 1991; Hanif et al., 2005; Law et
al., 2012).

Pentraxin-like proteins are a group of evolutionary conserved proteins which include

C-reactive protein (CRP) and serum amyloid protein A (SAA), both of which are associated
with the acute inflammatory response of the innate immune system. They are present in body
fluids of vertebrates and invertebrates and in vertebrates they are predominantly synthetized in
the liver in response to a tissue damage or injury (Armstrong, 2015; Roy et al., 2016). Several
studies have reported the expression of CRP in teleost fish such as Ictalarus punctatus (Szalai
etal., 1994), Hoplias malabaricus (Lund and Olafsen, 1998), H. hippoglossus, Gadus morhua,
Salmo salar and Oncorhynchus mykiss (Hoover et al., 1998). Also, the pentraxins are suggested
to play a role in the activation of the classical complement pathway (De Haas et al., 2000) and
in the elimination of apoptotic cells (Nauta et al., 2003). CRP is constitutively expressed is most
tissues, although some CRP/SAA are not transcribed in response to bacterial infections in some
teleosts including the S. salar (Lund and Olafsen, 1998) and Salvenilus alpinus (Jensen et al.,

1997). However, in C. carpio a CRP/SAAs response to Aeromonas hydrophila was observed
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but not to Escherichia coli which is suggestive of species-specificity to bacteria (MacCarthy et
al., 2008).

The complement system plays an important role in bacterial recognition and,

consequently, in initiating the inflammation process through the lyses of bacterial cells (Ellis,
2001). The complement system is composed of three pathways: classical, alternative and lectin.
The classical pathway starts by a complex antigen-antibody and then by the binding of IgG to
the C1q component of C1 complex. The alternative pathway involves C3 activation through
microbial surfaces (Boshra et al., 2006). The lectin pathway involves interactions with lectins
and sugar moieties present on the surface of pathogens (Fujita et al., 2004). A recent study
indicates that fish possess several active C3 isoforms: Oryzias latipes has 5 C3 isoforms, S.
salar has 4, S. aurata has 9 isoforms, Cynoglossus semilaevis has 3 isoforms and Latimeria
chalumnae has 2 isoforms (Najafpour et al., 2020). The alternative pathway seems to be more
important in fish owing to the presence of more C3 isoforms compared to one isoform identified
in Homo sapiens, and the presence of multiple isoforms is suggestive of enhanced capacity to
activate the complement system against pathogenic microorganisms in fish (Najafpour et al.,
2020; Sunyer and Tort, 1995; Tort et al., 2003).

1.4.2.3. Cellular response
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Figure 1.13. Schematic representation of the cellular components involved in innate and acquired
immunity. NK indicates natural killer cells.
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The most abundant immune cells are granulocytes, dendritic cells and natural killer cells
in innate immunity and B and T cells in acquired immunity (Figure 1.13). The granulocytes
include neutrophils, eosinophils, basophils and mast cells and in fish they are identified based
on morphological, histochemical and ultrastructural similarities with mammalian cells (Hine
and Thorne, 1997; Rowley et al., 1988) and the developing granulocytes are limited to
hematopoietic organs. The nature, presence, and function of certain immune cells in teleost fish
remain unclear and may be the cause of controversy as in the case of eosinophils, basophils,

and mast cells (Reite and Evensen, 2006).

Neutrophils are the most abundant leukocytes in circulation in mammals (40%-70%)
but they are less than 5% in teleost fish (Hamdani et al., 1998; Havixbeck and Barreda, 2015;
Sasaki et al., 2002) and can vary in morphology according to species (Parish et al., 1986). These
cells have multilobed nuclei, are short lived and highly motile to be capable to migrate into
tissues with phagocytic activity. Also, they use pathways dependent and independent of oxygen
to produce antimicrobial peptides and generate reactive oxygen and nitrogen species by

increased respiratory burst activity compared to macrophages (Kindt et al., 2007).

Eosinophils have bilobed nucleus and phagocytic activity in teleost fish (Ellis, 1977).
This type of granulocyte provides immune surveillance, contributes to T lymphocyte-mediated
humoral immune responses and are associated to the response against parasites, particularly
helminths, similarly to mammals (Balla et al., 2010; Huizinga and Nadakavukaren, 1997; Kindt
et al., 2007).

Basophils are the largest type of granulocyte and possess numerous granules in the
cytoplasm. These cells do not have phagocytic activity, are less abundant in circulation and are
associated to certain allergic responses in mammals (Kindt et al., 2007). In most teleost species,

basophils are rare and their function remains to be clarified (Ainsworth, 1992).

Mast cells have large numbers of granules in the cytoplasm and are related to allergic
reactions in mammals. Although the products released from these cells are not well-known they
are thought to be involved in the inflammatory response and react against several pathogens,

similarly to mammals (Kindt et al., 2007; Reite and Evensen, 2006; Sfacteria et al., 2015).

Dendritic cells are characterized by long membrane extensions and antigen-presenting
cells originated from a circulating monocyte precursor. They are present in several tissues and
are especially abundant in mucosal surfaces. These cells express a wide range of PRR and are
considered a messenger between innate and acquired immunities. They have the capability to
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internalize antigens and present them to the major histocompatibility complex (MHC) I and 11
and thus to T cells (Bassity and Clark, 2012; Soleto et al., 2018).

Macrophages are also originated from circulating monocytes under inflammatory
conditions and intermediates antimicrobial defence with phagocytic properties. There are
several macrophage phenotypes (M1 and M2) and knowledge of their functions are derived
from mammalian models. In teleost fishes, the best characterized phenotype is M1, which
induces a diverse cytokine, chemokine and lipid mediators against foreign pathogens through
phagocytosis and nutrient deprivation. However, the molecular mechanisms related to
depolarization and function remains to be fully clarified (Grayfer et al., 2018; Hodgkinson et
al., 2015).

NK cells are large granular lymphocytes with non-specific cytotoxic function by two
mechanisms (granule exocytosis and FasL/Fas interaction) to target cell recognition and to lyse
target cells in both fish and mammals. The NK cells have been extensively studied in teleost
fish and their function is not restricted to MHC. They vary morphologically and functionally

between species (Evans and Jaso-Friedmann, 1992; Fischer et al., 2013).

Natural antibodies (also known as natural IgM) are present at high levels in teleost fish.
They are transferred from mother to embryo and their production is stimulated after to
environmental antigens (Mor and Avtalion, 1990; Smith, 1940). Natural antibodies protect
against several antigens, provide immediate defence against bacteria and viruses and they have

a role in homeostasis maintenance (Boes, 2000; Whyte, 2007).

1.4.2.3.1. Cellular receptors

Based on their localization, PRRs are divided into membrane-bound PPRs, that includes
the TLR and C-type lectin receptor (CLRs) groups, and cytoplasmatic PRRs, that include the
nucleotide oligomerization domain (NOD)-like receptors (NLRs or NOD-like), retinoic
inducible-gene 1 (RIG1)-like receptors (RLRs), and melanoma (AlM)-like receptors (ALRS)
(absent in fish). Several immune cells possess these PRRs namely neutrophils, monocytes,
macrophages and dendritic cells which recognize distinct pathogen components such as
polysaccharides, lipopolysaccharides, peptidoglycan bacterial DNA and viral RNA.
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TLRs are phylogenetically ancient and well conserved across vertebrates and respond to
several PAMPs. TLRs are the best characterized innate immune receptors and may be subject
to strong selective pressure under extreme conditions (Solbakken et al., 2016). The TLRs have
a conserved structure and are composed of a type-l transmembrane protein containing
extracellular leucine-reach repeat (LRR) domains, an intracellular toll-interleukin-1 receptor
(TIR) domain, a LRR-carboxy domain (LRR-CT), a LRR- amino terminal domain (LRR-NT)
and transmembrane regions (TM) (Botos et al., 2011; Jin and Lee, 2008; Palti, 2011). TLR4
was the first TLR discovered in mammals and found to mediate the activation of the immune
system by LPS (Hoshino et al., 1999; Poltorak et al., 1998; Qureshi et al., 1999). However with
the exception of Danio rerio it is mostly absent in teleost fish (Loes et al., 2019; Sepulcre et al.,
2009). Some TLRs, such as TLR21, are fish-specific (Solbakken et al., 2016; Zhang et al.,
2014).

CLRs are a large family of receptors that link carbohydrates in a calcium-dependent
manner. CLR genes have been identified in fish, namely the mannose receptor gene in Sparus
aurata and Ctenopharyngodon idella, however the role of these PRRs in fish remains to be
clarified (Rodriguez et al., 2003; Wang et al., 2014; Yang et al., 2015).

NLRs are cytoplasmatic PRRs that possess leucine rich-repeat domains and they are
divided into three subfamilies in fish, the NLR-A, resembling mammalian NODs, the NLR-B,
resembling mammalian NLRP, and the fish-specific NLRC (Grayfer et al., 2018; Li et al.,
2018). These PRRs subfamilies were identified in several teleosts but they were firstly
identified in Danio rerio(Angosto and Mulero, 2014; Laing et al., 2008; Li et al., 2018, 2020a;
Sahoo, 2020). These receptors are mostly linked to the recognition of whole or components of
bacteria but they are also activated by synthetic double stranded RNA (dsRNA) and viral
infections (Grayfer et al., 2018; Laing et al., 2008).

RLRs are the core cytosolic receptors that recognize viral RNAs and DNAs, and are
stimulated by dsRNA through MDAS5, LGP2 and RIG-I ligands in both mammals and fish
(Biacchesi et al., 2009; Chen et al., 2017). Pathogenic bacteria or its components can also
stimulate these receptors in teleost fish. As with mammalian RLRs, fish RLRs induce the
production of several chemokine mediators but the specific ligands and signalling regulatory

pathways are poorly understood (Chen et al., 2017; Grayfer et al., 2018).

1.4.2.4. Other immune tissues
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The thymus, head-kidney, spleen and liver possess immunological functions and distinct

roles in the defence against foreign pathogens.

The thymus is a lymphoid organ located close to the opercular cavity in teleost fish and
produces T cells, antibodies by B cells and stimulates phagocytosis (Bowden et al., 2005;
Chilmonczyk, 1992; Paiola et al., 2021). This organ is mostly linked to acquired immunity and
it is only lightly touched in this thesis.

The head kidney or interrenal is the fish homolog of the adrenal gland and is a major

hematopoietic organ, responsible for the production of both lymphoid (B and T cells) and
myeloid (phagocytic cell) cells, and with key regulatory functions in immune-endocrine
interactions and stress (Rauta et al., 2012). Two main corticosteroid hormones are produced by
the adrenal gland: the glucocorticoid cortisol (corticosterone in rodents) and the
mineralocorticoid aldosterone. However, fish do not produce aldosterone and cortisol, with
both glucocorticoid and mineralocorticoid activity, is the main steroid produced by the head
kidney. Cortisol regulates several immune functions such as leukocyte apoptosis and
proliferation (Mommsen et al., 1999; Weyts et al., 1998b, 1998a), lysozyme activity (Wang et
al., 2005), cytokine expression and antibody production (Castillo et al., 2009; Castro et al.,
2011).

The spleen is a secondary and blood-filtering organ involved in innate and acquired
immunity (antigen presentation, degradation, and antibody production) and plays a crucial role
in haematopoiesis, specifically in red blood cell turnover and haemoglobin recycling (Ali et al.,
2014; Rauta et al., 2012; Reyes-Cerpa et al., 2012). The spleen of both mammals and fishes
contains abundant IgM* mature B cells (Bromage et al., 2004; Castro et al., 2019), T-cells
CD4*, CD8", cytokines and chemokines (Ashfaq et al., 2019; Lewis et al., 2019; Syahputra et
al., 2019). Apart from cell and humoral components identification and measurement, spleen
size can be used to identify inflammatory and infectious processes as it is usually enlarged in
the presence of bacterial pathogens and parasites in both mammals and fish (Corbin et al., 2008;
Zwollo, 2011).

The liver is an essential immune organ adjacent to GALT that activates hepatic stellate
and Kipffer cells during the inflammatory process to induce the production of monocytes, NK,
neutrophils, macrophages, dendritic cells and T-CD8" and T-CD4" cells in mammals. In

Oncorhynchus mykiss, the liver has recently been recognized to contribute to immune
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surveillance against high endotoxin and antigen levels through Kupffer cells and other
intrahepatic immune cells (Moéller et al., 2014). In Danio rerio, a negative regulator of Toll/IL-
1R was also observed in liver under inflammatory process (Feng et al., 2016). Finally, it is
important to highlight the bile in both mammals and fish that, although not considered an
immune organ, supports the liver by containing a variety of antimicrobial products, antigens,
lymphocytes, cytokines, chemokines and antibodies (Béland et al., 2012; Cheng et al., 2015;
Heymann and Tacke, 2016; Sipka and Bruckner, 2014).

1.4.2.5. Innate immunity studies in Antarctic notothenioid fish

The information about the role of innate immunity among the Notothenioids remains
fragmentary. There is evidence that D. mawsoni and N. angustata possess genes encoding
hepcidin. Also, specificities in the type Il hepcidin which is present exclusively in Antarctic
species have been found (Xu et al., 2008). In N. coriiceps liver IFNy was up-regulated in
response to bacterial infection and MHC activation, something that is usually observed under

viral pathogen infection in other teleosts.

Twelve TLRs have been identified in N. coriiceps (TLR1, TLR2, TLR3, TLR5, TLR5S,
TLR7, TLR8, TLR9, TLR14, TLR21, TLR22, TLR23) of which three are fish-specific
(TLR21-23). The kidney expressed the 12 TLR transcripts while other tissues (liver, stomach,
and spleen) contained more specific TLRs transcripts (Ahn et al., 2014). N. coriiceps challenged
with heat-killed bacteria (HKEB) and poly I:C showed tissue and pathogen-specific responses.
In general, all 12 TLR were differentially expressed after HKEB and poly I:C exposure,
although the tissue expression pattern was different between the liver, kidney and spleen and
over time (6 h and 12 h). There is evidence that in N. coriiceps TLR21, TLR22 and TLR23
recognize and respond to HKEB and poly I:C infection agonists (Ahn et al., 2014).

1.4.3. Standard bacterial and viral immune stimulants in teleost fish

1.4.3.1. Lipopolysaccharides

LPS is a major component of the external layer of the cell wall of gram-negative bacteria
(e.g. Escherichia coli) and an endotoxin and is the most studied immune challenger in fish and

mammals. There are three principal regions in the LPS structure: a carbohydrate “O-antigen”,
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an oligosaccharide core region and the lipid “A” portion, which is responsible for its endotoxic
properties (Raetz and Whitfield, 2002; Swain et al., 2008). The lipid “A” structure is the most
conserved across species. The “O-antigen” has remarkable structural diversity and functions
depending on bacterial strains and the environmental characteristics of their habitats (Margesin,
2017; Whitfield et al., 2020). Generally, LPS triggers several inflammatory molecules such as
tumour necrosis factor-2 (TNF2), interleukin (IL-1f) and cyclooxygenase-2 (COX2)
(MACKENZIE, 2006). In mammals, several TLRs respond to LPS challenges, namely TLR4
(lliev et al., 2005; MacKenzie et al., 2010; Swain et al., 2008), which is considered the principal
LPS receptor by homodimerization of two TIR domains with the adaptor molecules and
association to myeloid differentiation protein 2 (MD-2) to form the TLR4-MD-2 complex
responsible for cell activation (TIRAP/MyD88 and TICAM1/2) (Vogel et al., 2003) and,
consequently, type I IFN production, IL-1 and IL-18 cytokines production (Figure 1.14) (Huber
et al., 2006; Jiang et al., 2005; Ko et al., 2017; Park and Lee, 2013; Tapping and Tobias, 1999;
Wright et al., 1990; Zanoni et al., 2011).

In fish, LPS exposure induces type | IFN expression (Acerete et al., 2007; Haukenes
and Barton, 2004; Holland et al., 2002), IL-1B up-regulation that provokes inflammatory
responses by increasing leukocyte activity in the head-kidney (Hong et al., 2003; Jiang et al.,
2008), lysozyme production (Kdbsel and Ramadori, 1994), leucocytes migration and
macrophage proliferation (Buonocore et al., 2006; Hong et al., 2001). Also, several studies have
reported the interaction of LPS with the endocrine system, causing increases the release of
corticotropin-releasing hormone, which stimulates adrenocorticotropic hormone, plasma
cortisol and modulation of glucocorticoid receptor expression in different tissues (Acerete et
al., 2007; Haukenes and Barton, 2004; Holland et al., 2002).
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Figure 1.14. Structure of the lipopolysaccharide (LPS) molecule. The cell-wall of Gram-negative
bacteria is composed by a lipopolysaccharide layer that stimulates the innate immune system of the host.
The LPS molecule is composed by a carbohydrate O antigen, an outer and inner oligosaccharide core
regions and a lipid A domain [BioRender software 2021 was used to prepare this illustration].

1.4.3.2. Poly I:C

Poly I:C is a synthetic analogue of double-stranded RNA composed of a polymer of inosinic
acid in one strand and a polymer of cytidylic acid in the other strand, resembling a virus. TLR3
was reported to be specifically linked to the recognition of this viral agonist and to limit virus
replication in the host cells in both immune (B cells, macrophages, dendritic cells) and non-
immune cells (fibroblasts, endothelial cells, keratinocytes) (Matsumoto et al., 2011; Yu and
Levine, 2011). Similarly to its effect on mammals, in teleosts poly I:C stimulates TLRs, in
particular TLR3, for example, in Danio rerio (Phelan et al., 2005), S. salar (Svingerud et al.,
2012), O. mykiss (Rodriguez et al., 2005) and Paralychthys olivaceus (Baoprasertkul et al.,
2006; Zhou et al., 2014). Also, there is evidence the involvement of other PRR, such as retinoic-
acid inducible (RIG) I-like (Jensen et al., 2002) and other humoral components such as IFN in
S. salar (Jensen et al., 2002) and O. mykiss (Alkie et al., 2019; Zhu et al., 2016) as well as
several cytokines in O. mykiss (Sakai et al., 2021).

1.5. Objectives of the thesis
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The main aim of this PhD thesis is to establish to what extent the evolution of the immune
system of Antarctic teleosts was shaped by the unique Antarctic environment. The teleost fish
immune system is increasingly being investigated because of their simplicity among vertebrates
and of their growing importance for aquaculture. However, the notothenioids are unique as they
underwent speciation in isolation, in the freezing and oxygen rich waters of the Antarctic,
relatively recently, approximately 20-10 million years ago. This makes it possible to gain
insight into the influence of the Antarctic environment and the rates of immune system
evolution by considering the repertoire of immune molecules and comparing them to the
evolutionary proximate sister groups outside Antarctica. This aim is expected to be achieved
by mapping the molecular elements using transcriptomic and metagenomic approaches and
selecting skin and intestine as the representative targets of the mucosal-associated lymphoid
tissues, and the head-kidney, spleen, and liver as immune tissues of two Antarctic

notothenioids.

The two notothenioid species chosen for the study were Notothenia coriiceps and
Notothenia rossii due to the available genome information for the former, their occupation of a
similar environmental niches and the fact they are phylogenetically close, making it possible to
explore general and specific evolutionary questions about of the immune repertoire. A further
factor was their ease of capture and manipulation. Both species are relatively abundant
throughout the Antarctic and are readily captured using a hook-and-line and can be maintained
for a short duration under confined experimental conditions. These are important factors when
working with wild species in an extreme environment and are often a limitation in polar
research. This study is important to understand how the immune system of these cold-adapted
species evolved, and it is hypothesized that its evolution has been shaped by the interplay
between host response, microbiota, and cold-adaptive evolution. Furthermore, it is of utmost
importance to understand how they respond to environmental change (such as pathogens and
temperature rise) to establish their likely resilience under climate change. This PhD thesis was
integrated in Noto-Immune, a collaborative project between Portugal and China.

For this study, the following specific objectives were proposed to achieve the global aim:

1) To test the hypothesis that innate immune system can induce iron deprivation as mechanism
of defence against LPS exposure in in Notothenia coriiceps and N. rossii. For this purpose,
several immune-related genes linked to iron metabolism were analysed and quantified after LPS

exposure. The head-kidney and the liver were chosen because, respectively, it is the principal
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hematopoietic tissue and it is the major tissue for iron storage. In addition, the iron ion levels
on plasma were measured to evaluate the changes at a systemic level (Chapter 2.1).

2) To test the hypothesis that the evolution of the notothenioid TLR gene family was modulated
by the low temperature conditions of Antarctica, TLRs from several notothenioids were
compared to other vertebrates using bioinformatic methods. These included phylogenetic
relationships among TLR, selective pressure analysis to identify amino acid changes of TLR
family members across species, gene expression patterns of several TLR in the head-kidney
and intestine. In addition, a LPS exposure experiment was performed and several biochemical
parameters in plasma measured to assess if LPS caused gene expression and functional changes
in N. rossii (Chapter 2.2).

3) To further test the hypothesis that Antarctic conditions shaped the evolution of immune genes
and their function, global transcriptomes of three immune tissues (head-kidney, skin and
intestine) from N. coriiceps were produced after 7 days of LPS stimulation. In parallel
biochemical analysis of blood plasma was carried out to identify the systemic effect of LPS
(Chapter 3).

4) To compare the differential immune response to bacterial and viral aggressions,
transcriptomes of several immune tissues (skin, intestine, spleen, and liver) from N. rossii after
exposure to bacterial LPS and viral Poly I:C were generated and analysed. In parallel functional
parameters in blood plasma were measured to better understand the innate immune response in
N. rossii (Chapter 4).

5) To better understand the interaction between environment, microbe, and host, the skin and
intestine (gut) microbiome of N. coriiceps and N. rossii, maintained at the normal 2°C and at a
high temperature of 6°C (global warming scenario), with and without LPS treatment were

analysed (Chapter 5).
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2.1.1. Abstract

The non-specific immunity can induce iron deprivation as a defence mechanism against
potential bacterial pathogens, but little information is available as to its role importance in
Antarctic fish. In this study the response of iron metabolism related genes was evaluated in liver
and head kidney of the Antarctic notothenioids Notothenia coriiceps and N. rossii 7 days after
lipopolysaccharide (LPS) injection. Average plasma Fe?* concentration was unaffected by
treatment in either species. The gene expression response to LPS varied between tissues and
species, being stronger in Notothenia coriiceps and more prominent in the head kidney than
liver. The reaction to LPS was marked by increased individual variability in most genes
analysed, even when the change in expression was not statistically significant, suggesting
different individual sensitivity and coping responses in these wild fish. We found that iron
related genes had an attenuated and homogenous response to LPS but there was no detectable

relationship between plasma Fe?* and gene expression. However, overall, in both tissues and
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species LPS exposure set a multilevel response that concur to promote intracellular
accumulation of iron, an indication that Antarctic Notothenoids use innate nutritional immunity

as a resistance mechanism against pathogens.

Keywords: Notothenia coriiceps, Notothenia rossii, iron metabolism, Antarctic fish,

nutritional immunity

2.1.2. Introduction

The vertebrates, including fishes, have developed innate and an adaptive immune
systems composed both cellular and humoral components to respond to pathogens (Barandica
and Tort, 2008). Both systems can be communicated through soluble mediators known as
cytokines that regulate the magnitude of the immune response, controlling pathogen growth,
promoting inflammation and triggering the adaptive immune response (Sompayrac, 2012). The
main organs with immunological function in fish are the thymus, spleen, liver, head kidney and
mucosa-associated lymphoid tissue (MALT). They can be grouped into primary and secondary
immune organs according to their participation in the production, maturation, activation and

proliferation of immune components (Soulliere and Dixon, 2017).

During inflammation, the innate immune system can induce several antimicrobial
mechanisms, including the depletion of iron available to the pathogen at the systemic and
cellular levels (Johnson and Wessling-Resnick, 2012). This defence mechanism, known as
nutritional immunity, consists of the removal of iron from the circulation and its subsequent
sequestration inside the cell (Collins, 2008). Proinflammatory cytokines such as IL-6 stimulate
the transcription of hepcidin, triggering and potentiating the hypoferric response of
inflammation (Nemeth et al., 2004a). Several bacterial pathogens obtain the iron they need for
their survival and replication from an external source (Bethke et al., 2016, 2018; Calquin et al.,
2018; Pulgar et al., 2015; Ratledge and Dover, 2000). For this reason, eukaryotic organisms
must effectively control iron homeostasis, through the regulation of the proteins involved in its
metabolism (Skaar, 2010).

In fish, iron is mainly taken up by the intestine (Bury and Grosell, 2003) where it can
enter as heme iron, Fe** and Fe*" (Bury and Grosell, 2003). Duodenal cytochrome B is
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necessary to convert Fe®* to Fe?* (Bury and Grosell, 2003). The pool of Fe?* interacts with the
divalent metal transporter present on the apical side of the enterocytes (Andrews, 1999; Gunshin
et al., 1997). Once inside the cell, the iron can be stored in the cytoplasmic ferritin (the portion
of iron that is not for immediate use) (Torti and Torti, 2002), directed towards the mitochondria
(for biosynthesis of the Fe-S cluster and heme group) or used in other routes of iron metabolism
(Hentze et al., 2004).

The exit of iron from the enterocytes is regulated by ferroportin (Donovan et al., 2000).
However, hepcidin can induce the degradation of ferroportin, controlling the release of iron
from the basolateral membrane into the bloodstream (Nemeth et al., 2004b). The export of iron
also depends on the presence of a copper-associated oxidase, hephaestin in intestinal cells or of
ceruloplasmin in non-intestinal cells (Harris et al., 1999; Vulpe et al., 1999). The ferroxidase
allows the iron to be loaded on to the cytoplasmic transferrin to be directed to other tissues that
need it (Hentze et al., 2004). In which case, iron uptake can be mediated by transferrin receptor
1 (TfRC1) that is expressed in all tissues (Cheng et al., 2004) or by transferrin receptor 2
(TfRC2) that in mammals is found in hepatocytes, duodenal crypt cells and erythroid cells,
suggesting a more specialized role of this receptor in iron metabolism (Kawabata et al., 1999).
In fish, such as Salmo salar and Eleginops maclovinus, the expression of the main proteins
involved in iron metabolism appears to be modulated by the presence of live bacterial pathogens
(Martinez et al., 2017a; Pulgar et al., 2015)

Research on Antarctic fish immune responses has mainly addressed the effect of thermal
stress on the metabolism of carbohydrates and antioxidant defence system (Klein et al., 2017b;
Machado et al., 2014; Souza et al., 2018), or analysed the level of transcriptional response of
immune genes after stimulation with Poly I:C and with heat-killed cells, E. coli (Ahn et al.,
2016) and Psychrobacter sp. (Buonocore et al., 2016). Furthermore, cDNAS of iron metabolism
proteins have been cloned, e.g., ceruloplasmin (Cp), transferrin (Tf), ferritin heavy chain (Fth1)
and divalent metal transporter 1 (Dmtl) (Scudiero et al., 2007, 2009), but no specific
information is available on how they are regulated before an infectious process. Furthermore,
there is no information on nutritional immunity associated with iron in Antarctic fish or if this
type of immune response could be activated by the detection of pathogen-associated molecular
patterns (PAMPSs), which activate the immune system, but do not require iron. Therefore, the
objective of the present study was to evaluate the transcriptional response of immune genes
associated with iron in relation to stimulation with lipopolysaccharide (LPS) in the Antarctic

Notothenoids Notothenia coriiceps and Notothenia rossii.
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2.1.3. Material and Methods

2.1.3.1. Sample collection

Notothenia coriiceps (30 = 2.4 cm of length and 384 + 93 g of weight) and N. rossii (30
+ 4.2 cm of length and 312 + 124.7 g of weight) were captured by hook-and-line from a boat,
from 5-20 m deep in the waters near the Chinese Great Wall Station, at King George Island
(GPS coordinates: 62°13'S, 58°58'W), in the Antarctic Peninsula, during late January 2017.
Upon fishing fish were initially randomly placed in six 200 L flow-through plastic tanks for up
to 3 days and then measured, weighed, tagged with opercular metal tags and allocated in groups
with similar biomass and size distribution in the same flow-through system (two tanks per
species; n=7-8 per tank). Fish were anesthetized in phenoxyethanol (0.02 ml/L) before all
experimental manipulations and left undisturbed for 1 week before the experiments to
acclimate. At day 0 fish were anesthetized as above and one group per species was injected
intraperitoneally (IP) with saline (1.1% NaCl, 0.2 vol. % body weight) and acted as control,
while the other group was IP-injected with LPS (1.5 mg/ml LPS E. coli 0111:B4 in 1.1% NaCl,
0.2% vol body weight, to an effective dosage of 3 mg/kg). This procedure was repeated in day
2, when fish received a second injection of either saline (control) or LPS. At day 7 all fish were
lethally anesthetized, blood was collected in heparinized syringes (ammonium salt heparin,
1000 U/ml, Sigma-Aldrich), and fish were sacrificed by cervical section to collect tissues. The
head kidney and liver were dissected aseptically, immediately placed in RNAlater (Sigma-
Aldrich), placed at 4°C for 24 hours and then stored at -20°C. The blood was centrifuged at
10,000 g for 5 min at 4°C, the plasma separated and stored at -80°C. Water parameters in tanks
were monitored twice daily and were approximately constant throughout the experiment -
temperature (2.1 £ 0.5°C), salinity (29 = .5 ppt) and oxygen (10.5 £ 1.0 ppm). Two N. coriiceps
died in the LPS group and no mortality was observed for N. rossii.

2.1.3.2. Blood plasma iron
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For determination of iron, 1 ml of 5% nitric acid (Sigma-Aldrich) was added to the blood
plasma (110 pl), followed by sonication for 10 min and centrifugation at 16,000 g for 5 min at
room temperature. The supernatant was removed to a new 15 ml falcon tube and the Fe?*
fraction was measured at 259.940 nm in an Agilent Microwave Plasma Atomic Emission
Spectroscope (4200 MP-AES, Agilent Technologies). Only Fe?* was measured due to
limitations of plasma volume and of the spectrometer which could not measure the Fe®*
emission wavelength. The Agilent MP-AES Expert software was used to calculate
concentration based on a 14 points standard curve (range 4.47E-05 mM — 4.47E-08 mM) with
automatic background subtraction provided by a blank (5% nitric acid), in accordance with the
manufacturer’s instructions. The limits of detection (LOD) and limit of quantification (LOQ)
were calculated from three and ten times the standard deviation of 15 consecutive blank
measurements, respectively (Li et al., 2013). The values obtained were 3.77E-05 mM to LOD
and 1.26E-04 mM to LOQ. The presence of interference was analysed through spiking samples
with 8.95E-04 mM (50 ppb) and 1.79E-03 mM (100 ppb) standards to the plasma samples and
was found not to be significant. Recoveries were calculated from the same spiked plasma

samples and estimated at 105%.

2.1.3.3. RNA processing and quantification

Total RNA was extracted from 50 mg of tissue using Trizol (Ambion), following the
manufacturer's instructions. The RNA pellets were dissolved in diethylpyrocarbonate water
(DEPC, Sigma-Aldrich) and stored at -80°C. RNA was quantified spectrophotometrically at
260 nm (NanoDrop Technologies) and quality was checked using electrophoresis in 1% agarose
gels. Total RNA (2 pg) was used as a template for reverse transcription reactions to synthesize
cDNA using MMLYV reverse transcriptase (Promega) and the oligo-dT primer (Invitrogen).

The cDNAs were diluted to 100 ng (2 pL) and used as a template for quantitative
polymerase chain reaction (QPCR) of ferritin heavy chain (Fthl), ferritin middle chain (Fm),
ferroportin (Fp), transferrin (Tf), general identification as transferrin receptor (TfRC) on NCBI
database, however with higher similarity with transferrin receptor type 1 (TfRC1) based in
ENSEMBL and CCMAR Sea Genomics databases, general nomenclature as hepcidin-like
(Hamp) identified on public NCBI database, however has more similarity to hepcidin type 2
variant 4 (Hamp2) based on CCMAR Sea Genomics database, ceruloplasmin (Cp), interleukin-
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6 receptor alpha chain (IL-6Ra), IL-6 receptor beta chain (IL-6R/), and 18s ribosomal RNA
(18S). The primers for interleukin-6 were not considered because they did not work very well.
These primers were designed based on Notothenia coriiceps species because is the only genome
partially published and available on public NCBI database (https://www.ncbi.nlm.nih.gov/) and
further confirmed by blast against of several known genome of fish species that are
phylogenetically similar such as Danio rerio, Oryzias melastigma, Oreochromis niloticus,
Gasterosteus aculeatus, Tetraodon nigroviridis, Xiphophorus maculatus by public ENSEMBL
database (https://www.ensembl.org/index.html) and Dicentrarchus labrax and Sparus aurata
fish species by public CCMAR Sea Genomics database (http://146.193.226.37/). The gPCR
reaction was performed according to a published protocol (Martinez et al., 2017b)A melting
curve analysis confirmed that only one PCR product was amplified in all cases (the primer pairs
used and their efficiencies are listed in Table 2.1.1). Expression levels were analyzed using the
comparative Ct method (224€T) (Livak and Schmittgen, 2001). Data were expressed as the fold
change in gene expression normalized to an endogenous reference gene (housekeeping 18s) and
relative to the untreated control. PCR efficiencies were calculated according to the equation:
E=10 ["/slopel (Rasmussen, 2001).
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Primer

Ferritin heavy chain
(Fth1) Fw

Ferritin heavy chain
(Fth1) Rv

Ferritin middle chain
(Fm) Fw

Ferritin middle chain
(Fm) Rv

Ferroportin (Fp) Fw
Ferroportin (Fp) Rv
Hepcidin type 2
(Hamp2) Fw

Hepcidin type 2
(Hamp2) Rv
Ceruloplasmin (Cp) Fw
Ceruloplasmin (Cp) Rv
Interleukin 6-receptor o
chain (IL6Ra) Fw

Interleukin 6-receptor a
chain (IL6Ra) Rv

Interleukin 6-receptor p
chain (IL6RB) Fw
Interleukin 6-receptor B
chain (IL6RB) Rv
Transferrin (Tf) Fw
Transferrin (Tf) Rv
Transferrin receptor
type 1 (TIRC1) Fw
Transferrin receptor
type 1 (TFRC1) Rv
Housekeeping (18s) Fw
Housekeeping (18s) Rv

Nucleotide
sequences (5'3')

AGTGGAGGCCCTTGAATGTGC
GTCCAGGTAGTGAGTCTCGATGAA
GGACACAGGATGCCGACATAA
AACGCTACTCCACTTCCCCA

GCCATGGGTCACGTCATGTA
GTTAGACGGTGGTGGGAAGG
GAGCCGATGAGCGTTGAAAG

AGGACAATCCGCAGACACC

GTTTCCAGCCACCTTTCAGACAGT
TCGCCTCCATGCCACCTTTAAT
TGGCAGCTTAAGCCAGAAGG

GGCAATTGGAGCGTAGGTCT
GGACAATGAGATCGCCATGC
TGTCAACCCTTGATAAAGCCC

CAGTGGTCAGGCGTTGAAGA
TAGTAAGGCTCGGTGTGGGA
GTCCCCCAGAGAGAGTCCAT

TCGGAACAGGTTGAAGTCGG

GTCCGGGAAACCAAAGTC
TTGAGTCAAATTAAGCCGCA

PCR product
size

130pb

121pb

127pb

139pb

104pb

148pb

131pb

146pb

127pb

116pb

GenBank

FM210467.1

XM_010792901.1

XM_010788639.1

XM_010774309.1

XM_010778042.1

XM_010787044.1

XM_010787241.1

NM_001303296.1

XM_010774827 1

AF518193.1
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Efficiency
Liver (%)

97.4

105

97.4

105.9

109.6

109.7

100.7

107.3

103.5

107.9

N. coriiceps

Efficiency
Head-kidney (%)

109.4

102.2

107.2

105.9

98.7

97.6

98.3

105.9

109.2

101.6

Efficiency
Liver (%)

95.8

95.3

96.6

100.9

106.3

101.5

99.1

94.2

108.6

N. rossii

Efficiency
Head-kidney (%)

94.2

104.6

101.3

96.7

100.8

95.8

107.1

99.7
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2.1.3.4. Statistical Analysis

Data is shown as mean = standard error (SE) of the mean. Normality and homogeneity
of the variances were verified using the Shapiro-Wilk test. The logarithmic transformation was
used if data did not follow a normal distribution. The Student’s t-test was used to compare the
effect of LPS versus control for iron and gene expression data. The level of statistical
significance was 5%. Because several comparisons did not achieve statistical significance and
an increase in variability was observed in the LPS treated samples, a Principal Component
Analysis (PCA) with rotation based on the Varimax equation with Kaiser Normalization was
carried out order to determine the global sample distribution between control and LPS mean
centered data in liver and head-kidney of the two species. A Principal Component Regression
was applied to discriminate between control and LPS treatment groups. The software SPSS
(IBM SPSS version 25) was used for the statistical analysis.

2.1.4. Results

2.1.4.1. Plasma iron and expression of iron-related immune genes

The concentration of plasma iron (Fe?*) varied between 6.53x107 and 1.08x102 mM in
N. coriiceps and 7.05x107 — 1.05x102 mM in N. rossii, with no statistical difference between
control and LPS treatment (Figure 2.1.1 a,b).

The iron-related immune gene expression response to LPS varied with tissues and
species. N. coriiceps was more responsive to LPS than N. rossii. In N. coriiceps of the nine
genes analysed, 4 were significantly upregulated (p<0.05) in the liver and 7 in the head-kidney,
3 of which were common to both tissues - Fthl, Tf and Hamp2 (Figure 2a-i). In contrast, in N.
rossii only Hamp2 was significantly upregulated in the liver and 3 genes were significantly
upregulated in head kidney — Fth1, Tfand Cp (Figure 2a-i). Fp was significantly downregulated
in N. coriiceps liver while Cp and TfRC1 were significantly downregulated in N. rossii liver

(Figure 2.1.2 c,e,9).
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a) N. coriiceps
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Figure 2.1.1. Iron concentration (Fe?*) in plasma in fish receiving two injections (on day 0 and day 2)
of saline (Control) or LPS. (a) N. coriiceps (n =7 and 5, respectively) (b) N. rossii (n=8). The final
concentration was calculated considering the dilution factor (9x) and molar mass (55.847 g mol -1). No
statistical differences are observed among different treatment groups (Student’s t-test, P > 0.05).
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Figure 2.1.2. Gene expression of ferritin heavy chain (Fthl) (a), ferritin middle chain (Fm) (b),
ferroportin (Fp) (c), transferrin (Tf) (d), transferrin receptor 1(TfRC1) (e), hepcidin 2 (Hamp2) (f),
ceruloplasmin (Cp) (g), interleukin 6-receptor alpha chain (IL6Ra) (h), interleukin 6-receptor beta chain
(IL6RDb), (i) in liver and head-kidney of N. coriiceps (NC) and N. rossii (NR) injected with serum saline
(Control) or LPS. Relative expression was calculated by the 2 AACT method using the 18s ribosomal
protein as the internal reference gene. Each grey bar value is the mean + S.E.M and the black dot value
correspond to each individual fish (n = 5-7 for N. coriiceps and n = 8 for N. rossii). Asterisks indicate
statistical differences among different treatments for each tissue and species (Student’s t-test, P < 0.05).

2.1.4.2. Multivariate analysis

Since the response to LPS was relatively weak but an increase in gene expression
variability was apparent, even when not statistically significant, we sought to determine if there
was an association of the gene expression responses with the experimental groups using PCA
for each tissue and species. In N. coriiceps liver, 78% of the gene expression variance was
explained by the two first principal components (PC), 42% for PC1 and 36% for PC2. In head
kidney, the two first PC explained 85% of the gene expression variance, 60.5% for PC1 and
25.2% for PC2. In N. rossii liver, 3 PC were required to explain almost 75% of the gene
expression variance, 34.1% for PC1, 22.9% for PC2 and 18.3% for PC3. In head kidney, 3 PC
explained 80% of the gene expression variance, 40.8% for PC1, 23% for PC2 and 15.7% for
PC3. From the component coefficient matrix and the rotated component matrix (Table 2.1.2),

the differentiation between genes and treatment groups occurred mainly along PC1 for both
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tissues and species. A Principal Component Regression used the first 2 PC variables as
regressors to determine the variance between the group clusters. For both immune tissues of N.
coriiceps the clusters of control and LPS groups aggregated wide apart; the variance of control
individuals was low and in contrast the LPS treatment had a higher variance (points less
aggregated; Figure 2.1.3 A,B). By comparison, in N. rossii the clusters of the control and LPS
groups were closer together. Furthermore, individuals of the control group clustered together,
as in N. coriiceps, but individuals of LPS group appeared more dispersed, some of which close
to the control group (Figure 2.1.3 C,D). Overall, all control individuals were correctly
classified in the two species and 82% of N. coriiceps and 85% of N. rossii were correctly
classified as belonging to the LPS group.

Table 2.1.2. Principal Component Analysis by rotation method (Varimax with Kaiser Normalization)
applied in different iron-related genes in liver and head kidney of N. coriiceps and N. rossii.

Rotated component matrix

Tissue - Species Liver = N. coriiceps Head kidney - N. coriiceps Liver - N. rossii Head kidney = N. rossii
Genes Component Component Component Component

1 2 1 2 1 2 3 1 2 3
Ferritin heavy chain (Fth1) 0.924 —-0.66 0.972 —0.002 -0.078 0.861 —-0.371 0.639 0.089 0.673
Ferritin middle chain (Fm) 0.228 0.847 0.689 —0.676 0906 -0.117 0.027 0.985  —0.001 0.069
Ferroportin (Fp) —0.766 0.589 0917 —0.281 0.922 0177  -0.036 0.951 0.071  —-0.094
Transferrin (77) 0.547 0.428 0.966 0.030 0.089 0.737 0172 0.035 0.928 —0.009
Transferrin receptor type 1 (TARC1) —0.428 0.865 0.930 -0.023 0.559 0.764 0.012 0.301 0.550 0.571
Hepcidin type 2 (Hamp2) 0.962 0.221 0.917 0.226 -0.225 0.217 —0.808 —0.208 0.349 —0.686
Ceruloplasmin (Cp) -0.47 0.901 0.603 0.692 0.022 0643 -0.113 0.546 0.490 0.169
Interleukin 6-receptor a chain (IL6Rw) 0.968 -0.18 0.039 0.915 -0.023 0.619 0.674  -0.085 0.905 —0.069
Interleukin 6-receptor f chain (IL6RB) 0.424 0.847 0.875 —0.460 0.886 0.118 -0.062 0.972 —0.082 0121
Cumuiative Variance Explained (%) 42.1 78.1 61.3 85.7 34.1 57.1 783 40.8 63.8 79.5
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Figure 2.1.3. Scatterplot of principal component regression on two dimensions (PC1 and PC2) showing
the confidence ellipses (95%) and respective centroids between control and LPS groups, in liver (A) and
head-kidney (B) of N. coriiceps and in liver (C) and head-kidney (D) of N. rossii.

2.1.5. Discussion

This study found that stimulation with lipopolysaccharide, a gram-negative cell wall
component, had no effect on circulating Fe?* levels, of two closely Notothenioid species, N.
coriiceps and N. rossii, but caused modifications in the expression of iron metabolism related
immune genes, both in liver and in head kidney. This gene response showed important
differences in magnitude between species, and the effects of LPS were more attenuated and

variable in N. rossii when compared to N. coriiceps.
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In the present study no significant changes were observed in plasma Fe?* between the
two Notothenia species and in response to LPS. Since Fe?* concentrations were within the range
of measurements made in other teleosts (Congleton and Wagner, 1991; Kopp et al., 2011,
2014), it suggests potentially similar requirements and homeostatic mechanisms between
Antarctic and temperate fish. Although it has been shown in many vertebrate species that
bacterial infection leads to a depletion of circulating iron reviewed by (Johnson and Wessling-
Resnick, 2012; Skaar, 2010), most studies in fish showed either acute or week-lasting effects
of LPS administration over the expression of iron-chelating or iron-transporting mechanisms
but did not measure the ion itself (Liu et al., 2012; Martinez et al., 2017a; Prieto-Alamo et al.,
2009) and thus the effectiveness and dynamics of LPS alone in lowering plasma iron is far from
resolved. In rainbow trout, Oncorhynchus mykiss, LPS injection (1mg/kg) caused a significant
decrease in plasma iron within 48-72 hours post-injection but circulating levels returned to
normal by 96-120 hours (Congleton and Wagner, 1991) and similar kinetics were observed in
Atlantic salmon, Salmo salar, injected an identical dosage (Langston et al., 2001). It is therefore
also possible that an effect in Fe?* plasma concentrations may have been missed in our time-
frame and dosage, which followed previous studies on temperate fish (Chen et al., 2016;
Guzman-Villanueva et al., 2013; Nayak et al., 2011; Seppola et al., 2015) but may less adequate
in these Antarctic species. In the present study fish were injected twice, at 0 and 48 hours, and
sampled at 72 hours after the last injection, a design chosen taken in consideration that low
temperature habitats may contribute to a slower innate immune system response, as it has been
described in cold-water fish when compared to temperate fish (Abram et al., 2017; Bonneaud
et al., 2016; Chen et al., 2016; MacKenzie et al., 2008; Magnoni et al., 2015; Martinez et al.,
2017a).

The overall gene expression response, albeit not as vigorous as in other vertebrates
(Bethke et al., 2016; Collins, 2008; Johnson and Wessling-Resnick, 2012) , also suggests that
an iron related immune response is active, much alike what it was seen in the sub-Antarctic
Notothenioid Eleginops maclovinus (Martinez et al., 2017a), the Senegalese sole, Solea
senegalensis (Prieto-Alamo et al., 2009) or the roughskin sculpin, Trachidermus fasciatus (Liu
et al., 2012), among other fish species.

Several genes with important roles in iron metabolism responded in the liver and head
kidney in one or both species. Interestingly, there were differences in responsiveness between
the two species, with more genes responding and at a higher level in N. coriiceps. The reason

for this is not immediately apparent but the two species, although captured in the same general
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area, tend to segregate with N. rossii in open and deeper channels and N. coriiceps usually under
rocks in shallower waters (Barrera-Oro et al., 2019; Jones et al., 2009; Kandalski et al., 2018),
which could lead to different exposure to potential pathogens and different immune
responsiveness. Some N. coriiceps specimens can be found near the surface in low tide, hiding
in rock crevices surrounded by algal debris, thus possibly more exposed to microorganisms.
Additionally, while N. coriiceps lives in these coastal shallow waters throughout its life, in the
case of N. rossii only the juveniles appear to use these areas, with adults moving into deeper
and open waters (Jones et al., 2009), and a life stage difference can thus account for some of

the variance in the responses.

The liver is a major organ for iron storage and the site of synthesis for many proteins
involved in iron metabolism. Although we have not determined iron levels in liver, the overall
changes in gene expression in both species seem to favour iron accumulation in liver cells
although this is more evident in N. coriiceps. In N. coriiceps liver upregulation of Fthl and Tf
may promote binding of intracellular iron while upregulation of Hamp2 and downregulation of
Fp should inhibit its export (Neves et al., 2009; Torti and Torti, 2002; Zahringer et al., 1976).
In N. rossii liver the export machinery seemed to be downregulated (increased Hamp2 and Cp
and reduced TfRCL1 transcription) but the net effect is expected to be in the same direction and

would reduce iron availability for extracellular bacteria.

The fish head-kidney is involved in the immune response, but it is also the major
haematopoietic organ, thus a likely responder to LPS and an important site for iron trafficking.
In fact, expression of head-kidney hepcidin genes has been described as a crucial regulator of
erythropoiesis during anaemia in fish (Neves et al., 2016). In our experiment, the tendency for
intracellular accumulation of iron in the head kidney is apparent in N. rossii (by upregulation
of Tf, Fth1 and Cp) and also in N. coriiceps (upregulation of Tf, Fth1, Fm, and Hamp2) although
in the later species iron turnover rate may be increased (by upregulation of TfRC1 and Cp,
possibly involved in extracellular transport). Overall this is consistent with previous reports
which suggested an iron deficiency condition after LPS stimulation of the European sea bass,
Dicentrarchus labrax (Neves et al., 2009) and the sub-Antarctic Eleginops maclovinus
(Martinez et al., 2017a) and up-regulation of the same iron-related genes during experimentally

induced anaemia in fish (Neves et al., 2016)

Interleukins are modulators of haematopoiesis, inflammation and immune responses. It

has been further shown in fish that IL-6 is induced in macrophages during sepsis, and suggested

73



Chapter 2.1

that this may concur to reduce iron availability by induction of hepcidin, as a means to limit the
spread of infection (Costa et al., 2011). Interleukin 6 could not be analysed despite several
attempts to isolate the IL-6 sequence in both species, based on the N. coriiceps genome
(available in NCBI database, under ID: GCF_000735185.1) (Shin et al., 2014) and in our
transcriptomic data on N. rossii (unpublished). However, the two interleukin 6 receptor genes
were analysed, IL-6Ra was highly expressed in liver and IL-6RfS was highly expressed in head
kidney of N. coriiceps. Interestingly, no significant change in gene expression response
occurred in N. rossii. The differential response of IL-6R genes between the two species is
consistent with iron metabolism-related genes response which was higher in N. coriiceps. This
may suggest that also in these species IL-6 cytokines are involved in the induction of the
synthesis of the iron regulatory hepcidin during hypoferremia inflammation (Berczi and
Szentivanyi, 2003; Nemeth et al., 2004a; Roy et al., 2016; Shi and Camus, 2006). As indicated
above, either the timing or a lower general immune response may explain the observations of
low or poor immune responses. Although unlikely because of their close phylogeny, it is also
possible that the two species may employ alternative pathways in iron metabolism defense.
Indeed, species differences in physiology seems to exist. N. coriiceps appear to have lower
thermal tolerance than N. rossii based on endocrine, metabolic and antioxidant parameters
(Kandalski et al., 2018). Also, the more active N. rossii seems to have higher antioxidant
defense system (ROS scavenge) enzyme activity than N. coriiceps, which could be related to
their habits and different metabolic rates (Klein et al., 2017b).

Regardless of the changes in the mean expression level of the genes tested, a striking
effect of the LPS injection was the increase in the variability of the individual response, when
compared to the fish injected with saline. This is observable when looking at the individual
gene expression variation and becomes obvious when a PCA was performed. From the analysis
it is obvious that some individuals clearly responded to LPS by mounting an immune/iron-
related reaction, but not others. This lack of synchronicity in response to a seemingly stressful
process has been observed in many species, especially when using wild-caught specimens, with
likely variations in their life-history experiences (Robertson et al., 2016), nutrition state (Ahola
et al., 2017), physiological conditions (Killen et al., 2017) or stress response norms (Balasch
and Tort, 2019). In our case, fish were acclimated before the experiments and treated equally
thereafter, but changes in size, age and possibly on social condition (Filby et al., 2010) still
existed. Additionally, this variability was also observed on the nature of the genes that
responded and not only on the magnitude of the response. This could reflect differences in
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sensitivity or differences in baseline iron, resulting in an asynchronous response. As indicated
above for plasma Fe?* our initial assumption was that a slower metabolism at low temperature
could delay the response to LPS compared to temperate teleosts, but this assumption may have
been proven wrong. It is possible that an acute response to LPS may have been missed early in
the relatively long timeframe of this experiment. Further studies, using several shorter time
points, and including iron transport should help to understand innate nutritional immunity in
Antarctic fish.

In summary, despite a less than robust immune response of Antarctic notothenoids
marked by considerable individual variability we have shown that overall LPS promotes the
mobilization of genes important for iron retention in liver and head-kidney which should
contribute to lower iron levels in extracellular fluids and fight bacterial infection through iron

starvation.
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2.2.1. Abstract

Toll-like receptors (TLRs), an ancient and well conserved group of pattern recognition
receptors (PRRs) of innate immunity, recognize conserved pathogen associated molecular
patterns (PAMPs). The unique fish fauna living at near-zero degrees temperature in Antarctic
waters prompted the study of their TLR repertoire and evolution considering the microbiota
they co-evolved with. Comparative analysis of TIr in the teleost fish species rich lineage of
Antarctic Nototheniidae, and the non-Antarctic sister lineage Bovichtidae, as well as teleosts
from temperate regions and other vertebrates, revealed that the environment had little impact
on gene number. Notable conservation of TLR family members occurred across vertebrates,
including the Nototheniidae- the basal D. mawsoni, which along with Pleuronectiformes
suffered notable gene loss. Selective pressure in the Tlr ectodomain and within the leucine-rich
repeats involved in pathogen recognition of tlr5, tIr8, tIrl3, tlr21, tIr22 and tlr23 in
Nototheniidae may represent adaptation to a unique Antarctic microbiome. Lipopolysaccharide
exposure in N. rossii significantly increased plasma lysozyme activity but tlr5, tlr21 and tlr22
gene expression in the head-kidney and anterior intestine was not affected 8 and 24 h post-
challenge at +2°C. A temperature increase from 2 to 6°C significantly upregulated tir5 and tlr22
expression in the head-kidney of control and LPS challenged fish and tlr21 significantly
decreased in the anterior intestine. Our data suggests that adaptation of Nototheniidae to the
cold and stable Antarctic environment have not affected tlr gene number evolution, but species-
specific changes occur that may affect PAMP recognition and function associated with co-

evolving microbiota and their adaptation to specific niches.

79



Chapter 2.2

Keywords: TLR, Antarctic fish, innate immunity, immune challenge, cold temperature,

evolution

2.2.2. Introduction

The innate immune system is a defence mechanism present in all metazoans and
provides a rapid and nonspecific cellular and humoral response against a wide range of viruses,
bacteria, fungi, and parasites (Smith et al., 2019). The molecular elements of innate immunity
include soluble mediators (such as, cytokines, chemokines, antimicrobial peptides, lytic
enzymes, growth inhibitors) and innate immune cells such as granulocytes and phagocytes and
cell receptors (Uribe et al., 2011). Tissues such as the thymus and head-kidney are the principal
immune organs, while the spleen, liver and mucosa-associated lymphoid tissues , such as the
skin and intestine, are secondary immune organs, but they all play a major role in innate
immunity (Soulliere and Dixon, 2017). The antigen-specific acquired immune response
involving B and T lymphocytes is poorly developed in fish while the innate immunity is the

prevalent immune response (Katzenback, 2015; Uribe et al., 2011)

Innate immune host-cell receptors detect beneficial and pathogenic microorganisms
through the recognition of microbe associated molecular patterns (MAMPS) and pathogen-
associated molecular patterns (PAMPs, (Akira et al., 2006)). A broad repertoire of pattern
recognition receptors (PRRs) is encoded in the germline of invertebrate and vertebrate host cells
and include Toll-like-receptors (TLRs), C-type lectin receptors, RIG-I-like receptors, and
NOD-like receptors that survey the host microbiome (Brubaker et al., 2015; Thaiss et al.,
2016a). The TLR superfamily of PRRs are transmembrane (TM) type-1 proteins best
characterised for their interaction with PAMPs and modulation of host innate immunity through
the NF-kB signalling pathway (Azam et al., 2019; Dorrington and Fraser, 2019; Liu et al.,
2017).

A diverse range of pathogen derived macromolecules (proteins, lipids, carbohydrates,
and nucleic acids) are recognized by the extracellular N-terminal leucine-rich repeat (LRR)
motif of TLRs, which is under high selective pressure for pathogen recognition (Dhar et al.,
2019; Wang et al., 2016a). TLRs are also characterized by a highly conserved Toll/interleukin-

1 receptor (TIR) intracellular domain that after receptor interaction with PAMPs, trigger the
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intracellular signalling cascade that leads to an inflammatory response (Ahn et al., 2014; Palti,
2011; Pietretti and Wiegertjes, 2014; Rosenstiel et al., 2009; Satake and Sasaki, 2010; Werling
et al., 2009). The TIR domain recruits cytosolic adaptor proteins, such as myeloid
differentiation factor (MyD88) and TIR-domain-containing adaptor-inducing beta interferon
(TRIF) ) that trigger immune signalling and induce the production of cytokines (Deguine and
Barton, 2014; Moresco et al., 2011).

In humans and other mammals, 10 well-characterized TLRs (TLR1-TLR10) exist and
in other vertebrates the gene number is variable. In teleost fishes, up to 16 Tlrs have been
reported in temperate species but gene number varies across species (Barreiro et al., 2009; Ji et
al., 2018; Liu et al., 2019). Exceptions are the cod (Gadus morhua) and the zebrafish (Danio
rerio), which underwent isoform-specific gene family expansions to generate 42 and 24 tlr
genes, respectively (Solbakken et al., 2016). The acquisition of extra #/r isoforms in cod has
been correlated with the highly variable pathogen loads and community composition of the
paleoclimatic Arctic conditions (Solbakken et al., 2016). In fact, the large number and diversity
of bacteria and viruses found in aquatic environments is proposed to have strongly influenced
innate immunity in teleosts (Groff, 2001). The vertebrate TLRs are classified into six
superfamilies based on sequence similarity: TLR1 (TLR 1, 2, 14/18, 15, 25, 27), TLR3 (TLR3),
TLR4 (TLR4), TLRS (TLRs 5, 5S), TLR7 (TLR 7, 8, 9) and TLR11 (TLR 11, 13, 21, 22, 23)
(Nie et al., 2018). In mammals, members of the TLR 1, 2, 4, 5 and 6 subfamilies are localized
at the cell membrane and recognize mainly bacterial pathogens, while TLRs 3, 7, 8 and 9, are
localized in the endosomes and respond more to viruses (Kawai and Akira, 2010; Liu et al.,
2019). In teleosts, Tlr function in immunity is largely unexplored but protein homology
indicates they probably recognise similar pathogens to mammals, and some recognize both
bacterial and viral pathogen components (Liu et al., 2019; Palti, 2011).

Here we test the hypothesis that the Notothenioids, a group of fish adapted to the
extreme cold of the Antarctic and exposed to a unique microbiome, possess a divergent Tlr
repertoire relative to other teleosts. The Nototheniidae arose through adaptive radiation
approximately 10 million years ago and is species rich relative to the non-Antarctic sister
lineage. They acquired specific morphological and molecular modifications driven by habitat
utilization and the extreme cold and stable sea water environment (range ca. -2°C to +2°C) (Near
et al., 2015 Near et al., 2012). Comprehensive characterization and comparative sequence
analysis was performed to define the t/r repertoire in the Antarctic Nototheniidae and the sister
lineage represented by the sub-Antarctic Cottoperca gobio (family Bovichtidae) (Near et al.,

2015) in relation to other teleost fishes and other vertebrates. Gene linkage analysis was
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performed to map tir gene evolution at the genome level and codon usage bias was used to
establish if ancient adaptation events spanning speciation have occurred in tlr of Nototheniidae.
The flatfish (Pleuronectiformes), which occupy a demersal niche, are cosmopolitan and
undergo profound body remodelling during development and for which several genomes are
available, were included to assess if these characteristics influenced tlr evolution. A
lipopolysaccharide (LPS) challenge of Notothenia rossii was used to assess the transcriptional

response of #/r under control and increased environmental water temperature.

2.2.3. Material and Methods

2.2.3.1. In silico databases searches

To characterize tlr gene members in Antarctic Notothenioidei , available molecular data
for six species of Nototheniidae Notothenia coriiceps (Nco), Chionodracos hamatus (Cha),
Trematomus bernacchii (The), Pseudochaenichthys georgianus (Pge), Gymnodraco acuticeps
(Gya), Dissostichus mawsoni (Dma) and Cottoperca gobio (Cgo) of the sub-Antarctic
Bovichtidae were screened for homologues using the previously reported (Ahn et al., 2014) N.
coriiceps sequences as the query using BLAST (Altschul et al., 1990). To increase the number
of nototheniids in the analysis an “in house” de novo multi-tissue transcriptome assembly of N.
rossii was interrogated with tlr using the tBLASTn algorithm (Supplementary table 2.2.1,
Annex 1). The retrieved sequences were translated into predicted proteins with the EXPASy
translation tool (Artimo et al., 2012) and their identity was confirmed by searching against the
human sub dataset (human (taxid:9606)) Of non-redundant (nr) nucleotide database at the
National Center for Biotechnology Information. The tlr gene complement in the genomes of
seventeen other teleosts were also determined and included three other Perciformes (same order
as Nototheniidae), and two other evolutionary proximate species within the Eupercaria clade
the Dicentrarchus labrax (Dla, Moronidae family) and Sparus aurata (Sau, Sparidae family)
(Hughes et al., 2018). Representatives of evolutionary related teleost taxonomic orders were
also searched such as Dicentrarchus labrax (Dla) and Sparus aurata (Sau),
Gasterosteiformes Gasterosteus aculeatus (Gac), one Beloniformes (Oryzias latipes, Ola), one
Characiformes (Astyanax mexicanus, Ame), one Cichliformes (Oreochromis niloticus, Oni),
two Cyprinodontiformes (Poecillia formosa, Pfo and Xiphophorus maculatus, Xma), one

Cypriniformes (Danio rerio, Dre), one Gadiformes (Gadus morhua, Gmo), four
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Pleuronectiformes (Paralichthys olivaceus, Pol, Cyonoglossus semilaevis, Cse, Solea
senegalensis (Sse) and Hippoglossus hippoglossus (Hhi)), one Salmoniformes (Salmo salar,
Ssa) and two Tetraodontiformes (Takifugu rubripes, Tru and Tetraodon nigroviridis, Tni).
Putative tlr genes were retrieved based on their high sequence homologies (cut-off e < -40) with
the query sequences and database orthologue/paralogue genome annotations (Supplementary
table 2.2.1, Annex ).

To better understand TIr evolution in fish, the genomes of early diverging fish species
such as the lobe-finned fish, Latimeria chalumnae (Lch), the ray-finned fish Lepisosteus
oculatus (Loc), two cartilaginous fish, Callorhinchus milii (Cmi), Rhincodon typus (Rty) and
the agnathan, Petromyzon marinus (Pma), were also interrogated for tlr genes. All searches
were performed against the most recently annotated fish genome assemblies available from
ENSEMBL or NCBI (Supplementary Table 1). The aminoacid tlr sequences from T. bernacchii
and N. coriiceps were used to retrieve homologue genes from the genomes of 5 tetrapods in
ENSEMBL (Homo sapiens (Hsa), Mus musculus (Mmu), Gallus gallus (Gga), Anolis

carolinensis (Aca), Xenopus tropicalis (Xtr)), which were used for comparative analysis.

2.2.3.2. Sequence comparisons and phylogenetic analysis

The deduced Nototheniidae TIr protein sequences were compared with the homologues
from other species. Protein sequence were aligned with the MUSCLE algorithm available from
the Aliview platform v1.22 (Laarson, 2014) and the percentage of amino acid sequence
identity/similarity was calculated using GeneDoc v2.7 software. The localization of protein
domains characteristic of TLRs such as the LRR (typical LRR conserved motif,
LxxXLXLXXNXL, where X represents any aa), TM and TIR motifs were predicted using
ScanProsite (de Castro et al., 2006) and the Simple Modular Architecture Research Tool
(SMART) (Letunic et al., 2021) and also by the identification of highly homologous sequence
regions in the aligned sequences. The presence of a signal peptide was predicted using the
SignalP 4.1 Server (Nielsen, 2017).

For the phylogenetic analysis, short incomplete sequences were removed from the
multiple protein sequence alignment (Supplementary Table 1). Very similar sequences
retrieved from the cod genome and that resulted from tandem gene duplications were also
removed. The protein sequence alignment was manually edited to remove large gaps and

misaligned sequences and the edited alignment containing the three main Tlr protein domains
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(LRR, TM and TIR) were used for the construction of a phylogenetic tree using bayesian
inference (BI) and maximum likelihood (ML) methods. The dataset used to construct both trees
was based on an alignment of 431 sequences. Phylogenetic trees were constructed using the VT
model that best fit the data given by model test-ng 0.1.5 in the CIPRES Science Gateway v3.3
(Miller et al., 2010). The BI tree was built using MrBayes (Ronquist et al., 2012) and 1.000.000
generation sampling and probability values to support tree branching. The ML tree was built
using the RAXML v8.2.12 (Stamatakis, 2014) method with 1000 bootstrap replicates. Three
cnidarian TLR-like sequences (obtained from Liu et al., 2019) were used to root the trees. Both
the Bl and ML trees were visualized in FigTree v1.4.3 (Rambaut and Drummond, 2010) and
edited using Inkscape v0.92.3.

2.2.3.3. Neighbouring gene analysis

To better characterize the evolution of tlr genes in Notothenioidei and confirm if gene
absence in Antarctic fish genomes was due to technical issues linked to genome assembly or a
results of gene loss, the localization of five to seven genes in the neighbourhood of tlrl, tlr2a
and b, tIr5 and 5s, tIr8 and tlr23 loci were characterized and compared across the four
Nototheniidae representatives (P. georgianus, N. coriiceps, T. bernacchii and D. mawsoni) and
the sub-Antarctic C. gobio, all of which Perciformes, and a Gasterosteiformes, G. aculeatus.
Two Pleuronectiformes (P. olivaceus and C. semilaevis) were also included as the genomes of
this teleost order possess a reduced tlr gene number in relation to other teleosts. The flanking
genome regions of tlrl, tlr2, tIr5, tir5s and tIr8 characterised in G. aculeatus and in the T.
bernacchii were used as the reference to identify homologue genome regions in other species.
For tIr23 the P. georgianus and N. coriiceps flanking genes were used. The criteria for species
selection were a) the presence of the target genes and b) the quality of the genome assemblies.
Neighbouring genes were identified using NCBI/ENSEMBL genome annotations or by

sequence similarity searches against the genome assembly of each species.

2.2.3.4. Selective pressure analysis

Antarctic fish Tlr amino acid sequences were aligned with the remaining Perciformes

and Pleuronectiformes orthologues using the Aliview platform v1.22 (Laarson, 2014) with the
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default settings. To obtain multiple codon alignments PAL2NAL v14 (Suyama et al., 2006)
was used with the gap removal option and Neighbour-Joining trees for each gene family were
built in MEGA X v10.1.8 (Kumar et al., 2018) with 1000 bootstrap replicates. TIr sequences
that were incomplete were removed from the analysis. To identify potential sequence changes
that might be associated with the adaptation to the Antarctic environment, a branch-site analysis
(BSM) was performed for each Tlr on the ancestral branch of Antarctic fish. For the specific
case of tlr21 the branch-site analysis was performed on each G. acuticeps duplicates. A sites
analysis (SM) was performed with the sequences of the Antarctic species if positive selection
was identified on their ancestral branch.

The branch-site and sites analysis used to test for evolutionary pressure were based on
the ML method of the Codeml (PAML v4.9 package (Yang, 2007)) in EasyCodeml (Gao et al.,
2019) (Additional data 1-15 in Annex I). Codon substitution models were compared with
likelihood ratio tests (LRT) calculated from the difference between their log likelihood (InL)

values.

2.2.3.5. Experimental immune challenge

Animal collection and experimentation were approved by the Portuguese Environment
Agency, under the regulations set by the Treaty of Madrid for scientific investigation in
Antarctica. The experiments performed complied with the EU and Portuguese regulations for
animal experimentation.

The experiment was performed in January and February 2019, during the Antarctic summer.
Adult Notothenia rossii (30.3 = 0.35 cm total length and 312 + 21.51 g weight, mean + sem)
were captured (at depths - 520 m) using hook-and-line in the bay of the Great Wall Station ('
62° 12' 35.40" S; 58° 57' 26.39" W) located in King George Island in the Antarctic Peninsula
region. Captured fish were transferred to the station and maintained at natural water conditions
in a flow-through circuit with seawater pumped from the ocean. Fish were kept in 200L plastic
tanks for at least 5 days before the immune challenge and fed daily with a mixture of limpets,
amphipods and fish muscle. Water temperature (2.1 £ 0.5 °C), salinity (29 + 0.5 ppt) and oxygen
levels (10.7 + 0.4 mg/L) were monitored three times a day (7 am, 2 pm and 9 pm). No mortality

was observed during acclimation or during the experiments.

For the immune challenge, fish were lightly anaesthetized in 2-phenoxyethanol (0.1
mL/L, Sigma-Aldrich) and the control fish (n = 6) were injected intraperitoneally (IP) with
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saline buffer (0.2% (v/w) of 1.1% NaCl), the immune challenged group (n = 6) were injected
with 1.5 mg/mL LPS in 0.2% (v/w) of 1.1% NaCl (LPS extracted from Escherichia coli
0111:B4, L2630, Sigma-Aldrich, Portugal) (Figure 2.2.1). The dose of LPS amounted to 3
mg/kg and was selected based on (Seppola et al., 2015)(Chen et al., 2016; Guzman-Villanueva
et al., 2014; Nayak et al., 2011). To assess the impact of water temperature on the immune
response of N. rossii, a similar immune challenge experiment was run in parallel in fish
previously acclimated to and maintained at 6.0 + 0.8 °C in a semi-closed system. These fish
were acclimated by increasing the seawater temperature by 1.0 °C daily from 2 to 6°C. In these
tanks salinity and oxygen levels were equally monitored, with average values of 29 + 0.5 ppt
and 9.3 £ 0.9 mg/l respectively. (Figure 2.2.1). 0

4 Contro N/ LPs

1.1% NacCl) (1.5 mg/ml)
i 2°C I I \
e e ([ pe e
L e e | e e
[ ] e e || e @e)
6°C | oiine 4ie || qiDe 4BBe

P P

Figure 2.2.1. Schematic diagram of the experimental immune challenge. Adult N. rossii captured
from the wild were acclimated to the experimental tanks at 2 °C or at 6°C before the immune challenge.
Fish (n=6/ group) were IP-injected 0.2% (v/w) with bacterial lipopolysaccharide (LPS, 3 mg/kg in 1.1%
NaCl) at 2 °C and 6°C. Control fish (sham) at both water temperatures were injected with saline vehicle.
Tissue samples and plasma were collected at 8h and 24h post-injection.

Fish were sacrificed 8 h and 24 h post-IP injection with an overdose of 2-
phenoxyethanol (1 mL/L, Sigma-Aldrich), weighed and blood was collected from the caudal
vasculature using a heparinised 1-ml syringe fitted with a 21-gauge needle. Blood was
centrifuged at 10,000 g, and 4 °C for 4 minutes and the plasma collected and stored at -80°C
until analysis. For tissue sample collection the fish were decapitated and the central nervous
system destroyed. The head-kidney (principal hematopoietic organ in teleosts) and anterior
intestine (duodenum region) were dissected out and placed in RNA later (Sigma-Aldrich) at
4°C for 24h before storage at -20°C.
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2.2.3.6. RNA extraction, cDNA synthesis and quantitative PCR analysis

Total RNA was extracted from N. rossii tissues (~25 mg) using an E.Z.N.A. Total RNA
Kit I (Omega Bio-Tek, USA) and following the manufacturer’s instructions. The DNase I
digestion protocol was performed directly on the columns to eliminate contaminating genomic
DNA with RNase-free DNase | (Omega Bio-Tek). The integrity of the extracted RNA was
evaluated by 1% agarose gel electrophoresis and the quantity and quality of the RNA was
assessed by absorbance using a NanoDrop One (Thermofisher, Spain). Approximately 500 ng
of N. rossii DNase treated total RNA was used to synthesize cDNA in a final reaction volume
of 20 pL with 200 ng of random hexamers (Jena Biosciences, Germany), 10 mM dNTPs
(Promega, USA), 100 U RevertAid reverse transcriptase (RT, Promega) and 8 U of Ribolock
RNase Inhibitor (ThermoFisher) for 10 min at 20 °C, 50 min at 42 °C and 5 min at 72 °C.

The expression of tIr5, tlr21, tIr22 and tIr25 in N. rossii was determined by real time
quantitative PCR (RT-qPCR) using specific gene primers. The tlr gene transcripts selected were
the only tIrs found in an “in house” immune-related multi-tissue (head-kidney, skin and
intestine) transcriptomes of N. coriiceps, 7 days after LPS challenge. The reference genes
selected for normalisation, beta-actin (f-actin, internal accession number TR9194|c3_g4 i8)
and 18s rRNA, did not vary in expression between any of the experimental groups. The cDNAs
used for the RT-gPCR were diluted to a final concentration of 25 ng/ul for the candidate genes
and to 10 ng/ul for g-actin and 0.01 ng/ul for 18s. The gPCR reactions were performed in 96-
well plates (Axygen, Germany) using a CFX96 Touch Real-Time PCR Detection System (Bio-
Rad, USA). The final RT-gPCR reaction volume was 10 pl and it contained 2 pl of cDNA, 5
ul of SsoFast Evagreen Supermix (Bio-Rad) and 0.3 mM of each of the specific primers
(forward and reverse, Table 2.2.1). The thermocycle used was: 95 °C for 30 sec, followed by
40 cycles of 95 °C for 5 sec and 10 sec at the annealing temperature. Melting curves 60 °C to
95 °C with an increment of 0.5 °C for each 10 s were performed to detect reaction specificity.
To quantify transcript expression levels standard curves for each gene were performed during
RT-gPCR reactions using serial dilutions (1:10) from 0.5 ng/ul to 0.05 fg/pl of the quantified
amplicon. All RT-gPCR analysis included a no template control and a -RT control. PCR
efficiencies and the coefficient of determination (r?) were calculated and were > 90 % for each

target gene transcript analysed. Gene expression levels were normalized using the geometric
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mean of the two reference genes (18S and p-actin) and the SQ mean of the target genes based

on the standard curve method (Cikos et al., 2007).

Table 2.2.1. gPCR primer pairs, product size, annealing temperatures, and efficiency.

Sequences (5°— 3) bp T (°C) Efficiency (%)
tr5 Fw TTTCGTCCAGAGGAGGGAGT 168 55 90.4
tlr5 Rv TTGGTCCGATGTTCTCCAGC
tir2l Fw TGGTGGAAATGTGAAGTATGATCC ’7 55 905
tlr2l Rv AGCACATCAATTAAATGACACCTCT
tr22 Fw AGTTTCACCTGTGACTGCGA %7 55 90.4
tir22 Rv AAAGTTGGAGGCGTCAACCA
18S Fw TGACGGAAGGGCACCACCAG 158 58 93.6
18S Rv AATCGCTCCACCAACTAAGAACGG
p-actin Fw AACCCAAACGACTGGCTCTG 174 53 90
[S-actin Rv TTCCACACATTCACACCGCA
2.2.3.7. Blood plasma total protein and enzyme activity

Total plasma protein was determined using a Quick Start ™ Bradford Protein Assay kit
(Bio-Rad, Portugal) (Bradford, 1976) adapted for a 96-well plate and reactions were analysed
at 590 nm at 25°C using a spectrophotometer (Agilent Technologies, USA).

The activity of lysozyme was measured using a turbidimetric assay (Ellis, 1990).
Briefly, 130 pl of lyophilized Micrococcus luteus cells (0.6 mg/mL, Sigma-Aldrich) in 0.05 M
sodium phosphate buffer, pH 6.2, was mixed with 20 pl of blood plasma in a flat bottomed 96
well-plate. For the standard curve, a concentration range from 50 U/ml to 500 U/ml of hen egg
white lysozyme (Sigma-Aldrich) was used. All reactions were performed in duplicate and were
incubated at 25°C for 10 minutes and then measured in a multiplate readers (Agilent
Technologies) at 450 nm.

Antitrypsin activity was used to assess total antiprotease activity (Ellis, 2001). Trypsin
from porcine pancreas (20 ul from a 5 mg/mL solution, Sigma-Aldrich) was mixed with N.
rossii blood plasma (10 pL) for 10 minutes and then 200 pL of 0.1 M phosphate buffer pH 7.0
and 250 pL of 2% Azocasein (Sigma-Aldrich, Germany) was added. Reactions were performed
in duplicate and were incubated for 1 hour at 4°C to simulate Antarctic water temperatures.
Subsequently, 500 puL of 10% trichloroacetic acid (Sigma-Aldrich) was added to the reaction

and it was incubated for a further 30 minutes at room temperature (21°C) and then the samples
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were centrifuged at 10.000 rpm for 10 minutes. One hundred pL of the supernatant from each
of the reactions was transferred to a 96-well plate and 100 pL sodium hydroxide (1N, NaOH,
VWR, Spain) was added. Assays were measured in a multiplate reader (Agilent Technologies)
at 450 nm.

2.2.3.8. Statistical analysis

Differences in gene expression and enzyme activity between the control and LPS-treated
groups were assessed at 8h and 24h after exposure at different seawater temperatures (2°C and
6°C) using a three-way analysis of variance followed by Tukey’s test Normality was tested
using the Shapiro-Wilk normality test. Graphs for the results of RT-gPCR were generated using
SigmaPlot v12.5 and for enzymatic activity GraphPrism v6.01 was used. The statistical

significance level was p < 0.05.

2.2.4. Results

2.2.4.1. Tlrs in fish and other vertebrates

Ten TLRs (TLR1-TLR10) genes exist in humans (H. sapiens) and based on aminoacid
sequence similarity they cluster in six superfamilies containing various members: TLR1 (TLR1,
2,6and 10), TLR3 (TLR3), TLR4 (TLR4), TLR5 (TLR5 and 5S) and TLR7 (TLR7, TLR8 and
TLR9). In other tetrapods, 12 TLR genes were found in M. musculus, 10 in G. gallus, 13 in A.
carolinensis and 16 in X. tropicalis genomes (Figure 2.2.2). Sequence similarity searches
identified fish homologues of the human genes and of the non-mammalian TLR11 (TLR 11,
TLR13, TLR21, TLR22 and TLR23) superfamily (Figure 2.2.2). Homologues of the human
TLR1to TLR3, TLR5 and TLR7 to TLR9 were found in most fish genomes analysed but TLR6
was only retrieved from the genome of the lobe-finned fish (L. chalumnae) and the cartilaginous
fish (C. millii). Homologues of human TLR4 were only identified in D. rerio and L. oculatus
genomes. No homologues of human TLR10 were retrieved from any of the fish genomes
analysed. Searches for Tlrs in the teleost genomes revealed that gene number was similar and

varied from 11 to 16 except in D. rerio and G. morhua where 24 and 42 genes, respectively
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were retrieved (Figure 2.2.2). The flatfish had less tlr genes than other teleosts and S.
senegalensis and C. semilaevis had 6 and 7 genes, respectively.

Fish have an additional Tlr superfamily than human, with some members also identified
in the amphibian, Xenopus tropicalis including, TIr14/18, Tlr13, TIr21 and TIr22. Several Tlr,
TIr25, Tlr27, Tlr5s (a short isoform of TIr5) and Trl23 were exclusive to the fish. In L. oculatus,
a ray-finned fish which radiated before the teleosts 15 tlr genes were found that were
homologues of the teleost tlr1-5, tlr 7-9, tlr14/18, tIr22, tIr25 and tIr27. In the two cartilaginous
fish C. milii and Rhincodon typus a smaller number of genes, 7 and 8, respectively, were
identified that belonged to the superfamilies TLR1, TLR3 and TLR7. In L. chalumnae that has
a more similar genome to tetrapods, 14 tlr genes were found and in agnathan, Petromyzon
marinus a representative of the earliest divergent lineage of vertebrates, 11 tlr genes were
retrieved (Figure 2.2.2).

In summary, TLR gene number has been mainly conserved across vertebrates although
isoform maintenance was variable. Mammals lost the TLR11 superfamily and fishes apart from
sharks retained the highest number of TLR11 superfamily members. A unique characteristic of
the Perciformes and other members of the Eupercaria clade (S. aurata and D. labrax) relative
to other teleosts was the retention of tlr13. The pleuronectiforms suffered extreme tir gene loss
and the cod (tlr25, tIr8, tIr9 and tlr22) and zebrafish (tlr4 and tlr11) underwent an extraordinary

gene family expansion through tandem duplication of a few TLRs.
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Figure 2.2.2. Dendrogram illustrating the representation of TLRs in vertebrate genomes. The TLR
genes identified in different vertebrates, represented by coloured circles, belong to the six TLR
superfamilies. When multiple genes for a given subfamily were identified gene number is indicated
inside the circle. When a gene is absent this is indicated by a white circle. The profile of pathogen
recognition for each TLR superfamily is indicated (Liu et al., 2019). The specific subfamily members
that recognize a wider range of pathogens (viruses and bacteria) are indicated by “*” (Liu et al., 2019;
Palti, 2011). N. coriiceps is included as a representative of the Notothenioidei. The Perciform branch to
which the Notothenioidei belong is circled to highlight the Antarctic representatives with
phylogenetically proximity to the teleosts and the Eupercaria clade (Hughes et al., 2018).TIr superfamily
members from human, chicken, reptile and Xenopus genomes are also represented. The total number of
tlr genes found is indicated for each species. The figure was constructed taking into consideration the
evolutionary relationship between the species represented using as the starting point the studies of (Ahn
et al., 2016; Near et al., 2015). The teleost specific genome duplication (TSGD) event is indicated.
Gene/transcript accession numbers of the tlrs identified and represented in the dendrogram are available
in Supplementary Table 2.2.1.
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2.2.4.2. TlIrs in Antarctic notothenioids and other teleosts

Sequence searches in six Antarctic Nototheniidae species revealed they have a distinct
gene repertoire and tlr gene number was variable across the species (Figure 2.2.3). D. mawsoni
(the toothfish), that produces anti-freeze proteins, had the lowest number of tlr genes (10) and
G. acuticeps, a benthic sedentary species, had the highest number of tIr genes (16). The loss in
D. mawsoni of tlrd, tlr2, tir5 and tIr8 gene homologues explains the lower number of tlr genes
in its genome. Although a genome is not available, analysis of a mixed tissue transcriptome of
N. rossii revealed 12 tlr gene transcripts while in the genome of the evolutionary proximate
species, N. coriiceps, 15 tlr genes were retrieved (Figure 2.2.3). In the C. gobio genome, a sub-
Antarctic species 13 tirs were identified and tIr5S and tlr23 genes were absent. In all
Notothenioidei (except D. mawsoni) in common with other teleosts two tlr2 genes exist (Figure
2.2.3).

Comparison of tlr gene number in Antarctic and sub-Antarctic fish with other
representatives of the Perciformes order, G. aculeatus, S. aurata and D. labrax (Figure 2.2.2
and 2.2.3) and Pleuronectiformes order, P. olivaceus, H. hippoglossus, C. semilaevis and S.
senegalensis (Supplementary figure 2.2.1) revealed that gene number was variable with no
clear pattern. In G. aculeatus (the closest Perciform representative to the Notothenioidei sub-
order) 13 tlr genes were identified in common with what was found in C. gobio, although the
pattern of gene retention and loss was different. For example, the G. aculeatus genome lacks
tIr25 and one tlr2 duplicate, while C. gobio lost the duplicate tlr5s and retained duplicate tlr2
genes (Figure 2.2.3).

In summary, there was no evidence of major gene family expansion or loss of TLR
superfamilies in the Antarctic Nototheniidae. Retention of subfamily members was very similar

in Nototheniidae except for D. mawsoni that specifically lost tlrl and tlr7 superfamily members.
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Figure 2.2.3. Detailed dendrogram of Tlr genes/transcripts identified in Nototheniidae. TIr genes/transcripts were distributed among the five TLR
superfamilies as indicated by the coloured circles. When multiple genes were identified for a given Tlr isoform, gene number is indicated inside the coloured
circles. Genes that were not identified are indicated with a white circle. C. gobio was used as a representative of the Nototheniidae sister-lineage and G. aculeatus
was used as the representative of Perciformes outside the Notothenioidei. The figure was drawn considering the relative evolutionary relationship between the
six Antarctic fish species and the sub-Antarctic fish using as starting point the studies of (Papetti et al., 2021). Gene/transcript accession humbers of the tlrs
identified and represented in the dendrogram are available in Supplementary Table 2.2.1.
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2.2.4.3. Phylogeny of Nototheniidae Tlrs with other vertebrates

Phylogenetic analysis of the deduced TIr proteins of Nototheniidae with other
vertebrates confirmed the existence of receptors that belong to the five TLR superfamilies
(TLR1 (S1), TLR3 (S3), TLR5 (S5), TLR7 (S7) and TLR11 (S11)). The clustering of
Nototheniidae sequences with other fish and tetrapod members confirmed the existence of
subfamily members (Figure 2.2.4 and in Annex I, Table 2.2.2, Supplementary figure 2.2.2-
3). The Bl and ML trees of TLR share similar topologies and the Nototheniidae TIrs cluster
together and the Nototheniidae sequence branches are in most cases rooted with the genes
retrieved from the representative of the sister-lineage, C. gobio. Moreover, the Tlrs from
Antarctic and sub-Antarctic species tended to cluster with Tlr from other Perciformes and were
more tightly clustered with the evolutionary proximate G. aculeatus. Both the Bl and ML
phylogenetic trees confirmed that all vertebrate TLRs shared common ancestry and that
members of the TLR1 and TLR4 superfamilies were the first to radiate and TLR4 was the first
to diverge clustering at the base of the other vertebrate superfamilies.

TLR1 and TLR4 superfamilies

Members of the TLR1 superfamily were the most diverse in Nototheniidae as well as in
other teleost fish and tetrapods. In contrast, TLR4 members are absent from most other
vertebrate genomes except for tetrapods, and a few fish orders, the Lepisosteiformes and the
Cypriniformes where three gene copies that resulted from a species-specific duplication exist
(Figure 2.2.4 A).

In vertebrates, the TLR1 superfamily is composed of 8 subfamilies, and the tree
topology suggests that they group into two main clusters: one cluster contains Tlrl, Tlr2, TIr6,
TIr10 and T1r27 and the other TIr14/18 and TIr25 (Figure 2.2.4 A). The Tlr6 and TIr10 cluster
with tetrapod TIrl. TLR10 and TRL6 were found in mammals, reptiles and amphibians, but not
in fish. Members of the Tlr27 subfamily were only found in the early evolving fish genomes,
the lobe-finned fish Coelacanthiformes (L. chalumnae), ray-finned fish Lepisosteiformes (L.
oculatus) and the cartilaginous Orectolobiformes (R. typus). Sequence clustering also
confirmed the absence of tlrl genes from representatives of teleosts (Cichliformes, O. niloticus;
Cyprinodontiformes, X. maculatus; Gadiformes, G. morhua; Pleuronectiformes, C. semilaevis),

the Coelacanthiformes and the cartilaginous Chimaeriformes (C. milii) (Figure 2.2.4 A).
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Members of the TIr2 subfamily exist in most of the vertebrate genomes analysed and they
grouped with TIr27, suggesting they shared a common evolutionary origin after the divergence
from a common tlrl ancestral gene. Clustering of the two tlr2 genes found in Nototheniidae
and in other teleost fish suggests they arose during the teleost specific genome duplication and
the paralogues were named tlr2a and tlr2b. In P. marinus (Petromyzontiformes representative)
a single tlr2-like gene was found, and clustering suggested that it might have more sequence
similarity with the vertebrate tlr2/tlr27 gene precursor (Figure 2.2.4 A).

Members of the TIr14/18 subfamily were confirmed in most teleost fish orders and a
single gene was also found in Coelacanthiformes (L. chalumnae), Lepisosteiformes (L.
oculatus) and in P. marinus but was absent from cartilaginous fishes (Chimaeriformes and
Orectolobiformes). The TIr25 subfamily members were only found in the Perciform D. labrax
and in the representatives of Beloniformes, Cichliformes and species-specific gene duplications
in Gadiformes generated 9 copies (Supplementary table 2.2.1). TIr25 species-specific gene
duplicates were also found in the Lepisosteiformes and in P. marinus (Figure 2.2.4 A).

In the Nototheniidae, except for Dissostichus, the number of TLR1 superfamily
members was similar to the sub-Antarctic sister clade (Bovichtidae) with a single gene for tlr1,
tlr14/18 and tIr25 and duplicate tlr2 genes (tlr2a and tir2b) (Figure 2.2.4 A).

TLR3 and TLR11 superfamilies

A single tlr3 gene was present in Nototheniidae, the sister clade, other Perciformes and
in the other fish genomes analysed in common with all other vertebrates. The TLR11
superfamily includes genes for tirll, tlrl3, tlr21, tIr22 and tlr23 subfamilies and they were
found in most fish including Nototheniidae (Figure 2.2.4 B). The tree typology revealed that
TLR11 superfamily members grouped into two clusters: TLR11/TLR13/TLR21 and the
TLR22/TLR23. The Bl and ML trees confirmed the absence of a tlrll homologue in
Nototheniidae and most other teleosts with the exception of the Salmoniformes (S. salar),
Cypriniformes (D. rerio) and Characiformes (A. mexicanus) in which several gene copies exist
(Figure 2.2.4 B). Members of the tlr13 subfamily were only found in Perciformes including
Nototheniidae and in the sister lineage suggesting that this gene only persisted in this order.

Tlr21 and tlr22 genes were identified in fish and tetrapods but tlr23 was exclusive to the
fish. The phylogenetic trees confirmed the absence of tlr21 from the Pleuronectiforme, C.
semilaevis and the Salmoniforme S. salar but also in the two cartilaginous fish analysed. TIr22

was present in all teleost fish genomes analysed and gene duplicates were found in some teleosts
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and 14 species-specific gene copies existed in the Gadiforme G. morhua (Figure 2.2.4 B,
Supplementary table 2.2.1). TIr23 genes were duplicated in some teleosts but were absent in
the Perciform G. aculeatus and in the representatives of the teleost orders Beloniformes,
Pleuronectiformes, Salmoniformes, Characiformes and Cichliformes. In the early evolving fish
genomes of L. oculatus, the two cartilaginous fishes and P. marinus the tlr23 gene was also
absent. Within the Nototheniidae clade, all species possessed a single tlr21, tIr22 and tlr23 gene
except for T. bernacchii, and the sub-Antarctic C. gobio which lost tIr23. In the Nototheniidae
Bathydraconidae G. acuticeps a species-specific gene duplication event generated two gene
copies of tlr21 (Figure 2.2.4 B).

TLR5 and TLR7 superfamilies

Members of the TIr5 and TIr7 superfamilies were the most recent TLR groups to emerge
and shared a common ancestry. The TLR7 superfamily gene precursor duplicated to originate
the TIr7, TIr8 and TIr9 subfamilies (Figure 2.2.4 C) of fish and tetrapods. The TIr5 ancestral
gene duplicated during the teleost radiation and originated tlr5 and tI5S (Figure 2.2.4 C). Most
of the Nototheniidae and teleosts retained the two tIr5 genes. In D. mawsoni (Dissostichus) only
tIr5S was retained and in the sub-Antarctic sister clade, Bovichtidae this gene was lost and tir5
persisted (Figure 2.2.4 C). The Pleuronectiformes and the Gadiforme G. morhua were an
exception and generally lost both genes. The evolutionary trajectory of tlr5 in the
Cyprinidiformes D. rerio and in the Characiformes A. mexicanus differed from other teleosts
(Euteleosteomorpha) and a single copy exists in A. mexicanus and species-specific duplicates
exist in D. rerio. In other Perciformes (S. aurata and D. labrax) tIr5 gene duplicates were also
found (Figure 2.2.4 C, Supplementary table 2.2.1). No tIr5 was found in the cartilaginous
fishes or in P. marinus.

Within the TIr7 superfamily, two main clusters existed one grouped the vertebrate TIr9
members and the other the TIr7 and TIr8 subfamilies. Nototheniidae, the sister-lineage
Bovichtidae and other vertebrates have a single copy of tlr7, tIr8 and tIr9 genes and exceptions
are due to species-specific duplications such as the 2 copies of tlr7, 7 copies of tIr8 and 5 copies
of tIr9 in G. morhua (Figure 2.2.4 C, Supplementary table 2.2.1). The phylogenetic tree
revealed that tlr7 was present in all fish species and tlr8 genes were absent from
Tetraodontiformes (T. rubripes) and D. mawsoni (Nototheniidae). The tIr9 gene was absent

from the Pleuronectiforme S. senegalensis. In the cartilaginous fish C. milii tlr8 seemed to be
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absent and in P. marinus the Pma_TIrY grouped outside the vertebrate TLR7 and TLR8 clusters
(Figure 2.2.4 C).

Table 2.2.2. Tlrs identified in fish and other vertebrates. The table summarizes the outcome of the
Bl phylogenetic tree. Tlrs were classified according to sequence clustering. Lamprey sequences were
not included.

Species TLR1 SP TLR3SP |TLR4 SP TLR5 SP TLR7 SP TLR11 SP Total
Order Genus 1 2 6 1014/18 25 27 2/27 3 4 5 5S 7 8 78 911 13 21 22 23| TLRs
Primates Homo 1 1 1 1 ni ni ni ni 1 1 1 ni 1 1 ni 1 (ni ni ni ni oni 10
Rodentia Mus 1 1 1 1 ni ni ni ni 1 1 1 ni 1 1 ni 112 1 ni ni ni 13
Galliformes Gallus 2 2 ni ni oni oniooni ni il i 1 ni 1 ni ni nifn ni 1 ni ni 9
Squamata Anolis 1 2 1 n 1 nini ni 1 1 1 ni ni - ni ni ni|lni 1 1 1 ni 10
Anura Xenopus 1 1 1 ni 4 ni_ni ni 1 ni 1 ni 1 1 ni 1]1 1 1 1 ni 16
Coelacanthiformes Latimeria ni 1 1 ni 1 ni 1 ni 1 ni 1 ni 2 1 ni 1(ni 2 2 ni ni 14
Lepisosteiformes Lepisosteus 1 1 ni ni 1 2 1 ni 1 1 1 ni 1 2 ni 2| n ni ni 1 ni 15
Chimaeriformes Callorhinchus ni 2 1 ni ni 1 i ni 1 ni ni ni 1 ni ni 1 (ni ni ni ni oni 7
Orectolobiformes Rhincodon 1 1 nini_ni_ni 1 ni ni ni ni ni 1 1 ni 1[ni ni ni 1 ni 7
Beloniformes Oryzias 1 1 ni ni 1 1 ni ni 1 ni 1 1 1 1 ni 1|n n 1 1 ni 12
Characiformes Astyanax ni 1 ni ni 1 nini ni 1 ni 1 ni 1 2 ni 1| 2 ni 1 3 ni 14
Cichliformes Oreochromis ni 2 ni ni 1 1 ni ni 1 ni 1 1 1 3 ni 1|n n 1 1 2 16
Poecilia 1 1 ni oni 1 ni ni ni 1 ni 1 1 1 1 ni 1|n ni 1 2 2 14
Cyprinodontiformes N ) L ) ) ) ) ) ) )
Xiphophorus ni 2 ni oni 1 ni ni ni 1 ni 1 1 1 1 ni 1|n n 1 2 3 15
Cypriniformes Danio 1 1 nini 1 nini ni 1 3 2 ni 1 3 ni 1(8 ni 1 1 ni 24
Gadiformes Gadus ni ni ni ni 1 9 ni ni 1 ni ni ni 2 7 ni S5|n n 1 14 2 42
Gasterosteus 1 1 nini 1 ni ni ni 1 ni 1 2 1 1 ni 1f(n 1 1 1 ni 13
Pseudochaenichthys 1 2 ni ni 1 1 ni ni 1 ni 1 1 1 1 ni 1|n 1 1 1 1 15
Gymnodraco 1 2 ni ni 1 1 ni ni 1 ni 1 1 1 1 ni 1|(n 1 2 1 1 16
Notothenia 1 2 n? ni 1 n? ni ni 1 ni 1 1 1 1 n? 1 n? 1. 1 1 1 14
Perciformes 1 2 nini 1 ni ni ni 1 ni 1 ni 1 1 ni 1|n n 1 1 1 12
Trematomus 1 2 ni ni 1 1 ni ni 1 ni 1 1 1 1 ni 1|n 1 1 1 ni 14
Chionodraco ni 1 ni ni ni oni oni ni ni ni ni ni ni - ni ni 1 (ni ni ni ni oni 2
Dissostichus ni ni ni ni 1 1 ni ni 1 ni ni 1 1 ni ni 1|n 1 1 1 1 10
Cottoperca 1 2 ni ni 1 1 ni ni 1 ni 1 ni 1 1 ni 1|(n 1 1 1 ni 13
Eupercaria incertae sedis Dicentrarchus 1 2 ni ni 1 1 ni ni 1 ni ni 1 1 1 ni 1|n 1 1 1 1 14
Spariformes Sparus 1 2 ni ni 1 nini ni 1 ni 1 1 1 1 ni 1|(n 1 1 1 1 14
Paralichthys 1 1 nini 1 nini ni 1 ni 1 ni 1 1 ni 1|n n 1 1 ni 10
. Cynoglossus ni ni ni ni 1 nini ni 1 ni 1 ni 1 1 ni 1 (n ni ni 1 ni 7
Pleuronectiformes ) L ) ) ) ) N ) B ) ) )
Solea 1 ni ni ni onionioni ni 1 ni 1 ni 1 1 ni ni|ni ni ni 1 ni 6
Hippoglossus 1 2 ni ni 1 nini ni 1 ni 1 1 1 1 ni 1|n n 1 1 ni 12
Salmoniformes Salmo 1 1 nini 1 nini ni 1 ni 1 ni 1 1 ni 1|n ni ni 2 ni 10
Tetraodontiformes Teir.aodon 1 1 n! n? 1 n! n! n! 1 n! 1 1 1 1 n? 1 n! n! 1 1 1 12
Takifugu 1 1 ni ni 1 nini ni 1 ni 1 1 1 ni ni 1|n n 1 1 1 11
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Figure 2.2.4. Simplified TIr phylogenetic tree. The phylogenetic tree was constructed using the Bl
method and the full tree is available as Supplementary Figure 1. Branches corresponding to the six
vertebrate TLR superfamilies are identified: S1 indicates the TLR1 superfamily (orange); S3 identifies
the TLR3 superfamily (red); S4 identifies the TLR4 superfamily (pink); S5 identifies the TLR5
superfamily; S7 identifies the TLR7 superfamily (blue) and S11 identifies the TLR11 superfamily
(green). Some branches of the phylogenetic tree are collapsed to facilitate interpretation and three
subsections of the same phylogenetic tree show A) the TLR1 superfamily, B) the TLR11 and TLR3
superfamilies and, C) the TLR5, TLR7 and TLR4 superfamilies. The tetrapods branches were also
collapsed. Accession numbers of the sequences used to construct the phylogenetic tree are available in
Supplementary Table 1. The teleost tlr2 duplicates were named, tlr2a and tlr2b, and TLR15 was not
included in the phylogenetic tree since it was only found in chicken and lizard. Tree was rooted with the
Cnidarian Tlr clade (Liu et al., 2019). The sea lamprey tlrs within the vertebrate TLR1 and TLR7
superfamilies are named Pma_X and Pma_Y, respectively since their assignment to the Tlr subfamilies
was ambiguous. Only the posterior probability values for the main branches are indicated. A
phylogenetic tree generated by the ML method is available as Supplementary Figure 2. The tlrs from
Antarctic species are indicated with squares and with a Notothenia cartoon to facilitate their
identification within the tree. The other Perciformes are indicated by a black dot and Pleuronectiformes
by a black star.

2.2.4.4, Short-range gene linkage

To better understand Tlr gene loss in Nototheniidae, specifically tirl, tlr2, tlr5 and tir8
in D. mawsoni, tIr23 in T. bernacchii and tlr5s and tIr23 in C. gobio the neighbouring gene

environment was characterized.

Tlrl gene linkage

In the G. aculeatus genome tlrl maps in group IV and five neighbouring genes (chrna9,
ubec2ka, klb, ints10 and slc25a51b) were identified and homologue genome regions were found
in other teleost genomes (Figure 2.2.5 A). In the D. mawsoni genome, a genome region
containing tlrl neighbouring genes including klb and ints10 was found in chromosome
fragment JAAKFY010000022.1 but tlrl was absent. Chromosome 4 contains a homologue
TLR1 genome region in H. sapiens and three conserved neighbouring genes, CHRNAJ9,
UBEC2KA and KLB map in close proximity to the TLR1 gene. This suggests that this genome
region was highly conserved during evolution and that gene loss in D. mawsoni was a
consequence of a species-specific gene deletion event (Figure 2.2.5 A). A similar species-

specific gene deletion occurred in the C. semilaevis genome.
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Tlr2 gene linkage

The TLR1 and TLR2 genes are 38Mb apart on chromosome 4 in H. sapiens. In teleosts
tlrl and tlr2 genes mapped to different chromosomes and in the Nototheniidae and other teleosts
tlr2 gene duplicates mapped to different chromosomes or scaffolds (Figure 2.2.5 B). Inthe T.
bernacchii genome the tlr2a gene mapped to NW_022987889.1 and tlr2b to NW_011369947.1.
Flanking genes of tlr2a were rnfl75, famlla, fgb and fga and flanking genes of tlr2b were
pdia2, perccl, npy2rl, mndl and fhdcl. The gene trim2, was closely linked to tlr2 and was also
duplicated and trim2b shared the same genome region as tlr2a and trim2a with tlr2b (Figure
2.2.5 B). Both gene duplicates most likely arose during the teleost specific genome duplication
event. In human, a single TLR2 and TRIM2 genes exist and were flanked by the neighbouring
genes of tlr2a and tlr2b identified in T. bernacchii and other teleosts (Figure 2.2.5 B).

In the G. aculeatus genome a single tlr2 gene maps to group VIl and the flanking genes
shared synteny with tlr2a and a homologue genome region to tlr2b was identified in group IX
but tlr2b was absent indicating this gene was eliminated from the genome. In D. mawsoni no
tlr2 gene exists but a tI2b homologue genome region was found and the neighbouring genes of
teleost tlr2a were dispersed in several genome fragments. In the case of D. mawsoni the
incomplete genome assembly means it is unclear if the failure to identify tlr2 is due to the
assembly quality or a gene deletion event (Figure 2.2.5 B). In Pleuronectiformes, tlr2a maps
to P. olivaceus NW_017863846.1 but this scaffold is very short and only encodes this gene.
Homologue genes of the gene environment of tlr2a and tlr2b were found but mapped to diverse
genome fragments. In C. semilaevis the tlr2 gene duplicates were lost from chromosome 1 and
chromosome 9 (Figure 2.2.5 B).
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Figure 2.2.5. Synteny analysis of tirl and tlr2. A) represents the tirl and B) the tlr2 neighbouring gene
environments. Antarctic Nototheniidae species represented are P. georgianus, N. coriiceps, T.
bernacchii and D. mawsoni. Other vertebrates include the C. gobio as the representative of the sister
lineage, the G. aculeatus as another representative of the Perciformes order, two representatives of the
Pleuronectiformes order (P. olivaceus and C. semilaevis) and H. sapiens as the tetrapod. The genome
regions analysed are indicated by a line and predicted genes are represented by arrows and the
arrowheads indicate gene orientation in the genome and the gene symbol is given. The tlr genes are
represented by full-coloured arrows: tlrl in dark orange (A) and tlr2 in light orange (B). Duplicate genes
were named a and b. Neighbouring gene families are represented by arrows outlined in different colours
and gene homologues were aligned. The gene positions in the genome assemblies analysed (Mega base
pairs, Mbp) are indicated below. Only common genes are represented. The positions of the tlr2a
neighbouring genes found in the P. olivaceus genome (NW_017863846.1) are not indicated because
they were found in different genome regions. The gene environment of the G. acuticeps and T.
bernacchii are assembled in chromosomes and were used as a reference. Neighbouring genes
represented are: Cholinergic receptor nicotinic alpha 9 subunit (chrn9a), Ubiquitin conjugating enzyme
E2 K (ube2ka), Klotho beta (klb), Integrator complex subunit 10 (ints10), Solute carrier family 25
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member 51 (slc25a51b), Protein disulfide isomerase family A member 2 (pdia2), Proline and glutamate
rich with coiled coil 1 (perccl), Tripartite motif containing 2 (trim2), Ring finger protein 175 (rnfl75),
Family with sequence similarity 11 member A (faml1a), Fibrinogen beta chain (fgb), Fibrinogen alpha
chain (fga), Zinc finger protein 501 (znf501), Transmembrane protein 131 (tmem131), Meiotic nuclear
division 1 (mnd1), FH2 domain containing 1 (fhdcl).

TRL5 gene linkage

Five neighbouring genes were identified in the genome environment of the teleosts tIr5
(adgrf3b, mepla.l, brox, displ and hmbox1) and tIr5S (dtnb, kif3c, rabl0, lats1l and nup43). In
G. aculeatus (group XVIII) and in the Nototheniidae, P. georgianus (chromosome 24) tir5 gene
duplicates mapped to the same genome fragment (Figure 2.2.6 A, B). In G. aculeatus one of
the tIr5 genes was incomplete (lacks N-terminus) and may be a pseudogene. In the genome of
the Nototheniidae, N. coriiceps and T. bernacchii conserved homologue genome regions were
found for both tir5 and tIr5S but they mapped to different genome fragments. In D. mawsoni
only tIr5S was identified and the flanking genes were conserved and mapped to
JAAKFY010000011.1 along with the homologue genes flanking tlr5, which gene was missing
(Figure 2.2.6 A). In C. gobio the tIr5 gene and its conserved gene environment mapped to
chromosome 24 but tIr5S was absent although the flanking genes were conserved in a genome
region on scaffold NW_021167002.1. In the two Pleuronectiforms, P. olivaceus and C.
semilaevis tlr5 was mapped to conserved genome regions in scaffolds NW_017859659.1 and
K1934270.1, respectively. The conserved genome region that flanks tlr5s was identified but the
tlr gene was absent. In H. sapiens, TLR5 maps to chromosome 1 and a homologue genome
region to the teleost tlr5s was shared between chromosome 2 and 6 but tlr5s was absent and
was presumably eliminated from the genome (Figure 2.2.6 B).
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Figure 2.2.6. Synteny analysis of tIr5 and tIr5S. A) represents the genome environment of tir5 and B)
the neighbouring gene environments of tIr5S. In G. aculeatus (group XVII) and P. georgianus
(chromosome 24) both genes map to the same genome regions. Antarctic Nototheniidae species
represented are P. georgianus, N. coriiceps, T. bernacchii and D. mawsoni. Other vertebrates include
the C. gobio as the representative of the sister lineage, the G. aculeatus as another representative of the
Perciformes order, two representatives of the Pleuronectiformes order (P. olivaceus and C. semilaevis)
and H. sapiens as the tetrapod. Genome regions analysed are indicated by a line and predicted genes
are represented by arrows and the arrowhead indicates gene orientation and the gene symbol is given.
TIr genes are represented by coloured arrows: tIr5 in dark purple (A) and tIr5S in light purple (B).
Neighbouring gene families are represented by arrows outlined in different colours and gene
homologues were aligned. Gene positions in the genome assemblies consulted (Mega base pairs, Mbp)
are indicated below. Only common genes are represented. The positions of the tIr5S neighbouring gene
homologues in the P. olivaceus genome (where tIr5S is absent) are not indicated because they were
found in different genome regions. In the G. aculeatus genome two putative tIr5S genes were found that
mapped in tandem. However, one copy is likely to be non-functional due to its smaller size and thus it
is represented by a dashed outlined. The gene environment of tlr genes in G. acuticeps and T. bernacchii
for which the genome is assembled in chromosomes were used as the reference. Neighbouring genes
represented are: Adhesion G protein-coupled receptor F3b (adgr3b), Meprin A alpha (PABA peptide
hydrolase) tandem duplicate 1 (mepla.l), BRO1 domain and CAAX motif containing (brox),
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Dispatched RND transporter family member 1 (displ), Homeobox containing 1 (hmbox1), Kinesin
family member 13B (kif13b), Dystrobrevin beta (dtnb), Kinesin family member 3C (kif3c), Ras-related
protein Rab-10 (rab10), Large tumour suppressor kinase 1 (lats1), Nucleoporin 43 (nup43).

TIr8 gene linkage

TIr8 maps next to tlr7 in group XVI of G. aculeatus genome (Figure 2.2.7 A). Four
neighbouring genes (gpm6bb, ofdl, rab9a, egfl6) were identified and gene synteny was
conserved in all representatives of the Nototheniidae and in the sister lineage, the Bovichtidae
(C. gobio). The exception was D. mawsoni in which a genome region containing tlr7, gpmébb,
ofd1 and egfl6 genes was identified (JAAYFY010000018.1) but tIr8 was absent (Figure 2.2.7
A). In H. sapiens TLR7 and TLR8 also map in proximity on chromosome X suggesting they

probably arose through a tandem gene duplication prior to the teleost and tetrapod divergence.

TRL23 gene linkage

The tlr23 gene mapped to chromosome 4 in P. georgianus and to NW_011369947.1 in
the N. coriiceps genome and five neighbouring genes (dmbx1, mknkl, mob3c, elovilb and
zfyve9b) were characterized (Figure 2.2.7 B). In species where this gene is absent a conserved
gene environment was identified in D. mawsoni (JAAKFY010000025.1), the T. bernacchii
(NW_022987739.1), C. gobio (chromosome 4), G. aculeatus (group VIII), P. olivaceus
(NW_017859646.1) and C. semilaevis (chromosome 2) genomes. This suggest that in teleosts
retention of the tIr23 gene was species-specific (Figure 2.2.7 B). In the H. sapiens genome, no

tIr23 homologue was found although a conserved genome region was found in chromosome 1.
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Figure 2.2.7. Synteny analysis of tIr8 and tIr23. A) represents the genes flanking tIr8 and B) the genes
flanking tIr23. Antarctic Nototheniidae species represented are P. georgianus, N. coriiceps, T.
bernacchii and D. mawsoni. Other vertebrates include the C. gobio as the representative of the sister
lineage, the G. aculeatus as another representative of the Perciformes order, two representatives of the
Pleuronectiformes order (P. olivaceus and C. semilaevis) and H. sapiens as the tetrapod. The genome
regions analysed are indicated by a line and predicted genes are represented by arrows and the arrowhead
indicates gene orientation in the genome and the gene symbol is given. TIr genes are represented by
fully-coloured arrows: tIr8 is in blue (A) and tIr23 is in green (B). Neighbouring gene families are
represented by arrows outlined in colour and gene homologues were aligned. Only common genes are
represented. For tlr8 the gene environment in G. aculeatus and T. bernacchii that have the genome
assembled in chromosomes were used as the reference for synteny maps. For tlr23 the P. georgianus
and N. coriiceps were used as the reference. Neighbouring genes represented are: Glycoprotein M6BB
(gpm6bb), Oral-facial-digital syndrome 1 protein (ofd1), Ras-related protein Rab-9A (rab9a), Epidermal
growth factor-like protein 6 (egfl6), Toll-like receptor 7 (tlr7), Diencephalon/mesencephalon homeobox
1 (dmbx1), MAP kinase-interacting serine/threonine-protein kinase 1 (mknk1), MOB kinase activator
3C (mob3c), Elongation of very long chain fatty acids protein 1 (elovllb), Zinc finger FYVE-type
containing 9B (zfyve9b).

2.2.4.5. Sequence comparisons and protein domain analysis
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The protein structure of the 15 Nototheniidae Tlrs were compared across species and
with the sub-Antarctic (C. gobio) and other Perciformes (Supplementary table 2.2.2 and
Figure 2.2.8). Sequence comparisons of the deduced proteins revealed that they are relatively
well conserved and share between 70-98% amino acid (aa) similarity and the Nototheniidae
TIr3, 5 and 23 are the most conserved (91-99% aa similarity). C. gobio TlIrs share 64-86%
similarity with the Nototheniidae and with other Perciformes they are 48-86% similar. All
deduced Nototheniidae and C. gobio sequences shared a conserved protein structure with the
other teleosts and possessed several LRR motifs involved in pathogen recognition, and single
TM and TIR domains. The exception was TIr5S that lacked the TM and the TIR domain in all
teleost fishes and may be a soluble receptor isoform. The main difference between Tlr isoforms
was the number of LRRs within the ectodomain which were variable across the different
subfamilies and Antarctic fish possessed a similar number of LRRs to other Perciformes. In
addition, the presence and absence of a predicted signal peptide in the gene members of the
same subfamily suggests that functional divergence may exist between the homologue genes as
they may have different cellular localisations (Figure 2.2.8, Supplementary figure 2.2.4-17).

Members of the TIr8, TIr9 and TIr21 possess the largest number of predicted LRR
repeats at the ectodomain varying from 18 in most fishes to 19 in C. gobio and T. bernacchii in
TIr8, 16 in G. aculeatus to 20 in C. hamatus and P. georgianus for TIr9 and 15 in G. aculeatus
to 20 in T. bernacchii TIr21. The duplicate G. acuticeps TIr21 genes have a similar protein
structure with 18 LRRs. The TIr14/18 (LRRs 8-10) and TIr25 (LRRs 7-8) possess the least
number of LRR repeats. The Tlr subfamilies where conservation in LRR number exists were
TIrl where all species possessed 9 LRR, Tlr 8 and TLr25. The TIr subfamilies where most LRR
variability was found was Tlr2a (8-12) and TIr13 (10 to 15). Within the other superfamilies the
number of LRRs varied only by 2 LRR units (eg: TIr23 (13-15) and Tlr 3 (15-17).

Tir1
s - - - - =
'_.802 aa
T. bemacchii |
LRRs (9)
SP LRR ™ TIR Size (aa)
C. hamatus P 9 1 1 800
P. georgianus P 9 1 1 718
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SP LRR ™ TIR Size (aa)
C. hamatus P 17 1 1 842
é P. georgianus ni 17 1 1 803
% G. acuticeps ni 15 1 1 807
2 N. coriiceps ni 17 1 1 810
N. rossii ni 17 1 1 813
D. mawsoni ni 6 ni ni 305*
C. gobio ni 17 1 1 813
G. aculeatus 14 1 1 814
Tir5
B RiIIERIIIIRAAL E.ssg
aa
T. bemacchii
LRRs (13)
SP LRR ™ TIR Size (aa)
C. hamatus ni 11 1 1 835
% P. georgianus P 12 1 1 895
% G. acuticeps P 12 1 1 889
2 N. coriiceps ni 10 1 1 889
N. rossii ni 8 1 1 587*
C. gobio P 10 1 1 889
G. aculeatus P 12 1 1 883
TIr5S
T. bemacchii AL A - | bz e
LRRs (12)
SP LRR ™ TIR Size (aa)
C. hamatus ni 13 ni ni 642
@
f'; P. georgianus ni 13 ni ni 642
% G. acuticeps ni 12 ni ni 642
2 N. coriiceps P 12 ni ni 642

108



Chapter 2.2

D. mawsoni ni 12 ni ni 621
P 11 ni ni 647
G. aculeatus
ni 6 ni ni 265*
TIr7
csP) | BB SEE B SEEE S EEEE =
I d F.OSSaa
T. bemacchii
LRRs (17)
SP LRR ™ TIR Size (aa)
C. hamatus ni 17 1 1 964
[}
©
2 | P. georgianus P 17 1 1 946
c
[}
_C .
§ G. acuticeps P 17 1 1 946
o
Z | N. coriiceps P 17 1 1 946
N. rossii ni 5 ni ni 206*
D. mawsoni P 10 1 1 727%
C. gobio P 17 1 1 946
G. aculeatus P 19 1 1 927
TIr8
=
o HHHHHHHHHHIN D
1026 aa
T. bernacchii | —I
LRRs (19
SP LRR ™ TIR Size (aa)
C. hamatus P 18 1 1 1027
(5}
[s5]
2 | P. georgianus P 18 1 1 913
[
(<5}
g G. acuticeps P 18 1 1 913
o
Z | N. coriiceps P 18 1 1 913
N. rossii P 18 1 1 913
C. gobio P 19 1 1 911
G. aculeatus ni 18 1 1 912

109



Chapter 2.2

TIr9
a0 88 AEE B8 B8 888 A =
| | F.055 aa
T. bemacchii
LRRs (19)
SP LRR ™ TIR Size (aa)
C. hamatus P 20 1 1 939
[<5)
1]
2 | P. georgianus P 20 1 1 939
c
(5]
g G. acuticeps P 19 1 1 939
(@)
Z | N. coriiceps P 19 1 1 941
N. rossii P 18 1 1 941
D. mawsoni P 19 1 ni 865*
C. gobio P 18 1 1 939
G. aculeatus P 16 1 1 939
TIr13
‘ I gl |_<.'908 aa
T. bemnacchii
LRRs (13)
SP LRR ™ TIR Size (aa)
C. hamatus ni ni 1 1 150*
[«5)
©
2 | P. georgianus P 15 1 1 820
c
[}
= .
§ G. acuticeps P 15 1 1 820
o
S coriiceps ni 11 1 1 996
D. mawsoni ni 10 1 1 698*
C. gobio P 11 1 1 827
G. aculeatus ni 10 1 1 816
TIr14/18
=
= - @)
878
T. bemacchii I —l o
LRRs (9)
SP LRR ™ TIR Size (aa)

110



Chapter 2.2

C. hamatus P 9 1 1 878
[}
o]
2 | P. georgianus P 9 1 1 722
c
(<5}
:?3 G. acuticeps P 9 1 1 722
[}
Z | N. coriiceps P 9 1 1 722
N. rossii P 9 1 1 722
D. mawsoni ni 5 1 1 454*
C. gobio P 8 1 1 722
G. aculeatus ni 10 1 1 724
TIr21
e F.Eﬁaa
T. bemacchii
LRRs (20)
SP LRR ™ TIR Size (aa)
C. hamatus P 18 1 1 978
(5]
[+
2 | P. georgianus P 18 1 1 978
c
[}
g G. acuticeps P 18 1 1 976
o
< N coriiceps P 19 1 1 973
N. rossii ni 17 1 1 996
D. mawsoni ni ni ni 1 197*
C. gobio P 17 1 1 974
G. aculeatus ni 15 1 1 928
TIr22
_SEEEEER EEEEEEERE B | =
I '_ 964 aa
T. bemacchii
LRRs (17)
SP LRR ™ TIR Size (aa)
C. hamatus ni 17 1 1 856
§ P. georgianus ni 17 1 1 962
E, G. acuticeps ni 17 1 1 962
1)
g N. coriiceps ni 17 1 1 819

111



Chapter 2.2

N. rossii ni 16 1022

D.mawsoni P 18 960

C. gobio ni 17 942

G. aculeatus ni 18 961

TIr23
HEE B  SEEEEEE EEE B
*n - ..&37 .
P. georgianus LRRS (1 5)
SP LRR TIR Size (aa)

C. hamatus P 15 948

& | G. acuticeps P 15 824
S

E N. coriiceps P 13 799
S

g N. rossii ni 9 625*

D. mawsoni P 14 798

TIr25
sp> I I 1] 1
0 | '_4.8725 aa
T. bemacchii
LRRs (8)
SP LRR TIR Size (aa)

(5]
[+

2 | P. georgianus P 7 778*
c
(]

ey . .

§ G. acuticeps ni 7 825
o

z D. mawsoni P 8 739*

C. gobio P 8 826

D. labrax P 7 827

112

Figure 2.2.8. Tlr protein domain structure in Nototheniidae. The deduced structure of the TIr
proteins in the Antarctic teleost T. bernacchii are represented as an example of the structure across the
Nototheniidae fish. For tlr23, which is missing from T. bernacchii the structure of the deduced protein
in P. georgianus was used. The numbers of domains predicted in other Nototheniidae species as well as
in the sub-Antarctic fish C. gobio and the evolutionary proximate perciform G. aculeatus are indicated
in a table (except for tIr25 where the D. labrax is represent). Domains represented are: LRR- Leucine
rich motifs (yellow), TM- transmembrane domain (green), TIR, Toll/interleukin-1 receptor (purple).
The presence of a signal peptide (SP) is also indicated (orange). LRR and TIR were predicted in silico
using the ScanProsite (de Castro et al., 2006) and the SMART (Letunic et al., 2021) programmes. The
signal peptide (SP) was predicted using the SignalP 4.1 Server (Nielsen, 2017) and TM domains were
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predicted using the TMHMM Server v. 2.0 (http://www.cbs.dtu.dk/servicess TMHMMY/). The length (aa)
of the predicted proteins is indicated. The complete sequence alignments mapping all the predicted
domains is available in Supplementary Figure 2.2.4-8D. TIr21 (197 aa) from D. mawsoni and TIr25 (369
aa) from N. coriiceps are not represented as they are very incomplete. * Partial sequences, P- predicted.

3.4.6. Selective pressure analysis

Branch-site analysis for the ancestral Nototheniidae revealed that TIr5 (BSM, p =
0.0011), TIr8 (BSM, p < 0.001), TIr13 (BSM, p = 0.0018), TIr22 (BSM, p < 0.001) and TIr23
(BSM, p = 0.001) were under positive selection (Table 2.2.3). Branch-site analysis was also
performed for the duplicate G. acuticeps Tlr21_2 and revealed positive selection (BSM, p <
0.001) (Table 2.2.3). Site analysis was further performed for these receptors and identified
several positive selection sites (PSS) within the ectodomain and inside the LRR motifs of
Nototheniidae TIr8, TIrl3, Tlr21, Tlr22 and TIr23 (Figure 2.2.9) suggesting that this region
was highly modified and resulted in most cases of species-specific modifications. PSS were
also found within the TM and TIR domains of TIr5 (Supplementary figure 2.2.6), TIr8
(Supplementary figure 2.2.7), TIr21 and TIr22 (Supplementary figure 2.2.8). Tlr22, the
teleost specific receptor was the most modified with 44 PSS identified (SM, p <0.001) of which
41 were localized within the ectodomain and 27 were inside LRRs (Figure 2.2.9, Table 2.2.3-
4, Additional data 13 in Annex I). The second most modified receptor in Nototheniidae was
TIr8 with 12 PSS (SM, p < 0.001) found within the ectodomain and 3 within LRRs (Figure
2.2.9 A, Table 2.2.3-4, Additional data 8 in Annex I). For G. acuticeps Tlr21 duplicates
(TIr21_2) 7 PSS were found in the ectodomain of which 3 mapped within LRR suggesting
functional divergence after species-specific gene duplication (Figure 2.2.9, Table 2.2.3-4,
Additional data 12 in Annex I). PSS were also found for Nototheniidae Tlr13 (1 site within
LRRs, (SM, p = 0.004)) and TIr23 (2 sites of which one is within LRRs, (SM, p = 0.0004))
(Additional data 10 and 14, respectively in Annex I). For TIr5 and TIr22 a single and two
PSS were detected within the TM region, respectively PSS in the TIR domains were also
detected for TIr8 (1 PSS), Tlr21 (3 PSS) and TlIr22 (1 PSS).

113



Chapter 2.2

Table 2.2.3. Selective pressure analysis for branch-site models. LRT Statistics (2AL) and p-values for the branch-site models on the ancestral Nototheniidae
branch for TIr5, TIr8, TIrl3, TIr22, TIr23 and G. acuticeps TIr21 duplicate (TIr21_2).

Receptor M odel np LnL Estimates of parameters M odel compared LRT P-value Positive sites”
TLR5 Model A 28 -10165,09641  Siteclass 0 1 2a 2b 530N 0.978*
f 0,60473 0,33234 0,04061 0,02232
w0 0,10087 1 0,10087 1
wl 0,10087 1 9,07143  9,07143
Model A null 27 -10170,38592 1 Model A vsModel A null ~ 0,00114378 Not Allowed
TLR8 Model A 28 -16158.517734 Siteclass 0 1 2a 2b 823 A 0.965*
f 0.57462 0.40766 0.01037  0.00735
w0 0.07029 1.00000 0.07029  1.00000
w1 0.07029 1.00000 998.99874 998.99874
Model A null 27 -16165.296401 1 Model A vsModel A null ~ 0.000231386 Not Allowed
TLR13 Model A 20 -7100.573648  Siteclass 0 1 2a 2b
f 0.64259 0.32938 0.01853  0.00950
w0 0.06914 1.00000 0.06914  1.00000
w1 0.06914 1.00000 14.37178  14.37178
Model A null 19 -7105.431583 1 Model A vsModel A null ~ 0.001826836 Not Allowed
TLR22 Model A 32 -17590.839397 Siteclass 0 1 2a 2b 344 S0.962*,627 M 0.960*
f 049499 0.44812 0.02986  0.02703
w0 0.13232 1.00000 0.13232 1.00000
wl 0.13232 1.00000 12.14526 12.14526
Model A null 31 -17602.159433 1 Model A vsModel A null ~ 0.000001954 Not Allowed
TLR23 Model A 16 -9143.957160  Siteclass 0 1 2a 2b Not significant sites
f 0.56141 0.41365 0.01436  0.01058
w0 0.11399 1.00000 0.11399  1.00000
wl 0.11399 1.00000 19.63740  19.63740
Model A null 15 -9147.279352 1 Model A vsModel A null  0.009946886 Not Allowed
Gya_TLR21_2 Model A 28 -14048.172839 Siteclass 0 1 2a 2b 25D 0.952%, 427 D 0.973*, 513 Q 0.956*, 552 R 0.998**, 577 D 0.973*
f 0.55406 0.39020 0.03270  0.02303 615 M 0.976*,653 R 0.963*,770 D 0.975*,809 V 0.972*,815 S0.974*
w0 0.06857 1.00000 0.06857  1.00000
wl 0.06857 1.00000 53.35043 53.35043
Model A null 27 -14058.915882 1 Model A vs.Model A null _ 0.000003564 Not Allowed

#Only PSS with significant posterior probabilities are indicated. Asterisks indicate posterior probabilities P295%(*) and P>99%(**).
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Figure 2.2.9. Evidence of positive selection in the LRR ectodomains of Nototheniidae Tlrs. Receptors represented are TIr8 and TIr21 and TIr22. A) Positive
selection identified with the Branch-site model are represented by coloured shapes on ancestral Nototheniidae branch and on TIr21 duplicate in G. acuticeps
(T1r21_2) and PSS were only found for TIr21_2 and are boxed. B) PSS as identified with the Branch-site and Sites models for Nototheniidae sequences. PSS
are coloured according to their physicochemical properties: acidic in red, basic in blue, neutral in purple, polar in green, and hydrophobic in black using Weblogo
vs3 annotation. Amino acid positions given refer to the edited multiple sequence alignment used for the selective pressure analysis (Additional data 1-15 in
Annex 1). The PSS represented were mapped in the sequences and are marked in red (Supplementary figure 2.2.4-8).
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Table 2.2.4. Selective pressure analysis for site models. LRT Statistics (2AL) and p-values for the site models on the Nototheniidae sequences of TIr5, TIr8,
TIrl3, TIr22, Tlr23.

Receptor Model np LnL Estimates of parameters Model compared LRT P-value Positive sites’
TLR5 M2a 14 -2969,998729 p: 0.62742 0.36347 0.00911 M1avs. M2a
w: 0.10344 1.00000  4.70001 No significant sites found
M1a 12 -2970,783667 p: 0.63311 0.36689
w: 0.10281 1.00000 1 Not Allowed
M8 14 -2969,998943 p0=0.94815 p=0.38730 @=0.78363 M7 vsM8
(p1=0.05185)  w= 1.98531
M7 12 -2971,214751 p=0.27144 q=0.44370 0,296470369  Not Allowed
TLR8 M2a 14 -5382.496766 p: 0.29522 0.65107 0.05371 M1avs. M2a
w 0.00000 1.00000 13.82641 No significant sites found
M1a 12 -5417.313267 p: 0.42715 0.57285
w: 0.00000 1.00000 0.000000000  Not Allowed
M8 14 -5388.003906 p0=0.74956 p=0.00500 @=1.72148 M7 vsM8 25 G 0.999**,27 K 0.987*,28 E 0.988* ,48 W 1.000**,63 Q 0.988*,92 S 0.987*,275 V 0.995** 414 S 0.984* 501 K 0.985*,753 H 0.985*,761 K 0.987*
(p1=0.25044)  w=5.39259
M7 12 -5418.056161 p=0.02508 q=0.01283 0.000000000  Not Allowed
TLR13 M2a 12 -3257.897218 p: 0.73321 0.00000 0.26679 M1avs. M2a
w: 0.00000 1.00000 2.89533 No significant sites found
M1a 10 -3262.616085 p: 0.46579 0.53421
w: 0.00000 1.00000 0.008925285  Not Allowed
M8 12 -3257.897218 p0=0.73321 p=0.00500 @=2.09224 M7 vsM8 210 H 0.963*
(p1=0.26679)  w= 2.89538
M7 10 -3263.427397 p=0.02050 q=0.00751 0.003965279  Not Allowed
TLR22 M2a 16 -5046.424216 p: 061339  0.15062 0.23598 M1avs. M2a
w 0.00000 1.00000 5.25653 No significant sites found
M1a 14 -5086.643355 p: 0.48532 0.51468
w: 0.00000 1.00000 0.000000000  Not Allowed
M8 16 -5046.642792 p0=0.69561 p=0.00500 g=1.39574 M7 vsM8 24T 0.963*,32 R 0.968*,36 A 0.957* 40 G 0.957*,45 S 0.999* * 49 P 0.964*,66 K 0.951*,88 T 0.999**,119 K 0.994** 141 R 0.994** 149 T 0.951*,181 R 0.969*
(p1=0.30439)  w=4.52587 245 E 0.993**,254 S 0.969*,257 T 0.995**,273 Q 0.981*,300 H 0.992**,302 R 0.983*,328 L 0.996**,347 R 0.994**,368 Y 0.958*,373 Q 0.962*,
395 E 0.995*,397 Y 0.954* 419 A 0.954*,423 S0.964*,447 N 0.994** 477 V 0.995** 496 Q 0.957*,498 P 0.962*,501 T 0.998** 503 R 0.957*
520 S0.968*,544 N 0.991** 559 N 0.991**,571 S 0.972*,590 R 0.950* 642 E 0.954* 663 P 0.969*,707 T 0.977*,709 S 1.000**,760 T 0.960*,
M7 14 -5090.346350 p=0.03100 9=0.01510 0.000000000  Not Allowed
TLR23 M2a 12 -4560.594806 p: 0.79957 0.00000 0.20043 M1avs. M2a
w: 0.17464 1.00000 3.91573 No significant sites found
M1a 10 -4568.283926 p: 0.38807 0.61193
w: 0.00000 1.00000 0.000457781 Not Allowed
M8 12 -4560.595092 p0=0.79997 p=5.98663 q=27.59025 M7 vsM8 333 T 0.976*, 515 S 0.974*
M7 10 -4568.445931 p=0.02094 9=0.00655 0.00655 0.000389425  Not Allowed

2Only PSS with significant posterior probabilities are indicated. Asterisks indicate posterior probabilities P>95%(* ) and P>99%(**).
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2.2.4.7. Experimental immune and temperature challenge

2.2.4.7.1. Tlr expression

Expression of tIr5, tlr21 and tlr22 was determined in the head-kidney and intestine of
N. rossii (Figure 2.2.10). tIr21 is the most abundant transcript in head-kidney and tlr22 in the
intestine. Tlr gene expression in the 2°C LPS-challenged group at both 8 h and 24 h post-
challenge was not significantly modified in the head-kidney and intestine in relation to the non-
LPS challenged control (Figure 2.2.10). Similarly, in N. rossii maintained in 6°C seawater no
significant differences in tlr5, tlr21 and tlr22 gene expression were detected between the control
and LPS-challenged groups. Comparison between animals maintained at 2°C and at 6°C
revealed a significant increase (n=6, p < 0.001) in TIr5 gene expression in the head-kidney of
control and LPS-challenged fish at 6°C. In the head-kidney of control and LPS-challenged fish
after 8 h, tlr21 (n=6, p < 0.001) and tlr22 (n=6, p = 0.005) transcripts were significantly
increased in 6°C compared to the 2 °C group. In the intestine, tlr21 was significantly down
regulated (n=6, p < 0.05) after 24 h in both control and LPS-challenged groups at 6 °C compared
to the 2°C group (Figure 2.2.10).
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Figure 2.2.10. Quantitative PCR expression (ng/pl) of N. rossii transcripts for tIr5, tlr21 and tlr22
in LPS and temperature challenged fish. Gene transcript abundance was analysed in the head-
kidney and intestine of control and experimental groups 8 h and 24 h post-injection. Expression of tIr5
in the intestine is of very low abundance and was not quantifiable. The blue bars correspond to 2°C and
red bars to 6°C seawater temperatures, smooth bars to the controls and dotted bars to the LPS groups.
Data corresponds to the mean + SEM of six different samples per group and gene expression levels were
normalized using the geometric mean of two reference genes (18s and fS-actin). SigmaPlot software
v12.5 was used to assess the significance of differences between the experimental groups using three -
way analysis of variance (ANOVA), post hoc Tukey’s test (Shapiro-Wilk normality test). Bars with
asterisks are (p < 0.05) and double asterisks are (p < 0.001).

2.2.4.7.2. Blood plasma enzymatic activity
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The concentration of total plasma proteins was similar in all experimental groups (data
not shown). Lysozyme activity in N. rossii plasma was significantly higher (n = 6, p = 0.012)
after 24 h of the LPS-challenged compared to the control group at 2°C (Figure 2.2.11 A). No
statistically significant differences in antitrypsin activity were detected between the control and
LPS-challenged groups at both 2°C and 6°C. However, comparison of control and LPS-
challenged groups at 2°C and 6 °C revealed that they are significantly different (control 2°C
versus control 6°C and LPS 2°C versus LPS 6°C) at 8h and inhibition of enzyme activity
significantly increased (n =6, p = 0.032) in the 6 °C groups compared to the 2°C groups (Figure
2.2.11 B). Within the 2°C experimental groups, a significant increase in antitrypsin activity was
also detected in the control and LPS-injected groups at 24 h (n = 6, p = 0.007) when compared
with the same groups at 8 h (Figure 2.2.11 B).
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Figure 2.2.11. Plasma enzyme activity in LPS and temperature challenged N. rossii. (A) Lysozyme
(U/ml) and (B) total protease inhibition (%) were measured in plasma from control and experimental
groups. The blue bars correspond to 2°C and red bars to 6°C seawater temperatures, smooth bars to the
controls and dotted bars to the LPS groups. Data corresponds to the mean £ SEM of six different samples
per group. SigmaPlot software v12.5 was used to assess the significance of differences between the
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experimental groups using three - way analysis of variance (ANOVA), post hoc Tukey’s test (Shapiro-
Wilk normality test). Bars with asterisks and letters are (p < 0.05).

2.2.5. Discussion

The Nototheniidae are a stenothermal cold-adapted monophyletic teleost clade that
evolved relatively recently in the cold-stable waters of Antarctica. Their diversification
involved several rounds of species radiation that led to significant ecological, morphological,
and genetic differentiation that contributed to their survival and environmental niche adoption.
The impact of the Nototheniidae species radiation and environmental adaptation on immune
system evolution, which is hypothesised to drive teleost speciation and success remains poorly
described. Here we characterized the Tlr superfamily genes of the innate immune system in
seven Antarctic teleost species and provide a comparative analysis with tlr genes in other
teleosts.

The Nototheniidae possess a similar tir gene number to other teleosts suggesting that
speciation and adaptation to the Antarctic environment had little impact on receptor gene
number. The only exception was D. mawsoni with only 10 Tlrs. Perciformes, which include
Nototheniidae, unlike other teleost orders retain a homologue of the tetrapod tlr13. In addition,
identification of a rapidly evolving species-specific Tlr21 duplicate (TIr21_2) in G. acuticeps
may be a unique adaptive character arising from neofunctionalization after gene duplication.
Although the general protein structure and gene number of TLRs in Nototheniidae is well
conserved, codon usage bias revealed significant modifications in the ectodomain and LRR
motifs of TIr5, TIr8, TIrl3, TIr22 and TIr23. This suggests subtle modifications in ligand
binding characteristics occurred presumably due to adaptation to the unique microbial
community found in these frigid waters. Challenge with LPS failed to affect transcription of
tIr5, tir21 and tIr22 in immune-related tissues (head-kidney and intestine) in N. rossii. However,
a 4°C rise in sea water temperature from 2°C to 6°C significantly modified tissue expression

levels of the three genes analysed.

2.2.5.1. Evolution of the Nototheniidae Tlrs

120



Chapter 2.2

Comparative analysis of the genomes and transcriptome of Nototheniidae fishes relative
to other fish and vertebrates revealed that the TLR gene repertoire is similar to other
Perciformes suggesting that their recent radiation in the cold-stable Antarctica environment was
not associated with significant modifications in Tlr gene repertoire or evolution as described
for other gene families that contributed to their adaptation such as the expansion of antifreeze
glycoproteins and zona pellucida proteins that confer protection from ice damage (Chen et al.,
1997b, 2008; Kim et al., 2019a). The exception was D. mawsoni an early evolving lineage of
the Nototheniidae where species-specific tlr gene deletions occurred.

Of the seven Nototheniidae genomes analysed D. mawsoni retained the lowest number
of Tlr genes and linkage analysis revealed the homologues of tlrd, tlr2 (a and b), tir5 and tir8
were deleted from its genome. The reason for tir gene deletion in D. mawsoni is unclear but
may be associated with its unique physiological adaptations. This species is considered the best
model for studies of the evolutionary underpinning of secondary pelagicism (absence of a
swim-bladder) in the Antarctic clade. The neutral buoyancy of D. mawsoni arose from
significant genetic reprograming to favor fat deposition and modified bone development (Chen
et al., 2019b). Morphological alterations in D. mawsoni to reduce body density and promote
static lift include increased lipid deposits under skin and musculature and minimized bone
mineralization (Eastman and DeVries, 1981) with an up regulation of genes involved in
adipogenesis, triacylglycerol synthesis and fat storage in skeletal muscle and by favoring
chondrogenesis over osteoblastogenesis (Chen et al., 2019b). In mammals TIr non-immune
functions are linked to bone development and increased osteoclast differentiation (Souza and
Lerner, 2019), both of which are supressed in D. mawsoni (Eastman and DeVries, 1981), raising
the possibility that in the Nototheniidae and teleosts in general tlr gene evolution may not only
be influenced by their innate immune function.

An unanticipated result from our expanded comparative analysis of the tlr gene
repertoire in fish was the reduced tlr gene number in the Pleuronectiform order (flatfish). The
number of tlr gene members found in the four species analysed was variable and S. senegalensis
and C. semilaevis had the most compact gene repertoire with 6 (tlrl, tlr3, tIr5, tlr7, tIr8 and
tlr22) and 7 (tlr14/18, tir3, tlr5, tlr7, tir8, tIr9 and tlr22) tlrs genes, respectively. Like the
Nototheniidae, extant flatfish of the Pleuronectiformes represent a monophyletic group (Shi et
al., 2018). In the Nototheniidae and Pleuronectiform radiations chromosomal rearrangements
and chromosomal fusions occurred independently in different species lineages (Auvinet et al.,
2020)(Garcia-Angulo et al., 2019). The compaction and reorganization of the genome in these

two teleost lineages does not explain tlr gene deletions as the gene synteny was well conserved.
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An intriguing observation is the common physiological characteristic of D. mawsoni and adult
flatfishes as both lack a swim bladder and have a high content of polyunsaturated fatty acids in
the organism (Cerda and Manchado, 2013). In mammals changes in lipid metabolism and
increased lipid storage affect innate immunity and cause modifications in TIr signaling,
endocytosis and cytokine secretion (Koberlin et al., 2016; Ruysschaert and Lonez, 2015). In
fact, dyslipidemia and other metabolic diseases in mammals are closely connected to an altered
immune response (Glass and Olefsky, 2012; Ka and Jin, 2021). Taking into consideration the
interaction between lipid metabolism and TIr activity these morphological/metabolic
adaptations may explain the reduced TIr repertoire in flatfish and D. mawsoni.

Identification of specific gene duplicates in Notothenoids fish compared to other teleosts
(e.g. zona pellucida (ZP)-like proteins (Cao et al., 2016), mitochondrial proteins (Coppe et al.,
2013) and antifreeze glycoprotein (Chen et al., 1997b; Near et al., 2012) have been associated
with diversification of protein function as a consequence of their adaptation to the freezing
environment (Chen et al., 2019b). However, conservation of species-specific duplicates of TLR
subfamilies occurred in the case of the tlr21 gene in the G. acuticeps genome and tlr2 in all
Nototheniidae and other teleosts and it was missing from D mawsoni. In our extended
comparative analysis 3 further Tlr genes, homologues of the teleosts tlr2b, tlr13 and tlr25, were
identified in N. coriiceps compared to a previous study (Ahn et al., 2014). A similar gene
repertoire was retrieved from the transcriptome of the congeneric species, N. rossii, further
confirming conservation of Tlr gene members across Nototheniidae. Comparison of Antarctic
Nototheniidae with the sub-Antarctic Bovichtidae representative, C. gobio, revealed loss of
tlrSs and tIr23 and in the closest Gasterosteriformes lineage, G. aculeatus, tlr2b and tlr23 were
lost indicating Tlr gene evolution was lineage and species-specific dependent. The TLR11
subfamily, is most conserved in aquatic vertebrates and was best conserved in Perciformes
including the Nototheniidae. The TLR11 subfamily member tlrl3, was up-regulated in the
Perciform, Miichthys miiuy, from infection of Vibrio anguillarum, a bacteria that causes
haemorrhagic septicaemia (Lages et al., 2019), and from viral simulation using Poly I:C
(Signorino et al., 2014; Wang et al., 2016c). Studies of fish Tir-ligand interactions will be
essential to decipher the link between the TLR repertoire, infection, innate immune activation
and disease resistance.

Overall, comparing Antarctic Nototheniidae and multiple teleost species, our analysis
suggests that adaptation to the cold extreme Antarctica environment has not played a significant
role in the Nototheniidae Tlr gene repertoire and the differences arose from species-specific

events. In the Nototheniidae and the sister lineage Bovichtidae, TIr gene number is similar to
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other teleosts while the Gadiformes are peculiar as exuberant lineage-specific duplications and
deletion events occurred. For example, in G. morhua 7 copies for tlr8, 14 copies tlr22 and 9
copies for tIr25 were found in the genome and tlr5/tlr5s, tlrl and tlr2 genes were missing and
this has been associated with the loss of mhcll and expansion of mhcl genes (Solbakken et al.,
2016, 2017). This was correlated with the highly variable pathogen loads and community
composition of the paleoclimatic Arctic conditions (Solbakken et al., 2016). However, we
propose that the cod is an exception and its unique TLR repertoire and highly modified innate
gene repertoire is a result of the rich number and frequency of repetitive tandem repeats within
genes and gene promoter regions and significant genome rearrangement/recombination

compared to other teleosts (Tarresen et al., 2017) (Sodeland et al., 2016).

2.2.5.2. Notothenioid Tlrs evolved under positive selection pressure

The accepted consensus is that TLRs are functionally conserved (Mikami et al., 2012).
However, evidence from more refined analysis of the evolution of ligand recognition indicates
positive selection of TLR3, 4, 5 and 15 in birds (Alcaide et al., 2008); TLR 4, 7 in wild rodents
(Forntskova et al., 2013); TLR1, 2, 6, 8 (Darfour-Oduro et al., 2015) and also for cetacean TLR
(Xu et al., 2019) and TIr5, 8, 13, 21, 22 and 23 in the present study of Antarctic Nototheniidae.
Contrary to a previous study we failed to find the positive selection of TIr2 in T. bernacchii,
which was proposed to be associated with their radiation in an Antarctic environment (Varriale
et al., 2012). Based on our in-depth analysis of TLR evolution we suggest that although the
general protein framework of the protein has been conserved, the ligand interacting domain has
changed presumably linked to their divergent pathogen recognition in different vertebrates. We
propose a model that mirrors, although with less complexity, the highly conserved antibody
structure in which changes to small protein segments (hypervariable regions) establishes the
exquisitely refined antigen recognition (Jaton and Riesen, 1976). Our model explains the
conundrum arising from the highly conserved TLR repertoire across most vertebrates despite
their exposure to vastly different microbe loads, communities, and the surface or molecular
characteristics of their pathogens.

Positive selection at the ectodomain, which recognize pathogen components, and within
LRR motifs, was detected in TIr5, Tlr8, TIrl3, Tlr22 and TIr23 of all Antarctic Notothenioids.
This was presumably driven by the unique microbiome bound by the circumpolar Antarctic

currents. Of note is that selective pressure was common in members of the TLR11 superfamily,
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which is rich in members in the teleosts. The members of this superfamily compared to other
TLR families possess the largest number of LRRs and respond to viral infections (Chen et al.,
2013; Matsuo et al., 2008; Pietretti and Wiegertjes, 2014). Protein modelling studies of TIr22
LRRs in D. rerio revealed that changes in the LRR motif due to PSS, modified ectodomain
structure towards a flattened horseshoe-shape conformation and caused a functional change
towards sensing long-sized dsRNA (Sundaram et al., 2012b) (Sahoo et al., 2015). Positive
selection in the tIr22 duplicates of G. morhua and Boleophthalmus pectinirostris (Sundaram et
al., 2012a, Solbakken et al., 2016; Qi et al., 2019; Qiu et al., 2019) were also associated with
species-specific pathogen recognition. PSS of the duplicate tlr21_2 TIR domain in G. acuticeps
falls within the three conserved regions, box 1 (YDAFISY), box 2 (SSKLC-RD-PG) and box 3
(a conserved W surrounded by basic residues) that are involved in signal transduction (1 and 2)
and receptor localization (3) (Slack et al., 2000). Previous studies in Larimichthys polyactis
suggested that the TIR domain of tlr21 mediates activation of the factor nuclear kappa B (Sun
et al., 2016), suggesting divergent signalling may occur in the duplicate TIr2 in G. acuticeps.
PSS were also detected in TIr8 LRRs (known to be efficient against virus) and in the TM domain
of TIr5 (that mostly react to bacteria) and changes in the homologue receptor sequences in other
teleosts were associated with adaptation to different environmental pathogens (Han et al.,
2017). Functional data on amino acid mutations in the receptor TM domain is scarce buta TM
mutation identified in Nototheniidae TIr5 (PSS 530) is located near an important binding site
for the plasma membrane auxiliary protein UNC93B1 which in mammals is responsible for the
receptor trafficking and localization (Huh et al., 2014). The results of our extensive comparative
analysis of TLR evolution in vertebrates and PSS analysis, indicate that the TIr11 superfamily

underwent a unique evolutionary process in the Antarctic Nototheniidae.

2.2.5.3. Notothenioid TIr response is species-specific and changes with temperature

increase

The distribution of the TIr transcripts in head-kidney (tlr5, tir21 and tlr22) and intestine
(tlr21 and tlr22) of N. rossii confirmed their previously described tissue-specific distribution
(Ahn et al., 2014; Qi et al., 2018). In LPS-stimulated N. rossii (8h and 24h later) no changes in
tlr gene expression were detected, which conflicts with previous studies in other teleost fish
where these genes were modified. For example, in Larimichthys polyactis head-kidney and

spleen tlr21 and tlr22 were differentially expressed 6-12 h post LPS challenge (Qiu et al., 2019),

124



Chapter 2.2

in C. carpio tlr22 expression was increased in head-kidney (Li et al., 2017) and in Dabry’s
sturgeon tlr21 and tlr22 expression was increased in the head-kidney leukocytes (Qi et al.,
2018). Moreover, in the head-kidney of N. coriiceps, tIr5 and tlr22 were up-regulated 12 h post-
challenge with heat-killed bacteria (E.coli O11:B4) but tlr21 expression was unaltered (Ahn et
al., 2014). In D. rerio and O. mykiss head-kidney tlr5 expression was also found to be
responsive to bacteria flagella (Hayashi et al., 2001; Meijer et al., 2004; Palti, 2011; Tsujita et
al., 2004).

The reason for the difference between the response to LPS of N. rossii relative to N.
coriiceps despite the similar treatment conditions, or to other teleosts was unclear. Particularly
since the endotoxin LPS, a glycoprotein major component of the outer cell wall membrane of
Gram-negative bacteria, is a common bacterial PAMP. Nonetheless, although bacterial LPS is
considered identical (Ray et al., 1994) more recent studies reveal chemical divergence between
different gram-negative species (Meredith et al., 2006; Nilsson et al., 2008) and within bacterial
species with different phenotypes (Migale et al., 2015; Nilsson et al., 2008). This may
contribute to explain the lack of response to LPS in our study, in fact cold adapted gram-
negative bacteria have a modified cell wall including the structure of LPS within the O-antigen
region (Ray et al., 1994). The stimulation of lysozyme activity 24h after LPS-challenge in N.
rossii is similar to what has been previously described for S. salar (Nya and Austin, 2010;
Paulsen et al., 2001). The lysozymes are a diverse and poorly conserved group of non-specific
innate immune enzymes that hydrolyse the peptidoglycan layer of the bacterial cell wall and
several genes were recently reported in Notothenioids (Li et al., 2021b). The functional
requirement of peptidoglycan residues for lysozymes activity (Ragland and Criss, 2017) and
lysozyme response to LPS in N. rossii, presumably highlights the pathogen specificity of the
LRR region in TLRs particularly since the candidate Tlrs quantified may be more reactive to
virus than bacteria.

Differences in the response to an LPS challenge of N. rossii and N. coriiceps was
previously reported for iron metabolism genes (Martinez et al., 2020) with N. coriiceps being
more responsive. The effect of water temperature was more profound than LPS on tIr5, tlr21and
tlr22 gene expression and the response was common to both control and immune-challenged
N. rossii. Plasma antitrypsin activity was reduced by an increase in water temperature. The
effect of water temperature on the regulation of tlr expression has previously been reported in
G. morhua where an increase from 4 to 12°C increased expression of tlr21 and tlr22 in the
head-kidney and spleen (Sundaram et al., 2012a). Although in D. rerio, temperature stress (from
23°C to 31°C) did not significantly modify tlr21 and tlr22 expression in the head-kidney and
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spleen (Sundaram et al., 2012b). Heat stress is known to induce an innate immune response by
activating the overexpression of various heat shock proteins. However, the function of these
proteins was lost in notothenioids as part of their adaptation to the Antarctic environment
(Hofmann et al., 2000).

2.2.6. Conclusion

Our study provides for the first time a comprehensive description of the TLR system in
several Nototheniidae and suggests they possess a similar gene complement to other teleosts
and that the TLR repertoire was highly conserved across vertebrates. Our analysis revealed that
Nototheniidae Tlrs shared common origin with other vertebrate Tlrs and that members of
TLR11 superfamily are conserved with other Perciformes. The only exception is D. mawsoni
where a compact gene repertoire was found, and this resulted from species-specific gene
deletions potentially a consequence of morphological and physiological adaptations associated
with lipid and calcium metabolism. Our extended comparative analysis also revealed that gene
deletions affected the evolution of tlrs in Pleuronectiformes a teleost extant where extreme
morphological changes in lipid metabolism and skeletal rearrangement also occurred associated
with adaptation to a benthic lifestyle. TIr5, TIr8, TIrl3, TIr22 and TIr23 suffered positive
selection in the ancestral Nototheniidae clade potentially associated with their adaptation to the
Antarctic environment and changes mostly affected the LRR motifs in a species-specific
manner suggest that functional divergence to pathogen recognition may exist. TIr5, tlr21 and
tlr22 were not responsive to LPS challenge in the head-kidney and intestine at transcriptomic
level but they were sensitive to temperature stress. Our study demonstrates that adaptation to
freezing water temperatures have not played an important role in the evolution of TIrs in
Nototheniidae and potential changes in receptor function and pathogen recognition may be
associated to the co-evolving microbiota environment and species-specific adaptation to their

ecological niches.

2.2.7. Supplementary materials

Supplementary material 2.2.1. Methods
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The detailed methods performed for the selective pressure analysis performed are described
below. The amino acid positions given in the text refer to their positions in the edited alignment

that was used for the analysis.

Supplementary material 2.2.2. Branch-Site analysis

The Branch-Site model aims to identify positive selection acting on a few sites of a
predefined branch (foreground branch) by allowing w to vary both across the branches and the
sites of the phylogeny (Zhang et al/, 2005). The alternative model A assumes four classes of
sites where site class 0 presents 0 < w0 < 1 for both background and foreground branches, class
1 with w1 > 1 for both background and foreground branches, class 2a with 0 < @0 < 1 for the
background branches and w2 > 1 for the foreground branches and class 2b where w1l = 1 for
the background branches and w2 > 1 for the for foreground branches (Zhang et al., 2005). This

model is then compared to an identical null model but where w2 = 1 fixed (Zhang et al., 2005).

Supplementary material 2.2.3. Site analysis

Two pairs of models M1a (nearly neutral) vs M2a (positive selection) and M7 (beta) vs M8
(beta& w) are useful for the identification of positively selected sites Wong et al., (2004). Both
consist in the comparison of a model where « in all sites are limited to 0 < w <1 (M1a, M7)
with a model which allows for ® > 1 (M2a, M8). The models M1a and M2a allow for two
classes of sites. M1a where @0 is estimated from the data and may vary between 0 < 00 <1
and w1 = 1 which is fixed. M2a allows for one more sites class ®2, where ®2 > 1 (Wong et al.,
2004). The beta model (M7) fixes a ratio on a distribution @ < 1 in all lineages and implements
ten classes of sites against the beta-w model (M8) which also implements a fixed « for all
lineages but attributes 11 classes of sites, 10 sites with w < 1, and one site with w > 1 to allow
for positive selection (Wong et al., 2004).

Supplementary material 2.2.4. Likelihood-Ratio test

The LRT analysis were conducted to compare a null model that does not allow for @ > 1
in the distribution with an alternative model that does (Yang et al., 2005). For each model pairs
the LRT statistic 2Al, (twice the log likelihood difference) was compared with critical values
retrieved from the y?2 distribution (significance level of 5%). In specific cases of sites and
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branch-site models where LRTs suggested positive selection, Bayes empirical Bayes (BEB)
was used to calculate the posterior probabilities that each codon belongs to the site class of
positive selection under their respective models (M2a, M8 for site models or alternative model
A for branch-site model) (YYang, 2007). Sites were considered to be under positive selection if

their posterior probability of w > 1 was equal or higher than 0.95 (Nozawa et al., 2009).

Supplementary material 2.2.5. Results

For the Branch-site analysis the ancestral branch of Notothenioidei as well as the
ancestral branch of Pleuronectiformes were tested whenever possible. From the 12 tlrs for
which the ancestral branch of Notothenioidei was tested only two identified positive selection,
TIr3 with a significant p-value of 0.000102623 and TIr22 with a significant p-value of
0.013081816 and TIr3 presented 2 PSS (422 and 591) with posterior probability > 0.95
(Supplementary File 1). From the 5 tlrs for which the ancestral branch of Pleuronectiformes

was tested none presented evidence of positive selection.

Supplementary material 2.2.6. Additional Data 1-15

All the alignments, trees and Codeml control files from each TIr are provided in the Annex | in

digital format.
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Supplementary table 2.2.1. List of species name, abbreviations, accession numbers and database
source. The sequences that were not used for the phylogenetic tree are indicated. This table is provided
in Annex | because is very extensive.

Supplementary table 2.2.2. Percent (%) of amino acid sequence identity between the Nototheniidae A)
tirl, B) tIr2, C) tIr3, D) tIr5, E) tIr5S, F) tr7, G) tIr8, H) tIr9, 1) tirl3, J) tlr14/18, K) tIr21, L) tlr22, M)

tlr23 and N) tIr25 subfamilies and with other Perciformes fish.

a)

Tir1 Gac Dla Sau Pge Gya Nco Nro Tbe Cha Cgo Pol Sse Hhi
Gac 100 75 7 75 75 75 75 75 75 76 70 66 7
Dla 100 75 76 77 77 77 77 76 79 74 71 74
Sau 100 73 73 72 72 72 72 75 74 71 75
Pge 100 97 96 95 95 98 80 72 69 73
Gya 100 95 95 95 96 80 73 69 73
Nco 100 98 95 96 81 72 69 73
Nro 100 94 95 81 72 69 73
Tbe 100 95 80 73 69 73
Cha 100 80 72 69 73
Cgo 100 74 71 75
Pol 100 73 87
Sse 100 73
Hhi 100

b)

TIr2_a Gac Dla Sau Pge Gya Nco Nro Tbe Cha Cgo Pol Hhi
Gac 100 71 69 72 71 75 75 73 73 75 69 70
Dla 100 78 75 73 80 76 75 73 78 73 74
Sau 100 70 69 74 72 70 70 74 72 72
Pge 100 97 97 98 97 98 80 72 73
Gya 100 95 97 96 96 79 70 72
Nco 100 98 97 96 82 76 77
Nro 100 97 96 80 74 75
Tbe 100 96 80 72 72
Cha 100 79 72 73
Cgo 100 73 75
Pol 100 86
Hhi 100

Tir2 b Dla Sau Pge Gya Nco Nro Tbe Cha Cgo Hhi
Dla 100 68 69 70 70 75 70 70 72 72
Sau 100 64 65 65 75 64 64 66 68
Pge 100 95 94 95 93 98 74 70
Gya 100 92 95 93 97 75 71
Nco 100 98 92 95 74 71
Nro 100 95 95 81 72
Tbe 100 94 74 70
Cha 100 74 70
Cgo 100 72
Hhi 100
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TIr3 Gac Dla Sau Pge Gya Nco Nro The Cha Dma Cgo Pol Cse Sse Hhi
Gac 100 76 72 70 71 72 72 7 71 75 76 70 67 69 70
Dla 100 7 72 72 74 74 72 72 74 78 75 69 72 74
Sau 100 67 68 69 69 69 69 72 74 72 66 71 72
Pge 100 97 93 93 92 98 95 76 68 65 66 68
Gya 100 93 93 93 97 96 76 68 65 67 68
Nco 100 98 93 94 94 77 69 66 67 68
Nro 100 93 94 95 77 69 66 67 69
Tbe 100 94 94 76 68 65 67 69
Cha 100 95 77 69 66 67 68

Dma 100 79 70 72 73 71
Cgo 100 74 68 71 73
Pol 100 71 76 87
Cse 100 73 70
Sse 100 75
Hhi 100
d)
Tir5 Gac Sau Pge Gya Nco Nro The Cha Cgo Pol Cse Sse Hhi
Gac 100 63 70 70 70 67 70 69 74 68 61 65 68
Sau 100 65 65 66 70 66 64 67 66 61 62 65
Pge 100 97 95 94 96 99 v 69 61 63 69
Gya 100 97 9% 97 97 79 69 61 64 70
Nco 100 99 96 95 78 69 61 64 70
Nro 100 96 76 67 60 63 68
Tbe 100 96 78 69 62 64 70
Cha 100 78 68 61 63 68
Cgo 100 7 65 68 72
Pol 100 66 69 86
Cse 100 69 67
Sse 100 69
Hhi 100
e)
TIr5S Gac_1 Dla Sau Pge Gya Nco Tbe Cha Dma Hhi
Gac 1 100 77 70 80 76 77 77 77 77 69
Dla 100 77 72 80 80 80 80 76 74
Sau 100 70 72 72 73 72 68 68
Pge 100 97 97 98 92 76 70
Gya 100 97 96 98 93 70
Nco 100 97 98 93 70
The 100 97 92 70
Cha 100 93 70
Dma 100 65
Hhi 100
f)

TIr7 Gac Dla Sau Pge Gya Nco Nro The Cha Dma Cgo Pol Cse Sse Hhi
Gac 100 86 80 84 84 84 81 84 83 66 86 81 7 80 81
Dla 100 82 85 82 85 79 85 85 66 87 79 75 79 78
Sau 100 80 85 80 76 79 80 61 81 83 78 84 83
Pge 100 98 98 97 97 99 76 87 82 78 81 81
Gya 100 98 98 98 98 76 87 82 78 81 82
Nco 100 99 98 98 76 87 82 78 81 81
Nro 100 97 98 91 83 81 70 79 79
Tbe 100 97 77 87 81 78 81 81
Cha 100 74 88 82 78 81 82

Dma 100 68 64 60 63 64
Cgo 100 83 78 82 83
Pol 100 79 83 91
Cse 100 80 77
Sse 100 83
Hhi 100
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9)

TIr8 Gac Dla Sau Pge Gya Nco Nro The Cha Cgo Pol Cse Sse Hhi
Gac 100 74 68 67 64 67 67 67 67 72 68 48 68 66
Dla 100 75 69 66 69 70 70 69 4 74 50 74 72
Sau 100 67 62 67 67 68 67 72 69 49 69 69
Pge 100 96 92 91 91 98 7 65 48 64 64
Gya 100 94 92 1l 96 68 62 49 62 62
Nco 100 97 92 93 70 65 49 65 64
Nro 100 91 91 70 64 49 65 64
Tbe 100 91 ! 66 48 65 66
Cha 100 7 65 48 65 64
Cgo 100 72 50 71 70
Pol 100 50 73 83
Cse 100 54 50
Sse 100 71
Hhi 100

h)

TIr9 Gac Dla Sau Pge Gya Nco Nro Tbe Cha Dma Cgo Pol Cse Hhi
Gac 100 73 65 7 7 7 71 72 7 65 72 66 61 67
Dla 100 69 72 72 72 72 72 72 66 74 69 66 70
Sau 100 65 64 64 65 65 64 64 66 63 59 64
Pge 100 97 95 95 94 99 89 76 66 62 67
Gya 100 95 95 95 97 89 76 66 62 66
Nco 100 98 A 95 89 76 66 62 67
Nro 100 95 95 90 76 66 62 67
Tbe 100 94 0 4 66 63 67
Cha 100 89 76 66 62 67
Dma 100 71 59 56 61
Cgo 100 68 65 68
Pol 100 63 82
Cse 100 63
Hhi 100

i)

Tir13 Gac Dla Sau Pge Gya Nco The Cha Dma Cgo
Gac 100 73 71 66 67 58 66 74 64 71
Dla 100 78 70 71 62 70 81 65 76
Sau 100 70 71 61 69 81 65 75
Pge 100 97 84 93 98 86 73
Gya 100 84 93 97 87 73
Nco 100 82 98 73 64
Tbe 100 97 86 72
Cha 100 95 86
Dma 100 68
Cgo 100

)

TIr14/18 Gac Dla Sau Pge Gya Nco Nro Tbe Cha Dma Cgo Pol Cse Hhi
Gac 100 82 82 78 78 78 78 78 78 69 81 78 77 7
Dla 100 86 80 80 80 80 81 80 80 83 79 76 78
Sau 100 80 81 81 82 81 81 80 83 79 78 79
Pge 100 97 94 95 95 98 94 82 76 73 73
Gya 100 95 96 96 97 e 83 75 73 73
Nco 100 98 A 95 93 82 75 73 73
Nro 100 95 96 94 82 75 73 73
Tbe 100 96 95 83 75 74 73
Cha 100 94 83 76 74 74
Dma 100 82 71 74 69
Cgo 100 79 76 78
Pol 100 78 76
Cse 100 88
Hhi 100
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K)

Tlr21 Gac Dla Sau Pge Gya1Gya2 Noo Nro Tbe Cha Dma Cgo Pol Hhi
Gac 100 72 68 69 69 4l 70 70 69 69 65 69 67 70
Dla 100 74 72 7 67 72 72 71 74 70 74 73 72
Sau 100 66 67 69 67 67 67 70 63 70 68 68
Pge 100 93 90 92 91 89 98 72 71 69 69

Gya_1 100 95 92 91 92 92 72 72 68 69
Gya 2 100 89 89 91 90 70 7 67 67
Nco 100 96 91 92 75 72 69 70
Nro 100 90 90 74 72 69 70
Tbe 100 89 73 72 70 69
Cha 100 73 7 68 69
Dma 100 67 67 67
Cgo 100 69 68
Pol 100 81
Hhi 100

1)

TIr22 Gac Dla Sau Pge Gya Nco Nro Tbhe Cha Dma Cgo Pol Cse Sse  Hhi
Gac 100 59 59 60 60 59 60 59 57 60 62 58 52 56 59
Dla 100 66 63 63 62 62 62 60 64 68 67 55 63 68
Sau 100 60 60 59 60 60 57 61 64 61 4 60 62
Pge 100 95 90 91 88 96 91 69 59 53 60 60
Gya 100 90 92 88 93 9N 68 60 53 60 60
Nco 100 96 87 90 90 67 59 53 59 59
Nro 100 89 89 91 69 60 54 61 60
Tbe 100 85 89 68 58 52 59 59
Cha 100 88 64 57 50 55 57
Dma 100 70 60 54 60 60
Cgo 100 64 54 61 65
Pol 100 58 66 81
Cse 100 56 57
Sse 100 66
Hhi 100

m)

TIr23 Dla Sau Pge Gya Nco Nro Cha Dma

Dla 100 48 49 48 48 53 48 49
Sau 100 62 62 61 63 62 63
Pge 100 97 92 93 98 92
Gya 100 93 95 96 94
Nco 100 96 N 91
Nro 100 94 92
Cha 100 93
Dma 100
n)
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TIr25 Dla Pge Gya Nco Tbe Dma Cgo
Dla 100 81 81 84 82 81 83
Pge 100 97 96 97 M4 84
Gya 100 96 95 86 82
Nco 100 96 93 86
The 100 95 84
Dma 100 83
Cgo 100
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Supplementary figure 2.2.1. Detailed dendrogram of the Tlr members identified in Pleuronectiformes. The genes identified are represented within the six
vertebrate TLR superfamily by coloured circles, when multiple genes were identified gene number is indicated inside the circles. Gene absence is indicated by
a white circle. The G. aculeatus was included as a representative of the Perciforms for comparisons with the Pleuronectidae order and considering species
distribution (Bai and Lee, 2010; Campos et al., 2013; Fang et al., 2010; Mayden et al., 1992; Neilson et al., 1989). Genes were obtained by searching their
genome assemblies. Accession numbers are available as Supplementary Table 2.2.1.

SUPERFAMILY TLR1 TLR3|| TLRS5 TLR7 TLR11 Total Species Distribution
Subfamilies 1 2 6 10 14/ 15 25 27 3 5 S 7 8 9 |[11 13 21 22 23 |[tIrs
18 . .
asterosteidae Circumarctic and Temperate
S «" OC) QQO . . 0 . . . O.. .O 13 regions (4 to 20°C)*
g Gasterosteus aculeatus *Page and Burr (2011)
E . Western Pacific (21 to 24°C)*
—’ OO0 @ L JOR[ X X OOO®O 10 *Bai and Lee (2010)

Paralichthys ofivaceus

OO OO0 o N AL X X Jl®®l I ) (|12 Eastern and Western Atlantic (5 to 7°C)*

Hippoglossus hippogiossus * Nielsen et al (1986)

Pleuronectiformes

Pleuronectidae

- QQ QO QOQ . . Q . . . QQO. O 7 Asia (14-25 °C*/20-26 °C**

*Fang et al (2010)

Cynoglossus semilaevis

. O Eastern Atlantic and

- .‘ Q QO O Q OO @ | X O OQQ .O 6 Western Mediterranean (13 to 28°C)*

Solea seleganensis *Campus et al (2013)
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Supplementary figures 2.2.2. ML phylogenetic tree of Tlrs. Branches of the six vertebrate TLR
superfamilies are identified by the corresponding numbers within black circles and with different
colours: S1 indicates TLR1 superfamily (orange); S3 for TLR3 superfamily (red); S4 for TLR4
superfamily (pink); S5 for TLR5 superfamily; S7 for TLR7 superfamily (blue) and S11 for TLR11
superfamily (green). Within each superfamily cluster when multiple subfamilies exist, they were
coloured with variations of the main representative colour and are also indicated. Accession numbers of
the sequences used to construct the tree are available in Supplementary Table 1. The teleost tlr2
duplicates were named as tlr2a and tlr2b and TLR15 were not used as they are only found in chicken
and lizard. Tree was rooted with the Cnidarian Tlrs clade (Liu et al., 2019). The sea lamprey tlrs within
the vertebrate TLR1, TLR7 and TLR11 superfamilies were named tIrX, tlrY and tirZ, respectively since
their identity assignment for the Tlr subfamilies was not clear. To facilitate their identification the tirs
from seven Antarctic species are highlighted in blue, other perciforms are indicated by a black dot and
Pleuronectiforms by a black star.
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Supplementary figure 2.2.3. Complete Bl phylogenetic tree of Tlrs. Branches of the six vertebrate
TLR superfamilies are identified by the corresponding numbers within black circles and with different
colours: S1 indicates TLR1 superfamily (orange); S3 for TLR3 superfamily (red); S4 for TLR4
superfamily (pink); S5 for TLR5 superfamily; S7 for TLR7 superfamily (blue) and S11 for TLR11
superfamily (green). Within each superfamily cluster when multiple subfamilies exist, they were
coloured with variations of the main representative colour and are also indicated. Accession numbers of
the sequences used to construct the tree are available in Supplementary Table 2.2.1. The teleost tlr2
duplicates were named as tlr2a and tlr2b and TLR15 were not used as they are only found in chicken
and lizard. Tree was rooted with the Cnidarian TIrs clade (Liu et al., 2019). The sea lamprey tlrs within
the vertebrate TLR1, TLR7 and TLR11 superfamilies were named tIrX, tlrY and tirZ, respectively since
their identity assignment for the Tlr subfamilies was not clear. To facilitate their identification the tirs
from seven Antarctic species are highlighted in blue, other perciforms are indicated by a black dot and
Pleuronectiforms by a black star.
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Supplementary figure 2.2.4. Multiple sequence alignments and sequence annotation of the
Nototheniidae TLR1 superfamily members. A) Tlrl, B) Tlr2_a, C) Tir2_b, D) TIr14/18, E) Tlr25.
Leucine-rich repeat (LRR) are highlighted in yellow and the consensus LRR motifs (LXXLXLXXNXL) is
marked in bold; Transmembrane (TM) domain is highlighted in blue and Toll/IL-1 receptor (TIR) is
marked in green. Protein domains were predicted using SMART, ScanProsite and TMHMM webservers
and by sequence homology. The protein signal-peptide when predicted are highlighted in pink and
amino acids coloured in red were found to be under positive selective pressure.

a)

Sse_TLR1 : ——-——------ MHPVTAALWTAVMLAGLRLVAAS--- T Y KGVEFLDLSCNHIQQLHRDDFRNMSLLRSLNVSWNSLETIDPDTFLDA LLEDLDLSHNRLRNLSGOOYLIN GNLQ : 120
Sau_TLR1 : MFIFLLOCRQTMRPVYA R LSA S---SEN R Q G ETVEVLDLSCNRIOQQLHOGDFNN IHLKSLNISWNSLEVIDPDTFVN LLQDLDLSHNRLKNLSGORYLL KNLQ : 131
POl_TLRl : —-—=--——=—-] MRPTTEALWAALMLAGLLOLASLASSL S HGVEFLDLSHNHIQQLHQGDFON TLLRGLNMSGNILEGIDPGTFLD FLEDLDLSHNRLRNLSGOQYLL G 123
Hhi TLR1 -MRPTTEALWAALMLAGLOQLTSLTSS S 0 QGVEFLDLSHNHIQQLHQGDFKN TLLRRLNVSCNSLEGIDPGTFLD LLEDLDLSHNRLRNLAGOQYLL G 123
Gac_TLR1 T PTTQLLDLSRNHIQOLROGDFKN SLLRLLNVSWNGLAAIDPATFLD ~LLEDLDLSHNRLRNLSGOLYLL 120
Dla_TLR1 -MRPVTTALWATAMLVGLOLSASS QTTEILDLSCNHIQQLHRGDFKN TLLRFLNISWNSLEEIDROTFLD LLENLDLSYNRLTNLTGOQYLL 119
Cgo_TLR1 F RSS F- F QTAEFLDLSCNHIQQLNRGDFKN SLLRFLNISWNSLEDIDPETFLD LLEDLDLSHNRLRNLSDORYLR 108
The TLR1 -MTPVTAALWAAAMLMGLOGSSSF: RKAESIDLSCNHIQLLHGGDFKN PLLRFLNVSWNSLKDIDEETFLD LLKDLDLSHNGLRNLSGOQYLL 120
Neco_TLR1 -MTPVTAALWAAAMLMGLOGSSSF: WKAESIDLSCNHIQLLHKGDFKN PLLRFLNISWNSLKDIDEETFLD LLKDLDLSHNGLRNLSGORYLL 120
Nro_TLR1 -MTPVTAALWAAAMLMGLQGSSSF- WKAESIDLSCNHIQLLHRGDFKN PLLRFLNISWNSLKDIDEETFLD LLKDLDLSHNGLRNLSGORYLL 120
Gya_TLR1 -MTPVTAALWAAATLMGLOGSSSF: RKAESINLSCNHIQQLHGGDFKN PLLRFLNISWNNLKDIDEETFLD LLKDLDLSHNGLRNLSGOQYLL 120
Cha_TLR1 -MTPVNAALWAAAILMELQGSSSF- P RKAESIDLSCNHIQLLHGGDFKN PLLRFLNISWNSLKDIDEETFLD LLKDLDLSHNGLRNLSGQQYLL 120
Pge TLR1 -MTPVNAALWAAATLMGLOGSSSF: P RKSEYIDLSCNHIQLLHGGDFKN PLLRFLNISWNSLKDIDEETFLD LLTDLDLSHNGLRNLSGOQYLL 120
140 * 160 * 180 * 200 * 220 * 240 * 260
Sse TLR1 : QLNLTSNAFSTMTLGSAFS KR E K E C C G ELG- ER KGN -I SSE  CGPYA A TG E KI S KIL F SE : 252
Sau_TLR1 : VLNLTCNDFLKMTLGSEFS W EH E L S GHLV- E K Q0 0 M RNQ HD FH HYV TG DS K S AKIK Y TS
Pol_TLR1 TR S Gs R E TE 0Q C GEELD- E E H S SSK  LL YT D TGS E K S IA IR L K
Hhi_TIRl : S TW S DS A R A EK 0 C G ELG- E K H S SSK  RG YS F D G E E S IR H S K
Gac_TLR1 : VLNLAFNDFVTMTLGSEFS s N M ET R S EQG- TV H Q F GYQRT ND VS o VA ™V D TVS IL D e]
Dla_TLR1 TR A G R K E H C ALG-ER N HH SPGHQ GCD FA v T TE D RRS AIH H ST : 252
Cgo_TLR1 : VLNLAFNKFVTMTLGSEFS RV T E H A ELS- T NE H FPSYQ FPHF VA v ™ N E S IL S D : 241
The TLR1 : ALNLAFNKFLTMTLGSEFS T P K R S KPWS T I 0 L GSR HD VA A RSMD E I TL Y s : 254
Nco_TLR1 AF T T K R S KTWN T I 0 LGSR HD VAT A RS D E I TL Y s : 254
Nro TLR1 : VLNLAFNKFLTMTLGSEFS V T K R S KSWS T I 0 L GSQ HD VA A RS D E I TL Y s : 254
Gya TLR1 : VLNLAFNKFLTMTLGSEFS T K R S KPWS T I 0 L GSR HD FA A RS D E I TL Y s : 254
Cha_TLR1 : VLNLAFNQFLTMTLGSEFS T K R S TPWS T I 0 L GSR HD VA G A RS D E I TL Y s : 254
Pge TLR1 : VLNLAFNKFLTMTLGSEFS T K R S KPWS T I 0 L GSR HD VA G A RS D E I TF Y s : 254
* 280 * 300 * 320 * 340 * 360 * 380 * 400
Sse_TLR1 K HY G A GIGVSH YIDYTIE A0 s c TATS P K N K T N GNVTQLILAGNN : 386
Sau_TLR1 H DF G GA A HN LEE P PK ARRMS I v R TS QE L L N ANLRKLILVGNN : 398
Pol_TLR1 A HY o} ES V N YKD Y T K S R s S RHTA Q H M E I T INLRKLILVNNN : 390
Hhi TLR1 H HF o} SS A D YVDKTEK NRI s K FS T TP L Y M K KT T SNVRKLILVSNN : 390
Gac_TLR1 D oL R R VA V R KNDE AK ARTTS I c F TS H D vV DV N DNVRKLILVGNN : 387
Dla_TLR1 A HY T R A SA ISK YIDE VK AR Ns TS Lo F R N GNVRKLTLVGNN : 386
Cgo_TLR1 K HY R TIC A H LKDAT E s R DI TS PL Y A R N GNVRKLILVGNN : 375
Tbe TLR1 E F DS H RI T K SEENT AE G MP H R N 1 K DNVRKLNLVGNN : 388
Nco_TLR1 K DC R RI T N FQENT A K D MP H N 1 K
Nro_TLR1 K DC R RI T N FQE IT vV K D MP H N 1 K
Gya_TLR1 K DS H RV T N FQENT AE E MPA H N I K
Cha_TLR1 K DS H RI T N FQENT AE D MP H N ID K
Pge TLR1 K DS H RI T N FQENT AE D MPA H N I D K DNVRKLNLVGNN : 388
* 420 * 440 * 460 * 480 * 500 * 520 *
Sse_TLR1 : LKSLOLISVRTRY KY 0 G FEQE V NIITMNLSSNCLTDSVLQCLP GIETLDLQNNQVSVVRASILKLENLRSLNLNDNRLRDLPVCDGEP N N K KLRT : 520
Sau_TLR1 : LKNFOLLSKRM H SLQHLDLSVNQLMYDGVEECV R D GMETLDLONNQVSVVPSSIMNLKNLSSLNLNANRLRDLPVCNGLE NV KLKT : 532
Pol TLR1 : LKSFQLLSQRM H SLQHLDLSLNSLYYNGIDECLW R AD EGVETLDLQNNQVSVVLSPILKLENLTSLNLIANRLRDLPVCDGFPK NL G KLRT : 524
Hhi_TLR1 : LKSLOLLSQRM H SLOHLDLSLNSLYYEGTDECVW NITNMTLSSNRLTDSVFKCLPEGTETLDLONNQVSVVSSSIFKMENLKSLNLISNRLRDLPVCHGFPKLNELLLRSNSLEAPSVRRLETCPELRT
Gac_TLR1 : LRSLOTLSKRV F SLQHLDLSLNSLVYDGLGKCV QS a GTKTLNLQNNQVSAIPSSILTLENLSSLNLNNNRLRDLPVCHGFP I 0 I3 RHLKT
Dla TLR1 : LKSLOLLSKRV N SLQHLDLSLNSLFYDGLEECV  NITNMTLSSNGLTDLVFKCLP GTEMLDLONNQVSVIPSTILELKNLSFLNLNFNRMRDLPACNGEP N
Cgo_TLR1 : LOSLOVLSKRV Y SLOHLDLSLNSLVYDGVGECV s D ETETLDLONNQISVIPLSISKLENLSSLNLNANRLRDLPVCKGFP S D
Tbe TLR1 : LRSLOMLSKRV Y SLQHLDLSLNSLVYDGLLECFW G G ATENLDLONNQVSVIPSSILKLGNLSSLNLNSNRLRDLPVCTGEP S 522
Nco TLR1 : LRSLOMLSKRV Y SLRHLDLSINSLVYDGLLECFW G G ATENLDLONNQVSVIPSSILKLGNLSSLNLNSNRLRDLPVCTGEP S 522
Nro TLR1 : FRSLOMLSKRV Y SLRHLDLSINSLVYDGLLECFW G G ATENLDLONNQVSVIPSSILKLRNLSSLNLNSNRLRDLPVCTGEP S 522
Gya TLR1 : LRSFOMLSKRV Y SLQHLDLSLNSLVYDGLLECFW G G ATENLDLONNQVSVIPSSILKLGNLSSLNLNSNRLRDLPVCTGEP S 522
Cha TLR1 : LRSLQMLSKRV Y SLQHLDLSLNSLVYDGLLECFW G G ATENLDLONNQVSVIPSSILKLGNLSSLNLNSNRLRDLPVCTGEP S 522
Pge TLR1 : LRSLOMLSKRV Y SLQHLDLSLNSLVYDGLLECFW G G ATENLDLONNQVSVIPSSILKLGNLSSLNLNSNRLRDLPVCTGEP S 522
540 * * 580 * 600 * 620 * 640 *
Sse TLR1 : LDVSHNPFTCTCPLRSFIH -DQS S G WN ID N TI TW AGLLAATILCPTVALIVSVVVLCRR GL R TQ---SD A VEFHAFVSYSQ : 650
Sau_TLR1 : LDVSHNPFTCTCSLRSEI EKRD E 16 I T STNKW V VGLLAATILCPAVFLILVVLTLC R RR VEFHAFVSYSQ : 666
Pol_TLRl : LDVSYNPFTCTCALRSFIR N ER T E VE D TI W VGILAATILCPAVVALLAIAMLC H GK TR Q VEFHAFVSYSQ : 658
Hhi TLR1 : LDVSYNPFTCTCALRGFIR & -E N E VE DA TI W VGILAATILCPAVVVILAVVTLC R K TR VEFHAFVSYSQ : 657
Gac_TLR1 : LDVRYNPFTCTCGLRSFI A EE KGQR E LG A LP s Y IGLLAAAILCPAVAVIIAVVIMC C MS VEFHAFVSYSQ : 655
Dla_TLR1 : LDVSSNPFTCTCALRSEI EK K E LG H V SVNKSL VGLLAAATILCPAVVMIIAVVSLC R TRH IEFHAFVSYSQ : 654
Cgo_TLR1 : LDVSYNPFTCTCALRSEI -E D Q LD A ST s VGLLAAAILSPAVILIVAVVTLC R MS VEFHAFVSYSQ : 642
Tbe TLR1 : LDVGHNPFTCTCALRSFI -K R Q KG A GFS s VGLLAARAILGPAVIVMIAIVTLC H MR VEFHAFVSYSQ : 655
Nco TLR1 : LDVSYNPFTCTCALRSETL -K R Q KD A Fs s VGLLAAATLGPAVIVMIAIVTIMC H MR VEFHAFVSYSQ : 655
Nro TLR1 : LDVSYNPFTCTCALRSFI -K R Q KD A TS s VGLLAARAILGPAVIVMIAIVTMC H ML VEFHAFVSYSQ : 655
Gya_TLR1 : LDVSYNPFTCTCVLRSEI -K R K KD A Fs s s VGLLAAATILGPAVIVMIAIVTLC H MR VEFHAFVSYSQ : 655
Cha_TLR1 : LDVSYNPFTCTCALRSEI -K R K KD A Fs s VGLLAAATILGPAVIVMIAIVTLC H MR VEFHAFVSYSQ : 655
Pge TLR1 : LDVSYNPFTCTCALRSFI -K R K KD A TS s VGLLAARAILGPAVIVMIAIVTLC H MR VEFHAFVSYSQ : 655
* 700 * 720 * 740 * 760 * 780 *
Sse_TLR1 : HDADWVONALLPNLOGPAGRLRICQHQOKHFVPGKTIIENIMNCVEKSRRSIFVLSARFVKSDWCHYELYFANHQRLSRGSDGIVLVLLEPVPKYIIPSKYYQLKSMMDRHTYLEWPQERSKQRLFWANLRAAL 784
Sau_TLR1 : HDADWVHNSLLPNLEGPAGGLRICHHEKHFVPGKTIIENIMSCVEKSRRAMFVLSAHFVKSDWCHYELYFATHHRLGHGSDSIVLVLLEPLPQYLIPSKYNQLKSMMSRHTYLEWPQDRAKORLFWANLRAAL 800
Pol_TLR1l : HDTDWVHDSLLPNLEGPAGGLRLCLHEKHFVPGKSVVENIINCVEKSRRSVFVLSAHFVKSDWCHYELYFASHORLSRGSDSIVLVLLKPLPQYTIPSKYYQLKSMMGRHTYLEWPQDQAKHRLFWANLRAAL 792
Hhi_TLR1 : HDTDWVHDSLLPNLEGPAGGLRICLHEKHFVPGKTVVENIIGCVEKSRRSLFVLSAHFVKSDWCHYELYFASHQRLSRGSDSIVLVLLEPLPQYTIPSKYYQLKAMMGRHTYLEWPQDMAKHRLFWVNLRAAL 791
Gac_TLR1 : RDAEWVENSLLPNLEGAAGGLRICHHEKNFVAGKTIVENIIACVEKSRRSVFVLSAHFVKSEWCHYELYFASHQRLAWGTDSVVLVLLEPLPQYLIPSKYYQLKSMMGRHTYLEWPODRAKHRLFWANLRAAL 789
Dla_TLR1 : HDADWVHNYLLNNLEGPAGGLRICHHEKNFVPGKTIVENIINCVEKSRRSVFVLSGHFVKSEWCHYELYFASHQRMAQGSDSVVLVLLEPLPQYLIPSKYYQLKSMMGRHTYLEWPQDRAKHRLFWANLRAAL 788
Cgo_TLR1 : HDADWVSNSLLPNLEGPAGGLRICHHEKDFVPGKTIIENIVTCVEKSRRSVFVLSAHFVKSDWCHYELYFASHQRLAWGSDSVVLVLLEPLPQYLIPSKYYQLKSMMDRHTYLEWPODRAKHRLFWANLRAAL 776
Tbe TLR1 : HDADWVONSLLPNLEGPAGGLQICHHEKSFVPGKTIIENIIACLEKSRRSVFVLSANFVKSEWCHYELYFASHQRLAWGPDSVVLVLLEPLPQYLIPSKYNQLKSMMGRHTYLEWPQERAKHRLEWANLRAAL 789
Nco_TLR1 : HDSDWVONSLLPNLEGPAGGLQICHHEKSFVPGKTIIENIITCLEKSRRSVFVLSANFVKSEWCHYELYFASHQRLAWGPDSVVLVLLEPLPQYLIPSKYNQLKSMMNRHTYLEWPQERAKHRLFWANLRAAL 789
Nro TLR1 : HDSDWVONSLLPNLEGPAGGLQICHHEKSFVPGKTIIENIITCLEKSRRSVEVLSANFVKSEWCHYELYFASHQRLAWGPDSVVLVLLEPLPQYLIPSKYNQLKSMMNRHTYLEWPQERAKHRLEWANLRAAL 789
Gya_TLR1 : HDADWVHNSLLPNLEGPAGGLQICHHEKSFVPGKTIIENIIACLEKSRRSVFVLSANFVKSEWCHYELYFASHQRLAWGPDSIVLVLLEPLPQYLIPSKYNQLKSMMGRHTYLEWPQERAKHMLFWANFRAAL 789
Cha_TLR1 : HDADWVONSLLPNLEGPAGGLQICHHEKSFVPGKTIIENIIACLEKSRRSVFVLSANFVKSEWCHYELYFASHQRLAWGPDSVVLVLLEPLPRYLIPSKYNQLKSMMARHTYLEWPQERAKHMLEWANLRAAL 789
Pge TLR1 : HDADWVQNSLLPNLEGPAGGLQICHHEKSFVPGKTIIENIIACLEKSRRSVFVLSANFVKSEWCHYELYFASHORLAWGPDSVVLVLLEPLPQYLIPSKYNQLKSMMARHTYLEWPQERAKHMLFWANLRAAL 789
M
Sse_TLR1 P DL 797
Sau_TLR1 : V P EL 813
Pol_TLR1 P VEI 805
Hhi TLR1 P EI - : 803
Gac_TLR1 E 0 EL 802
Dla_TLR1 TP EL 801
Cgo_TIR1 : S LKPP EV 789
The TLR1 P HE 802
Nco TLR1 S HE 802
Nro_TLR1 S HE 802
Gya_TLR1 P HE 802
Cha_TLR1 S HE-- : 800
Pge TLR1 S RE 802
) * 20 * 40 * 60 * 80 * 100 * 120 *
Gac_TLR2 MFLTELSRRS--Y-SHTGQRSNPE--—--—-- VRRPSCDRCDRR A CGG C T DRALTLDLSFNYITAVTGDDLTG GALGSLSLHGNKVSAIHPSAFDP SLEELDLSDNQLSVLDHRWFLR 122
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c)

Hhi_TLR2_b
Dla_TLR2 b
sau_TLR2_b
Cgo_TLR2_b
Gya_TLR2_b
Pge TLR2 b
Cha_TLR2 b
Tbe_TLR2_b
Nco_TLR2 b

Hhi_TLR2_b
Dla_TLR2 b
Sau_TLR2_b
Cgo_TLR2_b
Gya_TLR2_b
Pge TLR2 b
Cha_TLR2 b
Tbe_TLR2_b
Nco_TLR2 b

Hhi_TLR2_b
Dla_TLR2 b
Sau_TLR2_b
Cgo_TLR2_b
Gya_TLR2_b
Pge TLR2_b
Cha_TLR2 b
Tbe_TLR2_b
Nco_TLR2 b
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-MGQQOMIPLF--T-LLPLLLSLCG--GQSSNPGRPSCRSCDLH S RGQ H I SRALTLDLSFNNITMVTDVDLTG ERLRTLSLHGNRVAGIHPAAFDS SLEELDLSHNQLTSLNPDWFQE
MGQQOMILLFT--L-LFLLFLSLCE--GQSSNPERPSCQSCDRH S RGG H I DRALTLDLSFNNITTVTDDDLTG VRLRALSLHGNRVAVIHPAAFDS SLEELDLSNNQLTSLNPEWFEE
—--MGQPTNLYSDF-QITLLLSLCWGQRSNPDDERPSCGRCDLR S FDG R M DHALSLDLSYNNITVVTDDDLTG RQLRVLSLHGNKIAEIHPSAFNP LEELDLSKNQLTALDQKWENK
--MEQQTNLYFTLPLLLLLHSLCWSQRSNPDDERSSCDRCDLR S YDG RV DRALTLDLSFNNITMVTVDDLTG RQLRALSLHGNRLAVIHLSAFDS SLEELDLSDNQLTALNHKWESK
MRW A SRG R A DGALTLDLSFNNITSVTGDDLMG TRLRALRLHGNRLAVIHPSAFDS SLEELDLSDNQLTALNHKWESK
--MELLTNLY--L-LLVLSFAMCR- -GQRSSCDRCDPR A HAG L T DR F D AV GG T EKLRILILHRNRLSETHPSAFDS SLERLDLSDNQLTAINRRWEFSK
--MELLTNLY--L-F--LSLAMCR- ~GQRSSCDRCDPR A HAG L T DR L D AV GG T EKLRILILHRNTLSEIHPSAFDS SLEQLDLSDNQLTAINRRWESK
--MELLTNLY--L-L--LSFAMCR- -GQRSSCDRCDPR A HAG L T NR L D AV GG T EKLRILILHRNRLSEIHPSAFDS SLEQLDLSDNQLTAINRRWESK
--MELLTNLY--L-L--HSFAMCR- -GQRSSCDRCDPR A HAG L T DRALTLDLSFNNIAVVTGGDLTG EKLRILILHRNRLSETHPSAFDS SLEQLDLSDNQLTAINRRWEFSK
* 160 * 180 * 220 * 240 260
GALRELNLLHNPYSRLGSGAVFRP V R R RGD E D T A Y D R RG G TS A G Q E NMRRA FRET S
G LR H RC SPVFHG V R A MAA ELETLTVHANNLSRYESGALSY c G MA A R E IG Q T LREL K
G LR H RC TPEFQG V R A MAA ELETLTVHANNLSRYESGALAD G VA A G E IG G VH LRAA R
EALQQLNLLNNPYSCLGSPSVFQG V R H v RGD E H M T Y S EA A S E IG DV FRAA K
GALQKLNLLNNPYSCLGSPPVFQG A T A IGD QLEELTVHANNLTRYESGALAD N VP D S E IGKE V LYAS R
GALQELNLLDNPYSCLGSRPVLQR V R R RGD QLEELTVHANNLTRYESGALAD N LA A G K IG Q V FGEA R
GALQELNLLLNPYSCLGTRPVLQR V R M RED E Q R G G IG D G K -- QV FREM S
GALQELNLLHNPYSCLGSRPVLQR V R M RRD E Q R D G IA D G T K -- Q V FREM R
M RRD E Q R D G IA D G K -- Q V FREM R
GALQELNLLHNPYSCLGSRPVLQR R R M RRD E Q R D G IA D G K -- Q V. FREM R
GALQELNLLHNPYSCLGSRPVLQR R R M RRD E Q R D G IA D G K -- Q V FREM R
* * 300 * 320 * 340 * 360 * 380 *
K FR F EA DL MVM A SLF S R KRT HKSI K HAFES H S SQ L R VNLQYLDLSDNLLTDLTMMETLCN D T
N FR EAT SV EIL V YFS T K SWA FHSI Q KVLRK SR D F SSLQYLDLSDNLLTDMTLAETLCSKR A
Y FQ EA GV EIL V LFS T K SWA TSSM A KV FQK SR A C SNLQYLDLTDNLLTDMTLVETLCD N T
Y LR EA NF EEFS V FFMG T R RWT QKSF A KVFEG CK L A KNLQYLDLSDNLLSDMTLKETLCD N T
Y LR F EA NF VVF V CFS § T TP NWTYHKSF HVFNG GKA Q G KNLQYLDLSDNLLTDMTLKETLCG HSP
K FL C EA GF RVM V QSII E T A RWS HKSI EVLQK SQ S R KNLQYLDLSDNLLTDMTLEETLCD D T
K FC KG DF EAV E SLF I K SLT HKNI QSLQG SQ A Y LNLQYLDLSDNLLTDLTLTETLCN D T
R FC KG DF EAV E SLF I K RLT HKNI QS LQG SQ A H LNLQYLDLSDNLLTDLTLTETLCN D T
R FC KG DF EAV E SLF A R RLT HKNI QS LQG lo} A AH LNLQYLDLSDNLLTDLTLTETLCN D T
R FC KG DF EAV E SLF I K RLT HKNI QS LQG SQ A H LNLQYLDLSDNLLTDLTLTETLCN D T
R FC KG DF EAV E SLF I K RLT HKNI QSLQF lo} A H LNLQYLDLSDNLLTDLTLTETLCN D T
400 * 420 * 440 * 460 * 480 * 500 * 520

GLRALNVSGNALKSLSTMSQQOVAK
DLRVLNISGNALKSLSTLSRLVER
ELRVLNISGNALKCLSTLSRLVVT
DLRVLNISGNALQSFSLLTHLVLK
TDLRVLNISGNALKSLSMVRWLVVK
P DLRVLNVSGNALKSLSTVSRLVTK

SKLTHLDISRNGYSFMPMGCTWP TLRYLNISRAKLTSITPCLPVTLEVLDLSYNDLNRFTVPLPALRELHLSGNKLLRLPPGGRFPNLQTLTVQSNTLNTFGPA
HKLTHLDISRNFYSSMPGSCSWP TLRYLNISGAKLTTITPCLPKTLEVLDLSNNDLOGVTVALPALRELRLSGNKLLRLPPGSWFPNLQTLTVQSNTLNMEFDRS
HKLTHLDISRTRYSSMPRTCSWP G T TTLEVLDLSNNDLODFTVALPVLR H F T P GW NLQTLTVQSNTLNMFHRS
SKLTHLDVSRNGYNSMPQSCSWP TLRYLNLSWTSLTTITPCLPKTLKVLDLSNNDLKNLSQALPALR H L R S SL NLQTLTIQSNTLNMFSHS
SKLTHLDLSRNGYSSMPLSCSWPH TTLEVLDLSNNDLKNFYLVLPALRELYLSGNKFLSLPSGELFPNLQTLKIQSNTLNMFNRS
SKLTHLDISRNVYNSMPRGCSWP SLRFLNISRAKLTTISPCLPVTLEVLDLSYNDLKGFLLILPALRELHLSGNKLLRLPPGWLFPSLQTLTIQSNTLNLFEHS

DLRVLNVSGNALKSLSTVSRLVTN
DLRVLNVSGNALKSLSTVSRLVTN

SKLTHLDVSRNGFISMPGGCSWP
SKLTHLDVSSNGFISMPGGCSWP

TLRYLNISWAKLTTISPCLPETLEVLDLSNNDLKAFILILPSLRELHLSGNKLLSLPPGWMEPNLQTLTIQSNTLNMFTRS
TLRYLNISWAKLTTISPCLPETLEVLDLSNNDLKAFF I SLRELHLSGNKILSLPPGWMFPNLQTLTIQSNTLNMFTRS

DLRVLNVSGNALKSLSTVSRLVTN
DLRVLNVSGNALKSLSTVSRLVTN

SKLTHLDVSRNGFISMPGGCSWP
SKLTHLDVSRNGFISMPGGCSWP
SKLTHLDVSRNGFISMPGGCSWP

TR
TLRYLNISWAKLTTISPCLPETLEVLDLSNNDLKAFILILPSLRELHLSGNKILSLPPGWMFPNLQTLTIQSNTLNMFTRS
TLRYLNISWAKLTTISPCLPETLEVLDLSNNDLKAFF I SLRELHLSGNKILSLPPGWMEPNLQTLTIQSNTLNMFTRS
TLRYLNISWAKLTSISPCLPATLEVLDLSNNDLKAFF I

DLRVLNVSGNALKSLSTMSRL TN SLRELHLSGNKILSLPPGWMEPNLQTLTIQSNTLNMFTRS
* *

540 * 560 600 * 660
DLRG K Q H RA VG H AES H V R R A H VLFVSVSCGAALLVGVLACVLLW F M R--RDGEAS Q L
DLRS P Q A S DE R ES FH V QY F L H DLFVSLCCGVALVVGILVCVLLWR L M H RRLRNRLES A L
DLQS P Q A S DE R AES FY vVoy M H LFVSLSCGVALFVGILVCVLLWR L M H RRLRDGAGS A L
DLQS Q S Q DF V SG H ET F EL Q HR E HQVLFVSVSCGVVLFVVILLSVLLW I T N AL
DLQL R Q P v HG Y E ES Y V QR E H CGVALFVAILVCILLWRLHAFWY T AL
DLLS R Q Y A GEE R EN H VRO V Q VLFVSVSCVVALFVGVLVCVLLW F T V AL
DLQA R W Y A GE H DA Y A RR V R VLFVSVSCVVALIIGVLVCVLLW F M EL
DLQA R w Y A GE H DA Y A RR V R CVVALIIGVLVCVLLWRLHAFWY M EL
QA K W KNKFFCSCDFVYFLQOSVIKGGEDVHLSDGEDAYVCDSPLYLQGEPAGRVRLSVVVCR VLEVSVSCVVALIIGVLVCVLLW F M EL
DLQA R W K F Y A GE H DA Y A RR V R VLFVSVSCVVALIIGVLVCVLLW F M EL
DLQA R w Y A GE H DA Y A RR V R VLFVSVSCVVALIIGVLVCVLLW F M EL
DLQA R w Y A GE H DA Y A RK V R LFVSVSCVVALIIGVLVCVLLWR F M EL
* 680 * 700 * 720 * 740 760 * *

SYDAFVSYSERDAGWVENFLVPELEEPRDNDEGATTHRAPRPLTLCLHKRDFLPGHWIVDNIMSAMERSRRTVFVLSENFVLSDWCRYELDFSHFKLFDGSAGGEAAILVLLEPLSKEDVPKRFCKLRKLMS
SYDAFVSYSEKDAGWVETFLVPELEEPRETDEDSVNHTDPRPLTLCLHKRDFLPGHWIMDNIMSAMERSRRTVFVLSQNFVQSDWCRYELDFSHFWLFDGDTRGEPAILILLEPLSKDDVPKRFCKLRKLMS
SFDAFVSYSEKDAGWVETFLVPELEEPREADEDSENRRAPRPLTLCLHKRDFLPGHWIMDNIMSAIERSRRTVFILSQNFVQSDWCRYELDFSHEWLFDEDIRGEPAILILLEPLSKDNVPKRFCKLRKLMS
SFDAFVSYSERDASWVENFLVPELEEPRETDEGIMNPRHPRPLTLCLHKRDFLPGNWIVDNIMSAMERSRRTIFVLSENFVQSDWCRYELDFSHFWLFDGDSGRDAAILILLEPLSKDDVPKRFCKLRKLMS
SFDAFVSYSERDASWVENFLVPELEEPRETDEDLVNHRRPRPLTLCLHKRDFLPGQWIVDNIMSAMERSRRTVFVLSENFVQSDWCRYELDFSHEWLFDGHAGRDAAILILLEPLSKDDIPKRFYKLRKLMG
SYDAFVSYSDRDVSWVENFLVPELEEPRENDEDSVHPRSPQPLTLCLHKRDFLPGHWIIDNIMSAMERSRHTVFILSENFVQSDWCRYELDFSHFKLFDGTAGGYEAILILLEPLSKDDIPKRFCKLRKLMS
SYDAFVSYSERDASWVENFLVPELEEPRENDGDSLNPR---PLTLCLHKRDFLPGHWIVDNIMSAMERSRRTVFILSENFVQSEWCRYELDFSHFQLFDGETGSDAAILILLEPLSKDDIPKRFCKLRKLMS
SYDAFVSYSERDASWVENFLVPELEEPRENDGDSLNPR---PLTLCLHKRDFLPGHWIVDNIMSAMERSRRTVFILSENFVQSEWCRYELDFSHFQLSMGRTGSNRAILILLEPLSKDDIPKRFCKLRKLMS
SYDAFVSYSERDASWVENFLVPELEEPRENDGDSLNPR---PLTLCLHKRDFLPGHWIVDNIMSAMERSRRTVFILSENFVQSEWCRYELDFSHFQLFDGETGSNAAILILLEPLSKDDIPKRFCKLRKLMS
SYDAFVSYSERDASWVENFLVPELEEPRENDGDSLNPR---PLTLCLHKRDFLPGHWIVDNIMSAMERSRRTVFILSENFVQSEWCRYELDFSHFQLFDGETGSNAAILILLEPLSKDDIPKRFCKLRKLMS
SYDAFVSYSERDASWVEHFLVPELEEPRENDGDSLNPR---PLTLCLHKRDFLPGHWIVDNIMSAMERSRRTVFILSENFVQSEWCRYELDFSHFQLFDGETGSNAAILILLEPLSKDDIPKRFCKLRKLMS
SYDAFVSYSERDASWVENILVPELEEPRENDGDSLNPR---PLTLCLHKRDFLPGHWIVDNIMSAMERSRRTVFILSENFVQSEWCRYELDFSHFQLFDGETGSNAAILILLEPLSKDDVPKRFCKLRKLMS
800 * 820 *

SNTYLEWPQREEGRAEFWRRLRCAVGG-G DDPLP 814
STTYLEWPQEEERRGEFWRSLRSAL GDG 819
STTYLEWPQEEERRGEFWRTLRNAL G- 818
STTYLEWPQEEEKVEGFWRSLRHAL GE 820
STTYLEWPQEEERTGEFWRSLRNAL G- 819
STTYLEWPQEEERRGEFWRSLRNAL A- 778
STTYLEWPREEERSGEFWRKVRNAL D- 803
STTSPEWPREEERSGEFWRXVRNAL D- 813
STTYLEWPREEERSGEFWRKVRNAL D- 296
STTYLEWPREEERSGEFWRKVRNAL D- 652
STTYLEWPREEERSGEFWRKVRNAL DE 802
STTYLEWPREEERSGEFWRKVRNAL DE 802
* 20 * 40 * 60 * 80 * 100 * 120 *
-MKILMFLV-LMPLMHQSFSLS X F WN N RKG PQHITELDLSFNRVETITQDDFLA SLRSLILTHNKIQTIQERAFVP HLEKLDLSMNQLATLSADWFKN FSLQ
~-MTILAFLTFVLLLMHHSVSLS Q S N RK T SELITDLDLSFNRLKTVMKNDFVA SLQSLIMNDNKIKTIQEQAFDP INLVKLDLSFNSLDTLSPEWFHS LSLQ
~MTNLTLLTEVLLLTNPSFSLS R RR K D RD SKLITKLDLSFNHLSTITKDDEVA SLQSLIVNNNMIGTIQEQAFDP NLTELDLSSNQLDSLSAEWFES VSLQ
~-MRIVTVLVFVLLLMHRSVS S Q S I TT PKLITEFDLSFNRLREITRNDFVA TGLRSLILNNNRIQKIQEQAFVP ELEKLDLSLNRLVTLSARWFEN LSLR
MFLFLGTNMRFMTFLMCVLLLMHQSIPLSRPQ S K TT SKLITGLDLSFNRLOTITKDDEFVA SLQOSLILNNNRIHKIQEQAFVP DLQKLDLSFNRLDSLSAGWFES ASLQ
———————— REMTFLMCVLLLMHQSIPLSRPQCHSCEQ K TT SKLITGLDLSFNRLRTITKDDEVA SLQSLILNNNRIHKIQEQAFVP DLQKLDLSFNRLDSLSAGWFES ASLQ
MFLFLGTNMRFMTFLMCVLLLMHQSIPLSRPQ S K TT SKLITGLDLSFNRLRTITKDDEVA SLQSLILNNNRIHKIQEQAFVP DLOKLDLSFNRLDSLSAGWFES ASLQ
———————— MRFMTFLMCVLLLMHQSIPLSRPQ S K TT SKLITGLDLSFNSLKTITKDDEVA SLQSLILNNNIIQKIQEQAFVP DLQKLDLSFNTLDSLSAGWFES VSLQ
******** MRFMTFLMCVLLLMHQSIPLSRPQ SF K TT SKLITGLDLSFNRLRTITKDDEVA SLQSLILNNNRIHKIQEQAFVP DLOKLDLSFNRLDSLSAGWFES ASLQ
140 * 160 * 180 * 200 * 220 * 240 * 260
HLNLLGNRYKTLGEVDLFQ T QF PY RE ~ ----- X F K ON TE
HLNLLGNQYNMLGQGNLFH T YF DN Y RK GA QK QA AK QG Y T G NGPFHRNKALVEAILSDVVHPNTTLTFIDTSFITETQMSPFRVVDSSGTASVI
HLNLLGNRYETLGQGNLFQ T QF LD R RK As R QA AE R R H A S RGPFKKNLALVEAVLSDVAHPNTKLTFTNTSFFRNRQINPFRVLKEGGTTDET
HLNLLGNKYTMLGEGNLFQS I HF PS RK SG I QV AE QG Y T G NGTFCRNKTLVGAILSDVVHPNTTLTFTHTGFFSEDQMVPFEVARNGGTTSII
SLNLLGNKYKMLGRGNLFQ I HI PD GN SD N Ls TK QG Y S GN
SLNLLGNKYKMLGRGNLFQ I HI PD GN SG N LS TK QG Y S G NGPFSRNLTLVRDILSDVVHPDTTLTFTDTWFSTTEQMSPFQLFYDSGTTSIV
SLNLLGNKYKMLGRGNLFQ I HI PD GNG SG N Ls TK QG Y S G NGPFSRNLTLVRDILSDVVHPDTTLTEFTDTWEFSTTEQMSPFQLFYDSGTTSIV
NLNLLGNKYKMLGRGNLFQ I HI SD GN SG N LS TK QG Y S G NGPFSRNLTLVRDILSDVVHPDTTLTFTDTWFSTTEQMSPFKL---SRTTSIV
NLNLLGNKYKMLGRGNLFQ I HI PD GN SG I LS TK QG Y S G NGPFSRNLALVRDILSDVVHPDSTLTEFTDTWFSTTEQMSPFQLFYGSGTTSIV
* * 300 * 320 * 340 * 360 * 380 *
RGVLWSL
FRNVIISVNAGLALLNTLSGSNVTMLGLE T ILINFL-YRPNSPTMKHL E F K A PR SF AL F QPL NVV ST A P RSAASFSNLEYMDISDNLFSDLALSEMMC EGGLWNL
FKNVNITLGAVVAFFNTMSDSNITKFSVI T IFLSFASNLPENQHFRGW E V M V PQ NF AL F EPL NVV VK N V ENSRDFSRLEYLDVSDNMLNDDTLGEMM ELDFSGL
FKNVNMTLEACMAFLYLMSDSNLTILVLE V FNLRHLGHRGYPPHMDRL T V K L PQ RF VL I APL NVV SK L P KSSADFSKLEHMDVSDNLLSDLTLSEMMC RGGLWSL
S LLSHAVEEVLSPPQIKSF V V KV PE SI TR L NT- KAG CK L P TYSAFLLVLEYLDVSDNLLSDIALSQMMC NGGYRRL
FKNATMTFAPFLALLDSLSHSNVTMVALE S LLSHVVGGVLSPPQIKSV V V K I SE SF TR L YTL KAG CK L P TYSAFLLVLEYLDVSDNLLSDIALSQMMC --GYWRL
FKNATMTFAPFLALLNSLSHSNVTMVSLE S LLSHVVGEVLSPPQIKSF V V K V. PE SF TR L YTL KAG CK L P TYSAFLLVLEYLDVSDNLLSDIALSQMMC --GYWRL
FKNATMTFAPFFALLNSLFYSNVTMLALE S FLGHFEGEVLSPPQIKSF A V K V. PE SF TQ L YTL KAG CK L P KYSAFLKVLEYLDISDNLLSDIALSQMMC NDGDRRL
FKNATMAFAPFLALLNSLSYSNVTMVAIE S LLSHVV-TLFSPPQIKSF A V KV PE SL TR L YTL KAG CK L P SYSAFLLVLEYLDISDNLLSDTALSQMMC NGGYKRL
400 * * 440 * 46 * * *
RTLNVSRNHLOSINSHLFTK EN I V HI N PSLTFLNLSSTQLTKVTSCLPHSLHILDLSNNELIVFNVGLS----~ YI NS VR RLVSIFIQNNNLOTFSSNNLNA
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386
390
391
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394
356
382
380
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380
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522
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488
514
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363
512
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648
654
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616
640
638
133
489
638
638

780
786
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787
748
769
767
262
618
767
767

123
124
124
124
132
124
132
124
124

183
256
256
256
212
256
264
253
256

192
387
388
388
314
386
394
385
387

319



Dla_TLR2 b
Sau_TLR2_b
Cgo_TLR2 b
Gya_TLR2_b
Pge TLR2_b
Cha_TLR2_b
Tbe_TLR2_b
Nco_TLR2_b

Hhi_ TLR2_b
Dla_TLR2 b
Sau_TLR2_b
Cgo_TLR2_b
Gya_TLR2 b
Pge TLR2_b
Cha_TLR2 b
The ' TLR2 b
Nco_TLR2_b

Hhi_ TLR2_b
Dla_TLR2 b
Sau_TLR2_b
Cgo_TLR2 b
Gya_TLR2 b
Pge_TLRZ_b
Cha_TLR2_b
Tbe_TLR2_b
Nco_TLR2_b

Hhi_TLR2_b
Dla TLR2 b
Sau_’ _TLR2 b
Cgo_TLR2_b
Gya_TLR2 b
Pge TLR2_b
Cha_TLR2_b
Tbe TLR2_b
Nco_TLR2_b

d)

Cse_TLR14_
Pol_TLR14_
Hhi TLR14_
Gac_TLR14_
Dla_TLR14_

Sau_TLR1 4

Cgo_TLR14_

Dma_TLR14_
Tbe TLR14_
Neco TLR14_
Nro_TLR14_
Gya_TLR14_
Cha_TLR14_
Pge_TLR14_

Cse_TLR14_
Pol_TLR14_
Hhi TLR14_
Gac_TLR14_
Dla TLR14_
Sau_TLR1 4
Cgo_TLR14_
Dma_TLR1 4
Tbe TLR1 4
Nco TLR14_
Nro TLR14_
Gya_TLR14_
Cha_TLR14_
Pge TLR14_

Cse_TLR14_
Pol_TLR14_
Hhi TLR14_
Gac_TLR14_
Dla_TLR14_
Sau_TLR1 4
Cgo_TLR14_
Dma_TLR1 4
Tbe TLR1 'y
Nco TLR14_
Nro_ TLR14_
Gya_TLR14_
Cha_TLR14_
Pge TLR14_

Cse_TLR14_
Pol_TLR14_
Hhi TLR14_
Gac_TLR14_
Dla_TLR14_
Sau_TLR1 4
Cgo_TLR14_
Dma_TLR1 4
Tbe TLR1 4
Nco TLR1 4
Nro_TLR14
Gya_' _TLR14_
Cha_TLR14_
Pge TLR14_

Cse_TLR14_
Pol_TLR14_
Hhi_ TLR14_
Gac_TLR14
Dla_' _TLR1 4
Sau_TLR14
Cgo_’ TLR14_
Dma_TLR1 47
Tbe TLR14_
Nco_TLR14_
Nro_TLR14
Gya_' _TLR14_
Cha_TLR14_
Pge TLR14_

Cse TLR14_
Pol_TLR14_
Hhi_TLR14_
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Dla_TLR14_
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Chapter 2.2

QTLNVSRNHLOSINSQLFTK DKLENIDMSGNAFHSMHETCYWPPSLRFLNLSSTHLGKVTTCLPVSLRILDVSDNALTVENIDLPFLTE I DH RLTFLFIQNNNLOTFSRNSLND
QTLNLSWNNLHSINSRLFTK HELENIDLSGNAVYRMPETCHWPPR Q AL IE A  KSLRILDLSHNALTVFTIQLPYLTKLYISGNKLSILPEASLLPR S F E D LG TV v

: QTINISRNHLRSINSQLFTK NKLKNIDMSGNVFHRMPETCDWPPSLQFLNLSSTHLTKVSTCLPVSLRILDLSDNALTFFNVELPFLTELHISGNKISNFPDGDLYPL & S Q D K

: QTLNISRNHLOSINSQLFTK ERLKNIDMSGNTFQAMPETCYWPLNLQFLNLSSTHLTKVTPCLPLSLHILDLSDNDLTVFNMKLPFLTELYISSNKISSLPDGRLYPLLAFLSIRN‘NNLQTFSSKNLND
QTLNISRNHLOSINSQLFTK DRLKNIDMSGNTFQAMPETCYWPLNLQFLNLSSTHLTKVTPCLPLSLHILDLSDNDLTVFNMKLPFLTELYISGNKISSLPDGRLYPL A S R S
QTLNISRNHLOSINSQLFTK DRLKNIDMSGNTFQAMPETCYWPLNLQFLNLSSTHLTRVTPCLPLSLHILDLSDNDLTVENIELPFLTELYISGNKISSLPDGRLYPL 2 S R S KN D

: QTLNISRNHLQSINSRLFTK DRLKNIDMSGNTFHSMPETCYWPLNLQFLNLSSTHLTKVTPCLPLSLHILDLSDNDLTAFMIKLPFLTELYISGNKISSLPDGRVYPL A S R S KN D

: QTLNISRNHLLSINSQLFTK DRLKNIDMSGNTFHSMPETCYWPLNLQFLNLSSTHLTKVTPCLPLSLHILDLSDNELTVENIKLPFLTELYISGNKISSLPDGRLYPL A S R S NN N

* 540 * 560 * 580 * 600 * 620 * 640 * 660
K -AG T EF T G KHR RIE E F GTSVADVRLSVFECHAALSFSLL L  AVV A NA VLEYDAFVSYSEMDSGH
HQ -TT AF T D HQR IG E T RV ALAFSLLLLGILAVFLLFAVLCH LKYDAFVSFSEMDSAW
T - ROS E AF T D RQR IAE E RVT A OMALALSVLCAGILAVILLVVGLCH P M LEYDAFVSYSEMDSGW
K -ap AF ---- NYR FG E SA EA ALAFSLLCSGILVVFLLVVGLCH DLEYDAFVSYSESDSGW
s -TT DL R G NHQO FV G IA A ALASSLLCSGILLFFLLVVGLCH LEYDAFVSYSEMDSGW
s -TT DL R G NHQO FV G IAV E s SGILLFFLLVVGLCHKFSVVIWYM LEYDAFVSYSEMDSGW
s -TT DL R G NHQ FV G A E ALASSLLCSGILLFFLLVVGLCH LEYDAFVSYSEMDSGW
s -TT DL R G NHQO FV G IA A ALASSLLCSGILLFFLLVVGLCH LEYDAFVSFSEMDSGW
s GTM DL R G NHQ FV G IA A ALAYSLLCSGILLFFLLVVGLCH LEYDAFVSYSEMDSGW
* * 700 * 720 * 740 * 760 * 780 *
VDAHLVPELEQSEPPLRLCLHKRDFRPGGWIMDNIMDAVEKSHKTLFVLSQHFVRSEWCEYELDY THFRLFDONDNTVVLILLEPIDKKT I PKKFCKLRRVMNSRTY LEWPDDDNQVGRFWQSLRAAL —-—
VETHLVPELEQAEPPLRLCIHKRDFIPGGWILDNIMDAIEKSHRTLFVLSQHFVSSDWCKYELDY THFRLFDENDDTVVLILLEPTDKDT I PKKFCKLRRVMNSRTYLEWPDDDEQI PREWQSLRAAL T A
VEAHLIPELEQNEPPLRLCLHKRDFLPGGWILDNIMEAIEKSHRTLFVLSQHFVNSEWCKYELDY THFRLFDHNDDAVVLILLEPIDKDT I PKKFCKLRRVMNSRTYLEWPDDDNQIARFWQSLRSAI R E
VEAHLVPQLEQTEPPLRLCLHKRDFVPGGWILDNIMDAIEKSHRTLFVLSQNFVRSEWCKYELDY THFRLFDHNEDTVVLILLEPTDKETI PQKFCKLRRVMNSRTYLEWPDIDDQIPRFWRSLRTAL R N
VEAHLVPELEQVEPRLRLCLHKRDFVPGGWILDNIMDAIEKSHRTLFVLSQNFIRSEWCKYELDY THFRLFDHNDDTVVLILLEPIDKETVPKKFCKLRRVMNSRTYLEWPEDHDQI PREWHSLRTAI K E
VEAHLVPELEQVEPRLRLCLHKRDFVPGGWILDNIMDAIEKSHRTLFVLSQNFIRSEWCKYELDY THFRLFDHNDDTVVLILLEPIDKETVPKKFCKLRRVMNSKTYLEWPEDHDQI PGFWHSLRTAI K E
VEAHLVPELEQVEPRLRLCLHKRDFVPGGWILDNIMDATEKSHRTLFVLSQNFIRSEWCKYELDY THFRLFDHNDDTVVLILLEPTDKETVPKKFCKLRRVMNSKTYLEWPEDHDQI PGFWHSLRTAL K E
VEAHLVPELEQVEPRLRLCLHKRDFVPGGWILDNIMDAIEKSHRTLFVLSQSFIRSEWCKYELNY THFRLFDHNDDTVVLILLEPIDKETVPKKFCKLRRVMNSRTYLEWPEDHDQI PGFWHSLRRAI K E
: VEAHLVPELEQVEPRLRLCIHKRDFVPGGWILDNIMDAIEKSHRTLEVLSQNFIRSEWCKYELDYTHFRLFDHNDDTVVLILLEPIDKKTVPKKFCKLRRVMNSRTYLEWPEDHDQIPGFWHSLRTAL K E
800
-DVM : 582
TDDG V-ETDTVDL- : 795
NGER DIE-ETLNL- : 796
TDNG CLQFDNVDF- : 793
TVNG VVQFDNVELI : 724
TVNG VVQFYNVELI : 796
TVNG VVQFYNVELI : 804
TGNG VVQFDNVELI : 795
TVNE VE-------- 790
* 20 * 40 * 60 * 80 * 100 * 120 *

: MCYKSSQAEGGKQTQHLGFVKMICRVFFFGLLLVGALS R N2 LST ET  TLEDIDLSYNKLQTVLADDFHE KLRVLQLQFNNISYIHDDSFKN
- -MMWRLIHSSVLLIGALA R N LAT G TLEDVDLSYNKLQAVLADDFLR ~LLRILQLOFNNISHIDIDAFKN
- -MMWKLIQLSSLLIGALA TTEDGP R HN LAR RG TLEDVDLSYNKLQAVHADDFLR ~LLRILQLOYNNISHIDTGAFKN

L A TGLER R TLEDLDLSFNELQAVHADDFHH AQLRVLKLQYNNISHIDSEAFKN
--------------------- MIWKLFHFSALLLGAFT STDEGV H N LES R TLEDIDLSYNKLQAVHAEDFLR ~QLRILKLLYNNISHIDNDAFKN
-MMWKLVYFSALLLGALS NTDEGP L N LES R TLEDIDLSYNKLOAVRANDFLH SOLRTLKLQYNNISHIDNDAFKN
-MIWRLIHFSALLLGTIA NTDGGS R N LDI SR TLEYIDLSYNELQAVQFDDFHH ~QLRILLLQYNNISHIDHDAFKN
--------------------- MIWRWVHLSALLLGALT NTDGES R R YUN R TLEVIDLSYNKLOAVRVDDFLR ~QLHTLKLQYNNISHIDKDAFKN
RWVHLSALLLGALA NADGES R R YEN R TLEEIDLSYNKLQAVRVDDFLR ~QLHTLELQYNNISHIDKDAFKN
MMWRWVHLSALLLGALA NADGES R R YEN R TLEEIDLSYNKLOAVRVDDFLR ~QLHTLELQYNNISHIDKDAFKN
-MIWRWVHLSALLLGALASPALS NTDGES H R FEH R TLEEIDLSYNKLQAVRVDDFLR ~QLHTLKLQYNNISHIDKDAFKN
-MIWRWVHLSALLLGALA A S NTDGES R R YEH R TLEEIDLSYNKLQAVRVDDFLH ~QLHTLKLQYNNISHIDKDAFKN
--------------------- MIWRWVHLSALLLGALA A S NSDGES H R YEH R TLEEIDLSYNKLOAVRVDDFLR ~QLHTLKLQYNNISHIDKDAFKN
140 * * * 200 * 220 * * 260
PLLEHLNVFNNSLEEIPARAVTP SH QQ Y  DEG [o} E s R G E o RR VH H Y TA
PLLESLNIFNNSLEEIPASALTP S NQ H E F 0 L s G E 0 QN VH H sV
PLLESLNIFNNSLEEIPARALTP S O H E F 0 v R G K TQ RG VH R sV
GLLEHLDVFNNSLAEIPASALTP LNLKVLNMSNNLYKHATLAKSF L S K R G K E NO Qs PH R SA
ILLEQLDIFNNSLQEIPAKALTP L E K H D F K K G D 0 RN LH H sV
KLLEHLNIFNNSLOEIPAAALTP LNLKELYMSNNLYKHATLADSF F  Q G R G A o RN RH R IA
: MLLEHLNIFNNSLEEIPATAMTP MNLKKLYMSNNLYKHVTLADSE F  Q L G G N E 0 LN PH R sV
DAK Y R
TLLEHLNIFNNSLEEIPAAALSP LNLKKLYMSNNLYKSATLAHSEF F K L K E E D LH PY Q RA
MLLEHLNIFNNSLEEIPAAALST LNLKKL YKSAALAHSF F K T E H E D LR PY Q RA
TLMEHLNIFNNSLEEIPAAALST LNLKKLYMSNNLYKSATLAHSF F K T E H E D LR PY Q RA
TLLEHLNIFNNSLEETPAAALST LNLKKLYMSNNLYKSATIAHSF C K K E E D LH PY Q RA
TLLEHLNIFNNSLEETPAAALST LNLKKLYMSNNLYKSATIAHSF C K K E E D LH PF Q RA
TLLEHLNIFNNSLEEIPAAALST LNLKKLYMSNNLYKSATLAHSE C K K E S E D LY PF Q RA
* 280 * 300 * 320 * 340 * 360 * 380 *
TGD 0 Y Y N R VAP G K Y F s A
MEE K D Y H R VTP T s vV E K YN F A
R TEE Q D H H R IGL S R T RY F s
MGE 0 Y H N R VTP S s A K ED SS S
MGD K Q H N R VAS G 2 Y s s K
MGD o D Y N K VAS M G E A K Y s A
KGE Q D H N R VAP v 2 H F s
H s A K
MED K D 0 N S DAP G A H F A
MGD K D Q N S DAP G N A s H s A D
MED K D 0 N S DAP G N A s H s A
MED K D Q N S DAP G 2 E H F A
MED K D 0 H s DAP G 2 H F A
MED K D 0 H s DAP R G A E H F A
400 * 420 * 440 * 460 * 480 * 500 * 520
GIQLLDISNNRLODNYLSNOR Y NLHTFNLSTNELTSLKDLSDLT  KRLTVLDVSNNKLGSVKMSQGCV P F F 5 D N [o} Y R ATLKELL
G I QsD QR N N NLHTFNLSTNELTSLSKLSALT D QRLQVLDVSNNKLGSVEPSRNCV R F K V E v CH M D  NLKELL
G I YS 0QSG QR N T NLHTFNASGNELTSLRDLSVLT D QRLQVLDVSNNKLGSAEDSRDCV - ¢} L H H TT A  DLRVLL
GVEHLDISNNRLKNEFIFNOR ~ Q A NLRTFQINTNELTSLKVVSLLT  QQLQVLDLSNNQLGSAGNSRDCV HKS PE R TLOYLDLSYCELDQLDMGYFKR ~SLKELL
v K E 00 A  SLHTYNMNNNDLTSLKDLSSLT  QOQLQVLDLSNNKLGSAENCQDCI K ¢} c TVQYLDLSYCNLDHLDITYFEK ~NLKELL
1 K E OR A NLHTFDINTNELTSLKDLSSLT  KOLRVLDISNNKLGSAEDSQDCV N [o} S R TVHYLDLSYCNLDQLDMVYFEK ~NLKELL
F vV QE OR S NLHTFNVSINDLTSLRDLSLLT  HQLQVLDFSNNKLGSAENSRDCV E W S P R H M NLKELL
a N E KQ AG NLHTLNMSRNVLTSLRDLSMLT  KQLHVLDISYNQMGSAETTQDCV I P 0 TVQYLDLSYCDLDQLDMMYFEK ~NLKELL
a N E KQ A NLHTLNMSRNVLTSLRDLSMLT  KOLHVLDFSYNQMGSAETSODCV I P 0 AVQYLDLSYCNLDQLDMMYFEK ~NLKELL
A N E KR A NLHTFNMSRNVLTSLRDLSMLT  KQLHVLDLSFNQMGSAEKSQDCV KI P Q TVQYLDLSYCDLDQLDMMYFEK ~NLKELL
a N E KQ 2A  NLHTLNMSRNVLTSLRDLSMLT  KQLHVLDLSFNQMGSAETSQDCV KI P 0 TVQYLDLSYCDLDQLDMMYFEK ~NLKELL
A N E KQ A NLHTLNMSRNVLTSLRDLSMLT  KQLHVLDFSFNQMGSAGTSQDCV T P 0 TVQYLDLSYCDLDQLDLMYFEK ~NLKELL
A N N KQ A HLHTFNMSRNVLTSLRDLSMLT  KQLQVLDFSYNQMGSAETSQDCV I P D Q TVQYLDLSHCDLDQLDMMYFEK ~ NLKELL
a N N KQ A NLHTFNMSRNVLTSLRDLSMLT  KQLQVLDFSYNQMGSAETSQDCV I P D Q TVQYLDLSHCDLDQLDMMYFEK ~NLKELL
* 540 * * 580 * 600 * 620 * 640 * 660
LTGNKIKFIPSDWKSPSLQSLALDGNSFGLISTESFYG R R T L GM F L SE S I VIIISVATTTAVILILVLICYIF
LSGNKIKFIPSTWRSPOLQFLALDGNSFGLISKASFQG s G F L sQ I VIIICVATTAAVILLLILMCYIF
LSGNKIKFIPSKWRSPHLQFLALDGNSFGLISKASFQG R E HG F O L SR I VIIICVATTTTVILILMLICYIF
LSGNKIKFIPSMIWKSSSLOSLALDGNSFGLISRASFQD 0 s N A 5 R L sQ I VVIISVITTAVVILTLMLICYIF
LSGNKIKFIPSKWESPSLQSLALDGNSFGLISKESFEN R G A F GQ I VIIICVATTAAVILILMLICYIF
LSGNKIKFIPSKWESPSLQSLTLDGNSFGLISKASFQD 0 G F GH I VIIICVATTAAVILIMMVICYIF
LSGNKIKFIPFKWESPSLQSLALDGNSFGLISKASFQD R RN F GQ T VIIICVVTTAAVILLLTLICYIF
LSGNKIKYIPFKWKSQSLQSLSLDGNSFGLISKASFQD Q A F SH T VIIICVVTTAAVILILMLICYIF
LSGNKIKYIPFKWKSQSLOSLSLDGNSFGLISKASFQD 0 ¥ a F SH T VIIISVVTTAAAILILMLICYIF
LSGNKIKYIPSKWKSQSLQSLSLDGNSFGLISKASFQD Q A A F NQ T VIIICVVTTAAVILILMLICYIF
LSGNKIKYIPSKWKSQSLOSLSLDGNSFGLISKASFQD 0 a F NQ T VIIICVVTTAAVILILMLICYIF
LSGNKIKYIPCKWKSQSLQSLSLDGNSFGLISKASFQD Q A F NQ T VIIICVVTTAAVILILMLICYIF
LSGNKIKYIPCKWKSQSLQSLSLDGNSFGLISKASFQD Q A F NQ T VIIICVVTTAAVILILMLICYIF
LSGNKIKYIPCKWKSQSLOSLSLDGNSFGLISKASFQD 0 a F NQ T VIIICVVITARVILIIMLICYIF
* 680 * 700 * 720 * 740 * 760 * 780
a SSFTYHAFISYSHCDAEWVREQLLPCLENNRNPYRLCIHERDFMPGKWIIDNIIENIESSRKVIFILSRHFVNSEWCNYELYFAQORAMGKTFSDVILVVKEPIDP
A K GTFTYHAFISYSHSDADWVRDQLLPCLENNRNPYRLCIHERDFMPGRWIIDNIIENIENSRKSIFVLSRHFVNSDWCNYELYFAQQRAMGKTFSDVILVVKEPIDP
AR GTFTYHAFISYSHADADWVRDQLLPCLENNRNPYRLCIHERDFMPGRWIIDNIIENIENSRKSIFVLSRHFVNSDWCNYELY FAQORAMGKTFSDVILVVKEPIDP
a GGAFTYHAFISYSHSDADWVRNQLLPCLESNGNSYRLCIHERDFMPGRWIIDNIIDNIESSRKVIFVLSRHEVNSEWCNYELYFAQORAVGKTFSDVILVVKEPMDP
A M GTFTYHAFISYSHSDADWVRDQLLPCLENNRDPYRLCIHERDFMPGRWIIDNIIENIESSRKVIFVLSRHFVNSEWCNYELY FAQORAMGKTFSDVILVVKEPIDP

145

519
520
520
446
518
526
517
519

450
650
651
647
577
649
657
648
651

579
782
783
779
709
781
789
780
783

130
105
107

111
107
107

107
107
107
107
107
107

262
237
239
201
243
239
239

11
239
239
239
239
239
239

394
369
371
333
375
371
371

53
371
371
371
371
371
371

526
501
502
465
507
503
503
185
503
503
503
503
503
503

658
633
634
597
639
635
635
317
635
635
635
635
635
635

790
765
766
729
771



Chapter 2.2

Sau_TLR14_ A v PEPFTYHAFISYSHSDADWVRDQLLPSLENSRNPYRLCIHERDFMPGRWIIDNIIDNIENSRKVIFVLSRHFVNSEWCNYELYFAQQRAMGKTFNDVILVVKEPIDP 767
Cgo_TLR14_ Y SGTFTYHAFISYSHSDADWVREQLLPSLENNKNSYRLCIHERDFMPGKWI IDNIIDNIESSRKIIFVLSRHFVNSEWCNYELYFTHQRAIGKTFSDVILVMMEPLDE : 767
Dma_TLR14_ Y G ENFTYHAFISYSHSDADWVREQLLPSLENNKNPYRLCIHERDFMPGKWIIDNIIDNIESSRKVIFILSRHFVNSEWCNYELYFTQQRAMGKTFGDVILVMMEPMDA 449
Tbe TLR14_ Y ENFTYHAFISYSHSDADWVREQLLPSLENNKNPYRLCIHERDFMPGKWIIDNIIDNIESSRKVIFILSRHFVNSEWCNYELYFTQQRAMGKTFGDVILVMMEPMDA 767
Nco TLR14_ Y EDCTYHAFISYSHSDADWVREQLLPSLENNKNPYRLCIHERDFMPGKWIIDNIIDNIESSRKVIFVLSRHFVNSEWCNYELYFTQQRAMGKTFGDVILVMMEPMDA 767
Nro_TLR14_ Y EDCTYHAFISYSHSDADWVREQLLPSLENNKNPYRLCIHERDFMPGKWIIDNIIDNIESSRKVIFVLSRHFVNSEWCNYELYFTQQORAMGKTFGDVILVMMEPMDA 767
Gya_TLR14_ Y EDCTYHAFISYSHSDADWVREQLLPSLENHKNPYRLCIHERDFMPGKWIIDNIIDNIESSRKVIFILSRHFVNSEWCNYELYFTQQRAMGKTFGDVILVMMEPMDA 767
Cha_TLR14_ Y EDCTYHAFISYSHSDADWVREQLLPSLENNKNPYRLCIHERDFMPGKWIIDNIIDNIESSRKVIFILSRHFVNSEWCNYELYFTQQORAMGKTFGDVILVMMEPMDA 767
Pge TLR14_ Y EDCTYHAFISYSHSDADWVREQLLPSLENNKNPYRLCIHERDFMPGKWIIDNIIDNIESSRKVIFILSRHFVNSEWCNYELYFTQQRAMGKTFGDVILVMMEPMDA 767
800 * 820 * 840 * 860 * 880 *
Cse_TLR14_ SSLPSKYCKLKKMLSTKTYLEWPQQVNQQAFFWEQLRTVL NQ RGH SV G VC EEGET KTAQN T Q ---KNITFV GSNE - VF : 898
Pol TLR14_ SSLPSKYCRLKKMLSTKTYLEWPQQVNQQPFFWEQLRSVL G GRQ S C QE GGAVVVKC QEEI- -N E NN E - AF : 868
Hhi TLR14_ SSLPSKYCRLKKMLSTKTYLEWPQQVSQQPFFWEQLRSVL Q GDGGQ E ) C QE GGAKVVKR QEEI- -NF E NK PI AF : 870
Gac_TLR14_ NSLPSKYLKLKKMLRTKTYLEWPQOVNQOAFFWTQLKGVL A QKRTH 784
Dla_ TLR14_ SSLPSKYCKLKKMLSTKTYLEWPQQVNQQAFFWSQLKSVL RDGAH SVG P I- RR DLATP V K TEPQKE K KDK - KF : 881
Sau_TLR14_ NSLPSKYCKLKKMLSTKTYLEWPHQVNQQAFFWAQLKSVL R GKQ S E G LL ME RR EEEAP L K AEPNNK Q DEQ - AF : 878
Cgo TLR14_ NSFPSKYCKLKKMLSTKTYLEWPQOVNQOAFFWAQLRSVLV R RTH Q SVG P IV RR EVEKT A K AAPKNE NK YEPE - AF : 878
Dma_TLR14_ RSIPSKYCRLKKMLSTKTYLEWPQQVNLQAFFWAQLRSVL IR ERH LVE P IE TR EGATP A K AVPKDE K CE - AL : 560
Tbe TLR14_ GSIPSKYCRLKKMLSTKTYLEWPQOVNLQAFFWAQLRSVL R ERH LVE P IG TR EGATS A K AVPKDE K CE - AL : 878
Nco TLR14_ RSIPSKYCRLKKMLSTKTYLEWPQOVNLQAFFWAQLRSVL R ERH LVE PLIE TR EGATP A K AVPKDE K CE - K P AL : 878
Nro_TLR14_ RSIPSKYCRLKKMLSTKTYLEWPQQVNLQAFFWAQLRSVL R ERQ LVE PLIE TR EGATP A K AVPKDE K CE - P AL : 878
Gya_TLR14_ RSIPSKYCRLKKMLSTKTYLEWPQOVNLQAFFWAQLRSVL R ERH LVE P IE TR EGATP A N AVPKDE K CE - AL : 878
Cha_TLR14_ RSIPSKYCRLKKMLSTKTYLEWPQQVNLQAFFWAQLRSVL R ERH LVE P IE TR EGATP A K AVPKDE K CE - PL : 878
Pge TLR14_ RSIPSKYCRLKKMLSTKTYLEWPQOVNLQAFFWAQLRSVL R ERH AL V E P IE TR KGATP A K AVPKDE K CE - AL : 878
€)
* 20 * 40 * 60 * 80 * 100 * 120 *
Dla_TLR25 : MSTQSTIVAFLIGTIAIVSLMKSDCLALKEDEKGIKLCVTSRRGMKDLSHKS TEV Q TG P SRLSQLCFLKVTHCGLQEISPSVESH K LKHL 133
Cgo_TLR25 : MSPQSTNVAFLIGTIAIVSLIKPDCVAVKEDEKGFKLCITSRRGMQODHSYQN TNV DTQFLDISHNSIQRLNEAPFFG ALKVLNISYNQLPLVPDMSLKQ 133
Dma_TLR25 : MSTQSTNVAFLIGTIAILSLITTDCVAVKEDEKGFILCVTSRRGMODHSYQN TNV DTQYLDISHNSIRRLSGASFFG C ALNVLNISFNDLPIVPDISLKQ 133
Nco TLR25 : -
Tbe:TLRZS : MSTQSTNVAFLIGTIAILSLIKTDCVAVKEDEKGFILCVTSRRGMQDYSNQN TNV DTQYLDISHNSIRRLSGASFSG o} ALKVLNISFNDLPIVPDISLKQ
Gya_TLR25 : MIFLH HTC DTQYLDISHNSIRRLSGASESG c ALKVLNISFNDLPIVPDISLKQ
Pqe:TLRZS : MSTQSTNVAFLIGTIAILSLIKTDCVAVKEYEKGFILCVTSRRGMQDHSYQN TNV DTQYLDISHNSIRRLSGASFSGL o} ALKVLNISFNDLPIVPDISLKQ
* * 200 * 220 * 240 *

Dla TLR25 : KILDLANNLYNSYRIPASFON T H RA LM H IN F QR RDFGMFENVLVDLNVTGATSLRFITVFPDNCNVSGNPFKSLTTMPFI : 266
Cgo_TLR25 : N N vV D TA PT H TR L QT GESGMFENLLKDVNATRATSLRVITLFPDNCNVTGSFFGNLRTMPFI : 266
Dma_TLR25 : Y K T D PT P S S IR L KT GEA: 222
Nco_TLR25 : -
Tbe TLR25 : Y K A D PT P S S IR L KT GEASMFONLLADVNVTGAKSLRIITLFPDNCNVTGNFFDSLKTMPLL : 266
Gya:TLRZS H Y K A D PN P S S Ic L KT GEASMFQNLLADVNVTGAKSLRIITLFPDNCNVTGNFFDSMKTMPLL : 219
Pge_ TLR25 : Y K A D PT P S S IR L KT GEASMFQNLLADVNVTGAKSLRIITLFPDNCNVTGNFFDSMKTMPLL : 266

* 280 * 300 * 320 * 340 * 0
Dla_TLR25 : QNLTIENMWINSSFMEAFLKNVWLSSLYDLSF TLD N TI F AT NA ALPSLETLDLSDNLLTDSGFWWFQC Y 399
Cgo TLR25 : QNLTIENTWLNSSFMEVFLKNVFLSYLYDLSF TPD Q TL L IM K SLETLDLSDNLLGD IH Y A 399
Dma:TLRZS H RPG K QT L AF K SLETLDLSDNLLKDTGFWWEYC T 323
Nco_TLR25 : N SLETLDLSDNLLKDTGFWWFLC P 40
Tbe TLR25 : KNLTIENTWINSSFMEVFMKNVWESHLYDLSF TPD K [o28 L AV N SLETLDLSDNLLKDTGFWWELCLP 399
Gya:TLRZS : KNLTIENTWINSSFMEVFMKNVWESHLYDLSF TPD K QF L AL N SLETLDLSDNLLKDTGFWWEYC P 352
Pge TLR25 : KNLTIENTWINSSFMEVFMKNVWESHLYDLSF TPD K [o28 L AF N SLETLDLSDNLLKDTGFWWEYC P 399

B 0 * * 440 * 460 * 480 * 500 * *
Dla_TLR25 : FPKLRQLSLSKNRFISLSFISEKTYQM G H TD G N S Q P E QFPKLTHLKLSSNSIQVIPTDLMAPALLSLHVDQONAITST 532
Cgo_TLR25 :  KLRRLSLSKNRFSSLSFISEKTH NKLESLDLSFNSIYLDKPCSWP QLTELSLGNNNLGNSVENYLSK E LKLTHLKLSSNSIQVIPADLSAPALLSLYVDQNAITSI : 532
Dma:TLRZS H KLRRLYLSKNRFSSLSFISEKTN TLESLDLSFNSISLDGDCSWP QLIELSLANNNLGNN-----=-===— KIDLSKT K HKLTHLQLSSNSIQVIPADLSAPSLLNLYVDQNAITST 446
Nco TLR25 :  KLRRLYLSKNRENSLSFISEKTN  TLEFLDLSFNSISLDRDCSWP I AI NN V N K PKLTHLQLSSNSIQVIPADLNAPSLLNLYVDQNAITSI : 173
Tbe:TLRZS H KLRRLYLSKNRFNSLAFISEKTN TLESLDLSFNSISLDGDCSWP QLIELSLANNNLGNNVENYLSV K HKLTHLQLSSNSIQVIPADLSAPSLLNLYVDQNAITST 532
Gya_TLR25 : KLRRLYLSKNRFNSLSFISEKTN TLESLDLSFNSISLDRDCSWP I A I N N v I K PKLTHLQLSSNSIQVIPADVSAPSLLNLYVDQNAITTI 485
Pge TLR25 :  KLRRLYLSKNRFNSLSFISEKTN  TLESLDLSFNSISLDRDCSWP I AI NN V K PKLTHLQLSSNSIQVIPADVSAPSLLNLYVDQNAITTI : 532
540 * 560 * 580 * 600 * 620 * 640

Dla TLR25 : SKEVLAG P Q SNPFVCSCDSHWEVTNLNKSLLPDWPLDYTCSTPPSFAGLSLSEYKTSELSCETWLQATVTLPVVVVISAAIGLVEY H N YSYHAFI 665
qu:TLRZS : SMEVLVG P H P P K WLQAAVAIPVIIIISAVIGLVFEY S A FCYHAFI 665
Dma_TLR25 : SK--LAGLS Q A WLQAAVAVPVLIIISAAIGLVFEY N FQYHAFI 577
Nco TLR25 : SK--LAGLS Q v WLQAAVAIPVLIIISAAIGLVFY N FQYHAFI 304
Tbe:TLRZS : SK--LAGLS Q A WLQAAVAVPVLIIISAAIGLVFEY N FQYHAFI 663
Gya_TLR25 : SK--LAGLS Q v WLQAAVAVPIFIIISAAIGLVFY N FQYHAFI 616
Pqe:TLR25 : SK--LAGLS K A WLQAAVAVPIFIIISAAIGLVFEY N FQYHAFI 663

* 680 * 700 * 720 * 740 * 760 * 780 * 8
Dla_TLR25 : SYSHQDAGWVDSQLVPSMEDSGFSLCVHERDEVPGDWIIDNIIKCVESSYKTLFVLSKHFVQSEWCNYELFFAQHRAISVOQDCLVFILLEPITAESLPKRFLRLRSLLRQOTYLEWPKDERKQQVFWASLKS 798
qu:TLR25 : SYSHQDSSWVDSQLAPSLEGAGFSLCVHERDFVPGEWIIDNIINCVESSYKTLFVLSKHFVQSEWCNYELFFAQHRAINVQDDSLVFILLEPIPSDSLPKKFLRLRKLMRQQTYLEWPKDERKQQVFWASLKS 798
Dma_TLR25 : SYSHQDSGWVDSRLVRSLEGSGFSLCVHERDEVPGDWIIDNIINCVESSYKTLFILSKHFVQSEWCNYELFFAQHRAVNIQODSLVFILLEPIPTDSLPKKFLRLRSLLRQOTYLEWPNDERKQQVFWASLKS 710
Nco:TLRQE : SYSHQDSGWVDSRLVRSLEGSGFSLCVHERDFVPGDWIIDNIINCVESSYKTLFILSKHFVQSEW 369
Tbe TLR25 : SYSHQDSGWVDSRLVRSLEGSGFSLCVHERDFVPGDWIIDNIINCVESSYKTLFILSKHFVQSEWCNYELFFAQHRAVNIQQODSLVFILLEPIPTDSLPKKFLRLRSLLRQQTYLEWPNDERKQQVFWASLKS 796
Gya_TLR25 : SYSHQDSGWVDSRLVRSLEGSGFSLCVHERDFVPGDWVIDNIINCVESSYKTLFILSKHFVQSEWCNYELFFAQHRAVNIQQODSLVFILLEPIPTDSLPKKFLRLRSLLROQOTYLEWPNDERKQPVFWASLKS 749
Pqe:TLR25 : SYSHQDSGWVDSRLVRSLEGSGFSLCVHERDFVPGDWVIDNIINCVESSYKTLFILSKHFVQSEWCNYELFFAQHRAINIQODSLVFILLEPIPTDSLPKKFLRLRSLLRQQTYLEWPNTERKQQVFWASLKS 796

00 * 820

Dla_TLR25 : MLH DK V LAISDTVP VTDQV : 827
Cgo_TLR25 : MLH D- V LAIADTTA LTDQG : 826
Dma_TLR25 : MLR DK R ATESRGRK AVTDL : 739
Nco_TLR25 : E
Tbe TLR25 : MLR DK V LAIADTAT VTDQI : 825
Gya:TLR25 : MLR EK V LAIADTAT VTDQI : 778
Pge_TLR25 : TLR DK V LAIADTAT VTDQI : 825

Supplementary figure 2.2.5. Multiple sequence alignments and sequence annotation of the
Nototheniidae TLR3 superfamily members. Leucine-rich repeat (LRR) are highlighted in yellow and
the consensus LRR motifs (LXXLXLxXNXxL) is marked in bold; Transmembrane (TM) domain is
highlighted in blue and Toll/IL-1 receptor (TIR) is marked in green. Protein domains were predicted
using SMART, ScanProsite and TMHMM webservers. The protein signal-peptide when predicted are
highlighted in pink. Amino acids coloured in red were found to be under positive selective pressure.

* 20 * 40 * 60 * 80 * 100 * 120 *
Cse TLR3 : -—==-—==———- MHTYHSNGSRLSTCVILICYLLMGTHH TPP D L K GK R A A SNISSLDMSHNRMVRIPPESLKQ GLLHLNMGYNSVTKLNEPFCLV VR 122
Gac:TLRB MHATRSLLSLVVIITCDLMTEKHN SQ T S Q GR A R KGITSLDVSHNRLKTIPPASLAL GLRHLNVSYNSITRLERGLCQT LLQTLNMEHNVVHV 119
Sau_TLR3 HAPRYTLLLA TTV H M PSS AQ T V E GR RE P GNLTSLDMSHNRLGGIPPTSLTP GLLHLDVSYNSITGLVGGLCQT LLQTLNVKHNQVLY 129
Dla_TLR3 MPSVCSLCANLVFET HAHRCLVLSA T Y T LYN CQ K HQGR A P SNLTSLDLSHNRLLGIPPESLTP GLLHLDVGFNSITKLDGGLCQT LLQTLNIEHNEVHE 134
qu:TLRB fffff MPRQHLVFET HAPRSLHLPS IY - LHN SD T KL GR A P RDITSLDISHNRLNGIPPVSLTP GLRHLDVSHNSITKLDQGLCQT LLQTLNMEHNQVYV 128
Tbhe TLR3 -MARQNPVFDT NALNSL-LPT I C P PHN LQ T HHSI A Q SNIISLDLSHNRLKSILPVSLSP GLRRLSVSYNSIVKLDPGLCQT LLQILNMGHNQVHV 128
Nco:TLRB -MARQNPVLDT NALNCL-LPT I C P PHY LQ T HHSI A Q SNIISLDLSHNRLKSIPPVSLSP ALCHLSVSHNSLTKLDPGLCQT LLQTLNMGHNQVHV 128
Nro_TLR3 —---MARQNPVFDT NALNCL-LPT I C P PHN LPS T HHSI vV Q SNIISLDLSHNRLKSITPKSLSP ALCHLSVSHNSLTKLDPGLCQT LLQTLNMGHNQVHV 128
Dma_TLR3 -
Gya:TLRB -MARKNPVFDT NALNCL-LPT I C P PHN LP T HHSI A Q SNIISLDLSHNRLKSIPPVSLSP GLCRLSVSYNSITRLDPGLCQA LLQTLNMGHNQVHV 128
Pge TLR3 -MARKNPVFET NALNCL-LPT I C P PHN LP T HH SI A Q SNIISLDLSHNRLKSIPPVSLSP GLCRLSVSHNSITKLDPGLCQA LLQTLNMGHNQVHV 128
Cha:TLRB -MARKNPVFETMNALNFL-LPTMIIICCLMPGPRNCVALP T H H SI A Q SNIISLDLSHNRLKSIPPVSLSP GLCRLSVSHNSITKLDPGLCQA LLQTLNMGHNQVHV 128
Sse_TLR3 -MQRQHLLFEG FTPHPRLSPW I YCMLHHD SQ M R T GR RT Q RNITSLDMSHNRLVGLPPASLNP TGLLHLDVSYNSVTKLDEHLCQT LLQTLNVRHNEVHL 129
Pol TLR3 MCSPRSLHFTWIIIVCYFLTWPHHCLASHKKTS N Q GR A P GNISSLDMSHNRLVGIPPASLNP GLLHLDVSYNSVTKLDEHLCQT TQ 119
th:TLRB MORKHWVFEAMCSPRSLHFTWIVIG S T PQH HQO T Q Q GR A PY GNISSLDMSHNRLVRIPPASLNP QGLLHLDVSYNSVTKLDQGLCQOM TK 129
140 * 160 * 180 * 200 * 220 * 240 * 260
Cse_TLR3 ET SN TSLTWLSLASNRLKIKGEPFSALKSLEFLDISNNNLQSAKLGSQP S N Fsv K T RL PFLQVLNLSSVPLKS-LEPGCFKP A HA N G PVI Q G 255
Gac_TLR3 LEMEDVSH TN Q V S QHA QSLRVLDVSKNKLQSASLGSQP G S Fsy K S SH SF R S P Q PCF R Q G NVI K A 253
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LKKEDLSHCTSLTQLNLASNRLRLQGEPFIALQSLTFLDVSLNKLKSAKLGSQP SLVNLSLALNDFTTLKNDDFSF NQ SFLQVLNLSAVSLKT-LEPGCFKP R R KTG LIIAK S
LKKEDVSH TNLTRLNMARNRLKLQGEPFSALQSLKFLDVSANNLQSAKLSSQPV ~SLVNLNLAFNNFTTLKKDDFSE NH SFLQTLNLSSVSLKT-LEPGCFKP H E K G LIIAK L s
LKKEDVSH TNLTWLIMASNKLQLHGEPFSALQSLKVLDVSTNKLQOSAKLGSQFQ NLVSLNLAGNYFTTLMKDDFSF NH SFLQVLNMSSVSLKT-LEPGCFTP R ENA QVI K S
LKKEDMNH INLTWLIMASNKLKLQGEPFSALQRLQVLDVSLNKLQOSAKLGTQIQLPNLVRLNLALNDFTTLKKDDELE NN SS L LTM SV- H SF R NDILGFE L S
LKKEDMNHCANLTWLIMAGNKLKLQGE PFSALQRLQVLDVSLNKLOTAKLGTQIQLPNLVSLNLALNDLTTLKKDDFLE NN SSLLVLNMSCVPLKT-LEPGSFKP H N D LGF E S
LKKEDMNH ANLTWLIMAGNKLKLQGEPFSALQRLQVLDVSLNKLQOTAKLGTQIQLPNLVSLNLALNDLTTLKKDDFLF NN SSLLVLNMSCVPLKT-LEPGSFKP H N D LGF E S
LKKEDVNH TNLTWLIMASNKLKLQGDPFSA QRLQVLDVSLNKLQSAKLGTQIQLPNLVSLNLALNDFTTLKKDDFLF NN SSLLVLNMSCVPLKT-LEPGSFKP R N D LGF E S
LKKEDVNH TNLTWLIMASNKLKLQGEPFSALQOKLQVLDVSLNKLQOSAKLGTQIQLPNLVSLNLALNDFTTLMKDDFLE NN SSLLVLNMSCVPLKT-LESGSFKP R N D QGF E S
LKKEDVNH TNLTWLIMDSNKLKLQGEPFSALQRLQVLDVSLNKLQOSAKLGTQIQLPNLVSLNLALNDFTTLMKDDFLE NN SSLLVLNMSCVPLKK-LQSGSFKP R N D QGF E S
LKMEDLRL TSLIQLNLASNRLKMKGDPFAALKNLKFLDVSSNQLPSAKLGTQP SLVDLSLAFNGFTTLRKDDFSF NH PFLQTLNLSSVPLKT-LEPGCLEP R KTD LFI K A
E S TSLTWLNMASNRLKLHGEPFSALKNLKSLDVSMNKMVSAKLSSRP KLVSLNLALNDFTTLKKEDFYE EN A-LQVLDLSSVPLKT-LEPGCLKP R N GAQVL K S
E S TSLIWLNMASNRLKLOGQPFSALKNLKSLDVSMNKLMSAKISSHPQLPNLVTLNLAFNDFTTLKKDDESE EN ALLQVLDLSSVPLKT-LEPGCLKS R K GVQVL K S
* 280 * 300 * 320 * 340 * 360 * 380 * 400
E S QS S MK VT K T LSG NLTFLDLSQNDMTKVEDGSFQW SKLEILKLSDNNFKHLNKFTFRG K Q L TRS--T I D G R VW
V A DA S Q TK IT PKAA AG NITFLDLSRNTMGKIEGGAFSS SRLQTLILSDNNITRLSNDTFQG N T Q L SHR--I I E G R VVH
GADVS NMR VI TT TG E NLTSLDLSGNGMGKIEKGSFKW SELQSLVLAENNIKHLTKDIFQG T N L L SHTSAV I D N KK VR NA
GADT S EMK VI T K SG SLTYLDLSHNGMGKIEPGSFQW PRLQTLILSYNNIKHVTKETFQG N K L SHTSST I D S S VQK
A DDA F MK VI T T KA T NLTFLDLSYNGMVRIQDGSFRW SRLQTLVLTDNNIRRLTKDTFQG K Q L D S K VH
A TEAY MK AK T T KA NLTYLDMSNNDMVNIENGSFSW SRLQTLVLSDNKIKQLNKNTFQG K Q F G S R TAQ
ATEKAY MK AK T A KA NLTYLDMSHNEMVNIENGSFVW SRLQTLVLSDNKIKQLNKNTFQG K Q L G S K AQ
A TEKAY MK AK T A KA NLTYLDMSHNEMVNIENGSFVW SRLQTLVLSDNKIKQLNKNTFQG K Q L G S R AQ
A TEAY MK AK T A KA NLTYLDMSHNDMVNIENDSFLW SRLQTLVLSDNKIKQLNKNTFQG K Q F KD---A T G S R AQ SLK
A TEAY MK AK T A KA NLTYLDMSHNDMVNIENGSFLW SRLQTLVLSDNKIKQLNKNTFQG K Q F KD---ATT G S R AQ SLK
ATEAY MK AK T T KA NLTYLDMSHNDMVNIENGSFLW SRLQTLVLSDNKIKQLNKNTFQG K Q F KD---A TG S R AQ SLK
G S DVFS TT VI K T NLTFLDLSQNGMGTIEDGSFQW SKLQTLILSENTIKHLTKYTFQG K Q K L GHA--T V D SS R VR
E SIDALSLRKNNLVTLTNLTFAG GNLTFLDLSHNSMGKILEGSFQW PRLQTLILADNNIKHLTKATFQG K T T L GRTSAT I D ST Q IR AQ SLK
G S DA S MN VT P T AG ANLTFLDLSHNSMGKIEEGTFOW PRLQTLILTDNNIKHVTKATFQG K T T L SRTSST I D M s G FR A
* 420 * 440 * 460 * 480 * 500 * 520 *

A IT F PLRTLNLTGTAITRINPGSFSH NLTVLLLDENFIQQTFTGSEFEG TR H N HWK K S H G NNS 1D K
ELDLSFSNYTSLKIITNKTF PLTKLNLTWTAIAKIDPGSFSV NLTTLVLDFNFIKQVLTGREFEG D H V HQT G S G TAE - S AKLTVL
ELDMSWTTYTDLKNITNKTF R IGAD KQ GC F NLTTLLLDHNYIKQTLTGREFEG DR Y DNFQKVNLSSTSFVNVPNLRVLT G IAT --R S
ELDMSWSSYTSLRNISNKTL PLTKLNLTGTAITNINPGAFSVFSNLTTLVLDHNFIKQONLTGKEFEG S H YR-MNS S G ARK --PEL SR NLTIL
ELDMSWGIYTSLRHINNQTF PLRKLNLTGTAIKLINPQSFSV NLTTLLLDYNFIEQILTGEVFE G H NHQT E I G KA-- -- IL PNLTVL
ELDMSWSSYSSLRNINSKTL PLRRLNLTGTAIAQIGPQSFSV NLTTLLLDYNFIKQILTGKEFE D Y N QQT N K R KAE - S
ELDMSWSSYSSLRNINNKTL PLRRLNLTGTAIAQIDPQSFSV NLTMLLLDYNFIKQTLTGKEFEG D Y N QOT N K K R KAE S
ELDMSWSSYSSLRNINNKTL PLRRLNLTGTAIAQIDPQSFSV NLTMLLLDYNFIKQTLTGKEFEG D Y N QQT N K K R KAE S

- N NS L AQ AQ NLTTLLLDYNFIKQILTGKEFE D Y N QOT N K G KAE S
ELDMSWSSYSSLRNINNKTL G AQ Q T Y K I D Y N QQT N K R KAE S
ELDMSWSSYSSLRNINNKTL PLRRLNLTGTAIAQIDPQSFSV NLTTLLLDYNFIKQILTGKEFE D Y N QQT H K R TAE S
ELDMSWSSYSSLRNINSKTL PLRRLNLTGTAIAQIDPQSFSV NLTTLLLDYNFIKQILTGKEFE D Y N QOT H K R ARES -- S

A IT L PLRVLNLTATAIAKINPGSFSFF NLTILLLDENFIQQTLSGKEFEG S H Y HWK R C G NNT VD K
ELDMSWCSCISLRDITNKTL A TN G F TNLTNLLLDLNYLOQTLTGKEFEG G H Y HWK Q S G NSN - Q

CI Is L PLRKLNLTATAITRINPGSFSV GNLTTLLLDLNFIEQTLSGKEFEG D H Y HWK Q S G NSTT -- Q Q

540 * 560 * 580 * 600 * 620 * 640 * 660 *
DLSNNNIANFRENLLEG INLEVLKLOHNNLARLWKSANPG GAQNLVTLQLDSNGLDEIPRGALRG RNLSKLYLANNLLNSLKDSIFDD VALQVLSLOKNLITTVKPEVEFKA TS
DLSNNNIANTRVNMLEG VNLKVLMLOHNNLARVWKSGNLG SAERLTTLHMDSNGLDEIPAEALSG GNLREISLANNLLNNLONSIFDH SSLRVLNLOKNLLTAVRPQVFQA R
DLSNNNIANIRGNMLEG VNLKVLKLOHNNLARVWKSANQG GAQKLTSLLMDSNGLDEIPVDALRG TELRELSLGNNLLNSLKDTIFED NSLRALYLQKNLITTVRPEVEQT S G
DLSNNNIGNIRENMLEG VNLKVLKLQHNNLARLWKSANLG WVRNLKTLLMDSNGLDEIPADALRG SDLRELSLGSNLLNSLKDSIFDD NSLQLLFLOKNLITTVRPEVEKT S G
DLSNNNIANTIKENMLEG VDLKVLMFQHNNLARLWKSANLG NTQRLISLQLDSNGLDEIPAEALRG SDLRELSLSSNLLNSLKDSIFDD HSLRVLNVQKNLITAVRPQVFKT S
DLSNNNIANIREDMLKG ANLKVLKLOHNNIARLWKSANLG HTPRLVTLQOMDSNGLDEIPAEALRG GNLCNLNLSSNLFNRLKDTIFDD THCGEXK A K A
DLSNNNIANTREDMLKG ANLKVLKLOHNNIARLWKSANLG HTPRLVTLOMDSNGLDEIPVEALRG GNLRNLNLSSNLFNRLKDTIFDD DSLRVLNLQKNLITAVRPEVFKT A
DLSNNNIANIREDMLKG ANLKVLKLOHNNIARLWKSANLG HTPRLVTLQMDSNGLDEIPAEALRG GNLRNLNLSSNLFNRLKDTIFDD DSLRVLNLQKNLITAVRPEVEFKT A
DLSNNNIANIREDMLKG TNLKVLKLOHNNIARLWKSANLG HTPRLVTLQMDSNGLDEIPAEALRG GNLRNLNLSSNLFNRLKDTIFDD DSLRVLNLQKNLITAVRPEVEFKT A
DLSNNNIANTREDMLKG AKLKVLKLOHNNIARLWKSANLG HTPRLVTLOMDSNGLDEIPAEALRG GNLRNLNLSSNLFNRLKDTIFDD DSLRVLNLQKNLITAVRPEVFKT A
DLSNNNIANIREDMLKG ANLKVLKLOHNNIARLWKSANLG HTPRLVTLQMDSNGLDEIPAEALRG GNLRNLNLSSNLFNRLKDTIFDD DSLRVLNLQKNLITAVRPEVEFKT A
DLSNNNIANTREDMLKG ANLKVLKLOHNNIARLWKSANLG HTPRLVTLOMDSNGLDEIPAEALRG GNLRNLNLSSNLFNRLKDTIFDD DSLRVLNLQKNLITAVRPEVFKT A
DLSNNNIANIRESMLDG VNLKVLKLQHNNLARLWKSANPG GAQNLMTLQMDSNGLDEIPEGALRG INLSELSLSNNLLNNLRDSIFED KSLRVLRLOKNLITAVKPEVEQT S
DLSNNNIANIRQDMLEG ENLKVLKLQHNNLARLWKHANPG GAAKLMTLWLDNNGLDEIPEEALKG SNLRELSLSNNLLNSLKDSVFDD KSLRVLRLOQKNLITTVKPEVEST S
DLSNNNIANTRQSMLKG ENLKVLKLPHNNFARLWKDANPG EGAEKLTTLWMDNNGLDEIPQEALRG TNLRELSLSNNLLNSLKDSVFDD KSLQVLRLOKNLITAVKPEVFGT RK

* 700 * 720 * 740 * 760 * 780 * 800

Q E LA DS H T TYP V  QALYIFSSTAVLLLMATAFLVRFQ Q S R--DGS FQYDAYIIHAEDDTHWVERVIVPL

K S GR GR R v T PFQALYILSSTVVITLMVSALLV Q Q N A EE FEYDAYVIHAEKDASWVERRIAPL

K MS GRE T T R D PFQALYILSSTAVLMLMVTALLVRFH FE N S E FEYDAYVICAEDDGSWVDRRLVPL

N MN GR T R D T RALYILSSSTVIMLMVTALLVRFH Q N L G E FEYDAYVIHAEKDASWVERRIVPL

N MD GR H H P PFQTLYILSSTAVIMLIVTAFLLO Q Q N S E FEYDAYVIHSESDSSWVERRMVPL

E MH GR R E P PFQTLYILSSTAVVMLMVTAFVV Q L N HA FKYDAYIIHAEQDSSWVERRLSPL

G RH GR R E P PFQTLYILSSTAVVMLMVTAEVV Q R NC HA FKYDAYVIHAEQDSSWVERRLSPL

G RH GR R E P PFQTLYILSSTAVVMLMVTAEVV Q Q NC HA FKYDAYVIHAEQDSSWVERRLSPL

E M H LGFR R E PFLA T

K MH GR R E P PFQTLYILSSTAVVMLMVTAEVV Q L N HA FKYDAYITHAEQDSSWVERRLSPL

E MH GR R E P PFQTLYILSSTAVVMLMVTAFVV Q L N H A W FKYDAYITHAEQDSSWVERRLSPL

E MH GR R E P PFQTLYILSSTAVVMLMVTAEVV Q L N HA FKYDAYITHAEQDSSWVERRLSPL

S RF DT H ™ T QALYILSSTAVMVLMATAFLVRFQ Q S NAE S FEYDAYIIHTEEDKRWVDRMIVPL

N MS Ds T H M T QALYILSSTAVLMLMVSALFVRFH Q S S E FQYDAYIIHAERDSRWVERVMVPL

S MI DS H QT N YALYLLSSTTVLMLMVTALFVRFH Q S S E FEYDAYITHAERDARWVERVMVPL

* 820 * 840 * 860 * 880 * 900 * 920 *

ENNNCSFYLESRDALPGMPQLONIVDNMRESRKILFVVSEHLLNDPMCRRFTAHHALHQVIEESRDSVVLVFLODVHDFKLSSSLFLRRGMLRSRCILEWPGHKERLOQAFHQKLLIALGLTNQFRM : 913
ENDMCRFCLEDRDSVPGMSKLESIVDNMRKSRKILFVVTETLLRDPWCRRFKAHHALHQVIEASRDSVVLVFLQDVHDEKLSRSLFLRRGMLRSCCVLDWPVHKERVPAFHOKLLIALGMTNRLQE 911
EKSNCKFCLEDRDAVAGMSVLQSIVDNIRKSRKILFVVTEALLRDPWCRRFTAHQALHQVIEASRDSVVLVFLQDVHDYRLSQSLFLRRGMLRPCCVLDWPVHKERVPAFHQKLLIALGMTNRFQE 922
ENDNCRFCLDDRDSIPGMSQLESIVDNMRKSRKILFVVTETLLRDPWCRRFKAYHALHQVIEASRDSVVLVFLQDVHDYKLSRSLFLRRGMLRPCCILDWPVHKERVPAFHOKLLIALGMTNRLQE 926
ENDKCRFCLEDRDLVPGMPLLESIVRNMRNSRKILFVVTESLLRDPWCTRFKAHHALHQVIEASRDSVVLVLLODVHDYKLSRSLYLRRGMLRPSCILDWPVHKDRVPAFHQKLLMALGMTNRLQE : 914
ENDMCKFCXEDRDSLPGMSQPASILDNMRKSRKILFVVTETLLRDPWCTRFIAQHATHRDIEANRDSVILVFLODVHDYKLSRSLYLRRGMLHPCCILDWPVHKERVPAFHOKLLMALGMTNRLMD 918
ENDTCKFCLEDRDSLPGMSQPASILDNMRKSRKILFVVTETLLRDPWCTRFIAQHAIHRDIEANRDSVILVFLQDVHDYKLSRSLY LRRGMLRPCCILDWPVHKERVPAFHOKLLMALGMTNRLMD : 918
ENDTCKFCLEDRDSLPGMSQPASILDNMRKSRKILFVVTETLLRDPWCTRFIAQHATHRDIEANRDSVILVFLQDIHDYKLSRSLY LRRGMLRPCCILDWPVHKERVPAFHQKLLMALGMTNRLMD 918
ENDKCKFCLEDRDSLPGMSQPASILDNMKKSRKILFVVTETLLRDPWCTRFIAQHATHRDIEANRDSVILVFLQDVHDYKLSRSLY LRRGMLRPCCILIGLSIRRECRPFIRSS— 906
ENDKCKFCLEDRDSLPGMSQPASILDNMKKSRKILFVVTETLLRDPWCTRFIAQHATHRDIEANRDSVILVFLQDVHDYKLSRSLY LRRGMLRPCCILIGLSIRRECRPFIRSS~ 906
ENDKCKFCLEDRDSLPGMSQPASILDNMKKSRKILFVVTETLLRDPWCT: 842
ENEKCSFYLEHRDAIPGTPQLNSIVDNIRRSRKIVFVISESLLNDPWCQGFTAHQALHQVIEASRDSVVLVFLQDVHDYKLSRSLFIRRGMLRSCCILEWHCHKERIAAFHQRLLIALGMTNRLRE 922
ENEKCRFYLEDRDAVPGVSMIESIMENMRRSRKILFVVTESLLRDPWCRRFKAHHALHQVIEASRDSVVLVFLONVHDYKLSRTLFLRRGMLRPCCILEWPEDKDRVLAFHOKLLIALGMTNRFKE 911
ENENCKFYLEDRDAVPGVSLLQSIMENMRRSRKIVFVVTESLLRDPWCRRFTAHQALHQVIEASRDSVVLVFLQDVHDYKLSRALFLRRGMLRPRCILDWPEDKERVPAFHQKLLMALGMTNRFRD 922
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Supplementary figure 2.2.6. Multiple sequence alignments and sequence annotation of the
Nototheniidae TLRS5 superfamily members. A) TIr5 and B) TIr5S. Leucine-rich repeat (LRR) are
highlighted in yellow and the consensus LRR motifs (LxXLXLxxXNxL) is marked in bold;
Transmembrane (TM) domain is highlighted in blue and Toll/IL-1 receptor (TIR) is marked in green.
Protein domains were predicted using SMART, ScanProsite and TMHMM webservers. The protein
signal-peptide when predicted are highlighted in pink. Amino acids coloured in red were found to be
under positive selective pressure.
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* 20 * 40 * 60 * 80 * 100 * 120 *
TLTLWLVLIGLCLQVNTGSSP PLH N AAKRL V  ANIIALYLEFNYISDINSTSLSL DQ R --
TSI TTGNP LR S G AFRGL A NITRLYLESNYISEINSTALRA DQ W o--
MFPHSSVSAERKQSGTCDKVLDGDGTESESDTHGNTGTEPHRTEQNLOQAEDR T TALH VVA LY SSCYQ LN A F AWQHH A K S GQ L LDLGKQ--
TLAPQLAFIGLYLQVTACYP LY A SSQGH A NITHLYLEMNYISEINSTALRP EQ M SE
MWTLSPQLAFIGLYLQVTACYP LY A QFGGH A NITHLYLPMNYISEINSTSLRQ EQ M --
T--LOLAFIGLCLQVSTCYP LT D ISQQQH AT H SS DQ M --

147
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DGMWT--LLLVFIGLFLQVPTCYP LY D ASRRH S NITHLFLEMNYISEINSSSLRD DQ K -- 82
W SALQ VF FY PTCYP FH D PSRNH T NITHLYLQMNFISEINSSSLRN DH 80
MAKSGRMWTSALQLVFIGEYLQVPTCYP FY N PSRNH T NITHLYLOQMNFISEINSSSLRN DH 86
N DH 26
TSALQLVFIGFYLQVPTCYP FY D PSRNH T NITHLYLOMNFISEINSSSLRN DD 80
W SALQ VF FY PTCYP FH D PSRNH A NITHLYLOQMNFISEINSSSLRN DH 80
140 * 160 * 180 * 200 * 220 * 240 * 260
R S A S VK Y GK VR Y YST NN DS F ISLELLDLFGNQITLLRPGLFFTG KLSVLNLKLNQIERLCEEDLVG R AN B 214
R R A G IR D GR YK VF H G sY EGN HSLELLELSGNTITRLRPGLFFST RLTSLNLKLNQIERLCEEDLAG TF T S 204
YVPLVIRNGSFLMORNLRRLILGDNMGLQOLEPRAFKGLRNLQQLFMDHCNLDA ES LVSLEELNLFGNQIVRLRPGRFFSALTNFRELNLKLNPIERLCKDDLAG R K N 266
S Q A S N H vV Fl H NE DN FSLEMLDLLGNQIKRLQPGLFFSS RKFTQLNLKLNPIKRLCEDDLVG T N 216
R Q T TK L E LKLQQLFLDGCRLNESILADSYLQS FSLEKLDLLGNNIERLKPGLFFSR NFTHLDLKLNPIKRLCEEDLVG T N 214
R P A TK AR NP LFKLQELDLSSCGLGDSILADSYLQP WSLETLNLDRNGIVSVRPGLFFSR TKLTQLNLKLNQIEQMCEDDLVGE K H 212
N Q ST TR Y G LNLQHLFLDFCNLADSILAENYLQ LSLETLDLFGNNIVTLRPGLFFSK HFTELNLKLNQIERLCEDDLVG T Q 216
Y N PD ER LSLETLDLSLNKIVRLRPGLYFSK KFTQLNLKLNPIETLCEDDLVG K K 89
K P A TT S G FNLQHLFLDYCNLPDSILAERYLE LSLETLDLSLNKIVRLRPGLYFSK KFTQLNLKLNPIETLCEDDLVG K K 214
K P A TT S G FNLQHLYLDYCNLPESILAERYLE LSLETLDLSFNEIVRLRPGLFFSK KFTQLNLKLNPIETLCEDDLVG K K
K P A TT S G FNLQHLYLDYCNLPESILAERYLE LSLETLDLSFNEIVRLRPGLFFSK KFTQLNLKLNPIETLCEDDLVG K K
K P A TT S G FNLQHLFLDYCNLPESILAERYLE LSLETLDLSLNEIVRLRPGLFFSK KFTQLNLKLNPIETLCEDDLVG K N
K P A TK S G FNLQHLFLDYCNLSDSILAERYLE LSLETLDLSLNEIVRLRPGLFFSK KFTQLNLKLNPIETLCEDDLVG K N 214
* 280 * 300 * 320 * 340 * 360 * 380 *
SLE--G KE DF N VNK AR EV N T K G HD F K S Q SVDYLDLSGNFIFDLKEAVFSP V R K KKK Y SLOMLNLSSN 346
-- GTG KD T QV N VTK RL A T G LHD A DA VE NNF F K F G VVRIIDVSHNKINQINRNAFDG HLQMLNLSSN 336
D WGS RQ E EV S LNS RQ ST K Q G HD I A H GGL A FN KVARIIDISKNKINQIKRNAFDG GHLRMLNLSSN 400
D EGS RD HT N VDQ RR L A IL G YD S A VF KNF V F TVVT K QR HLSILNLSSN 350
D EGS RD NT N VYQ RR N AN I I G FE S VE GNF VvV F TI HLRMLNLSSN 348
S WER RE G GT NS SVDRARQ N AN TI G G HS G AT 10 NNY S FL LODAVIINISKNKINQIQRNAFNG 346
H WER RG DV N ENI RH A I IG YN K M KI KSF V E LSODI I DK 350
D WKK TG EV S TKT TH T I G Fs M I KSR A L NI L DQ 223
D WKK TG EV S TKT TH T I G FsS M I KSR A L NI L DQ 348
D WKK TG EV S TET RH T I D FS M SINRLDLSKNRIFALQKAVLSP NAKIIDISLNRINQIDONAFNG 354
D WKK TG EV S TET TH T I D Fs M SINRLDLSKNRIFALQKAVLSP N T L DQ 294
D WKK TG EV S TET TH T I D FS M I KSR A L NI L DQ 348
D WKK TG EV S TKT TY T I D Fs M I KSR A L NI L DQ 348
* 420 * 440 * 460 * 480 * 500 * 520
LLGEIYSHTFAD TQLIILDLSYNHIGALGYKAFSD NLSWLFLSGNSLRDLGFPATLPNLEILLLDDNKLNSLSSITDIGVSSTFVDLRNNRLTNMEDVYIMM Y R QKL S F S ENSL Y 480
LLGEVHSYTFANLTKLRILDLSNNHIGALGYKAFSGLPHLGALFLRGNSLRDLGSPALLPNLQYLFLNDNKLKFLHGIADLGLSSIHLDLSDNRLTNLEDVYDIVNH KH RY V G F QPILDDA Y 470
LLGEVLSDTFAN TDLRVLDLSYNHIGVLGYKAFSGL LLRALYLTGNSLRDLGFPASL NLDFLLLADNKLNSLYGITDFAVS PE N HV HN ONLM S F PS QSSSA Y 534
LLGEIYSDTFAN KNLSALDLSYNHIGALGHQAFSD ELRWLFLTGNSLRDLGSPASLPNLDFLLLGDNKLKSVHSIANLGM R NDF S DK ON SS F G T KNIT Y 484
LLGEIYSHTFAN EDLRVLDLSYNHIGALGYRAFSD KLRALFLTGNSLRELGSPASLPNLDFLLLGDNKLKSLYSIADLGM RE N R DK ON SS F G T NKNIT Y 482
LLGEIHSHTFSS TDLRVLDLSYNHIGVLGYDAFSGLPRLRALYLTGNSLRVLGSPAPLPNLDYLLLGDNKLOSLFGISEFGN D SAH N KN G I HTI PQVT R 480
LLGEIYSHTFSN ADLRVLDLSYNHIGALGHKAFRG KLRALYLTGNSLRKL FVPDPLPSLDYLFLGDNKLNSLHKIFELGKNSIYVDVTDNKLTNLEDVYHIL YN QS G S Q NTEVA H 484
LLGEVYSYTFTN NDLRVLDLSYNHIGALAPKAFSGF KLRALYLTGNSLRVLGSPAALPNLDYLLLGDNKLKSLYGISKFGSNSIHLDITNNRLTSLEDVYVIL S N ON G I T LN-- H 355
LLGEVYSYTFTN NDLRVLDLSYNHIGALAPKAFSGF KLRALYLTGNSLRVLGSPAALPNLDYLLLGDNKLKSLYGISEFGSNSIHLDITNNRLTSLEDVYVIL S N ON G I T LN-- H 480
LIGEVYSYTFSN NDLRVLDLSYNHIGALAPKAFSG K G A K YG SKF SNSIHLDIRNNRLTSLEDVYIIL S N KN G I T LK-- H 486
LIGEVYSYTFNN NDLRVLDLSYNHIGALAPKAFSG KLRALYLTGNSLRGLGSPAALPNLDYLLLGDNKLKSLHGISKFGSNSIHLDIRNNRLTSLEDVYIILAS N KN G I T LK-- H 426
LIGEVYSYTFTN NDLRVLDLSYNHIGALAPKAFSG KLRALYLTGNSLRGLGSPAALPNLDYLLLGDNKLKSLYGISKFGKNSIHLDITNNRLTSLEDVYIIL S N QH G I T LK-- H 480
LLGEVYSYTFTN NDLRVLDLSYNHIGALAPKAFSG KLRALYLTGNSLRGLGSPAALPNLDYLLLGDNKLKSLYGISKFGNNSIHLDIANNRLTNLEDVYIIL S N ON G I T LK-- H 480
540 * * * 60 *
NN Q IK E GQ N N TNLLALDMSLNSLTSLPPGIFKG VSILEMDLSSNSLTSLORDVFPASLEQLDLSNNFIAFPDPVTFKSLVSLQLAGNRFHCDCNLESFLL A SV-T P 613
NN L Q EQ K S NNLLGIILSFNSLTSLPRGIFRG SSIEEMDLSSNALTFLEVDVEPLSLKSLVLSNNFLASPDPMTFQS AT S EG H H H A L- A 603
NN R E Q MQ M HLENLLSLNIAFNSLATLPEGIFR LRSIEEMDLSFNALTYLQOPDVFPV K AG T QF S N VLNRFHCDCHLESFLOWLNETNTTFLSQL 668
NNTLRVLDLSDSSLQI IWAQGKCL H NNLLGLSISSNSLTALPQGIFRG IIELDLSTNSLTFLOPDVFPVSLNKLDLSNNFLAFPDPMTFQSLLFLNLAENRFYCDCNLESFLQ v LL A 618
NNTLQVLDLSDSSLQI IWAQGKCL HFNNLLGLSISSNLLTALPQGIFRG SSMTELDLSTNSLTFLOPDVFPVSLKQVDLSNNFLANPDPMTFQ L S E Y N A L A 616
NN Q NT QQ HSLENLLGLNLSLNSLSTLPPGVFRG GSIIEIDLSSNALTYLQPDIFPLGLIRLDLSNNFLASLDPETFRSLS G G RFHCDCSLESFTRWLNATNVTFLSPV 614
NN K N QM H ENLLGLNISFNSLATLPQGIFSG S I Q VGLIRLDLSNNFLASLDPLTFQS S S A HGH K v L I 618
-IR E N RE H DNLLGLNISYNSIATFPKGIFSG S Y Q TTLKRLDLSDNFLASPDPVTFLS S S A Y N K v A T 488
-IR E NF RE H DNLLGLNISYNSIATFPKGIFSG S Y Q TTLKRLDLSDNFLASPDPVTFLS S S A Y N K v A T 613
—~ISLEVLDLHDSSLNVIWARGECL P DNLLALNISYNSIATFPKGIFSG S Y H TTLKRLDLSDNFLASPEPVTFLS S S A Y N K v AT 619
~ISLEVLDLHDSSLNVIWARGECL P DNLLALNISYNSIATFPKGIFSG S Y H TTLKRLDLSDNFLASPEPVTFLS S S A Y N K v A T 559
—~ISLEVLDLHDSSLNVIWARGECL H DNLLGLNISYNSIATFPKGIFSS S Y Q TTLKRLDLSDNFLASPDPVTFLS S S A Y N K v AT 613
—ISLEVLDLHDSSLNVIWARGECL H DNLLGLNISYNSIATFPKGIFSG N Y Q TTLKRLDLSDNFLASPDPVTFLSLSFLSLAENRFYCDCNLESFLK v A T 613
680 700 720 * 740 * * * 800
TH H L T EV EMS E KLALFVLSALLITAFTLGGIVYARL R K s VAP E VQYDAFLCFSNSDYMWVEAALLKKLDNNFSEENIFRCCFEARDFL 747
TH R A A EV DEA Y KFVLFIASALLVITVTLSGIVYARL Q K A AAP E LQYDAFVCFSNNDYVWVEAALLKKLDDQFSEENIFHCCFEARDFL 737
EEYRCEFPAALONRPLLNYSTIVEPCEE E D K KFALFVFSALLVVMVILSGIVYAHL G R PIP DNVQYDAFFCFSNSDYRWVEAALLKRLDNQFSEENLFRCCFEARDFM 802
G H L AT EK EMA D KFALFIFSALLIITVTLSGVIYARL H K PTPT E VQYDVFFCFSNSDYGWVEAALLKKLDNQFSEENVFHCCFEVRDFL 752
G R L AT EK E A D KFALFIFSALLIITVTLSGVVYARL H K VAP FE MQYDVFFCFSNSDYKWVEAALLNKLDNQFSEENVLHCCFEARDFL 750
EEYRCEFPDALRNLPLLDFSAVVEPCVE E A G KFALFILSTLVILAVVVGGIAYARL R K PPP D VQHDAFLCFSDTDYDWVEAALLKKLDNQFSEENMFHCCFEARDFL 748
E H L T EGE T A D KLALFILSTLLIITVLLSGIVYARL H K AAP AD VQYDAFLSFSNNDYGWVEAALLKKLDNQFSEENLFRCCFEARDFL 752
E R G R EE P A D QLALFIFNAVLVITVILSGFIYARL H T PNL D VQYDAFLSFY 587
E R G R EE P A N QLALFIFNAVLVITVILSGFIYARL H T PNL D VQYDAFLSFSENDYGWVEAALLKKLDNQFSEENLFRCCFEARDFL 747
E Q G AR GE A T D QLALFIFNAVLVITVILSGFIYARL H T PNL D VQYDAFLSFSENDYGWVEAALLKKLDNQFSEENLFRCCFEARDFL 753
E Q G R GE A T D QLALFIFNAVLVITVILSGFIYARL H T PNL D VQYDAFLSFSENDYGWVEAALLKKLDNQFSEENLFRCCFEARDFL 693
E Q E R GE A A D QLALFIFNAVLVITVILSGFIYARL H T PNL D VQYDAFLSFSENDYGWVEAALLKKLDNQFSEENLFRCCFEARDFL 747
E Q G R EE A A D QLALFIVNAVLVITVILSGFIYARL H T PNL D VQYDAFLSFSENDYGWVEAALLKKLDNQFSEENLFRCCFEARDFL 747
* 820 * 840 * * 880 * * * 9
PGEDHLSNIRNAVWGSRKTLCVVSKEFLKDGWCVEAFTVAQSRMLEELTDILILLVVG-KVTQYQLMKYNAIRDLIQKRDY LVWPQDPQDLGWFYERLETKL TN LA DRAPPVQEQNQ DN-- 878
PGEDHLSNIRSAVWGSRKTLCIISKEFLKDGWCLEAFSVAQSRMLEELTDILILLVVG-KVAHYQLMKYNAIRNLIQKREYLVWPEDPQDLDWFYERLITQL T I---EAEDKR DIR DD-- K 865
PGVDHISNIRDAIWGSRKTVCVVSREFLKDGWCLEAFSLAQCRMLEELTNVLIMLVVG-KVCSGSLNVFVFI 873
PGEDHLSNIRDAIWGSRKTVCVISKEFLKDGWCLEAFTLAQTRMVEELTNVLILLVIG-KVAHYQLMRYNAIRTFIQKREYLTWPEDPODLEWFYERLISQI M FA DKPQPAR --Q TEA- D 882
PGEDHLTNIRDAIWGSRKTVCVISKEFLKDGWCLEAFTLAQSRMVEELKNVLILLVIG-KVAHYNLMRYNAIREFVKKREYLTWPEDPQDLDWFYERLITQT EM FA DKPQPAQ -- NEDK 881
PGEDHLSNFRDAIWGSRKTVCVVTREFLKDGWCLEAFTLAQSRMLEELTNVLIVLVVGKKVAHYQLMRYKAVRAFVQRREY LTWPEDPODLEWFYERLVSQT L VG E-- - DRG ADEDG 876
PGEDHLTNIRDAIWGSRKTVCVVSKEFLKDGWCLEAFTLSQGRMLEELTNVLIMLVVG-KVAHYQLMKYNAVRAFVQRREY LTWPEDPODLEWFYERLVSQTI V LE DEPE--- DVL NEGG 882
PGEDHLTNIRDAIWSSRKTVCVVSKEFLKDGWCLEAFTLAQSRMLEELTNVLVMVVVG-KMAHYQLMKYHAVRAFVQRREY LTWPEDPODLEWFYERLVSKI V FA DQPEPAQ DAQ EQEG 880
PGEDHLTNIRDAIWSSRKTVCVVSKEFLKDGWCLEAFTLAQGRMLEELTNVLVMVVVG-KMAHYQLMKYQAVRAFVQRREYLTWPEDPQDLEWFYERLVSKI V FA DQPEPAQ DAQ EEEG 886
PGEDHLTNIRDAIWSSRKTVCVVSKEFLKDGWCLEAFTLAQGRMLEELTDVLVMVVVG-KMAHYQLMKYQAVRAFLQRREY LTWPEDPODLEWFYERLVSKI V FA DQPEPAQ DAQ EEEG 826
PGEDHLTNIRDAIWSSRKTVCVVSKEFLKDGWCLEAFTLAQGRMLEELTNVLVMVVVG-KMAHYQLMKYHAVRAFVQRREY LTWPEDPODLEWFYERLVSKI V FA DQPEPAQ DAQ EEEG 880
PGEDHLTNIRDAIWSSRKTVCVVSKEFLKDGWCLEAFTLAQGRMLEELTNVLVMVVVG-KMAHYQLMKYHAVRAFVQRREYLTWPEDPQDLEWFYERLVSKIT V FA DQPEPAQ DAQ EEEG 880
885
869
889
888
883
889
GPIPCQL 889
GPIPCQL 895
GPIPCQL 835
GPIPCQL 889
GPIPCQL 889
* 20 * 40 * 60 * 80 * 100 * 120 *
--MLC FVA F AFQ IS A HITHLFLEMNRIGEINSTSLSG R G Q- A RS R DS AD R G S K G 129
MLTLG VIV F AR S NITHLYLEMNRIAEINSTSLSG K Y AF A RRLRRLVLGYNKGIRLEPKAFEG K Y 132
H A - HA 77
MWMPS VAV L A K w HITHLYLEMNHIGEINSTSLLG Q - A NR RH vV K B S Y 131
——————————————————————— M G K W HITHLFLEMNHISEINSSSLSG - S S I 108
MWTLG VVV F G N w HITHLFLEMNHISEINSSSLSG - S S IGLQLEPQAFIGLSGLONLHLDYCSL 131
MWTLG VVV F G K W HITHLFLEMNHISEINSSSLSG R - S S I 0 Q 131
MWTLG VVV F G K w HITHLFLEMNHISEMNSSSLSG - S S I Q Q 131
MWTLG VVV F A K W HITHLFLEMNHISEMNSSSLSG - S S I Q Q 131
MWTLG VVV F G K W HITHLFLEMNHISEMNSSSLSG - S S I 0 Q 131
140 * * 180 * 200 * 220 * * 260
NE GKV SLETLDLFGNRIQRLOPAAFFA H KEV T G H KV D R LTGG G SFQTLDLSHNGFSVNMSKQFFR E K 261
D M SLETLDLFGNKIKKLQPAMFEFA N KDVNLKLNLIDKICESDLVG R H EV D L SSKG T Y NS L HLOQLR E cQ 264
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Chapter 2.2

A SLETLDLFANKIKRLQPSMFET N KVLNLKLNQIDRICESDLVG TL A S FNEH E G SFQTLDLSHNAFSVSGSKRFFT K E K
M SLETLDLFGNKINRLKPSMFEA N KDLNLQLNRIDKMCESDLVG RV D H SSVG K SFQTLDLSHNGFSVGKSKQFFR E R
SLQSLDLFGNQIKTLOPAMFEFA HLNVFNLKLNKIDRICESDLVG EF G H LNER K N N G H S K I
QDTILKENFLK SLQSLDLFGNQIKTLQPAMFES HLKVLNLKLNKIDRICESDLVG EF G H LNER K G H S K I
SLOSLDLFGNQIKTLQPAMFEA NMNVFNLKLNKIDRICESDLVG EF G H LNER K SFQTLDLSNNGFSVGKSKHFFS K I
SLQSLDLFGNQIKTLOPAMFEFA H NVF EF G H LNER K SFQTLDLSNNGFSVGKSKHFFS K I
T SLOSLDLFGNQIKTLQPAMFEA HLNVFNLKLNKIDRICESDLVG EF G H LNER K SFQTLDLSNNGFSVGKSKHFFS K I
SLQSLDLFGNQIKTLOPAMFEFA HLNVFNLKLNKIDRICESDLVG EF G H LNER K SFQTLDLSNNGFSVGKSKHFFS K I
* 280 * 300 * 320 * 340 * 360 * 380 *
A RN L w R D VN R D HLASLNLSHNLLGELYSYTFAS NLRVLDLSYNHIGALGYTAFRG KLVVLDLTG
F KN SILTLDLSKNRIFSLQQGVEFSQ AT S HLKMLNLSHNLLGEIRSYTFAS NLKVLDLSHNHIGVLGFHSFDG NNLKSLILTG
H G V NV SVRTLDLSNNRIFALQEGVFRP A R H HLRMLNLSHNLLGEIQSHTFAS NLRVLDLSFNHIGVLGYDSFSG QLRALYLTG
SN SVLSLDLSKNRIFALQQGVEFSP A HLKMLNLSHNLLGEIYSYTFAS NLHVLDLSHNHIGALGYGSFSG NLKALHLTG
NE SIRTLDLSKNRIFALQHGVEGP L NVKMLNLSHNLLGEIHSHTFAS NLEVLDLSYNHIGALGYGAFSG KLKALYLTG
NE STIRTLDLSKNRIFALQQGVESP A NVKMLNLSHNLLGEIHSHTFAS NLEVLDLSYNHIGALGYGAFSG KLKALYLTG
NE SIRTFDLSKNRIFALQQGVEFSP T NVKMLNLSHNLLGEIHSHTFAS NLGVLDLSYNHIGALGYGAFSG KLKALYLTG
NE SIRTLDLSKNRIFALQQGVESP T NVKMLNLSHNLLGEIHSHTFAS NLEVLDLSYNHIGALGYGAFSG KLKALYLTG
NE SIRTLDLSKNRIFALQQGVEFSP T S NVKMLNLSHNLLGEIHSHTFAS NLEVLDLSYNHIGALGYGAFSG KLKALYLTG
NE SIRTLDLSKNRIFALQQGVESP T S NVKMLNLSHNLLGEIHSHTFAS NLEVLDLSYNHIGALGYGAFSG KLKALYLTG
* 420 * * 460 * 480 * * 520
NALRDLGFPAALPR VR S L HS R SFASNVVHLDIKNNRITDLANVYTFL R Q s W VP AQV--- P E F R S A N K K V YNS
NSLRDLGFPASLPSLDYLLLNDNKLTSSSLESLT FADNAMHLDIRDNRLTDLGDVYTILAR E Q F E K NRQVS AD NF T L Y RNVTVLNLSSNAL
NSLRDFGFPASLPRLDYLMLNDNKLKSLPVSALARFAGNVMHLDIKDNRLMNLGHVTMLS H Q QR F P QW T GRVP N S F RVIALNLSFNAL
NSLRDLGFPASLPSLDYLLLKDNKLTSSSVSGIT FASNIVHLNIQDNRLTNLGDVYTFL R OR L W T REVP L--LQVLDLHSSSLOSVWSQGRCL H G SF T
NSLRDLGFPASLPSLDDLLLKDNKLT--SMSSIARLSGNVMHLNIQDNRLTNLGDVHMLE Q K L R M GRAS E A H G RL
NSLRDLGFPASLPSLDYLLLKDNKLT--SMSSTARLSGNVMHLNIQDNRLTNLGDVHMLE Q K L R M GRAS E A R H G RL
NSLRDLGFPASLPSLDYLLLKDNKLT--SMSSIARLSGNVMHLNIQDNRLTNLGDVHMLE Q K L R MP GRAS E A H G RL
NSLRDLGFPASLPSLDYLLLKDNKLT--SMSSTARLSGNVMHLNIQDNRLTNLGDVHMLE Q K L R M GRAS E Y A H G RL
NSLRDLGFPASLPSLDYLLLKDNKLT--SMSSIARVSGNVVHLNIQDNRLTNLGDVHMLE Q K L R T GRAS E A H G RL T
NSLRDLGFPASLPSLDYLLLKDNKLT--SMSSIARLSGNVMHLNIQDNRLTNLGDVHMLE Q K L R T GRAS E A H G RL
* 540 * 560 * 580 * 600 * 620 * 640 * 660
QA HP SLAVLDLSNNFIASPDPDAFRS KT A G Q RE RL K A T EKRWEVSKWNVSKEV
QSLPQDVFKG R T F A QP SIQVLNLSNNFITSPDPTAFRSLSSLDISVNRFRCDPNLKSFL SN KK S NR E A SH -
QSLPWGLFKG A F RP NSLKVLNLSNNFVASPDPDAFRF K R AL AE LNS
Q LKVLNLSNNFIASPDPATFRSLSFLDLKMNRFRCDPNLKSFL L AEE N A G -m-mmmmmmmmooo—
K R SVVEMDLSSNSLTYLQONDVLPKSLKILNLSNNFVASPDPAAFRFLSFLDLNMNRFHCDSNLKSFL ED K T AI AVCELSDQCTVQAHQE
K HN SLKVLNLSNNFVASPDPAALRFLSFLDLNMNRFHCDSNLKSFL ED K T T - -
K HN SLKILNLSNNFVASPDPAAFRFLSFLDLNMNRFHCDSNLKSFL ED K T T -
K SVVEIDLSSNSLTYLHNDVLPKSLKILNLSNNFVASPDSTAFRFLSFLDLNMNRFHCDSNLKSFLN ED K T T -
K SVVEIDLSSNSLTYLHNDVLPKSLKILNLSNNFVASPDPAAFRFLSFLDLNMNRFHCDSNLKSFL ED K T T -
K SVVEIDLSSNSLTYLHNDVLPKSLKILNLSNNFVASPDPAAFRFLSFLDLNMNRFHCDSNLKSFL ED K T T -
* 680 00
vQ 656
RDLRTPPSLVAIRPERGFGSAQSLWIGPREAVFGGVMSSSRNMMESA

681
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263
263
263
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395
395
395
395
395
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525
525
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654
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584
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642
642
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Supplementary figure 2.2.7. Multiple sequence alignments and sequence annotation of the
Nototheniidae TLR7 superfamily members. A) Tlr7, B) TIr8 and C) TIr9. Leucine-rich repeat
(LRR) are highlighted in yellow and the consensus LRR motifs (LxxLxLxXNxL) is marked in bold;
Transmembrane (TM) domain is highlighted in blue and Toll/IL-1 receptor (TIR) is marked in green.
Protein domains were predicted using SMART, ScanProsite and TMHMM webservers. The protein
signal-peptide when predicted are highlighted in pink. Amino acids coloured in red were found to be
under positive selective pressure.
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* 20 * 40 * 60 * 80 100 * 120 *
ffffffffffffffffff MSHSEPTMVPAQMCVALLALWCCLCVSTAT L SEAT E K DS TR P T G N E N
MFFKHLIQLDSRTHSRTSLPSPERTMFFHL C S G CFLPLST K S IETN MT S N SD R E

MLFSLMCLALLPLWCCLCAST S S DEAN M K G E P DTTNLTLTINHIPNLNSSSFHG V
MLFHLMCLALPALWRCLCAST T S SEAS MT G E R ETTNLTLTINHIPKLNSSSFHG V
MCVALLALWYCLCVSA N S SETI E K G E S DTTNLTLTINHIPKLNSSSFHG H
MCVALLATWCCLSITTAI S VEGH TT S G R K SA E K
MEFFHLMCVSLLGLWCCLSISTAS S SKTS vV K S D F DTTNLTLTINHIPKLNSSSFQG E
MSFRLMCVTLLGLWCCLSMSTAS Y IETN v T S D A K H E N
MFFHLISVALLSLWCCPIILK S S SEAS NV T N D P K H E
MFFHLISVAMLSLWCCPIILKAS S SEAS v T N D P K H E
MFFHLISVALLSLWCCPIILK S S SEAS v T N D P K H E
MFFHLISVALLSLWCCPIILK S S SKAS v T N D P K H E
MFFHLISVALLSLWCCPIILK S S SEAS AT N D P K H E
* 160 * 180 * 200 * 220 * 240 * 260
R GVLRALYLDGNQLYSIPKGLPSN LET FG V Y E A SH NYLTVLSLKSNNLSFIPPRLPTSLKELYLYNNNIKEVTDEDF
S NLRALFLDGNQLESIPKGLPSNLMLLSLEVNHISSISKANLSE R G Y S E A L SNLTLLSLKSNNLSFIPPHLPTSLKELYLYNNNILKVTDEDF
S SLRALYLDGNQLSSIPKGLPPNL Y FER G V N N S S HNLTLLSLKSNNLSDIPYDLPTSLKELYLYNNNIQKVTHEDF
S SLRALYLDGNQLFSIPKGLPPNL Y FDG G V D N TS HNLTLLSLKSNNLSDIPRDLPTSLKELYLYNNNIQKVTSEDF
S SLRALYLDGNQLSSIPKGLPSN Y L GR G V D HAS SNLTVLSLKSNNLSFIPHYLPTSLKELYLYNNNIQEVTAEDF
AS ELRALYLDGNQLYTIPKGLPQSLILLSLEVNHIYNISKVNLSE R S A A DAL NNLTLLCLKSNNLSFIPHQLPPSLKELYLYNNNIQVVTGDDF
S NLRALYLDGNQLYSIPKGLPSNLILLSLEVNHIYSISKANLSE R S V E DAL KNLTLLCLKSNNLSFIPHQLPTSLKELYLYNNNIQKVTDEDF
S NLRALYLDGNQLHSIPKGLPPNL Y KMAE R S V E E A L NNLTLLCLKSNNLSFIPNQLPTSLKELYLYNNNIQKVTDEDF
D NLRALYLDGNQLDSIPKGLPAN Y LER G V G E A S NNLTLLSLKSNNLSFIPNLLPTSLKELYLYNNNFQKVTEEDF
NK M D NLRALYLDGNQLDSIPKGLPAN Y LER G V G E T S NNLTLLSLKSNNLSFIPNLLPTSLKELYLYNNNIQKVTEEDF
NK M A NLRALYLDGNQLDSIPKGLPAN Y LER G V G E A S NNLTLLSLKSNNLSVIPNLLPTSLKELYLYNNNIQKFTDEDF
NK M D NLRALYLDGNQLDSIPKGLPAN Y LER G V G E A S NNLTLLSLKSNNLSVIPNLLPTSLKELYLYNNNIQKFTDEDF
NK M D NLRALYLDGNQLDSIPKGLPAN Y LER S V G E A S NNLTLLSLKSNNLSFIPNLLPTSLKELYLYNNNIQKVTEEDF
NK M D NLRALYLDGNQLDSIPKGLPAN
* 280 * * 340 * 360 * * 40
KN NLEVLDLSGNC D N P K EG K KLKTLRLHSNSLTRVPSAWEKH SELKVLDLSSNFLAREVSITSFPRK CNLEELDLSFNYELQRYPQTLRLSD N LT F
KN N N PN KN K TF LAE AS TELKQLDLSSNFLGRAIGDTTFPRY GKLEELDLSFNYDLQRYPQTLRLSC DLN
KN Q N PQ KT Q KLKTLRLHSNSLTHVPSEWEAT TGLRVLDLSSNFLAREIGHSCFPKE GNLEELDLSFNYELQHYPQTLRLTG LK
KN Q N PQ RT K KLKTLRLHSNSLYHVPPEWEVT TELRVLDLSSNFLAREIGVSYFPKEF GSLEELDLSFNYEFQRYPETLRLSG LK
KN NLEILDISGNCPRCYNNPFPCN N P K HNM K KLKMLRLHSNSLTCVPSAWFAN KELKVLDLSSNFLATEIGVTKFPHC QKLEELDLSFNYELRRYPQOTLRLSGA LK F
KN E I N PN KA K KLTTLRLHSNSLTCVQSEWEFAS PELRELDLSSNFLARAIGETDFPRY GKLEELDLSFNYELQRYPETLRLSC YLE
KN N N P S HT K KLKTLRLHSNSLTRVPSEWFAS KELRVLDLSSNFLAGEIGVTGFPHF GKLEELDLSFNYELQRYPQTLRLSC LK
KN D D PD NT K KLKTLRLHSNSLTSVPFEWESS TELRVLDLSSNFLARAIGDTQFPHE GKLEELDLSFNYELQRYPETLRLSC LK
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D F INLSVLDISSNNLNEFIPKDVENGF KLSELYIKDNRLN--YFSWGQOLQL HSLKVLDLSGNCLTTVPRMLSNCTTSLEKFILHNNHILKLTPDFLKD FNLKHLDLSNNIIKHIEKSS
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N F DNLIVLDISHNNLPFIPQEVESGF KLSELYIKNNRLKDKSEYWEKLN HSLHVLDLSGNSFTTVPAMLSLC SLKKLLLHKNQILKLTPDFLKG HNLKYLDLSFNHLQHIEKSS
N F DNLIVLDISHNNLPFIPQEVESGF KLSELYIKNNKLKDKSEYWEKLN HSLHVLDLSGNSFTTVPAMLSLC T G HNLKYLDLSFNHLOHIEKSS
N F ANLIVLDISHNNLPFIPQEVFSGF KLSELYIKNNRLNDKSFYWEKLN PSLHVLDLSGNSFTTVPAMLSLC SLKKLLLHKNQILKLTPDFLKG HNLKYLDLSFNHLOHIEKSS
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TN TD T PNVRKLDLSNNNIM-LOTMNLSSLA HWT SW KSS TVEN TFA KLRILDLTYNNLTAVPKGLPQSLEELSLGFNQIAHIFQDDFLG K QA F N F
TGLKEIPANLPPSLEI E NS N M- L GKFDC A KQ V A Ys KTS N-ME RLE KLKHLDLSHNNLTEVPKGFPPSLGVLKLDNNRINHI--PGFLM P TV N H
TGLKEIPANLPPSLEI E NS N M- L GSFDC A QV s YS KTS N-ME RLE KLKHLDLSHNNLTEVPNGFPQOSLGVLKLDNNRINHI-PDGFLMLP TV N Y
TGLKEIPANLPPSLEIIELNSNNIM-LLNGSFDCLA QLS YS KTS N-ME RLE KLKHLDLSHNNLTEVPNGFPQOSLGVLKLGNNRINHI-PDGFLMLP TV N Y
TGLEEIPANLPPSLEIIELNSNNIT-LLIGSFDCLA Q VA ¥s KTS N-ME RLE KLKHLDLSYNNLTEVPKGFPQOSLGVLKLDHNRINHI-RDGFLMLP TV TP H
TGLEEIPANLPPSLEIIELNSNNIT-LLNGSFDCLA QV A YS KTS N-ME RLE KLKHLDLSYNNLTEVPKGFPQOSLGVLHLDHNRINHI-RDGFLMLP TV TP H
IGLEEIPANLPPSLEIIELNSNNIT-LLNGSFDCLA RVA ¥s KTS N-ME RLE KLKHLDLSYNNLTEVPKGLPQOSLGVLHLDHNRINHI-RDGFLMLP TV TP H
NSLKNLPLNIPLS ER T NMNKIN-LDNMNLTSLANITELW S SWI KRA TIKKGIFA AKLQVLDLSFNNLTEVPKGLPOSLQVLKIGSNQIQQIFEDDFLG F KQ S N Y
NALKKIPSNLPPSIEILELNNNKLQ-LDNMNLSGLT KWT SW RRNFTIMN TFA KLQSLGLSFNNLTHVPHGLPLSLMELELSSNKIQYISDNDFIG H KS N Y
NSLTEIPGNLPPS EI D GI K Q- D MNLSG T QWA w QRN TIMHSPFA KLQILELSFNNLTHVPRGFPPSLMELRLASNKIQYISDDDFKG H KT H N Y
IGLTEIPKNLPLSLGTLDLSVNKITLPENWSEFNG R HMS SG GKS RIRE SFA HKLQHLDLSSNNLTEVPVGLPNSLIMLKLGKNQIQAISGDAFLG P EV N F
TCQTY R P TT E NF KFVS NKTSLAS T HWS SWH GQSFKIEDGSFEN QLQOALDLSFNNITQVPKGLPQSLCNLILGSNQIQSISEGDFRG Y KA N Y
NCLSEIPGNLPLS EK D SN R LL D RSLAG T HWS FW GKS KIMK TFV RKLQSLNLSFNNLTEVPKGLPQSLIMLNLGSNRIQONI-ADDFLGLP KV D LT T
NSLKEIPANLPLSVTVLELNNNKIMSLDNTSLVG T HWS FW GKP KIMD SFA NLQALDLSYNNLTQVPKGLPPSLLLLKLGSNKIONIYEDDFLG Q KT Q N Y
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P KNS D H L RS OQLERLHLGGNSLRRLDSSWFON TKLKVLYLSFNLLEKAITEDAPC QY Q K EP T SKT K RD H H QILQO AA E E S5 G NLSAL
T PNK D D N QY OQLKILNMGGNSLTHLDPSWFKS NKLKQLFLSFNFLFKAITEEATFL H KLERLDISFNYGIKLYPTQLNLSEE H K KVF S E RP T
T PKK D D N QY QLEILNMGGNSLKHLDPSWFKS NKLKQLFLAFNFLFKAITEEATFL H T G TQ N EE N K KIF S LE RP I
T PKK D D N QY QLEILNMGGNSLEHLDPSWFKS N Q A I FA EET H T G TQ N EE N K KIF S LE RP I
T PKK D D N QY QLEILNMGGNSLKHLDPSWFKS N Q I LFA EET H KLERLDISFNYGIKLYPTQLNLSEE N K OQIF S E RP I
T PKK D D N QY QLEILNMGGNSLKHLDPSWFKS N Q V LFA EET H KLERLDISFNYGIKLYPKQLHLSEE N K OQIF S E RP I
T PKK D D N QY QLEILNMGGNSLKHLDPSWFKS N Q vV LFA EET H KLERLDISFNYGIKLYPKQLHLSEE N K OQIF S E RP I
P KNI R H L HN QLQTLHLGGNSLKYLDPSWFER HKLKQLFLSFNFLOKAIVGEAIFL N RKLERLDLSFNFALKLYPETLNLSHD C V RTL A N G RH A
A QNL G H Y HT ELETLHLGGNSLOFLNPNWFKN NKLKNLFLSFNFLOKAITGNATFLSY N A M TT H KD AY K RTL A N D Sp NLSAL
P QNL G HY HN ELEILHMGGNSLEFLHPNWFSR NKLKDLFLSFNFLLKVITGDATFL Y NLQKIDLSFNFGLKVYPTSLNLSKD AY K RTL A S Y RP K NLTAL
P QNG S HLN ON KLKTLNLGGNSLDHLNPSWFES SE E S FLT GET H L VT H KE K SN RTL N SH KS G YNLSAL
P ENS S H D DD IQLNLLNLGGNSLTNLNPSWFKK N Q A F LIP EDA H K F D Y KTN AE N R RTL N G KP NLSTL
P QNI G HN OD OQLEELNLGGNSLDHLNPSWFER YSLKHLFLTFNFLLKAITEEATFL Y R GH AT N KE NV QTF R G SP NLSAL
P ONM R H N HG QLETLNLGGNSLNHLNPSWFEK NKLKQLFLAFNFLOKPITEEAKFLTY R A Y TT N KE KV RTL D G sSs KNLSAL
0 * 420 * 440 * 460 * 480 * 500 * 520 *
NLGTNFIINFNSSVESN PQT M S A ET PAS Q A
H T HK HNLKVMYLAENKLFPTPDRNRLDS YGG R EL P LTIPLPD YV HVKSL D SGRVLSLSSNNMFFISPKQFVG E K P P ONLT
H T HK HNLKVMYLAENKLEFPTPDRNLLDS CGG R ER P LTIPHPG FV HVKSL SGRVLSLSSNNMFFISPKQEVG K K P P HDLT
H T HK HNLKVMYLAENKLFPTPDRNLLDS RGG R ER P LTIPHPS FI HVKSL SGRVLSLSSNNMFFISPKQEVG K K PK P HNLT
H T HK HNLKVMYLAENKLFPTPDRNLLDS CGG R EL P LTIPHPS FV HVKNL SGRVLSLSSNNMFFISPKQFVG E K P L HNLT
H T HK YNLKVMYLAENKLFPTPDRNLLDS CGG K QL P LTIPHPS FV HVNNL SGRVLSLSSNNMFFISPKQEVG E K P L HNLT
H T HK YNLKVMYLAENKLFPTPDRNLLDS CGG R EL PRLTIPHPS FV HVKNL SGRVLSLSSNNMFFISPKQFVG E K P L HNLT
H T SSLRNLKMIYLAENRLYPIPGKDPPHPN-DR MLG GL S LMKSYSK FT ISHKL SGRVLILSSNNLFFISPOQEVG G G L S PNLT
NLGTNFIIHSDSNVERRLSH D I D SPPYL -DK R DF S NIKSH-K FD ESHTF K ESGRILILSSNNIFFISPKQFEG E G L S PNLT
NLGTNFIIDSDSNIFRNLSQ ILV SSRYL -DEN R DF S ----RPK PT VSHYF K ESGRVLSLSSNNIFFISRNQFEG E R L HS PDLT
NLGTNFIIQSDSNIFKQ RHLKMLYLAENRLYPIPGKNSSHL -YG G DLF P LT--YPE RD LSHLL SGRVLVLSSNNLFFISREQFQG G S L L PNLT
NLGTNFIIYSDSTIFSN PYLKVIYLAENRLYPISVNSPPHP -KGD RLEF S LVKPHWKYLD ITRGYF Q Vv E Q G R L L KG DNLT
NLGTNFIIHSDSTLESK YNLKMIYLTENRLYPTPEKNPSHS -DG R DLF S LIKLYPK FV GVSRSL SGRVLSLSSNNLFFISPKQEVG G R L S PNLT
NLGTNFIIHSDSKIFSK SNLKMIYLAENRLYPIPVHNPPPP -EG E DL S FLKPHPK FA ISHSL SGRVLILSSNNLFFISPKQFEG G G L L PNLT
540 * 560 * 580 * 600 * 620 * 640 * 660
QOQH TA:
YLDLSFNRIDLAYSGAFS KKLQVLDLSHNE EA L TQ ALRVLNMSYNSISILTTKQMYSRSLTELQFTDNLLGTLWKETDLS KS INLTILDISSNHISTIPDYVYEY RNLT
YLDLSFNKIDLAYSEAFQ KKLQVLDLSYNE EA L TQ ALRVLNMSHNSISILTTKQMYSRSLTELQFTNNLLGTLWKETDLS ES INLTILDISSNHILTLPDYVYEY RNLT
YLDLSFNKIDLAYSEAFQ KKLQVLDLSHNE EA L TQ ALRVLNMSYNSISILTTKRMYSRSLTELQFTNNLLGTLWKETDLS ES INLTILDISSNHILTLPDYVYEY RNLT
YLDLSFNKIDLAYNEAFK KKLQVLDLSYNE EA L TQ ALRVL ISILTTKQMYSCSLTELQFTDNLLGTLWKETDHS ES INLTMLDISSNHILTLPDYVYEY RNLT
YLDLSFNKIDLAYNEAFK KKLQVLDLSYNG EA L TQ ALRVLNMSHNSISILTTKQMFSRSLTELQFTDNLLGTLWKETDHS ES INLTILDISSNHILTLPDYVYDY PNLT
YLDLSFNKIDLAYNEAFK KKLQVLDLSYNG EA L TQ ALRVL ISILTTKQMFSRSLTELQFTDNLLGTLWKETDHS ES INLTILDISSNHILTLPDYFYDY RNLT
YLDLSFNKIDLAYDNAFK QNLQVLDLSYNS EA H LK ALRVLNMSHNSISTLTTKQLCSKSLSELQFTHNNLGY IWKDRDRA NK S TNLTYLDISKNQIKKIPDHIYQY RNLT
YLDLSFNKIDLAYDNAFK KKLQVLDLSYNP Qs H IK VLRVLNMSHNAISTSSTKQLYSQ N F KV KO Q TNLTYLDISENQIKKIPDDVYQYF R
YLDLSFNKIDLAYDNAFK QKLQVLDLSYNPHYFLSYGITHN IR VLRVLNMSHNAISTLTTKQLCSQ DN I NV NM TNLTYLDISDNKIGKIPDNIYQY RNLT
YLDLSFNKIDLAYNNAFK KQLQVLDLSNNDHYFKKFGITLN IK VLRVLNMSHNSISRLTTKRMYSKSLTELQFSHNLLGTLWKEEFGS KM TNLTILDISHNCIKKIPENVYEY PNLT
YLDLSFNKIDLAYDYAFSE QKLEVLDLSHNE KV H TKH ALRVLNMSFNSIHTLTTKQMHSKSLTELQFTHNSLGTLWKEKDGT KR TNLTILDISYNKIAKIPDNVYAY RNLI
YLDLSFNKIDLAFNNAFK NKLEVLDLSHNE KA A TQ ALRVLNMSHNDISVLTTKQMYSRSLTELQFSHNFLGTLWK--DSLYKK I TNLMILDISHNNLAKIPDDVYKY CNLT
YLDLSFNKIDLAYDYAFKE RKLQVLDLSHNA QA H TK VLRVLNMSYNSISTLTTKQMYSKSLSELRFTHNNLGTLWKERDGS KC TNLTILDISNNRIAKIPDNVYEY HNLT
* 680 * 700 * 720 * 740 * 760 * 780 * 8
LP
ILRISHNLLTDFKWDRLK QLQILDLSFNSLPNVTLINSNV RTLTFLDLSHNYIFHLDSGFVNGV QLTALSLSYNKLTIINQSTFPSRSESQLH G A N N ID
ILRIGHNLLTDFKWDRLK QLQILDLSFNSLPNVTVINSNV HTLTFLDLSHNDIFHLDSGFVNGA QLTALSLSYNKLTIINQSTFPLSPESQFH G A T N YPD
ILRIGHNLLTDFKWDRLK QLQILDLSFNSLPNVTVINSNV HTLTFLDLSHNDIFHLDSGFVNGA QLTALSLSYNKLTIINQSTFPLSRESQFR G A T N YD
ILRIGHNLLTDFKWDGLK QLQILDLSFNSLPNVTVINSNV RTLTFLDLSHNDIFHLDSGFVNGA QLTALSLSYNKLTIINESTFPLSPESQFH G A K N ID
ILRISHNLLTDFKWDGLK QLQILDLSFNSLPNVTVINSNV RTLTFLDLSHNDIFHLDSGFVNGA QLTALSLSYNKLTIINQSTFPLSPESQFH G A KN ID
ILRISHNLLTDFKWDGLK QLQILDLSFNSLPNVTVINSNV RTLTFLDLSHNDIFHLDSGFVNGA QLTALSLSYNKLTIINQSTFPLSPESQFH G A K N ID
KLCISNNLLTEFKWDALNY QLQILDLSSNSLVYVTGINSSI QTLTFLDLSGNQIFHLDDGLINGP SLETLSLSANKLTTINQSTFQPNTNNQIH G S N K STE
KCSs L GK AS QLQVLDLSFNSLSDVTGINLSE QTLTFLDLSHNKIFHLDDGFIKGP SLSILSLSYNKLTTINQSTFQSRPENQIKI H N S A K T E
KLCISHNLLTGFKWDAIKY QLQVLDLSFNSLSDVTGINSNF QTLIFLDLSHNYIFHLDDGFIKGP SLSILSLSYNKLTTINQSTFQSRPDNPIQT G S DN TE
MLHVHHNFLTDFRWDKLMR QLQILDLSFNNIYNVTGINLNIS--LTYLDLSHNHIFHLENGFLK A SLSTLILSNNKLTTINESTFQSRPESQIQ G S N D T K
RLHINHNKLRDFAWDNLQF QLQVLDLSNNVLTNVTGIHSNG HNMTVLDLSHNHIFHLDDGFINGV CLKVLKLGYNRLMTINQSTFQPRPESNIE K S N G IE
ILRINHNFLTDFTWDKLKL QLQFLDLSFNDLSNLTGMSSNV DTLTFLDLSHNHIFHLANGFFKGA SLSTLSLRNNKLTIINQSTFETTPKSKIE R S N DF T E
TLHLSHNSLTDFAWDNLR QLKNLYLSFNSLSNVTVINSNV HTLTLLDLSHNHIFHLDNGFLN A SLKTLCLNHNKLTTINQSTEFQPRNENQIQ R S L N D T E
00 * 820 * 840 * 860 * 880 * 900 * 920 *
-— P
T DQ DNV K R S YILTSSLIIVFMFVATVSHFFYW RAF PGAIYDVFVTYDTTDPHVTEWVMRNLRVKLEEEGEKHLPLCLEERDWTPGAPLVNNLT
K QH DKA V R S YITTSSLIIVFLFVATVSHFFYW RAF PGAIYDVFVTYDTTDPHVTEWVMRNLRVKLEEEGEKHLPLCLEERDWTPGAPLVNNLT
K HH DKA V R S YITTSSLIIVFLFVATVSHEFYW Q RAL PGAIYDVFVTYDTTDPHVTEWVMRNLRVKLEEEGENHLPLCLEERDWTPGAPLVNNLT
T HH DKA K R S YILTSSLIIVFMFVATVSHFFYW RAF PGAIYDVFVTYDTTDPHVTEWVMRNLRVKLEEEGEKHLPLCLEERDW- -
T HY DIP K R N YILTSSLIIVFMFVATVFHEFYW RAF PGAIYDVFVTYDTTDPHVTEWVMRNLRVKLEEEGENHLPLCLEERDWTPGAPLVNNLT
T DY DIA T R N YILTSSLIIVFMFVATVFHFFYW RAF PGAIYDVFVTYDTTDPHVTEWVMRNLRVKLEEEGENHLPLCLEERDWTPGAPLVNNLT
T ENQ GRA Y N S YILTTFFITAFMFAATVAHLFYW KSL TDSYYGVFVTYDTKDPHVSEWVMRNLRVKLEEEGEKHLPLCLEERDWVPGVPLVDNLT
K NQ DHI Y Kp SK LR YILTTSFIIAFMFVATTAHLFYW SSL  SDSFYDVFVTYDNRDPHVSEWVMSNLRVKLEEEGEKHLPLCLEERDWVPGVPVLDNLT
IE NQ DQA Y K S YILTTSFIIAFMFVATTAHLFYW I RSL SNSFYDAFVTYDNRDPHVSEWVMSNLRVKLEEEGEKSLPLCLEERDWVPGVPVLDNLT
T NM GNA Y G D S YILTNSFIIVFMFVATLAHLFYW KSL PDSVYGVFVMYDTRDPHVSEWVMTNLRVKLEEEGDMYLPLCLEERDWALGAPLVENLS
T NQ DTP T N S YLLTSTFIIVFMLVATIAHLFYW SSL SHSVYDVFVTYDTSDPHVSEWVMRNLRVKLEEEGEKHLPLCLEERDWPPGVPLVDNLT
T NQ DHP G N N YILTSSFTIVFMIVATVAHLFYW SSL  PDSVYDVEFVTYDTTDPRVSEWVMRDLRVKLEEEGEMHLPLCLEERDWTPGVPLVDNLT
T NQ HNA Y K D S YILTNFFIISFMFVTTVAHLFYW SFL PDSVYDVFVTYDTRDLHVSEWVMRNLRVKLEEEGEKTLPLCLEERDWPPGVPLVDNLT
940 * 960 * 980 * 1000 * 1020 *
HSIQYSRKTLFVLTEGYVKTGVFKLAMYLAHQRLLDENLDVIVLLMLEPVLQHSHFLRLRRRLCEKSVVEWPRTAAAEPWEWQNLRNVV KL K F s : 1026
QSIQYSRKTLFVLTEGYVKTGVFKLAMY LAHQRLLDENLDVIVLLMLEPVLQHSHFVRLRRRLCEKSVVEWPRSAAAEPWFWONLRNVV KL K Fs : 1027
QSIQYSRKTLFVLTEGYVKTGVFKLAMY LAHQRLLDENLDVIVLLMLEPVLQHSHFVRLRRRLCEKSVVEWPRTAAAE PWEWQNLRNVV KL K Fs : 1027
QSIQYSRKTLFVLTEGYVKTGVFKLAMY LAHQRLLDENLDVIVLLMLEPVLQHSHFLRLRRRLCEKSVVEWPRTAAAE PWEWQNLRNVV KL N Fs : 1027
QSIQYSRKTLFVLTEGYVKTGVEFKLAMYLAHQRLLDENLDVIVLLMLEPVLQHSHFLRLRRRLCEKSVVEWPRTAAAE PWEWQNLRNVV KL K F s : 1027
HSIRYSRKTLFVLTEDYVKTGIFKLAMYLAHQRLLDENVDVIVLLMLEPVLQHSHFLRLRRRVCGKSVVEWPKTAAAEPWEWQNLRNVV QF I FN : 1025
HSIRYSRKTLFVLTEGYVKTGIFKLAMYLAHQRLLDENVDVIVLLMLEPVLQHSQFLRLRRRLCGKSVVEWPRTAAAEPWEWVNLRNVV v T L s : 1025
YSIQYSRKTLFVLTEGYVKTGVFKLAMY LAHQRLMDENVDVIVLLMLEPVLQHSQFLRLRRRLCGESVVEWPRTAAAE PWEWQNLRNVV QL QT L S : 1025
QSIRYSSKTLFVLTEAYVKTGVFKLAMCLAHQRLLDENKDVIVLLMLEPVLONSHFLRLRKRMCRKSVLEWPKTPAAEPWEWTTLRNVV QA C TK FV : 998
QSIQYSRKTLFVLTKGYVKTGVEFKLAMYLAHQRLLDENTDVIVVLMLEPVLQHSHFLRLRRRLCGQSVVEWPRTAAAE PWEWQNLRNVV [0)% T F SH : 1000
QSIRCSRKTLFVLTEGYVKTGGFKLAMY LAHQRLLDENMDVIVLLMLEPVLQHSHFLRLRRRLCEKSVVEWPRTAAAEPWEWQNLRNVV KV T FN : 1026
QSIQYSRKTLFVLTEGYVKTGVFKLAMY LAHQRLLDENVDVIVLLMLEPVLQQSHFLRLRRRLCGKSVVEWPRTAAAEPWEWQNLRNVV v T Fs : 1023
* 20 * 40 * 60 * 80 * 100 * 120 *
TMGSHTSPSA G F W F SL GLW IR F EM D TA
LLAMAVLRNILIFGQLLSLVR Q VK F EAT
MLLAMAVLRSILIIGQLLPLVR Q VK F EAT
YYNFTNMAMLNIFLILCQLLPIVRM TV F GTA
MTFYIFQSGCNKGQSLLLNLYFKCYLHPMFMIHMHLTNSRSHDLHMTTCFHFCLNGAGLMPLHRPWNTADNVSSPDLDY TFHLEPIVDFKMHAIST NT V. C QT TS F MTY
[YWVILNMCQIMLDRLHLNHEQKTEIVYFFQ EIL C v TK F QNA
LLKMILILCKLLPLVST PI L VNT
MLKNIFIIFQLLPLART TT L IGA
MVAMLKNIFITIFQLLPLART TT L IGaA
MAMLKNIFIIFQLLPLART TT L E I G A
MVAMLKNIFITIFQLLPLART TT L IGaA
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PKLONLYLSGNSLTSIPWLPESLLVLDLONNHISHISISLGTPN
HNLTFLYLSGNSLKSIPWLPETLKVLDLONNCIFQITQPLKTPN
HKLTSLYLSGNSLTSIPWLPETLKVLDLONNCIFQITKPLKTPH
LKLKYLYLSGNSLTTIPWLPESLM FN NL N NLQILHLNSNCFYVN
WNLTFANLSGNSLTRIPWLPESLKILDLOQENCISHI IQPLKTPNLEALYLSKNCFYAN
LKLQFLYLSGNSLTSIPWLPES K TIY K H E
SKLKYLYLSGNSLTSIPRLPENLTVLDLVNNCIFNIAEPLLTPH KE
SKLKYLYLSGNSLTSIPRLPKNLMVLDLONNCIFNIAEPLHTPQ
SKLKYLYLSGNSLTSIPRLPONLLVLDLONNCIFNIAEPLNTPQ
SKLKYLYLSGNSLTSIPRLPENLMVLDLONNCIFNIAEPLHTPH
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Chapter 2.2

Supplementary figure 2.2.8. Multiple sequence alignments and sequence annotation of the
Nototheniidae TLR11 superfamily members. A) TIrl3, B) Tlr21, C) TIr22 and D) TIr23. Leucine-
rich repeat (LRR) are highlighted in yellow and the consensus LRR motifs (LXXLXLxxXNXL) is marked
in bold; Transmembrane (TM) domain is highlighted in blue and Toll/IL-1 receptor (TIR) is marked in
green. Protein domains were predicted using SMART, ScanProsite and TMHMM webservers. The
protein signal-peptide when predicted are highlighted in pink. Amino acids coloured in red were found
to be under positive selective pressure.
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ERPAAGAPPLRLCLHHRDFRPGAAVLENIEAAIYGSRHTICVVTRNFLQSEWCSVEFQLASLRLFYDGSDVLLLVFLEEIPERCLSPYTRLCKIVRKKTYLLWPEEPQEQDTFWVRLVDAL -- KEE
ERPAAGAPPLRLCLHHRDFRPGAAVLENIEAATYGSRHTICVVTRNFLQSEWCSVEFQLASLRLLYDGSDVLLLVFLEEIPERCLSPYTRLCKIVRKKTYLLWPEEPQEQDTFWVRLVDAL -- KEE

ERPAAGAPPLRLCLHHRDFREGAAVLENIEAATYGSRHTICVVIRNFLOSERCSVEFQLASLRLLDDGSDVLLLVFLEET PERCLSPY TRLCKIVRKKTYLLWPEEPQEQDTFWVRLVDAL —— KEE
940 * 960 * 980
--VTQ Q  THFNSVD : 884
DDE : 913
DDE 1 912
EHD ;911
EHD  TCACVQSDLVVSVELLVLSLTLPEGLPLGLQGLGQFVLHGAHLSLOLLDPVLONQHGVHL : 800
EHD : 908
EHD : 910
EHD 1 909
EHD 1 797
EHD 1 245
* 20 * 40 * 60 * 80 * 100 * 120 *

MASLIYWLFSVAFVLGAVQMASG S KPS T- Q N ETK TN TK  SSTINLTISNNDLGDIPNNSFGH QKLEQLRLDHNNIRTIGQSAFEN LHL

SLIYWLFSIAFVLGAVQMASG S DAW T- K N ETK TN TK S T F DGV DN G OKLEQLLLDNNEITTIGQFAFKN IHL

EQNKPTKRLPKIIERTTFLWIGK AS IYW F AF AS s DAW N- K N ETK TN TK S T F DGV DN G QKLEQLLLNHNEITTIGQFAFKN IHL

MASLIDWLCSVAFVLGAVQMASG N DAW S- K N ETK TN TK S T I HGV DN G RKLEQLRLDNNNITTIGQFAFKN LEL

SLIDWLCSVAFVLGAVQMASG N DAW S- K N ETK TN TK S T M H GV DN G RKLEQLRLDNNNITTIGQFAFKN LEL

MASLIYWLFSVAFVLGAVQMASG S DA W T- K N EETK TN TK  SYT I HGV DN G QKLEQLRLDRNNITTIGQFAFKN LEL

SLIYWLFSVAFVLGAVQOMASG S KP WVI- Q N ETN TN TK S T I HGV NN G OQKLEQLRLDHNNITTIGOSAFEN LEL

F AV PIG K GDS S N-- N N EMNTSA IK P A YTL VH KE V PNLRNLRLDHNHLSNIDDDAFRG NEL
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c)

Cse_TLR22
Gac_TLR22
Sau_TLR22
Sse_TLR22
Pol_TLR22
Hhi_TLR22

Chapter 2.2

MSRLTHQFLSVALILGAAQLIRS N ADS S KG K N ANN SA IS PSVTNLTISLNLVRDIPINSEVS QNLQONLRLDHNHLSNISQLAFNT DQL
RLTYQFLSVALILGAAQLIRS D KPS KIN H G-N SA IS S VT L P VH LNY D TELQONLRLDHNLLRSIDQFAFHN HQL
MASLTHQLLSLTVVLGAVQLISG N DPNYN R- N Q EKN AA IN R A FSS SH GK V PNLONLTIDQSQLKIIDPLAFQON HOL
MGSLTHLLLSVTVALGAVELISG Q VP S KS N R SKI KD IDG E A V P WQ KN VK PNLONLRLDONKLRATIEQFAFQK NHL
NLTYQLLSVTVVLGAVQLISG N DPHL QS N R NKN KD IN QA I PWY NR V PNLQHLRIDHNHLSIIDQYAFQN SQL
140 * 160 * 180 * 200 * 220 * 240 * 260
TSLNLSFNQISVLNPAVFKD HNLTFLSLTNNTLKRLPGGIFST LKLETLNMSQNHLKNFSEVAESV VNLTKIDICFNNLTSLSHSNVSL KSLTTLYLSRNNLSTLGCNQSFLENIKVLDLSYNHWL
TSLNLSFNNISELNPAVFKD HNLTFLSLTNNTLKRLPGGIFST LKLETLIMSQNHLKNFSEVAESV VNLTKIDICFNHLTSLSHSNVSL KSLTTLYLSRNNLSTLGCNQSFLENIKVLDLSYNQRL
TSLNLSFNQISELNPAVFKD HNLTFLSLTNNTLKRLPGGIFST LKLETLIMSQNHLKNFSEVAESV VNLTKIDICFNHLTSLSHSNVSL KSLTTLYLSRNNLSTLGCNHSFLEN K F OR
TSLNLSFNQISELNPAVFKD HNLTFLSLTNNTLKRLPGGIFST LKLETLIMSQNHLNNFSEVAESV VNLTKIDICFNNLTSLSHSNVSL KSLTTLYLSRNNLSTLGCNQSFLENIKVLDLSYNQRL
TSLNLSFNQISELNPAVFKD HNLTFLSLTNNTLKRLPGGIFST LKLETLIMSQNRLNNFSEVAESV VNLTKIDICFNNFTSLSHSNVSL KSLTTLYLSRNNLSTLGCNQSFLENIKVLDLSYNQRL
TSLNLSFNQISELNPAVFKD HNLTFLSLTNNTLKRLPGGIFST LKLETLIMSQNHLNNFSEVAESV VNLTKIDICFNNLTSLSHSNVSL KSLTTLYLSRNNLSTLGCNQSFLENIKVLDLSYNQRL
TSLNLSFNQISELNPAVFKD HNLTFLSLTNNTLKRLPGGIFST LKLETLIMSQNHLKNFSEVAESV VNLTKIDICFNNLTSLSHSNVSL KSLTTLYLSRNNLSTLGCNQSFLENIKVLDLSYNQRL
KSLNVSFNNIRELSPSVEFDN NNLNFLSLTNNSLKQLPRDIFSN SHLDTLVLGQONFLTNESGIAESV ONLSVLDLCSNNLTSLSHSNASL KSLTTLFLCKNKLVKLGCKNRFLGE Q Q LH
HSLNLSFNNISQLHPLVFQG YNLTFLSLTNNTLKQLPEGIFSSNLNLTTLIMGQNLLMNESGIVASV N TNLKTLDLCFNSLTSLSHSNALL TSLKVLYLCKNQLTTLGCERSFLVY N SR
HSLNLSFNNISQLNPRAFRG HNLTFLSLTHNKLKQLPERIFSTNLNLTKLIMRENLLTNFSGIVESV TNLKTLDLCVNSLTSLSHSNVSL TSLTVLYLCRNNLSTLGCESSFLRE N N sM
KSLNMSFNFISQLNSSVFQD HKLTFLSLTHNALEQLPEDIFSP NELNTLIMSQNRLTNFSGIAESV Y NNLTELDLSSNKLTSLAHLTVSL KSLTTLYISSNNLETLGCKHSFLKE Q PO
KSLNMSVNNISELNSSVFQD HNLTFLFLTNNRLKQIPEGIFSN LNLRTLTLRQONVLMNESGIAESV KHLTMLDLCFNNLTSL-HSNASLPKSLTTLYICRNNLLTLGCKHSFLRE Q F SR
KSLNLSLNNISALHPFLFKD PNLTFLSLSNNKLKQLPECIFST FQLDTLIMRKNLLMNFSGIAKSV KNLRVLDLCFNSLSSLSHSNVPL INLTMLYLCRNNLSTLGCKPSFLGE Q SR
* 280 * 300 * 320 * 340 * 360 * 380 *
PTIAFEGVDL R N KM GH DM E DTER--L I E NVKSIKMLSLGSNKIVNLPKNILNQ NITQALDLSHNNLKSIS-CLNFLDR MLKSVNLEHNGLTYLK
PTMAFEG R N K K S GH DM E DTE---F I K V-KWIKHLGLGSNKIVTLPKKILNQ NITQALDLSHNNLKSIS-CLNFLDK RLKSVNLEHNHLISLK
P G R N K K GH DM E DTE---F I K V-KWIKHLGLGSNKIGTLPKKILNQ NITQGLDLSHNNLKSIS-CLNFLDR RLKSVNLEHNHLTSLK
PTMAFEG R S K K GH DM E DTE---F I K V-KWIKNLSLGSNKIVTLPKNFLNQ IVTQALDLSHNNLKSIS-CLNFLHR RLKSVNLEHNHLNFLK
PTMAFEG R S K K GH DM E DTE---F IF K V-KWIKNLSLGSNKIVTLPKNFLNQ IVTQALDLSHNNLKSIS-CLNFLRR RLKSVNLEHNHLNELK
PTMAFEG R S KM GH DM E DTEL--L I E NGESIKNVSLGSNKIVNLTNNILNQ NITQALDLSHNKLRNIS-CLNFLDR MLKSVNLEHNHLTFLK
PTMAFEG R S KM GH DM E DRV---L I E NGESIQNVSLGSNKIVNLTNNILNQ NITQALDLSHNKLRNIS-CLNFLDR MLKSVNLEHNHLTFLK
DT E SH ND D LT RH GTH N TRLT-KL R K G-KTIRKLSLGYNQIHNLTNQMLEY TITGNLDLTHNNLNSTS-CLEFINK KS S N HTIH
S G HN KV T GR GT R DSLLTEL K S V-KKIKDLHLGSNSIMNLTNKTLYY EITRSLDLSHNQLRNTN-CLTFLNRH HIKSLNVEHNHLNSLQ
Q G RN KV RR GT Q DSLLTEL R R V-EQIKDLQLGFNGITTLTSYTLYY QITRSLDLSRNRLHKSTNCLTFLHRH QIKSLTMEHNLLTSLQ
H LN R N EML GN DM K SKLVKDL I T V-EWINKLDLGSNGIKNLRDHTLNY NITQALDLSNNKLNSIT-CLNFLTN MLKSVKVEHNYLTSLP
PAK D SR N - KL PVNH GTS N DTLLMEL R KA--KW D N DS G RNQTFDI RY EITRALNLSRNNLKSLG-CLKFLMW H G TA HETS P
P D HN NV S Y GH GT K VSLLMEL R R L-KGIKNLGLGNNGIANLT-DTLYHCPT GA R Q KRT F N KN QIKSFSSEHNHLTSLP
400 * 420 * 440 * 460 * 480 * 500 * 520

SCKPPHMGNLTNLEDLSYRYNRILSVRSYAFYR

NIKTLELNINTIAYLDHKALMG

KKLETLRLDNNLLTDLFHDTFEDTFNLKILNLRNNRISVIFNGTFHS

KNLYTLDLGGNKISHIKRHGLDGLON

SCKRQHMGNLTNITDLSYRYNRILSVSSYAFYR NIKILKLNINSIAYLDHKALMG TKLETLRLDNNLLTDLESDTFEDTENLKILNLRNNRIAVIFNRTFHS KNLNTLDLGGNKISHIAPSGLDGLQS
SCKRQHMGNLTNITDLSYRYNRILSVGSYAFYR KI K T DR I KKLETLRLDNNLLTDLFSDTFEDTFNLKILNLRNNRIAVIFNRTFHS KNLNTLDLGGNKISHIAPSGLDGLQS
SCRKQHMGNLTNITDLSYRYNRIQSVGSYAFSR TT Q T HR M  NKLETLRLDNNLLTDLFKETFEDTFNLKILNLRNNRISVIFNRTFHS KNLNTLDLGGNKISHITPSGLDGLQS
SCRKQHMGNLTNITDLSYRYNRIQSVGSYAFSR TT Q I HR M NKLETLRLDNNLLTDLENETFEDTFNLKILNLRNNRISVIFNRTFHS KNLNTLDLGGNKISHITPSGLDGLQS
SCKPPQMGNLTNITDLSYRYNRILSVGSYAFYR TT Q T DR M NKLETLRLDNNLLTDLFSETFEDTFNLKILNLRNNRISVIFNRTFHS KNLNTLDLGGNKISHITPSGLDGLQS
SCKPPOMGNLTNITDLSYRYNRIRSVGSYAFYR TT Q T DR M NKLEILRLDNNLLTDLESETFENTENLKILNLRNNRISVIFNRTFHS KNLNTLDLGGNKITHIKPSGLDELQS
Q----FYSN TE L FAY NS KT E I DCD S TSLETLRLDNNILTDLLQCMFRDNHNLKILNLRNNRIAVIFKWTFFN SSLTTLDLGGNKITHFEESGLDGLKS
SCDDQTKVY--- KE L SGA YNM KT L S NRS K RRLEQLRLDNNLLTDLFIDNFEDNVKLQTLNLRNNRISVIFNSTFHR RNLTILDLGGNKITHINPSGLDGLIS
SCNNTNNVHFKDLESLSYRYNRILSVNALAFYHL KT L T HQ T RRLEELRLDNNLLTDLFKDNFKDNVNLKILNLRNNRISVIFNETFCT SNLTTLDLGGNKIAHIRPSGFDGLIS
SCKTONMVRFENLEKLSYRYNRILSVDSSAFYH TT M T HR K KSLETLRLDNNLLTDLFNDTFEDNFNLQILNLRNNRISVIFNGTFLS RNLTTLDLGGNKISHIQPSGLDGLTR
RKK--GYFKDLEDLSYRYNRILSVNSHAFFH KL K T DR K KKLETLRLDNNLLTDLYNNTFEDLENLQTLNLRNNRIAVIENGTFLN GNLTILDLGGNKITHIQPSGLEGLKS
SCKNQK-TYFPNLEELSYRYNRILSVNAYAFNH KT K I HR K KNLETLRLDNNLLTDLFNNTFEDLLNLQILNLRNNRISVIFNGTFLN TKLTTLDLGGNKITHFERSGLDGLKS
* 540 * 560 * 580 * 600 * 620 * 640 * 660
LSKFYLDGNNLQTIETSLHRV TLTVLDLQOSNRFRFLKETDR-SP M K G H T QQL SLKSLYLTNNNIFYLPPDAFDD S TQ Q
LSKFYLDGNNLQTIDTSLYRV TLTVLDLQSNQFRFLMET-S-SPFM K G R T QHF SLKSLYLTNNNIFYLPPDAFDD S TQ O
LSKFYLDGNNLQTIDTSLYRV TLTVLDLQSNQFRFLMET-S-SPFM K G H T QHF SLKSLYLTNNNIFKLPADAFDD S TQ O
LSKFYLDGNNLQTIDTSLYRV TLTVLDLOSNQFHFLKETYS-SP M K G H I KHF SLKSLYLTNNNIINLPPDAFDD S TQ R
LSKFYLDGNNLOTIDTSLYRV TLTVLDLQSNQFHFLKETYS-SP M K G H T KHF SLKSLYLTNNNIINLPPDAFDD S TE R
LSKFYLDGNNFQTIDTSLYRV TLTVLDLOSNQFRFLKETYS-SP M K G H T KHF SLKSLYLTNNNIFNLPPDAFDD H TQ Q
LSKFYLDGNNLOTIENSLHRV TLTVLDLQSNTFCFLEDNDS-SP M K G H T PHF D SLKSLYLTNNNIFNLPPDAFDN S TQ Q
LSKFYLDGNNLKQIDTSFYHV TLTTLDLQRNQIRFLNEETS-SP R S G Y T RHF SLRSLYLTHNDIFFLEPDAFDD Q ATQ O
LSKLYLDGNNLQQVDSSFYHV TLTVLDLQSNLIRFVTEATG-SP K S R Y T RAF SLRSLYLTNNNLNDLYPDVEDD R N S IK R
LSKLYLDGNNLKHIDTSLYHT TLTVLDLONNQFSFLTETTE-SP K I S R H T HAY SLRSLYLTNNNLNNLAPDAFDD K R N ES VK Q
LSKFYLDGNKLKQIDTSLHLV TLTVLDLQSNEICFLNKNIS-SP MK R G H FI DTI SLKSLYLTNNNIFHLPPDAFDD K AQ Q
LSKFYLDGNNFKQIDTTLHSV TLTTLDLQRNQICFLKEDVSYS M S GQY N RNL SLKSLYLTNNEIPDLSPDVEDD K AH K
LSKFYLDGNNLKTIDTSLYRA TLTVLDLOSNQICFLTESISYS M S S H G RTF SLKSLYLTNNNIFHLAPDAFDD R TQ Q Q
* 680 * 700 * 720 * 740 * 760 * 780 *
R KLHILQLNRNVMQSIRVDALESLP D SI G VH QONT P PNHAKS H K E FFLSTAVVIFLFTVTPLLYVKLY
R QLRKLQLNRNVMKSIRVDALESLP Q NI K VH ONT P PNHAKS H K E FFLSTAVVIFLFTVTPLLYVKLY
Q KLRKLOQLNRNIMKSIHVEALESLP H NI K VH ONT P PHDAKS H K E FFLSTAVVIFLFTVTPLLYVKLY
R KLHTLOQLNRNVMOSIRVDALESLP H NI E VH QNA L PNQAKS Y K E FFFSTAVVIFLFTVAPLLYVKLY
R KLYILQLNRNVMOSIRVDALESLP H NI E VH QNA P PNQAQS Y K E FFFSTAVVIFLFTVAPLLYVKLY
R T P KLHILQLNRNVMOSIRLDALESLP H NI E VH KNT P PNQEKS H K E FFLSTAVVIFLFTVAPLLYVKLY
R T I LHILQLNRNVMQOSIRLDALESLP H ONI - E VH ONT P PNQAKS H K E FFLSTAVVIFLFTVAPLLYVKLY
L D QLSRLQLNRNVMQOIVDVGALESLPN N NT I D VYS-NV L PHDPKQ Y K Q EM LFISTAVAIFLFTATPLLYIKLY
D QLRRLOMNRNVMOSIPVDALQSLP N NI KI RY SKV H QSDPSI Y K G LFFSTAAVIFLFTVSPLLYVKLY
K QLHVLOMNRNVMOSIPVDALQS N SI K LON SNV HS K QNEPSI Y K G LFLSTAAVVFLLTVCPLLYVKLY
R QLRTLQLNHNVMKTIHVDALESLP H NV K VYSSHV D H Q SHEAKI Y E GK MFFSTAAVIFLFTLTPLLCVKLY
K R E R QLSQLOLNHNAIQSITLDALD S K VN TKV T PHDPKQ Y H N G LFLSTALVIFLFTLIPVLYVKLY
K QLHTLOLNRNVMQOS I PVDALDSLPNLHYLDVRNTPLSCTCKNSLLK QY LNV P PHNEKL Y N G LFLSTTLWIFLFTVTPLLYVKLY
800 * 820 * 840 * 860 * 880 * 900 * 920
G I G K CKYDAFISYNSSDEQWVMDQLIPNLEGNGSSFKLCLHHRDFELGRNIVDNIVSAVYSSRKTICVVSRNFLKSEWCSLEIQLASYRLFDEHRDVLLLVFLEQISER
G I G K CKYDAFISYNSSDEQWVMDQLIPNLEGNGSSFKLCLHHRDFELGRNIVDNIVAAVYSSRKTICVVSRNFLKSEWCSLEIQLASYRLFDEHRDVLLLVFLEQISER
G I G K CKYDAFISYNSSDEQWVMDQLIPNLEGNGSSIKLCLHHRDFELGRNIVDNIVSAVYSSRKTICVVSRNFLKSEWCSLEIQLASHRLFDEHRDVLLLVFLEQISER
G I G K CKYDAFISYNSSDEQWVKDQLIPNLEGNGSSFKLCLHHRDFELGRNIVDNIVSAVYSSRKTICVVSRNFLKSEWCSLEIQLASYRLFDEHRDVLLLVFLEQISER
G I G K CKYDAFISYNSSDEQWVMDQLIPNLEGNGSSFKLCLHHRDFELGRNIVDNIVSAVYSSRKTICVVSRNFLKSEWCSLEIQLASYRLFDEHRDVLLLVFLEQISER
G I G K CKYDAFISYNSSDEQWVMDQLIPNLEGNGSSFKLCLHHRDFELGRNIVDNIVSAVYSSRKTICVVSRNFLKSEWCSLEIQLASYRLFDEHRDVLLLVCLEQISER
G I G K CKYDAFISYNSSYEQWVMDQLILNLEGNGSSFKLCLHHRDFELGRNIVDNIFSAVYSRRKTICVVSRNFLKSEWCSLEIQLASYRLFDEHRDVLLLVCLEQISER
w G R S I Q CKYDAFVSYNSADEQWVMEQLMANLEGNGSSLKLCLHHRDFELGRDIVDNIVSAVYSSRKTICVVSRNFLKSEWCSLEIQLASYRLFDEHRDVLLLVFLEEISQR
- GC I G K CKYDAFISYNSSDEQWVMDQLIPNLEGNGSSFKLCLHHRDFELGRNIVDNIVSAVYSSRKTICVVSRNFLKSEWCSLEIQLASYRLFDEHRDVLLLVFLEQISER
w S R S E CKYDAFISYNSSDEQWVMDQLVPNLEGNGSSFKLCLHHRDFELGRDIVDNIVSAVYSSRKTICVVSRNFLOQSEWCSLEIQLASYRLFDEHRDVLLLVFLEPISER
WF S R S K D CKYDAFISYNSSDEQWVMDQLVPNLEGNGSSFKLCLHHRDFELGRDIVDNIVSAVYSSRKTICVVSRNFLQSEWCSLEIQLASYRLFDEHRDVLLLVFLEPISER
WF G TR GV KE CQYDAFISYNSSDEQWVMDQLVPNLEGNGSSFKLCLHHRDFEVGRHIVDNI VNSSRKTIC RNFLRSEWCSLEIQLASYRLFDDHRDVLLLVFLEQISKG
w S R S R E CKYDAFVSYNSSDEQWIMDQLLPNLEGKGSSFKLCLHHRDFEPGRY IVDNI VYGSRKTIC KNFLRSEWCSLEIQLASYRLFDELRDVLLLVFLEPISER
W S R S E CKYDAFISYNSADEQWVMDQLLPKLEGHGSSFKLCLHHRDFELGRDIVDNIVSAVYGSRKTICVVSRNFLRSEWCSLEIQLASYRLFDEHRDVLLLVFLEPISER
* 940 * 960 * 980 * 1000 * 1020
QVSCYHRMRKVMLKKTYLQWPSSDCTDPTQAQALF— SG GQ A EI---NNEVHEEEEPGNVDTH DEKYY 976
QVSCYHRMRKVMLKKTYLQWPSSDCTDPMQAQALF" SG RE A EI---NNEVHEEEEPGNVDTH DEKYS 973
QVSCYHRMRKVMLKKTYLQWPRSDCTDPTQAQALF" SG RE A EI---NNEVHEEEEPGNVDTH DEKYY 996
QVSCYHRMRKVMLKKTYLQWPSSDCTDPTQAQALF- SG IQ A EI---NNEVHEEEEPGNVDTH ENMTC 978
SG IQ A GI---NNEVHEEEEPGNVDTH ENMTC 978
SG RQ A EI---NNEVHEEEEPGNVDTH DEKYY 976
SG RQ A EI---NNEVHEEEEPGNVDTH DEKYY 966
QVSSYHRMRKVMLKKTYLQWPGSDCTNPTQAQELF" 928
QVSCYHRMRKHKWDKRIEEITLVI LPTA TLRP VPSMRVERTNDC LY Q QSPCRTE RKKV: W 197
QLSTYHRMRKVMLKKTYLQWPGSDCTDPMQAQDLF - WNQLRRGM ME RL T DG---TKCVDKTE----- HLE 970
QLSSYHRMRKVMLKKTYLQWPGSNCTDPMQAQELF— WNQLRRGM ME RL T DS- —--TRSDDEMDHLE-- 973
QVSLYHRMRKVMLKKTYLQWPSSDCTDPTQAQELF - WKKLRRAM SG RV T EN---GSEGRKEE---MFETR 974
QLSSYHRMRKVMLKKTYLQWPGPDCIDPTQAQELF - WNQLRRAIGTG RL T ENYMSKGHATESNETEHCETY 977
QLSSYHRMRKVMLKKTYLQWPDSDCPDPIQAQELF-——————————- WNQLRRAI AG RLKT EN-----------—————————— 961
* 20 * 40 * 60 * 80 * 100 * 120 *
LGRRQKERSQTPGRSLFQPLVFL-----— CLLLPLAAG T A Q R V K GKHK T--S D
ANGV DKTMEKR FACFKLSFVFF N SSSAL R- Y G DFN S SRLH Q--A D
HPGV DKTRLKG SECIKLSIIFL N NHF V - S N RGK L TKNKQQVTE D
M RR CRLFS - A L CcVI D
GPGG DER-ETG RKHFQLVTFFF T SSL A - A Y IK D
GPGV DET-ETG RKTVQLITFFF N SSL A T - A Y IK D
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Chapter 2.2

~MWNRTQOKSICLISPRTTATGLPSTVFTKWTIRDSLLAGRIFKK GPGV DQTMPEGRLKCSKLSIIFF N SNF V G - A Y I I -KGG R--Y QD
SPGV DRKTMPKR —----- SFIFI N SSFV - S Y Y T I SGSK K--A D
DARVKEDRSMPKPGPKWFKLSYFLFLLNISSIVAPVT-G S N T I STNE KLKS GG
MGAGVKDHRSMPKPGPKWFKLSFLFFLLNISSIVAPVT-G S K T I SKNE K--S RG
SIA - S N T K SANE K--S QG
RRTFLLFLSERNISFQQRRFILVEESAATSSVINQLFLVNHRSHSADFFTRKTFFVFCKDKK AARRV DRSMPTP PKWFKLSYFLF N SSI A - S N T I STNE K--S RG
GARV DRSMSKP PKWFKLSYFLF N SSI A - S N T I STNE KLKS RG
GARV DRSMPKP PKWFKLSYFLF N SSI A - S Y T K STNE KLTS RG
GARV DRSMPKP PKWFKLSYFLF N SSI A - S N T K STNE KLTS RG
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S TWEFE S Q R FPMLTQLELNRNMIEQIEASTFSR TSLKMLNLNQNRLVKLEEHVFSG VNLTELRIRONRIKVVANNTFQ  SLTILDISRNNLHTMAKVHTIIKQ HLRELYLGS
STVRGFDLSENRITMIQAPDFKNFSALITLDLKRNMISQIDAGAFAD ~SLKTLNLNNNRLTAVGDDLFHG NLTELRINNNRIKNLSSTSFE — SLTFLDMSYNRLHLLTKVHTML Q NLLELSVKS
STVEGIDLSSNKISKIHVSDFKNFPILTTLDLSSNKITQIDTGAFAN ~SLNSLNLNNNKLDILGDDLFYG NLTELRIHGNKIKSVAPTSFK  SLTFLDISNSKLEQLNKVHLITKH NLQVLYLON
PAVRGFNLSSNRIPKIQVSDFVN PVLTQLDLNFNEISVIEKGAFVK TSLKTLILSNNKLVELGEDVFDG NLVELRIVSNHIKAVAWTSFR TKSLKFLDISDNKLHPIGKVRCVLHH HLHKLFLKD
sA F E L L E PGLTQLDLNRNLISQIDDGAFAN FLKKLNLNNNKLVTLGENLFHG NLTELRIMSNGIKAVTLTSFKP NSLKFLDFSHNKLKHITKVRSII H NLRELFLKK
SAVKGFDLSSNKISRVEVSDFEN PVLTQLDLNRNFITLIDDGAFAN ~SLNKLNLNNNKLGKLGAELFRG NLTELRVRSNSIKAVAETTFQP KSLKLLDFSHNKLGHITKVKSML H NLRELYLKS
STVKGFDLSSNKISKIRVSDFKS SLVTQIDLSRNNILHIDTGSFAD SLKRLNLNNNKLVELADDVFKG NLTELRIISNKIKVVASTSFR  SLNFLDISYNKLDNLTKVNSIL H RV I KN
STVKGFNLSGNTISIIQDSDFQN PVLTQLDLKHNLISKIETGAFAN ~SLKTLNLNNNRLVNLGDYLFDG NLTELRIIRNGIEAVASTSFR  SLTLLDISNNKLNHITKVHSIL Q NLRELSVKN
ATITILDLSVNQISKLOVSDFKN SVLMHLDLORNSISHIDTGTFRN SLKWLNLNHNKLVKLGHDLFEG NLTELRMNNNSIKAVSSTSLR  SLTLLEISSNKLHHITTFNSVI N THLOMLSVED
ATVKGLDLSRNKISKLOMSNFKN SVLMHLDIQRNSISQIDTGAFRN ~SLKTLNLNHNTLVOLGDDLFEG NNLTELRMNNNGIKAVSSTSLR — SLTLLEISRNKLHHITAFNSVI N NLQMLSVED
ATVKGLDLSKNKISKLQVSDFKN SVLMHLELORNTISQIDTGAFRN SLKNLNLGHNQLVQLGDDLFEG NLTELRMNDNKIQAVSSTSFR — SLTLLEISSNKLOHITKLNSVI N NLQOMLSVED
VTVKGLNLSRNKIPKLQVSDFKS SVLMHLELORNTISQIDTGAFRN SLKTLNLDHNQLVOLGDDLFEG NLTELRMNNNKIQAVSSTSFR — SLTLLEISSNKLOHITTLNSVI N NLQMLSVED
ATVKGLDLSRNKIPKLQVSDLKN SVLMHLELORNTISQIDTGAFRN SLKTLNLNHNQLVQLGDYLFEG NLTEL TKAVSSTSFR LTLLEISRNKLHHITTLNSVI N NLQMLSVED
TTVKGLDLSSNKIPKLOVSDFKN SVLMYLKLQRNIISQIDTGTFRN ~SLKTLNLNHNQLVOLGDYLFEG NLTELRMNNNKIQAVSSTSFR ~ SLTLLEISRNKLHHITTLNSVI N NLQMLSVED
ATVKGLDLSSNKIPKLQVSDFKN SVLMHLKLORNTISQIDTGTFRN SLKTLNLNHNQLVOLGDYLFEG NLTELRMNNNKIQAVSSTSFR — SLTLLEISRNKLHHITTLNSVI N NLQMLSVED
* 300 * * 340 360 * 380 *
NDFTRFYSWELTNT D OR D L PMAV H S TFF TNSG-WTQQ KLD QNP FHQ I H VDL L TVA R K -SHSS A TLTQLLLQRNQLS
NLITSFHSWDLTNR KLTSLDLSLNDITVFKVTADVE  TSLS GRIHSK TA Q D RGG F R K DEARM P G NF P R A GTR TK RQOQONH
NDISYFNSWELTNS GLTSLDLSKNPIKVFNITADIF  TWF GQCP-QTKPTK D RNK R RHEKMDMML SV S R AQ HYL ST TMSKLQLKQNQLS
NGLTSFHSWKLTNK ELKSLDLSRNPMADLQITADIF  TWE SGFT-S NP I N ONG  RG Q FVV LTVA S S -DK TAR H A TMSSLQLRRNKLK
NDFTTFHSEELTNS QLKALDLSQNPITDFQITANVE  TWL GGAP-G TP ILG RNK F R R LV I LGIV S R A -NNTA TH TLSTLOLRHNKLT
NGFTTFHSEELTNS VLKYLDLSQNPITDFQITANVE — TWF GGAP-G TQ I D RNK R R KFG M LWMV S R A -TN TA QT TLSVLOQLRLNKLF
INT H S QLTSLDLSQNPITKFSITEDVF TWF G-GY-Q -P T D RNQ R Q FEM L SVS N RYA -YKPTA T KFRR K S
NKLTTFQSWELTNS ~KLAYLDLSQNPISHFRITADVF — TWL SDSS-K LQ K D RNK o} Q SD--—-----—--——- FR A HSH TK K Q RR NFF
NNLPTFKSWEMTNV ~KLTQLNLSQNRFSVFSITADVE ~ KLL SRTY-K QP K E -GK o} Q PVR QLFF T A QKN RKR TVTKLHLQRNNLS
NNLPTFKSWEMTNR ~KLTQLHLSQNRFSVFSITADVE  KLL GCTY-K QP K E -GK 0 Q PDR QLFF T S RSN IK IHOQRNF
NNLPTFKSWEMTNR ~KLTQLHLSQNRFSVFSITADVE ~ KLL GCTY-K QP K D -GK 0 Q PGR QLFF T A RSN PK KHOQRNF
NNLPTFKSWEMTNR ~KLTQLHLSQNRFSVFSITADVE ~ KLL GCTY-K PP K D -GK  RQ Q PDR QLFF K A RSN PK KQOQRNF
NNLPTFKSWEMTNR ~KLTQLHLSQNRFSVFSITADVE ~ KLL GCTY-K QP I E -GK 0 Q PER QLFF T A RSNRTK KQOQRNF
NNLPTFKSWEMTNR ~KLTQLHLSQNRFSVENITADVE ~ KLL GCTY-K QP I E -GK o} Q PER QLFF T A RSN TK KQOQRNF
NNLPTFNSWEMTNR ~KLTQLHLSQNRFSVENITADVE — KLL GCTY-K QP I E -GK 0 Q PER QLFF T A RSN TK KQOQORNF
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HIGSDFVSI SNITDVDFSHNNIKDIHDDAFRS QRLTILNLSYNKLPSVPAAIRTL WLKKLYLSTNGISRVERQDFANQ MLEELGLSKNSISSLRGAVFED RLQVLKLTDNHMVHLDGVFEVH NL
NAKF QL ANITEMDLGKNSIANISYEAFRS PGLKILNLSQNKLAFITPATGNL TLEELDLSQNYITTLGCNSFANL KLKILSLHONSIPALRKCVFEG KLQVVKLONNSISKLDGAFSIH NL
VIQSHFFQL VNVTELDLSYNQIONIQEGAFRSTQGIKILSLSHNKLPSVPAPLNDISNLTELDLSSNEITKLECHDFANM KLRHLHLSYNSFPALQDCLFKD KLQVLKLONSSIADLKNAFKNS NL
SVTSTLFKL YNVTELDLTENKIHSVCDDAFKS WSLKILGLGHNKLSSVPGATRNL SLVKLDLSSNRISKLVCDDLANQTTLEWLNLDGNSVSVLTKCIFRD RLQVLKLGNNHMSKLHGAFTEH NL
YVSSDLFKL FNIREIDLTDNKIKKIRDDAFSS QSLKTLSLSRNKLSSVPYATRTL SLGELDLSFNNITKLGCDDFANQ KLRRLRLYHNSITSLAECVFKD QLQVLKLONNHLSNLNGAFRDC —NL
FVSSDLFKL FNVTEIDLTDNKIKTIRDDAFRS HSLKILSLSHNKLSSVPRATRNL SLAELDLSSNNITKLGCDDFANQ KLKQLNLYQNSIAALAECVFKD RLQVLKLQSNRLSNLNGAFKIP VYL
s HL INVTELDLGDNKIKTIKDEAFRS KGLRILTLSHNKLPTVPAATRNI TLAELDLSSNNITRLECYDFA L KLRQLNLYLNQITTLQECVFKD KQLQVLKLONNHISKITGAFKKY SL
SL QL INVKELDLAENTIGNIQDKAFRS QGLRILTLSQNKLSSVPAEIRNLPRLEELDLSKNNIRTLECCHFTNL KLKHLSLOQHNSISALPECVFKD RLQVLKLOSNSITKLESAFKKY NL
FIRSNLFQG IHVKELDLSDNRIRNISDKAFTY QGLRILDLSQNKLLSVPAATSNL RLEKLSLOMNNIRRLEYHDFTNL GLRELNLHQNKISALQKCVFKD GLQVLKLEANNIYNLGDAFKEF NL
R EG INVKELDLSHNRIRNISDKAFTY QGLRILDLSQNKLSSVPAATSNL RLEKLSFKSNNISRLECHDFTNL GLRELYLHQONQISALQKCVFKD GLQVLKLEENYIYNLGDAFTEF NL
R OG THVKELGLSYNGIRNISDKAFTY QGLRILDLSQNKLLSVPAATSNL RLEKLSLOMNNISRLECHDFTNL GLRELCLHQNKISALQKCVFKD GLQVLKLEANNIYNLGDAFTEF NL
R OG IHVKELDLSDNGIRNISDKAFTY QGLRILDLSQNKLLSVPAATSNL RLEKLSLOMNNISRLECHDFTNL GLRELYLHQONKISALQKCVFKD GLKVLKLEANNIYNLGDAFTEF NL
G OG INVKELDLSHNGIRKISDKAFTY QGLRILDLSQNKLFSVPAATSNL RLEKLSFKRNNISRLECDDFTNL GLRELYLHQONQISALQKCVFKD GLQVLKLEENYIYNLGDAFTEF NL
R OG INVKELDLSHNRIRNISDKAFTY QGLRILDLSQNKLVSVPAATSNL RLEKLSFKRNNISRLECDDFTNL GLRELYLHQNQISVLQKCVFKY GLQVLKLEANYIYNLGDAFTEF NL
R OG INVKELDLSHNRLRNISDKAFTY QGLRILDLSQNKLLSVPAATSNL RLEKLSFKRNNISRLECDDFTNL GLRELYLHQONQISVLOKCVFKY GLQVLKLEENYIYNLGDAFTEF NL
* 540 * 560 * 580 * * * 640 660
KQLLLQGNELSSLOTGGFGG P QSLKLHDNKLNSLQKGCFKG ~NLTELLLQNNQITERDLNNGC TNLRRLDLRNNHIYYKDTTA-LAR O L RL Y LS HHHG SG R F Q E
KRLRLNINKLTAIKRGDFAG ~SLESLALDNNMITTLEHGSFKG NLTELQLSTNRIDETT-LPERFR  NLESLDLSENRVQFKNAF--LTPP G R RT VFLGNGR G FS Y L E s
IKLHLDONKLTATKHGDFMG ~SLONLSLHNNQIKKLNKGCFIG ~NLTNLLLQANRLEEDSIKHYS KNLKKLDLSNNHIRYKKSSA-LHP N R T FYVRREAY CIQ L
RQLFLNGNKLTSFKRGEFSG RSLRNLLLHGNKIDTLENGSFIG NLTDLLLONNHITGSEINEGCE NLKRLNLRHNHINYENSSA-LTQA Q R T SRCLTH CFQ R L
ROLLLNGNQLTALKHGEFRG ~SLONLSLHENKIFNLDKGCFVG NLTDILLQNNQIRETEISKGVF NLRRLELRDNHIKYVNNSS-LPSA R R T S HG G SQ RLE L
KQLLLNTNTLTAIKRGEFSG RSLQONLSLHQNKISELEYGSFGG ~SLTDLLLQSNQIKETEINKGVE NLRRLELRDNHIKYYYSSS-LPLA R R T S HG GGSQ R L Q L
KQLRLNANKITTIKHGEFMG SLQNLSLHDNQIQTLNNGCFIG S D Q S N KTQE-INGI NLRRLDLRNNHIKYDHSSA-LPH o L T AHS GAQ CIQ L
KQLHLNGNKLTTIKREEFKG ~SLONLSLHENQIGELLKGCFIG NLTNIKLQSNAIKKHELYKDAFH  NLITLDMRENHIHYQQDSH-LSD N H I GHH G SQ CFQ L
TQLHLNANRLTTIORGDFQG ~SLKILSLHENQIEKLANGSFIG VQ S S K YT-FRDA HLKRLELSENHIRYLNDSDLLPD 0 D I VHRLFH RFK s
TELHLNTNKLSAIQRGDFKG ~SLKNLSLHENQIKKLANGSFIG VL LS K YT-FRAA HLKRLDLRENHIQYPNDSA-LPD Q9 D I AHRLSH RFK I s
KQLHLNTNKLSAIQRGDFKG ~SLKNLSLHENKIEKLANGSFIG L Q LS K YT-FRDA HLKRLDLRENHIOYPNDKA-LRD O D T AHRLSH RFK s
TQLHLNTNKLSAIQRGDFKG ~SLKNLSLHENKIEKLANGSFIG L Q LS K YT-FRDA HLKRLDLRENHIOYPNDKA-LRD O D T AHRLSH RFK L
TQLHLNANKLCAIQRGDFNG ~SLKNLSLHDNQIKKLANGSFIG AV Q L S K YT-FELA HLKRLDLRENHIRYPNDKD-LHD Q DT SRRLSH RFK I §
TQLHLNANKLSAIORGDFKG ~SLKNLSLHDNQINKLENGSFIG FQ L NK YT-FKVA HLKILDLRENHIQYHNDTD-LRD o D T S HR L SH R F K s
TQLHLNANKLSAIQQGDFKG ~SLKNLSLHDNQINKLENGSFIG VQ L NK YT-FKVA HLKILDLRENHIQYPNDTD-LRD Q DT S HR L SH R F K s
* 680 * 700 * 720 * 740 * 760 * 780 *
L A Q FLETN QLOELDLSSNDLDDLSPDLFSP R T T -I G O T K HK K DED AV LG T A IN VRT N F Y
F SA KNQ SFL T N  RLQTLDIGANDLRNLSSELFHP GG ES -I D I K G L E SLVYLNLQGNSFTCDCDNAYFRS IV K YE DK
VL M H PSFP K QLQTLDIRSNELSDLSPDVFSP QSLEKLYIST-TNLRSLDFLIDAN K K K LH RE N ALVYLDLEGNSFTCDCDNVWFLL VQKSN F Y
v I R SL T  RLQQLNIDTNNLKHLHPDLFSP QDLKSLYISR-TSLPSLDFLIHAN K K QN E AVAFW A LH AK N F Y
V. I QASL NG QLTTLDISSNELMDLSPDLFSP PNLKSLYVSR-TNLRSLDYLTGAN K K E SVAFG K A IK VEYYN F Y
DSI H SL ND QLTNLDISSNELKDLSPDWFSQ PNLKSLYISR-TSLTSLDYLTDAN K K ED N SVAFGG A I0 I0 N F Y
V T SQ SLP N  QLQTLDVSSNDLVDFSPDIFHP ONLKSLYISR-TSLRSLDFLNDAG K K EK D ASI FG A LQ IE K F YR
vV A Q SL I  RLQTLDISSNDLLDLSPDLFSP KS S S- SLHSLDFFINANLTKLEFLQARK FE AV FY A LK VL K VoY
Y DA H HF I  KLQKLDISGNNLKDLSPDLFSP G N GLV G I N N M A A LKG V GQ AV L FG S
YDA Q YF S KLQKLDISSNDLKDLSPDLFFP GNLKSLYISR-TSLGSLDFLIDAN KN N M A A LKG vV GQ AV P L s
YNA Q HF I  KLQTLDISSNDLKDLSPDLFFQ GNLKSLYISR-TSLGSLDFLIDAN N H M AV LEG V GQ AV L v s
YDA Q YF N  KLQTLDISSNDLKDLSPDLFFQ GNLKSLYISR-TSLGSLDFLIDAN N H M AV LKG V GQ AV L v s
Y S Q HF N  KLQTLDISSNDLKYLSPDLFFQ GNLKSLYISR-TSLGSLDFLIDAN N TH M A A LEA vV GQ AV P v s
Y NA Q HF N KLQTLDISSNDLKHLSPDLFFQ GNLKRLYISR-TSLGSLDFLIDAN N TH A M AR LEA V GQ AV P VA S
YNA Q HF N  KLQTLDISSNDLKDISPDLFFQ GNLKRLYISR-TSLGSLDFLIDAN N TH A M A A LEA vV GQ AV P v s
800 * 820 * 840 * 860 * 880 * 900 * 920
G TAS S D Q VD L SL L TSFTYHFLKAHLVYAYFLFLALVFDK H S CQFDAFVSYNSHDEAWVVGEMLPRLEGDQGWKLCLHHRDFQPGKAIIENITDATY
L SE K E K T oY sT T L  FMRWOQLVYAYYLFLALLFD L O KRYDAFVSYNTSDEPWVMRQLLPKLEGEQGWRLCLHHRDFEPGKPIIDNITDAIY
E AV L K DF PQ RD ID ICFISTTSTILLEMVVSYTYHFL Q A ¥ DA N THNQYDAFISYNAHDEPWVIRQLLPKLEDEQGWRLCLHHRDFEPGKPIIDNITDATY
ES BH M D S I ILFIFTACAILLIMVVSFTYHFL H V L D OR G SQYDAFISYNTHDEPWVIKELLPKLEGEQGWRLCLHHRDFEPGKPIIENITDATY
E LN T HF R AG LMFLSTTCTTLLFMLTSFTYHFL H A F D H P NQYDAFISYNTHDEPWVVRELLPKLEGEQGWRLCLHHRDFMPGKPIVENIVDATY
K VW M E RL T IMFISTTCAILVFMLASFIYHFL H A ¥ D H PANQYDAFVSYNTNDEPWIMRELLPKLEGEQGWRLCLHHRDFMPGKPIVENIVDATY
E TK T DF QF RT ICFVSTTCITILFMVASETYHFL Q A Y LD N A YHYDAFISYNTHDEPWVIRELLPKLEGEQGWRLCLHHRDFEPGRAIIDNITDAIY
v SG M D RP T LIYYICITCTILLFMVVSFTYHFL Q T v D Y N V NQYDAFISYNTHDEPWVIREMLPKLEGEHGFRLCLHHRDFEPGKPIVDNITDAIY
E KG XK D R M I VYFITTTCSILLEMVVTETYNFL Q A I D Y A NQYDAFISYNTHDEPWVIKELVPKLEEEQGFKLCLHHRDFEPGKPIIDNITDATY
K KG XK D R I IYFITTTCTLLLEMVVTFTYHFL Q S I D Y A NQYDAFISYNTHDEPWVIKELVPKLEEEQGFKLCLHHRDFEPGKPIIDNITDATY
E KG K D R I IYFITTVCALLLFMVVTLTYHFL Q A 1 E Y A NQYDAFISYNGHDEPWVIKELVPKLEEEQGFKLCLHHRDFEPG-————-———-——
E KG XK D R I IYFITTVCALLLEMVVTFTYHFL Q A I E Y A NQYDAFISYNGHDEPWVIKELVPKLEEEQGFKLCLHHRDFEPGKPIIDNITDATY
E KG K D R I IYFITTTCSILLFMVVTFTYHFL Q A I E Y NA NQYDAFISYNTHDEPWVIKELVPKLEEEQGFKLCLHHRDFEPGKPIIDNITDATY
E KG X E R I IYFITTTCSILLEMVVTFTYHFL Q A T I E Y KA NQYDAFISYNTHDEPWVIKELVPKLEEEQGFKLCLHHRDFEPG---------=-=
E KG X E R I IYFITTTCSILLEMVVTFTYHFL Q A T I E Y KA NQYDAFISYNTHDEPWVIKELVPKLEEEQGFKLCLHHRDFEPGKPIIDNITDAIY
* 940 * 960 * 980 * 1000 * 1020 *
GSRKTICVISRRYLRSGWCSREIQLASFRLFHEQKDVLILVFLEDIPSSELSPHYITRKLLKKQTYLSWPRAAEHPQRFWQKLGQALGPR —---NDHLSVQ LEDQ- 953
GSRKTICVISRRYLESEWCSTEIQVASFRLFDERKDVLVLVFLEDIPGAELSPYYRMRKLLKRRTYLSWPRAGQHPNLFWEKLRQALGTKD-DPGREELVPT L RQ- 961
GSRKTICVISRKYLESEWCSREIQVASFRLFDEQKDVLILVFLEDIPSYQLSPYYRMRKLLKKKSYLSWPRAGEHTELFWEKLRQALKTR -QPEDDKFLLN M RP- 964
RSRKTICVISRRYLESEWCSREIQVASFRLYDEQKDVLILVFLEDVPTSQLSPYYRMRKLLKKQTYLSWPRAEEHTELFWEKLRQALRTK GDDGEDNLLNN G R-- 936
GSRKTICVISRRYLESEWCSREMQVASFRLFDEQKDVLILVFLEDIPTDELSPYYRMKKLLNKMSYLSWPRAAEHTELFWEKLRQALRTR ~DQADESFRLT V NQW 961
GSRKTICVISRRYLESEWCSREMQVASFRLFDEQKDVLILVFLEDIPTAELSPYYRMKKLLNKMTYLSWPRAAERTELFWEKLRQALWTG -DRVDECFPLN V NQR 961
GSRKTICVISRKYLESEWCSKEIQVASFRLFDERKDVLILVFLEDISTFELSPYHRMRRLLKRWTYLSWPQAEEHTELFWEKLRQALTTT -DHAEDRFLLT M RP- : 1001
GSRKTICVISRKYLESEWCSREIQVASFRLFDERKDVMIMVFLEEIPNAQLSPYYRIRKLLKRNTYLSWPQAGEHPELFWAKLRKALKTR -DLSEDRVLLNDM RL- 942
GSRKTICVISRKYLESEWCSREIQVASFRLFDEQKDVLVLVFLEDIPTSQLSAYHRIRKLLKRQTYLSWPQAEEHPELFWVKLCKALKNR -DINEDRLLLT G RP- 964
GSRKTICVISRKYLESEWCSREIQVASFRLFDEQKDVLVLVFLEDIPTSQLSAYHRIRKLLKRQTYLSWPQAEEHPELFWVKLCKALKNR -DINEDRLLLT G RP- 960
TAFCTRH 819
GSRKTICVISRKYLESEWCSREIQVASFRLFDEQKDVLVLVFLEDIPTSQLSVYHHIRKLLKRQTYLSWPQAEEHPKLFWVKLCKALKNR -DINEDRLLLT G RP- : 1022
GSRKTICVISRKYLESEWCSREIQVASFRLFDEQKDVLVLVFLEDIPTSQLSAYHRIRKLLKRQTYLSWPQAEEHSELFWVKLYQALKNR -DINEDRLLLT G KP- 962
EIGFA PGTKL IF- 856
GSRKTICVISRKYLESEWCSREIQVASFRLFDEQKDVLVLVFLEDIPTSQLSAYHRIRKLLKRQTYLSWPQAEEHPELFWVKLCKALKNR -DINEDRLLLT G RP- 962
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* 20 * 40 * 60 * 80 * 100 120 *
MRAAGS--—-———-! WPL---FLASLLSFLFHPHSVLA S L SEN- N QQ T QO DT RNAVSLDLSSNHLSKITRTELRC PKLISLQVQYNSISHIDDGAFVD VELRYFLINDNQL
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3.1. Abstract

The extreme conditions in the Antarctic have driven the evolution of a unique
biodiversity at a macro- to microorganism scale. The Antarctic Notothenioids are a single
lineage of teleosts that arose from a common benthic ancestor through adaptive radiation under
a regime of paleoclimatic change. The evolutionary isolation of the Notothenioid and unique
Antarctic conditions led to many physiological innovations, however little is known about
immune adaptations. In the present study, the immune response to an endotoxin
(lipopolysaccharide, LPS) challenge was evaluated 7 days later by characterizing plasma
biochemical parameters and the transcriptional response of the head-kidney, skin, and the
duodenum in the Antarctic bullhead Notothenia coriiceps. Results showed that plasma
biochemical indicators were not significantly changed but 230 genes were differentially
expressed across the 3 tissues in response to LPS challenge. Approximately 30% of the DEGs
identified were related to immunity, and pathogen recognition receptors (such as NOD-like
receptors) and humoral components (such as interferons) were well represented. The principal

processes modified were tissue specific and associated with cellular energy metabolism and S-
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nitrosylation in the head-kidney; mitochondrial depolarization in the duodenum; and protein
ubiquitination in skin. The modest response to the LPS challenge in N. coriiceps compared to
other species may be due to endotoxin source, administration route or the long interval between

challenge and analysis.

Keywords: Antarctic fish; head-kidney; innate immunity; intestine; lipopolysaccharide; skin;

transcriptomics

3.2. Introduction

The Antarctic teleost fish fauna belong mostly to the perciform suborder Notothenioidei
which evolved from a benthic ancestor through adaptive radiation under a stable cold thermal
environment (Clarke et al., 2007; Nowlin and Klinck, 1986; Rintoul, 2009). The Antarctic
notothenioids have been the subject of evolutionary studies to establish timing and mode of
lineage and character diversification (Matschiner et al., 2015; Near et al., 2012) under extreme
cold conditions. Among the specific adaptations are the development of antifreeze glycoprotein
(Cheng and Chen, 1999; DeVries and Cheng, 2005; DeVries and Wohlschlag, 1969)(Shin et
al., 2014), buoyancy modifications as a result of reduced bone density and higher whole body
lipid levels (Albertson et al., 2010), the absence of Malpighi glomerulus in the kidney (Eastman
and Devries, 1986), high cellular mitochondrial densities (O’Brien and Sidell, 2000), cold-
efficient cellular microtubule assembly (Detrich et al., 1989, 2000) and the absence of the heat
shock response (Detrich et al., 2000; Hofmann et al., 2000; Place and Hofmann, 2005a). An
additional unique characteristic of the Channichthyidae family of the notothenioids is the loss

of haemoglobin and myoglobin (Kim et al., 2019a).

A physiological trait that has so far received limited attention in Antarctic notothenioids
is the immune system. However, the isolation and rapid speciation of the notothenioids and the
unique environmental conditions and microbial community of the Southern Ocean (Furbino et
al., 2014; Kim et al., 2019a), offer an opportunity to gain insight into the influence of the
environment on the immune repertoire. Teleost fishes, in common with other vertebrates,
possess both innate and acquired immune responses (Magnadottir et al., 2006; Magor and

Magor, 2001; Tort et al., 2003), although the former is proposed to have a more prominent role
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(Sunyer, 2013; Zhu et al., 2013). The constant contact of fish epithelia or mucosal barriers (e.g.
gills, skin and intestine) with a microorganism rich aquatic environment may explain why they
have acquired such a formidable non-specific innate immune response, particularly at the level

of mucosa’s (Gomez et al., 2013).

Studies on the relationship between water temperature and the immune response in
teleost fish (Abram et al., 2017; Bonneaud et al., 2016; Chen et al., 2016; MacKenzie et al.,
2008; Magnoni et al., 2015) indicate that immunity is generally delayed and suppressed by
lower temperatures (Bly and Clem, 1992; Detrich et al., 1989; Le Morvan et al., 1998). In vitro
studies of fish immune cells under reduced temperatures revealed cytotoxic activity (Le
Morvan-Rocher et al., 1995), the macrophage response (Le Morvan et al., 1997) and the
respiratory burst (Dexiang and Ainsworth, 1991) were enhanced. The few studies on immune
system function in notothenioids indicate that low temperature does not inhibit phagocytosis
(Silva et al., 2002) or the inflammatory response (O’Neill et al., 1988; Silva et al., 1998, 1999)
and damage-repair of skin occurs but at a slow pace (Cunha Da Silva et al., 2005).

A recent small scale transcriptome in the Antarctic bullhead (Notothenia coriiceps)
exposed to heat killed bacteria or polyinosinic:polycytidylic acid (poly I:C) revealed an inverse
response in the main KEGG pathways identified in the liver, namely antigen processing and
presentation and bacterial ligand exposure (Ahn et al., 2016). Other studies taking a candidate
gene approach revealed that exposure of N. coriiceps and N. rossii to bacterial
lipopolysaccharide (LPS), a typical pathogen associated molecular pattern (PAMP) from the
outer layer of gram-negative bacteria (Bishop, 2005), modulated iron-related immune genes
and the response was more prominent in the head-kidney than in the liver (Martinez et al.,
2020).

The present study was designed to determine if the extreme cold environment and
unique microbial community of the Southwestern Atlantic Ocean, a) drove evolutionary
innovations at the level of the immune system in N. coriiceps and b) if this affected the tissue-
specific immune response to a bacterial endotoxin (LPS) found in the cell-wall of gram-
negative bacteria of the Enterobacteriaceae family, and abundant across the world including in
the Antarctica continent (Araya et al., 2020). LPS stimulates host innate immunity in vertebrates
(including fish) through toll-like receptor (TLRs) activation, cytokines and acute phase proteins
(Swain et al., 2008). In the present study, the transcriptional response to LPS was analysed in

the principal hematopoietic organ, the head-kidney, and two mucosal-associated lymphoid
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tissues, the skin and intestine and the activity of serum enzymes associated with innate

immunity were also analyzed.

3.3. Methods

3.3.1. Fish capture and maintenance

Fish collection and experimental protocols were approved by the Portuguese
Environmental Agency, under the regulations set by the Treaty of Madrid for scientific
investigation in Antarctica. The experiments performed complied with European Union and

Portuguese regulations for animal experimentation.

Notothenia coriiceps, (30 + 0.53 cm of total length and 384.4 + 20.38g of weight) were
captured by boat using a hook-and-line from a depth of 10 to 20 m in the waters near the Great
Wall Station, King George Island in the Antarctic Peninsula (GPS coordinates: 62°13'S,
58°58'W) during the Antarctic summer (January and February) of 2017. Fish were kept on
board in well oxygenated cold water and then transferred to the facilities on land where they
were maintained in a flow-through seawater circuit in 200 L tanks for at least 3 days before the
experiment. The water was continuously pumped from the ocean and tanks were monitored
three times a day (7.00h, 14.00h and 21.00h) for water temperature (2.0 = 0.8 °C), salinity (28
+ 0.2 ppt) and oxygen (11 +2 mg/L).

Fish were fed daily with a mixture of limpets, amphipods and fish muscle.

3.3.2. Immune challenge experiments

Upon the acclimation period fish were lightly anesthetized in 2-phenoxyethanol (0.02
mL/L, Sigma-Aldrich, Spain) weighed and tagged with opercular marks. A small blood sample
was removed from the caudal vasculature using a heparinised 1-ml Syringe fitted with a 23G
needle. The control fish were returned to the tank while the sham (the saline injected control)
fish received intraperitoneal (i.p.) injections of 0.2% v/w of 1.1% NaCl, and the LPS-injected
treatment fish received 0.2% v/w of 1.5 mg/mL E. coli LPS 0111:B4 (L2630, Sigma-Aldrich)
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in 1.1% NaCl. Fish were thus allocated in three experimental tanks (n=7 per tank)
corresponding to, i) the non-injected control (n = 7), ii) the saline injected sham control (n =7)
and iii) the LPS-injected treatment at 3 mg/Kg (n = 7). A second injection was administered
in the sham control and the LPS-treatment 48 hours later, following the process and amounts
described above. The control group was not disturbed Five days after the second injection (day
7 of the experiment), fish were anaesthetized, and blood collected by caudal puncture before
sacrificing the fish by cervical section and disruption of the CNS. The head-kidney, skin, and
anterior intestine (duodenum region) were dissected out and stored in RNA later (Sigma-
Aldrich). Two fish died in the LPS treated group and no mortality was observed in any of the

other groups.

3.3.3. Biochemical parameters

Blood was centrifuged at 10,000 g for 5 minutes at 4°C immediately after collection and
plasma was removed and frozen at -80°C until analysis. All the samples collected in each group

were analysed (n = 5 for LPS, n = 7 for the sham controls and n = 7 non-injected control).

3.3.3.1. Total Plasma Protein

Total plasma protein was measured using a Quick Start™ Bradford Protein assay kit
(Bio-Rad, Portugal) adapted for a 96-well plate (Bradford, 1976). Measurements were
performed at 590 nm at a constant temperature (25°C) in a spectrophotometer (Microplate
reader Benchmark, Bio-Rad, USA).

3.3.3.2. Lysozyme activity

The lysozyme activity in blood plasma was measured using a turbidimetric method
(Ellis, 1990). In brief, 130 pl of lyophilized Micrococcus luteus cells (0.6 mg/mL in 0.05 M
sodium phosphate buffer, pH 6.2, Sigma-Aldrich) were mixed with 20 pl of plasma in a flat
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bottomed 96 well-plate. For the standard curve, hen egg white lysozyme (Sigma-Aldrich) was
used, and the blank contained 150 pl of sodium phosphate buffer (Sigma-Aldrich). The reaction
was incubated for 10 minutes at 25 °C and the absorbance was measured at 450 nm in a

spectrophotometer (Microplate reader Benchmark, Bio-Rad).

3.3.3.3. Antitrypsin activity

The antitrypsin assay measures total antiprotease activity and is based on the method of
Ellis (Ellis, 2001). The assay was performed in duplicate reactions at room temperature (21°C).
In the optimized protocol 20 ul of trypsin from porcine pancreas (5 mg/mL water, Sigma-
Aldrich) was mixed with 10 pL of N. coriiceps plasma for 10 minutes followed by the addition
of 200 pL of 0.1 M phosphate buffer pH 7.0 and 250 pL of 2% Azocasein (A-2765, Sigma-
Aldrich). The reaction was incubated for 1 hour at 21°C and 500 pL of 10% trichloroacetic acid
(Sigma-Aldrich) was added, followed by incubation for 30 minutes at room temperature (21°C)
and centrifugation at 10,000 g for 10 minutes. The supernatant (100 pL) was added in duplicate
to a 96-well plate followed by 100 pL sodium hydroxide (1N, NaOH, VWR, Spain). A blank
reaction was prepared with NaOH (100 pl) and phosphate buffer (100 ul, VWR). Reaction
products were measured at 450 nm in a spectrophotometer (Microplate reader Benchmark, Bio-
Rad).

3.3.3.4. Plasma Cortisol

Plasma cortisol was measured using an in-house radioimmunoassay (RIA) as previously
described (Guerreiro et al., 2006; Rotllant et al., 2005). Briefly, N. coriiceps plasma samples
were diluted in phosphate buffer with 0.5g/L gelatine (VWR), pH 7.6 and heat denatured at
70°C for 30 minutes, centrifuged (10.000 g for 10 minutes at 4°C) and the supernatant used for
the assays. The antisera used for the RIA was rabbit anti-cortisol-20 CR50 (Fitzgerald, USA).
The diluted samples (1:20 in 500 pl gelatine buffer) in duplicate were incubated overnight with
the cortisol antisera and [1,2,6,7-3H(N)] cortisol radiotracer (PerkinElmer, USA) in a final

volume of 100 pl.
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3.3.3.5. Statistical analysis

Data is expressed as mean + sem. Differences in biochemical parameters between the
control, sham and LPS-treated groups were analysed by one-way analysis of variance
(ANOVA) followed by the Helm-Sidak post hoc test using SigmaPlot v12.5. Graphs were
generated using GraphPrism v6.01. The threshold for significance was set at p < 0.05

(Supplementary figure 3.1).

3.3.4. RNA Extraction, construction of cDNA libraries and next-generation sequencing

Total RNA was extracted from ~25 mg of the head-kidney, skin and duodenum of 5
specimens of N. coriiceps per experimental group using an E.Z.N.A. Total RNA Kit I (Omega
Bio-Tek, USA) and treated with RNase-free DNase | (Omega Bio-Tek) to remove any
contaminating genomic DNA. The RNA integrity and quality were evaluated by electrophoresis
on a 1% agarose gel and using spectrophotometers Nanodrop One (Thermofisher, Spain) and
Qubit (Invitrogen, USA). Poly (A)+ messenger RNA (MRNA) was purified using a DynaBeads
mRNA Purification Kit (Life Technologies, Carlsbad, CA) and prepared 45 paired-end
complementary DNA (cDNA) libraries (with an insert size of 250 base pairs (bp) using a
VAHTS stranded mRNA-seq Library Prep Kit from Illumina following the manufacturer’s
protocol. Quality control analysis of the constructed library was performed using an Agilent
Bioanalyzer DNA 1000 Kit (Agilent, #5067-1504). All libraries were sequenced using an
[llumina Hiseq X Ten by Vazyme Biotech Co., Ltd, China.

Quality control and editing of raw reads to trim adapter sequences and low quality bases
was performed using Trimgalore wrapper script v0.4.5 (Krueger, 2015) and output FastQC
quality reports were obtained (Andrews, 2015). Mitochondrial and ribosomal reads were
removed by aligning reads (BLASTN) against the Notothenia coriiceps mitochondrial genome
(accession number NC_015653.1) and by identification of ribosomal gene products using
Bowtie2 v2.3.4 (Langmead et al., 2009). De novo assembly of all reads was performed in
Trinity v2.5.1 with the “-normalize reads” parameter defined (Haas et al., 2013), and the

reference transcriptome obtained was used to map reads using the RSEM package v1.3.1 (Li et
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al., 2009) followed by differential expression analysis using the EdgeR package v3.14.0
(Robinson et al., 2009) (summary data in Supplementary table 3.1).

3.3.5. Functional annotation of genes and pathways

Functional annotation was performed using the Trinotate v3.1.1 pipeline (Bryant et al.,
2017) and integrated into an SQL.ite database v3.34.0 to allow fast efficient searching for terms
with biological meaning. Annotations were based on the best deduced open reading frame
(ORF) obtained with Transdecoder v1.03 (Smith-Unna et al., 2016). The UniProtKB/Swiss-
Prot/EMBL Uniprot eggNOG databases (Bateman et al., 2017) were queried using BlastX and
BlastP v2.7.1 for all contigs and ORF, respectively (e-value cut-off of 1e—5). The ORFs were
also queried against PFAM using hmmscan in HMMER v3.1b2 (Finn et al., 2011).

Further functional annotations to identify signal peptides (signalP) (Emanuelsson et al.,
2007), transmembrane regions (tmHMM) (Krogh et al., 2001) and for comparison to currently
curated public annotation database (EMBL Uniprot eggnog/GO pathways) were implemented
with a threshold FDR < 0.05. Gene Ontology (GO) analysis was obtained with the Trinotate
pipeline procedures, initially with GO assignment of transcripts followed by enrichment
analysis. GO terms were summarized by REVIGO (Supek et al., 2011), which removed
redundant GO terms based on semantic similarity and graphical outputs were represented in
Rstudio v1.0143 with a threshold set at FDR < 0.05. Additionally, a Fisher’s exact test was
applied to detect significantly only over/under-represented immune-related GO terms in the
global transcriptome (FDR < 0.05). Pathway enrichment analysis of the differentially expressed
genes was carried out using the Kyoto Encyclopedia of Genes and Genomes (KEGG) orthologs
(KO) database to create KEGG pathways maps (Kanehisa et al., 2021) by KOBAS software
that used the Fisher’s exact test as statistical method and FDR correction method of Benjamini
and Hochberg (1995) (Bu et al., 2021).

3.3.6. Differential expression and Heatmap analyses

Differential gene expression (DGE) analysis was established using pairwise
comparisons of the three treatment groups (non-injected control, sham and LPS) and the three
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different tissues, head-kidney, duodenum, and skin. The cut-off threshold for significance was
set at 0.05% FDR to obtain a strict selection of genes responding to handling during LPS
injection and to endotoxin exposure. A total of 298 million paired-end (PE) raw transcriptome
reads were generated from the RNA-seq analysis of the 45 libraries prepared from the head-
kidney (Hk_1 to Hk_5), duodenum (Du_1 to Du_5) and skin (Sk_1 to Sk_5) from the non-
injected control (C1-C5, n = 5 libraries/ tissue) sham control (S1-S5, n = 5 libraries/ tissues)
and LPS-treatment (L1-L5, n =5 libraries/tissue). Index and adapter sequences were trimmed
using Trimmomatic (version 0.4.4 dev) and low quality bases were trimmed with cutadapt 1.15
in Python 2.7.11 (Bolger et al., 2014). TransRate software (version 1.0.3) was used for quality
filtering and for optimization of the assembly in the absence of a reference genome (Smith-
Unnaet al., 2016).

A heatmap of DEGs was generated with the heatmap package from RStudio software
v1.0.143 to facilitate visualization of the magnitude of the response of the head-kidney,
duodenum and skin from N. coriiceps challenged with LPS. Analysis was performed between
replicates of the same group and between treatment groups (control, sham and LPS) for each

tissue 7-days post-challenge with LPS. The significance threshold was set at FDR < 0.05.

3.4. Results

3.4.1. Blood plasma biochemistry

Plasma protein, plasma total antiprotease activity, plasma lysozyme activity and plasma
cortisol levels were not significantly different between any of the treatment groups after 7 days
of experiment (Supplementary figure 3.1).

3.4.2. Characteristics of the head-kidney, duodenum, and skin reference

transcriptomes

The 45 cDNA libraries generated 1,112 Mbp which assembled in 428,793 contigs with
a N50 of 643 bp (Supplementary table 3.1). Tissue specific assemblies generated 51,506
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contigs for the head-kidney, 58,916 for the duodenum and 66,329 for the skin, 18% of which
were automatically annotated (Table 3.1). The contigs from the three immune tissues were
annotated using UniProtKB/Swiss-Prot databases and resulted in 18% contig annotation. To
increase the percentage of annotation the DEGs were manually annotated by interrogating the
genomes of Notothenioidei (N. coriiceps, Trematomus bernacchii, Pseudochaenichthys
georgianus, Gymnodraco acuticeps, Dissostichus mawsoni and Cottoperca gobio) available
from the NCBI database (updated in 2020). After manual annotation, the overall annotation rate
of DEGs was approximately 61% for the head-kidney, 57% for the duodenum and 66% for the
skin (Table 3.1). One sample (L5) from the head-kidney of LPS challenge group had a lower
number of reads and did not pass the FastQC parameters, hence and was excluded from the

analysis.

Table 3.1. Transcriptome dataset annotation. Number of genes annotated in each immune tissue
(head-kidney, duodenum, and skin) and the percentage (%) of annotation obtained using the different
databases.

| Number | ~ %
Annotation to different databases:
Genes with BlastX hit to SwissProt 77194 18
Genes with BlastP hit to SwissProt 47577 11
Genes with EGGNOG database 64582 15
Genes with KEGG database 65496 15
Annotated 498095 18
Non-annotated 378898 88
Treatment groups Control versus Sham Sham versus LPS

Number ~ % Number ~ %

Total number of DE genes 329 0.08 401 0.1
Head-kidney 178 54 150 37
Duodenum 138 42 204 51
Skin 13 4 47 12
Summary of annotation of DE genes manually (NCBI):
Annotation of DE genes
Head-kidney 113 63 89 59
Duodenum 71 51 126 62
Skin 10 77 26 55
Annotation to known or predicted proteins
Head-kidney 75 66 55 62
Duodenum 55 77 92 73
Skin 2 20 17 65
Annotation to hypothetical'uncharacterized proteins
Head-kidney 23 20 18 20
Duodenum 13 18 23 18
Skin 1 10 5 19
Mapping to non-annotated genes
Head-kidney 65 37 61 41
Duodenum 67 49 78 38
Skin 3 23 21 45

3.4.3. Immune related gene transcripts in head-kidney, duodenum, and skin transcriptomes
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Of the GO terms within BP function, 360 genes were identified of which 46 (FDR <
0.05) were mostly related with the interleukin-6 response (Figure 3.1 A, Supplementary table
3.2). In MF, 43 genes were identified, and 29 enriched genes were linked to the interleukin-12
beta subunit binding (Figure 3.1 B, Table 3.2) and for the CC category, a total of 9 genes were
identified of which 5 were related to the interleukin-6 receptor complex (Figure 3.1 C,
Supplementary table 3.2). Other immune elements with an FDR > 0.05 were identified to have
a better comprehension of the N. coriiceps immunome in the three tissue transcriptomes are

listed in Supplementary table 3.3
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Table 3.2. Differentially expressed genes (DEGs) in A-B) head-kidney, C-D) duodenum and E-F) skin transcriptomes between sham and LPS treated
groups. Up- (A, C, E) and down- regulated (B, D, F) DEGs (FDR < 0.05). The DEGs involved in immune processes are indicated with a “x” symbol.

a) DEGs up-regulated in head-kidney (Sham versus LPS)

TRINITY sample logEC Pvalue FDR UniProtkE ID Gene definition Gene svimbol Organisim Imimune system
TRINITY DN134805 c3_g6 1.11E+14 6.82E-36 3.52E-31 QUY644 RFNG O-fucosylpeptide 3-beta-N-acetylglicosaminyitransferase ifhg Homo sapiens
TRINITY _DNI158576_cl_g3 891E+14 518E-19 1,33E-14 N'A Zine-binding protein A33-like za33l Gymonodraco acuficeps
TRINITY_DN159230_c9 =2 8.51E+14 4.20E-10 Q9Y4D1 Dishevelled-associated activator of morphegenesis 1 daaml Homo sapiens
TRINITY DN141612_c4_g1 1.00E+14 7.02E-07 Q8WV35 Leucine rich repeat containing 29 Irre29 Homo sapiens
TRINITY_DN155301_¢c3_g7 7.86E+14 2.7T4E-06 QBZSI9 Protein shisa-6 shisafi Homo sapiens
TRINITY DN151653_c3_g2 5.01E+14 1,13E-08 3.06E-05 P19474 E3 ubiquitin-protein ligase TRIM21 trim21 Homo sapiens
TRINITY DNI157441_c2 g1 T.81E+14 6.20E-08 1.45E-04 Q14789 Golgin subfanily B member 1 golghl Homo sapiens
TRINITY_DNI116076_c0_gl 7.34E+14 1.21E-07 2.40E-04 P22897 Macrophage mannose receptor 1 mrel Homo sapiens
TRINITY_DN142659 c1_g6 8.40E+14 3.08E-07 5.43E-04 ASMUF2 Methyltransferase-like protein 12, mitochondrial cskmt Homo sapiens
TRINITY DN143190 ¢3 g4 6.94E+14 154E-06 2.04E-03 QBN3J9 Zinc finger protein 664 znftied Homo sapiens
TRINITY DN151479 c4 gl 6.77E+14 3 46E-06 3.76E-03 QB6XP1 Diacylglycerol kinase eta dgkh Homo sapiens
TRINITY DNI156831_c2_gl 446E+14 3.49E-06 3.76E-03 QG6FJ21 SPRY domain-containing SOCS box protein 3 spsb3 Homo sapiens
TRINITY_DN158003_cl_g3 TASE+14 592E-06 3.65E-03 N/A Pyrin-like mefy Notothenia coriiceps
TRINITY DN163380 cl_gl 8.84E+14 7.84E06 6.74E-03 QEND71 GTPase IMAP family member 8 gimap8 Homo sapiens
TRINITY DN159360 c4 g1 9.78E+14 1,14E-05 8.62E-03 FIRAWS Shootin 3 shm3 Danio revio
TRINITY_DN163488 ¢5_g4 6,75E+14 1,39E-05 9.93E-03 QEUXFT Family with sequence similarity 151 member B Samlilb Homo sapiens
TRINITY_DNI141366_cl_g4 7T.30E+14 1.66E-05 1.08E-02 Q14699 Rafilin rfinl Homo sapiens
TRINITY_DN157950_c4_g1 403E+14 1.78E-05 1.13E-02 Q8WUY9 DEP domain containing 1B depdclb Homo sapiens
TRINITY DN142629 ¢2 g4 6.75E+14 198E-035 1,20E-02 QENBFT Proprotein convertase subtilisin kexin type 9 peskd Homo sapiens
TRINITY _DN163764 cl3 g2 7.25E+14 2.36E-05 1,36E-02 P30454 Serpin peptidase inhibitor, clade H (heat shock protein 47), member la  serpinhl Home sapiens
TRINITY DN155452_¢2_gl T.29E+14 2.62E-05 1.45E-02 Q99707 Methicnine synthase mir Homo sapiens
TRINITY DN156455 c6_g5 6.62E+14 3.14E-05 1.63E-02 QTZTLY Zinc finger and SCAN domain-containing protein 2 zsean? Homo sapiens
TRINITY DN141843 c3 g3 6.49E+14 341E-05 1.,69E-02 Q9Y2GS Dmnal (Hsp40) homolog. subfamily C, member 16 dnajcl6 Homo sapiens
TRINITY DN137183 c4 g1 8.19E+14 35,60E-03 2.63E-02 QBWWRS Sialidase 4 neud Homo sapiens
TRINITY_DN154786_c2_g2 6.58E+14 597E-05 2, 75E-02 QOBZV3 Interphotoreceptor matrix proteoglycan 2 impgl Homo sapiens
TRINITY_DN122607_c0_gl T.94E+14 6.24E-05 2.85E-02 QOUNV96 Cell cycle control protemn 50A-like tmem3la Homo sapiens
TRINITY DN142874 c0_gl T.16E+14 732E-05 3.08E-02 QOUFN3 Microtubule-actin cross-linking factor 1 macfl Homo sapiens
TRINITY DIN139422 cQ_g3 6.95E+14 7.33E-03 3.08E-02 QUBZPS Acidic mammalian chitinase chia Homo sapiens
TRINITY DN163725_¢2_g3 6.41E+14 748E-05 3.09E-02 QONS28 Regulater of G protein signaling 18 rgslé Homo sapiens
TRINITY_DN159639_c0_g1 8.38E+14 T797E-05 3.19E-02 Q01130 Serine and arginine rich splicing factor 2a sraf2 Homo sapiens
TRINITY DN141172 c4 gl T.03E+14 857E-05 3.30E-02 P78325 ADAM metallopeptidase domain 8b adamSh Homo sapiens
TRINITY DIN144517 c¢5_g2 8.25E+14 9.73E-03 3.66E-02 QUY3Z3 SAM domain and HD domain 1 samhdl Homo sapiens
TRINITY DN151930 c0_g3 1,05E+14 1,20E-04 4,38E-02 P78310 Coxsackievirus and adenovirus receptor cxadr Homo sapiens
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TRINITY sample logEC Pvalue FDR UniProtkB ID Gene definition Gene svimbol Organisim Imumune system
TRINITY DN153367 cd gl -8, 74E+14 1.86E-17 3.21E-13 ADAI1S3L397 Nuclear factor 7. brain-like nf7bl Salmo salar
TRINITY DN151056 ¢2 gl -5,5TE+14 6,06E-13 447E-09 NVA N-acetylmuramoyl-L-alanine amidase pehapl Notothenia coriiceps =
TRINITY_DN157841_c3 gl -1L44E+14 2.69E-11 1.54E-07 QTRTR2 NLR family CAFD domain-containing protein 3 nlre3 Homo sapiens
TRINITY_DN156139_c0_g1 -1.O7E+14 3.74E-10 1.38E-06 P17213 Bactericidal permeability-increasing protein bpi Homa sapiens
TRINITY_DN163223_c0_g1 -6.82E+14  1.24E-09 3,99E-06 P04406 Glyeeraldehyde-3-phosphate dehydrogenase gapdh Homo sapiens
TRINITY _DN112255_c0_gl -1.75E+14 1.67E-06 2.15E-03 P51649 Aldehyde dehydrogenase 5 family. member Al aldhial Homo sapiens
TRINITY_DN142663_cl_gl -3.86E+14 2.06E-06 2.56E-03 N/A Peptidoglycan-recognition protein I B-like perp-Ibl Notothenia coriiceps =
TRINITY _DIN148291_c0_g2 -2.18E+14 2.09E-06 2.56E-03 P62241 408 ribesomal protein 5§ s Homo sapiens
TRINITY_DN145147_c0_g2 -8.53E+14 35.03E-06 5.08E-03 Q9UG22 GTPase IMAP family member 2 gimap? Homo sapiens
TRINITY_DN162708_c0_g2 -334E+14 TATE-06 6,60E-03 095398 Eap guanine nuclectide exchange factor (GEF) 3 rapgef3 Homo sapiens
TRINITY DN155336 ¢2 gl -294E+14 1,23E-05 9.J7E-03 Q33G44 Interferon-induced protein 44-like ifid4l Homo sapiens
TRINITY_DN159517 c4 g4 -T37TE+14 1 46E05 9.95E-03 QUNQ23 SLAM family member 7 slamf7 Homo sapiens
TRINITY _DN149357 4 g1 -3,80E+14 1.48E-05 0.93E-03 N/A Galactose-specific lectin nattectin-like Igals3l Notothenia coriiceps
TRINITY DN163005_c6_ g2 -T2TE+14 1,74E-05 1,12E-02 Q16602 Calcitonin gene-related peptide type 1 receptor-like calerl Homo sapiens
TRINITY_DN140144 c4 =1 -4 14E+14 2.04E-05 1.22E-02 Q&IMWT Parvalbumin 4 pvalb4 Home sapiens
TRINITY_DN157015_c0 g1 -799E+14 2,23E-05 1.31E-02 QENHV1 GTPase IMAP fanuly member 7 gimap7 Homo sapiens
TRINITY_DIN112248 c0_g1 -8.11E+14 2.26E-05 1.31E-02 Q14156 EFR3 homolog A efi-da Homa sapiens
TRINITY_DN162337_c2 g1 -T.18E+14 2.73E-05 1.51E-02 Q38EX7 Puratrophin-1 plekhgd Homa sapiens
TRINITY _DIN143420_c2 g1 -243E+14 3.04E-05 1.60E-02 060462 Neuropilin 2 mp2 Homo sapiens =
TRINITY_DN175530_c0_g1 -321E+14 5.97E-05 2,75E-02 QO69X5 Endeplasmic reticulum-gelgi intermediate compartment 1 ergicl Homa sapiens
TRINITY_DN143073_c3_ g2 -6,93E+14 6,62E-05 2,96E-02 P34981 Thyrotropin-releasing hormene receptor a thrh Homo sapiens
TRINITY _DN136770_c3_gl -6.87E+14 1.32E-04 4.65E-02 P16035 Metalloproteinase inhibitor 2-like timp2 Homo sapiens
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c) DEGs up-regulated in duodenum (Sham versus LPS)

TRINITY sample logFC Pvalue FDR  UniProtKB ID Gene definition Gene symhbol Organism Immune system

TRINITY_DN131616_¢2_g1  1.08E+14 390E-10 4.97E-06 060928 Potassiun inwardly rectifying channel subfamily J member 1b kenjl3 Home sapiens

TRINITY DN148016 c1_g3 8.33E+14 558E08 2.19E-04 Q353G44 Interferon-induced protein 44-like ifid4l Homo sapiens =
TRINITY DN149976 ¢3 gl  3.36E+14 234E07 7.24E04 P68133 Actin_ alpha skeletal nmscle actal Homo sapiens

TRINITY DN152124 ¢5 g2 9.15E+14 B41E07 L1.71E-03 Q9BQ24 Zinc finger, FYVE domain contaming 21 zfivell Homo sapiens
TRINITY_DN122607_c0_gl  7.06E+14 1.18E-06 2.17E-03 QINV96 Cell cycle control protein 50A tmem30a Homo sapiens =
TRINITY_DN140296 3 g2  9.13E+14 136E-06 243E-03 P03217 Chymotrypsin-like elastase family member 24 celala Homo sapiens
TRINITY_DN162270_c2_g4 7.66E+14 1.78E-06 2.84E-03 Q9HCM9 Tripartite motif-containing protein 39 trim39 Homo sapiens
TRINITY DN142397 ed4 g1 1.11E+14 3.18E06 3.83E-03 P14222 Perforin-1 prfl Homo sapiens =
TRINITY _DN138331 _¢l_g2  8.88E+14 4.78E-06 4.85E-03 Q7Z2Y8 Interferon-induced very large GTPase 1 gvinpl Home sapiens
TRINITY_DN134075_c7_g7 8.73E+14 6.71E-06 599E-03 Q6UXBO Protein FAM131A SJamlila Homo sapiens
TRINITY_DN137183_e4 g1  220E+14 2 39E06 6.77E-03 QEWWRS Sialidase-4 neud Homo sapiens

TRINITY DN133528 c0 g2 9.89E+14 994E06 7.91E-03 P07478 Trypsin-2 prss2 Homeo sapiens

TRINITY DN153528 c0_g3 9.66E+14 1.21E-05 9.00E-03 P35030 Trypsin-3 prss3 Homo sapiens =
TRINITY DN130459 ed4 g3 722E+14 1.52E05 1.01E-02 Q13368 MAGUEK p35 subfamily member 3 mpp3 Homo sapiens

TRINITY DN130742 c0 g2 8.32E+14 1.38E05 1.11E-02 P1733% Chymotrypsin A ctrbl Homeo sapiens

TRINITY DN154899 ¢3 g1 8.19E+14 1.89E05 1.22E02 FIQTA4 FinTRIM family, member 16 Sfirleé Danio rerio

TRINITY DN160991 ¢2 g2 9.70E+14 238E05 1.40E-02 QTTSTO Butyrophilin-like protein 1 bmll Mus musculus =
TRINITY _DN161643_c0 g1  7.82E+14 348E05 1.83E-02 Q16760 Dhacylglycercl kinase delta dghed Homo sapiens

TRINITY DN133528 0 gl 9.09E+14 4.11E-05 2.03E-02 P0O7477 Trypsin 1 prssl Homo sapiens

TRINITY DNI163678 ¢2 g1  6.90E+14 4.48E-05 2.15E-02 P19474 E3 ubiquitin-protein ligase TRIM21 trim2l Homeo sapiens =
TRINITY_DN151930_¢0_g3  936E+14 536E-05 245E-02 PO1833 Polymeric imnmnoglobulin receptor pigr Homo sapiens
TRINITY DN151159 ¢l g2 348E+14 6.02E-05 2.61E-02 P78310 Coxsackievims and adenovirus receptor homolog cxadr Homo sapiens =
TRINITY_DN130181_¢2_gl  7.00E+14 6.43E-05 2.67E-02 Q9Y572 Feceptor-interacting serme-threonine kinase 3 ripk3 Homo sapiens
TRINITY_DN122607_c1_gl  3.18E+14 T7.34E-05 2.79E-02 AOZSES Transmembrane protein 30C tmem330cp Homo sapiens

TRINITY_DN143028 ¢5_gl  7.38E+14 T791E-05 290E-02 000115 Deoxyribonuclease-2-alpha dnasel Homo sapiens

TRINITY DN161264 ¢2 g2 6.77E+14 T7.93E-05 2.90E-02 P15086 Carboxypeptidase B-like cpbl Homo sapiens
TRINITY_DN135042_c1_g@ 7.34E+14 B.06E-05 293E-02 QYNFI3 Acyl-CoA thioesterase 13 acotl 3 Homo sapiens

TRINITY DN134496 ¢l g2 6.70E+14 & 357E05 3.10E-02 Q4GOMI Erythroferrone erfe Homo sapiens
TRINITY_DN132678_¢l_g1  2.79E+14 929E-05 330E-02 QILXI7 Type [ cytekeratin, enveloping layer, like eyl Danio rervie

TRINITY DN134620 ¢l g2 939E+14 1.01E04 347E-02 ETFOXO0 High choriolytic enzyme 1-like heall2 Danio rerio

TRINITY DN145863 c0 g1  8,09E+14 107E04 3.58E-02 P19835 Carboxyl ester lipase, tandem duplicate 1 cell Homeo sapiens
TRINITY_DN123020_c0_gl  9.47E+14 1.13E-04 3.68E-02 Q9UNI1 Chymotrypsin-like elastase family. member 1 celal Homo sapiens

TRINITY DN131342 0 gl  6.88E+14 1.52E-04 4.50E-02 P21128 Endonuclease, polyU-specific endou Homo sapiens

TEINITY DN163340 ¢l 21 8.25E+14 1.62E04 4.71E-02 QIQL34 Mpvl7-like protein mpvl7l Homo sapiens
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TRINITY sample logFC Pvalue FDE  UniProfkB ID Gene definifion Gene symbaol Organism Immune system
TRINITY_DM152521_c2_z4 -8.24E+134 627E-10 620E-06 QOUGV2 Protein NDRIG3 ndrg3 Homo sapiens
TRINITY_LCRM140050_c2_g1  -8.135E+14 L17E-09 9.90E-D6 P100Z1 Peptidyiztyrine alpha-amidsting monooxygenase pam Home sapiens
TRINITY_LCM150842 c3_g5 -7.18E+14 3.79E-08 1.73E-04 P40180 Interieukin-§ receptor subumit beta g Home sapiens =
TRINITY_DM163716_c15_z1 -4.16E+14 128E-07 4.72E-04 QOYSR4 Mitogen-activated protein kinsse kinsse kinsse kinase 4 map ks Homo sapiens
TRINITY _DN147164_cd 21 -100E+14 161E-07 5.60E-4 Q50732 Trichohyalin-like tehhill Homo sapiens
TRINITY_LC40234_c0_z1  -8.07E+14 282E-0 21E-04 POTSES Decorin den Home sapiens
TRINITY_DM156139_cd g1 -9.11E+14 9.19E-O P17213 Bactericids]l penmeability-inmeasing protein bpi Home sapiens =
TRINITY_DR160464_cl_g2 -1,10E+14 9.57E-07 ADAISIQYNS  Ladderectinlike n'a Salmo salar
TRINITY_LCHM157841_c3_gl -T.61E+14 1A4TE-06 2.52 POIT4E Conplement component 9 o Home sapiens =
TRINITY_C115603_cd_gl -1.04E+14 225E-06 P55212 Caspase §, apoptosis-related cysteine pepridase carpd Home sapiens
TRINITY_DR143935_c5_g2? -6,03E+14 3.12E-06 QTRTR2 HLE family CARD domsin-contsining protein 3 nire3 Homo sapiens =
TRINITY _C146963 c5_g1 -7,74E+14 3. T0E-06 043301 Heat shock protein 124 hspaila Homo sapiens
TRINITY_C161763_cl_g3 -4.87E+14 3.80E-06 3 P6E032 Actin zlpha cardiac acrel Home sapiens
TRINITY_DRM138887 2 o6 -852E+14 4.23E-06 P11511 Cytochrome P450, family 19, subfamily A polypeptide 1b aplfal Homo sapiens
TRINITY _DMI50838_c5_zl -737E+14 441E-06 QOBRQ3 Fudix (mcleoside diphosphate linked moiety X)-fype motif 22 nudt22 Homo sapiens
TRINITY_LHM151358_c2_g8 -4.01E+14 5.86E-06 043736 Inregral membrane protein 24 imla Home sapiens =
TRINITY_L125541_c0_gl -7.50E+14 6.06E-06 P35326 Small proline-rich protein 242 sprrla Home sapiens
TRINITY_DR161095_cl_sz4 -464E+14 6,15E-06 P63008 Calcinewin subwmit B type 1 popirl Homo sapiens
TRINITY _C156110 c5_g4 -5,87E+14 6.22E-06 QENKERO Interferon-indncible GTPase 5 irge Home sapiens
TRINITY_LCHM151839_c2_g1 -7.28E+14 46.30E-06 3 QINVEE Pyridonznnine 5-phosphate oxdase PRpo Home sapiens
TRINITY_DRM145008_c4 27 -447E+14 7.60E-06 3 QSIEWS STEc_SGE domsin-contsining protein n'a Homo sapiens
TRINITY_DR136140_c0 =1 -4 36E+14 108E-05 3 PORIS3 72 kDa type IV collagensse mmp2 Homo sapiens =
TRINITY_C156123_cl_gl -6,80E+14 1.12E-05 QIBIWE Tamural killer cell recepror 2B4 cdl44 Home sapiens =
TRINITY _C115615_o) g1 -726E+14 138E-05 QL5063 Peripstin, osteoblast specific factor, menscrips variant 1 posim Homo sapiens

-T41E+14 184E-05 2 POSTET Eerztin, type I oytoskeleml & 8 Home sapiens

-5,12E+14 190E-05 @ QUHEYS Senm/shicocorticoid regulated kinase 2 sgk? Homo sapiens

-4 50E+14 225E-05 PO2452 Collagen, type I, alpha 1a collal Homo sapiens
TRINITY _LCRM162540_c4_gl -2.68E+14 2.29E-05 Q16453 Myelin-oligodendrocyte glycoprotein mog Home sapiens
TEINITY_LRM138001_cl_g3 -8.13E+14 234E-05 Q&P121 SPEY domain-contaming SO0CS box protein 3 spzb3 Home sapiens
TRINITY_DM147141_c2_zl -7.88E+14 2,57E-05 QOHAQ? Einasin family member 9 K9 Homo sapiens
TRINITY LCM142605 cl_g4 -641E+14 2.71E-05 QBEWIH3 Protein 519 binding protein 1 rpziShpl Home sapiens
TRINITY_C161763_cl_gl -5, 71E+14 2.74E-05 NA Actin zlpha skelstsl mmscle 3-like act3l Notothenia coriicaps
TRINITY_DRM147251_c0 =1  -581E+14 334E-05 PO2452 Collagen slphs-1(T) chain collal Homo sapiens
TRINITY_DCM151130 2 g1 -410E+14 386E-05 P&OT00 Actin beta acth Homo sapiens
TRINITY_CM6238_cl_gl -3.0E+14 4.07E-05 POI3H Insulin-like growth factor 2 igf? Home sapiens
TRINITY_L141023_cd_g3  -5,14E+14 449E-05 P51911 Calponin 1, basic, smooth musde, b il Home sapiens
TRINITY_DM143098_c4_z1 -7.53E+14 526E-05 P11226 Lectin mannose-binding 2 mbi2 Homo sapiens =
TRINITY _LCMI28749_c)_gl -595E+14 327E-05 P12109 Collagen alpha-1(VT) chain coldal Home sapiens
TRINITY_CMP3353_cl_g1  -7.56E+14 3527E-05 P1O113 Histidine decarbonrylase hddc Home sapiens
TRINITY_DRS2606_c0 =1  -294E+14 58TE-05 POO3E2 Beta-galacioside-binding lactin Igais] Homo sapiens
TEINITY _D153540 c4 #1 -9.78E+14 589E-05 QANUISS Adaptor related protein comples 5 submit sizma 1 aplzl Homo sapiens
TRINITY_LCM130165_cl_gl -337E+14 598E-05 Qa1a835 Transgelin tagin Home sapiens
TRINITY_DRI50906_c5_s? -679E+14 6.27E-05 7 QEeas3 SH3-domain GRE2-like 3a shiglia Homo sapiens
TRINITY_DRM153288_c0 =1 -417E+14 6.3TE-05 QEWVVS Butyrophilin subfmily 2 member A7 bm2al Homo sapiens =
TRINITY_LCM153065_c2_g? -297E+14 4.63E-05 PLEE4T Activating transcription factor 3 apd Home sapiens
TRINITY_L137049_cl_gl -6,75E+14 T.03E-05 QOHCIS E3 SUMO-protein lizaze K14 A1586 Haal385 Home sapiens
TRINITY_DR157126 2 g6 -868E+14 7.24E-05 QH60NS Protein mono-ADP-ribosylirasferase PARP14 parpl4d Homo sapiens
TRINITY _CM163390 of gl -894E+14 T30E-05 QTZXHS Froton-coupled amino acid mansporter 1 slc3tal Home sapiens
TRINITY_LCM140611_cl_g? -552E+14 8.72E-05 Q13746 Miyosin light chain kinase b mvik Home sapiens
TRINITY_DRM138114_c0 =1 -6,66E+14 935E-05 2 QEZSG1 Ring finger proten 1653 mfl63a Homo sapiens
TRINITY_DRM135986_cl g5 -3,07E+14 108E-04 2 QNP9 Toward rectifier potassivm chamnel 16 Eenjl6 Homo sapiens
TRINITY_LCHM155812_cl_gl -2.07TE+14 LO8E-04 QTZEBT SLIT-ROBO Rho GTPase activatng protein 1 grgapl Home sapiens
TRINITY_LMI48643_c5_gl -726E+14 114E-04 NiA Clamdin j n'a Gymnodrace acuticeps
TRINITY_DM149321_c3_=4 -732E+14 118E-04 QSTTH3 2 motif and ankyrin repeat domain-coniaining protein 4 eamks Homo sapiens
TRINITY _CM112248_cd_gl -74H4E+14 LI19E-04 Q14156 EFF3 homolog A afria Home sapiens
TRINITY _LCAM136512_cl0_g1 -3.58E+14 140E-04 QadIC2 FINA exomucleasa 5 raxoJ Home sapiens
TRINITY_DMI46256_c2_z3 -734E+14 143E-04 075791 GRE? related adaptor protein a erap? Homo sapiens =
TEINITY D145763 o) 21 -3 55E+14 1353E-04 2 P1ROGS Insulin-like growth factor-binding protein 2 igfhnl Homo sapiens =




e) DEGs up-regulated in skin (Sham versus LPS)
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TRINITY sample logFC Pvalue FDR UniProtKB ID Gene definition Gene symbol Organism Immune system

TRINITY DN159639 ¢0 gl B887E+14 227E-12 151E-07 U3JAS0 Serine and arginine rich splicing factor 2a srsf2a Danio rerio

TRINITY _DN150109 ¢2 g2 B8 44E+14 247E-06 9.09E-03 P07477 Cationic trypsin prssi Homo sapiens

TRINITY _DN141237 ¢0_g7 7.65E+14 827E-06 2.19E-02 Q14863 POU domain, class 6. transcription factor 1-like poutdl Hamao sapiens

TRINITY DNI137203 ¢7 g3 7.10E+14 891E-06 2.24E-02 AQAI1S3L397 Nuclear factor 7, brain-like nf7bl Salmo salar

TRINITY DN162280 ¢2 g2 326E+14 143E-05 2.63E-02 Q96A28 SLAM famuly member 9 slamf® Homo sapiens

TRINITY_DNI139257_c0_gl 4.05E+14 3.03E-05 4.51E-02 Q96C55 Zinc finger protein 524 nfi24 Homo sapiens

TRINITY _DN129892 c0_g1 3.15E+14 3 48E-05 4.92E-02 Q7Z2Y8 Interferon-induced very large GTPase 1 evinpl Hemae sapiens
f) DEGs down-regulated m skin (Sham versus LPS)

TRINITY sample logFC Pvalue FDR UniProtKB ID Gene definition Gene symbol Organism Immune system

TRINITY DN151272 ¢3 g5 -7,81E+14 174E-08 2 88E-04 N/A Cytochrome P450 2K1-like cv2kll Gymmnodraco acuticeps
TRINITY DN158576 cl1_g3 -3,94E+14 395E-08 437E-04 N/A Zinc-binding protein A33-like za33l Gymmodraco acuticeps
TRINITY _DNI143097_¢2_g4 -744E+14 1.10E-06 5.11E-03 Q13216 Excision repair cross-complementation group 8 erces Homo sapiens
TRINITY DN159712 ¢l g3 -7.06E+14 4.19E-06 146E-02 Q96P20 NACHT. LRR and PYD domains-containing protein 3 nirp3 Homo sapiens
TRINITY DN158530 c2 g1 -7,63E+14 6.29E-06 190E-02 Q6BDS2 UHRF1 binding protein 1 uhrflbpl Homo sapiens
TRINITY DN151209 c9 g1 -7.85E+14 9.13E-06 224E-02 QVRTR2 NLR famuly CARD domain-contaming protein 3 nlre3 Homo sapiens
TRINITY_DN156424 c1_g2 -8.13E+14 1.06E-05 234E-02 QSNHV1 GTPase IMAP family member 7 gimap7 Homo sapiens
TRINITY_DN149926_c4_g3 -7.68E+14 1.09E-05 2.34E-02 Q9PWM2 Homeobox B%a hxb9a Danio rerio
TRINITY DN137852 c4 g3 -8,71E+14 129E-05 2.60E-02 QIUGT4 Sushi domain containing 2 susd? Homo sapiens
TRINITY DN159613 c2 gl -7.60E+14 2.64E-05 4.08E-02 Q14258 E3 ubiquitm/ISG15 ligase TRIM25 frim25 Homo sapiens
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a) GO Biological process treemap
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b) GO Molecular function treemap

177



Chapter 3

C) GO Cellular component treemap

Figure 3.1. Immune enriched GO using DEGs between the sham and LPS groups: A) molecular function B) and C) cellular component. The tree map
was generated with all the DEGs identified by the comparison of the head-kidney, duodenum and skin transcriptomes from, sham and LPS treated fished (FDR
< 0.05). The size of the square plots represents the relative percentage of abundance (log10 p-value), and the colours represents the main processes involved.
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3.4.4. Differentially expressed genes (DEGS) in the head-kidney, duodenum and skin

3.4.4.1. DEGs in control versus sham and sham versus LPS

Pairwise comparisons of the transcriptomes of the control versus sham (C versus S)
injected fish were used to assess the potential impact on gene expression of handling stress. The
comparison yielded approximately 330 differentially expressed gene transcripts (DEGS) linked
to handling and injection. Of these 178 gene transcripts were from the head-kidney (130 up-
and 48 down-regulated, 63% annotated); 139 gene transcripts were from the duodenum (77 up-
and 61 down-regulated, 51% annotated) and 13 gene transcripts were from the skin (3 up- and
10 down-regulated, 77% annotated) (Table 3.1, Supplementary table 3.4).

Pairwise comparisons of the LPS and sham injected fish (S versus L) was used to assess
the impact of endotoxin exposure on the head-kidney, duodenum and skin. The comparison
yielded 401 DEGs, of which 150 were from the head-kidney (82 up- and 68 down-regulated,
59% annotated), 204 from the duodenum (73 up- and 131 down-regulated, 62% annotated) and
47 from the skin (17 up- and 30 down-regulated, 55% annotated) (Table 3.1 and 3.2).

3.4.5.2 Control versus sham DEGs

The most highly modified gene transcripts represented in the DEGs between the C and
S groups were zinc finger protein 184 (znfl184, up-regulated) and nuclear factor 7, brain-like
(nf7bl, down-regulated) in the head-kidney, acyl-CoA dehydrogenase family, member 11
(acad1l) and NLR family CARD domain containing 3 (nlrc3, both up-regulated) in the
duodenum and GTPase IMAP family member 7 (gimap7, down-regulated) and GTPase IMAP
family member 8-like (up-regulated) in the skin. Two DEGs were shared between the head-
kidney and duodenum transcriptomes, nlrc3 and slc5a6. A gimap7 transcript was present in the
DEGs of the three tissue transcriptomes (Figure 3.2A, Supplementary table 3.4).
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a) Control vs Sham

Head-kidney specific DEGs

Duodenum specific
DEGs

Skin specific
DEGs

b) Sham vs LPS

Head-kidney specific DEGs

. ifiddl ;
2 L efr3a '

Duodenum specific
DEGs

prEsnsssann

\gvinpl
presl.,

Skin specific
DEGs

Figure 3.2. Venn diagram representing the number of DEGs in the three tissue transcriptomes of
the a) Control versus Sham and b) Sham versus LPS. The Venn diagrams indicate the number of
annotated DEGs that are specific to the head-kidney (Hk), duodenum (Du) and skin (Sk) or that are
common between two or all tissues (FDR < 0.05). The green and red boxes represent the total number
of up- or down-regulated genes. The dashed boxes contain the abbreviated name of some gene
transcripts.

3.4.5.3. Sham versus LPS DEGs
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In the comparison of the S and LPS-treated groups, the most highly modified gene
transcripts were RFNG O-fucosylpeptide 3-beta-N-acetylglucosaminyltransferase (rfng) and
zinc-binding protein A33-like (za33l) (both up-regulated) in the head-kidney, potassium
inwardly rectifying channel subfamily J member 1b (up-regulated) and protein NDRG3-like
(ndrg3l) (down-regulated) in the duodenum and serine and arginine rich splicing factor 2a (up-
regulated) and cytochrome P450 2K1-like (cyp2kll) (down-regulated) in the skin. The shared
DEGs identified in the head-kidney and skin transcriptome of the LPS challenged group
included zinc-binding protein A33-like (za33l), nuclear factor 7 brain-like, GTPase IMAP
family member 7-like (Figure 3.2 B, Table 3.2). The shared DEGs represented in the
transcriptomes of the head-kidney and duodenum of the LPS group were cell cycle control
protein 50A-like (tmem30a), E3 ubiquitin-protein ligase TRIM21-like (trim21), SPRY domain-
containing SOCS box protein 3-like (spsb3), bactericidal permeability-increasing protein-like
(bpi), coxsackievirus and adenovirus receptor (cxadr), sialidase 4 (neu4), interferon-induced
protein 44-like (if44l) and EFR3 homolog A (efr3a) (Figure 3.2 B, Table 3.2). The DEG,
interferon-induced very large GTPase 1-like (gvinpl) and trypsin-1 (prss1) genes, were shared
between the duodenum and skin transcriptomes and the NLR family CARD domain-containing
protein 3-like gene was a common DEG to the three tissue transcriptomes (Figure 3.2 B, Table
3.2). Overall, the DEGs most modified were associated with S-nitrosylation, mitochondrial
depolarization, protein ubiquitination and innate immune response (approximately 30% of

DEGs) and included several chemokine mediators and immune cells (Table 3.2).

3.4.6. Heatmap of DEGs

A cluster analysis of DEGs was performed for each tissue (head-kidney, duodenum, and
skin) and a heatmap (log 2 expression) was generated. The heatmap revealed the magnitude of
the effect on gene transcription of LPS compared to the sham. The samples from the control
and sham treated groups were clustered together and formed treatment specific sub-clusters and
the samples from the LPS treated group formed an independent cluster for each of the tissues
analysed. In the LPS challenged-group the number of up-regulated genes was higher (64%)
than down-regulated genes in the head-kidney (Figure 3.3 A), but in the duodenum (Figure
3.3B) and skin (Figure 3.3 C) there were more down-regulated genes (62% and 61%,
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respectively) than up-regulated genes. This indicates that head-kidney responded more strongly

to LPS compared to the other two tissues.
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. D
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Figure 3.3. Heatmap generated from DEGs identified in the A) head-kidney, B) duodenum and
C) skin transcriptomes of control, sham and LPS treated fish. The heatmap clustered DEGs (log2
expression) between control (C1-C5), sham (S1-S5) and LPS (L1-L4)- challenged fish in the three tissue
transcriptomes (FDR < 0.05). The yellow colour in the gradient indicates up-regulation and the purple
colour indicates down-regulation.

3.4.7. GO and KEGG orthology analysis of DEGs

DEGs were further analysed using GO and KEGG orthology analysis to gain insight
into the main processes significantly modified in the head-kidney, duodenum, and skin
transcriptomes between different treatments (FDR < 0.05, p < 0.05).

3.4.7.1. GO of control versus sham DEGs

Fisher’s exact tests were applied to detect significantly over/under-represented immune-
related GO terms in the tissue-specific transcriptomes (p < 0.05). Functional (GO) annotation
of DEGs in C versus S treated transcriptomes identified 173 biological processes (BP), 198
cellular component (CC) and 130 molecular function (MF) categories in the head-kidney; 45
BP, 32 CC and 34 MF categories in the duodenum and 3 BP, 3 CC and 4 MF in skin

(Supplementary table 3.5). The most enriched GO terms were related to translation and
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transcription (BP, MF) in the head-kidney, metabolism (BP, MF) in the duodenum and DNA
(BP, MF) in the skin (Supplementary table 3.5).

3.4.7.2. GO of sham versus LPS DEGs

Enriched GO terms in the DEGs of the transcriptomes of S versus LPS-challenged fish
yielded 35 BP, 1 CC and 10 MF categories in the head-kidney (Figure 3.4 A-C,
Supplementary table 3.6); 59 BP, 10 CC and 13 MF categories in the duodenum (Figure 3.4
D-F, Supplementary table 3.6) and 4 BP in the skin (Figure 3.4 G, Supplementary table
3.5). The most enriched GO terms in the head-kidney were related to protein modification and
protein metabolism (BP) (Figure 3.4 A), NAD+ activity and NADP binding enzymes central
to metabolism (MF) (Figure 3.4 B) and microtubule cytoskeleton (CC) (Figure 3.4 C). In the
duodenum gene transcripts were related to interleukin-1 beta production, response to
interleukin-6 and negative regulation of vascular permeability and formation of new blood
vessels (BP) (Figure 3.4 D), extracellular molecule activity and binding (MF) (Figure 3.4 E)
and structural and biochemical support to cells (CC) (Figure 3.4 F). The most enriched GO
terms in skin were related to protein modification and progress of multicellular organisms (BP)
(Figure 3.4 G).
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Figure 3.4. Scatterplots generated using enriched GO terms of DEGs between the sham and LPS groups. Head-kidney: A) biological process (BP), B)
molecular function (MF) and C) cellular component (CC). Duodenum: D) BP, E) MF and F) CC. Skin: G) BP. The scatterplots were generated using the
DEGs (FDR < 0.05). The size of circles represents relative abundance (as a percentage of all DEGs in each category) and the colour gradient represents values
of 1og10 (p-value). The vertical axis represents the semantic space y and the horizontal axis the semantic space Xx.
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3.4.7.3. KEGG enrichment of control versus sham DEGs

KEGG enrichment analysis of DEGs in C versus S transcriptomes revealed that the five
most enriched pathways represented in the head-kidney were: 1) ribosome, 2) adrenergic
signalling in cardiomyocytes, 3) cardiac muscle contraction, 4) phagosome, and 5) B cell
receptor signalling pathway (Supplementary table 3.7 A). For the duodenum the five most
enriched KEGG pathways were: 1) protein digestion and absorption, 2) pancreatic secretion, 3)
apoptosis, 4) 1L-17 signalling and 5) cholinergic synapse (Supplementary table 3.7 B). In the
skin, no enriched KEGG pathways were found (Supplementary table 3.7 C).

3.4.7.4. KEGG enrichment of sham versus LPS DEGs

For the DEGs identified from the comparison of S versus LPS-treatment four enriched
KEGG pathways were identified in the head-kidney: 1) selenocompound metabolism, 2)
biosynthesis of aminoacids, 3) other glycan degradation, and 4) other types of O-glycan
biosynthesis (Figure 3.5 A, Supplementary table 3.8 A). For the duodenum the five most
enriched KEGG pathways represented in the DEGs were: 1) protein digestion and absorption,
2) pancreatic secretion, 3) gastric acid secretion, 4) focal adhesion and 5) platelet activation
(Figure 3.5 B, Supplementary table 3.8 B-C). For the skin, three enriched KEGG pathways
were represented, 1) nucleotide excision repair, 2) RIG-I-like receptor signalling and 3) protein
digestion and absorption (Figure 3.5 C, Supplementary table 3.3 D). It should be noted that
some of represented pathways are linked to human diseases, as human was the model organism
database reference. Although influenza A, viral myocarditis, and pertussis pathways are not
directly relevant to fish they are still indicative of a response to pathogen. Furthermore, some

of the genes involved are common to other pathways and therefore were not removed.
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b} KEGG enriched pathways in Duodenum
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1
Other

Figure 3.5. Bar plots of KEGG enriched pathways generated by DEGs between the sham and LPS
groups. A) head-kidney, B) duodenum and C) skin. The bar plots were generated using the
enrichment ratio (number of DEGs divided by the number of expected genes) of the KEGG pathways
(FDR < 0.05). The colours represent the different pathways clusters (C1, C2, C3 and other).
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3.5. Discussion

All the tissues, head-kidney, duodenum, and skin had modified tissue transcriptomes
and in general the most modified processes were metabolism (up-regulated) and the immune
system (down-regulated). The main transcriptional modifications in the immune process
category were related to pathogen recognition via receptors like nucleotide-binding
oligomerization domain-like (NOD) receptors and proteins of innate immunity against bacterial
pathogens and interleukin 6. The modified transcriptional response was not mirrored by a
modified systemic response as measured in the blood biochemical parameters. The common
tissue specific DEG response elicited in samples from the 5 individuals further substantiated
the notion that a conserved core response associated with cis- and trans- regulatory factors and
metabolic energy production pathways occurred in N. coriiceps. Functional enrichment analysis
of DEGs revealed that in the head-kidney nitric oxide signalling was most significantly
modified, while in the duodenum, humoral innate compounds, respiration, and energy
metabolism were enriched. The skin had a very low number of DEGs, and no immune

parameters were represented, presumably due to the i.p. route of LPS exposure.

3.5.1. Biochemical indicators and LPS challenge

The similar levels of total plasma protein and cortisol in the control and LPS treated N.
coriiceps, 7 days after treatment mirror observations in studies of Atlantic salmon (Salmo salar)
exposed to LPS for 1 and 19 days (Langston et al., 2001). The high resistance and low response
of fish to LPS has previously been assigned to the lack of the TLR4 recognition mechanism
that in mammals mediates the down-stream immune activation, including TNF-a- and I1L-1p-
mediated inflammation (Berczi et al., 1966; Park and Lee, 2013; Swain et al., 2008). Based on
previous studies of immunity in fish and shellfish in which an LPS challenge is administered
we had anticipated a change in plasma lysozyme and antiprotease activity after i.p. LPS
treatment in N. coriiceps. The lack of response to LPS detected in N. coriiceps has also been
reported in gilthead sea bream (Sparus aurata) exposed to LPS for 24 hours when no change
in antiprotease activity in blood sera was observed and in Labeo rohita exposed to LPS (20 EU

kg™) for 7-15 days lysozyme activity was unchanged in blood sera from (Hanif et al., 2005;
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Nayak et al., 2008). Taken together the results suggest that LPS is not always an effective

stimulus of innate immunity in teleost fish.

A notable observation in control and LPS exposed N. coriiceps was the very low basal
level of lysozyme activity in blood (50-90 U.ml* at 22°C) compared to other teleost species.
For example, unstimulated lysozyme activity in plasma from European sea bass (Dicentrarchus
labrax), included as a positive control in the present study was between 270 — 350 U.ml™, which
was similar to previous studies assessing the effects of dietary manipulation on this enzyme
(Obach et al., 1993; Yildiz and Altunay, 2011). In tilapia (Oreochromis mossambicus) plasma
lysozyme varied between 770 - 1000 U.ml™ (at 22°C) in fish fed different diets (Christybapita
et al., 2007). The reason for the extremely low levels of plasma lysozyme detected in N.
coriiceps was not established. Of note was the failure to detect gene transcripts for lysozyme in
the tissue transcriptomes and this may be a consequence of low water temperatures. Support
for this idea come from studies of the cold-water fish, Brosme brosme and Gadus morhua, in
which lysozyme in the kidney was also very low, 40 and 150 U. mI%, respectively, (Lie et al.,
1989). Other factors that may explain the low basal lysozyme activity in the wild captured N.
coriiceps may be their overall physiological condition such as health status, diet and age
(Simide et al., 2016).

The absence of a change in the plasma biochemical parameters in N. coriiceps exposed
to LPS, may in part be due to the timeframe of the experiment (7 days post-i.p.), although the
source of LPS may be a contributing factor. LPS is composed of an O-antigen polysaccharide,
sugar and lipid A layers. The lipid A moiety varies with the species of gram-negative bacteria
(Garate and Oostenbrink, 2013; Raetz, 1990) while O-antigen variations affect the virulence
and infection process (Lerouge and Vanderleyden, 2002). Temperature has a substantial impact
on the structure of LPS. This means the origin of the bacterial species, temperate or cold-waters,
determines the thermal response of LPS (Kumar et al., 2002), as shown with bacterial LPS from
the Siberian permafrost (Chattopadhyay, 2006) and confirmed with molecular dynamics (MD)
simulations and nuclear magnetic resonance (NMR) spectroscopy (Wu et al., 2013). Since
innate immune activation occurs through the recognition of microbe associated molecular
patterns (MAMPs, (Akira et al., 2006) changes in LPS structure may interfere with host -
bacteria recognition. We hypothesize that since the phenol isolated LPS used in the present
study was from E. coli of temperate regions the relatively low biochemical and transcriptional
response of N. coriiceps relative to other studies with temperate teleost fish species (Lulijwa et
al., 2019; Watzke et al., 2007; Zoccola et al., 2017) might be linked to structural changes in
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LPS caused by low temperature. This notion seems to be supported by the absence of response
for serum lysozyme since modified interactions of LPS with immune related molecules also
affect the efficacy of humoral mediator recognition (Ohno and Morrison, 1989). Interestingly,
when N. coriiceps was exposed to fragmented, heat killed E. coli 0111:B4 (HKEB, 1x107/mL;
InvivoGen, San Diego, CA), a strong transcriptional response of toll-like receptors (TLR)
occurred at 6 and 12 h post-challenge in the spleen but not in the liver or kidney (Ahn et al.,
2014). Overall, a combination of the duration of the experiment, route of administration and

source and form of LPS may explain the low response.

3.5.2. LPS as an immune challenge in teleost fish

The literature was surveyed to establish the LPS utilized in studies of the immune
response in teleost fish and revealed a wide diversity of E. coli strains were the source of LPS
and this may explain the sometimes-divergent results reported. For example, E. coli O55:B5
(Bi et al., 2018; Bonneaud et al., 2016; Congleton and Wagner, 1991; Haukenes and Barton,
2004; Li et al., 2020b; Lu et al., 2018; Lulijwa et al., 2019; Nayak et al., 2008; Watzke et al.,
2007), E. coli B5:55 (Langston et al., 2001), E. coli O111:B4 (Li et al., 2020c; Lu et al., 2018;
Lulijwa et al., 2019; Martinez et al., 2020; Watzke et al., 2007; Zoccola et al., 2017), E. coli
0127:B8 (Jiang et al., 2020; Watzke et al., 2007), and E. coli 026:B6 (Liu et al., 2016;
MacKenzie et al., 2008; Xie et al., 2020) (Supplementary Table 9) have been used to assess
immune activation in a diversity of teleost fish. In addition, some studies used heat-killed
bacteria such as E. coli O111:B4, Vibrio anguillarum O1, Vibrio harveyi, Aeromonas
hydrophila, and Francisella noatunensis subsp. Orientalis (fno) as a source of LPS (Ahn et al.,
2014)(Cai et al., 2018; Christybapita et al., 2007; DALMO and SELJELID, 1995; Maekawa et
al., 2021). Furthermore, in some studies the source of LPS or the E. coli serotype is not
specified, making comparative analysis of the results in different fish species difficult (Abdel-
Mageid et al., 2020; Hanif et al., 2005; Ko et al., 2017; Li et al., 2020c; Liu et al., 2018;
MacKenzie et al., 2006; Palstra et al., 2018; Qin et al., 2020; Wang and Han, 2013).

The divergent response of fish to LPS has previously been assigned to the route of
administration (i.p. or immersion), time of exposure (exposure time - hours to days),
concentration (10 pg mi to 6 mg kg™), the analytical approach (transcriptomic, serum assays

or candidate genes), the fish species (temperate to cold adapted) and the developmental stage
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(eggs to adults). A factor generally overlooked is the source and form of LPS and the possible
consequence of temperature on its structure, and immune recognition (Supplementary table
3.9). Additional factors that limit comparisons of experiments with LPS in fish is the variety of
analytical approaches and the candidate genes selected for analysis. For example, in N.
coriiceps and N. rossii the LPS was administered i.p. and a candidate gene approach revealed
the hypoferraemic response was modified (Martinez et al., 2020) (Supplementary table 3.9).
Similarly, in Ctenophcuyngodon idellus exposure to LPS i.p. increased the expression of
adiponectin receptors in the liver (Qin et al., 2020) and in Trachinotus ovatus a candidate gene
approach revealed that i.p. exposure to LPS (026:B6) provoked increased p65 (Xie et al., 2020).
Of note is that some responses to LPS are strongly conserved irrespective of its origin, the
species, or the analytical approach and this is the case for the hypoferraemic response in N.
coriiceps and N. rossii (LPS from E. coli 0111:B4), in Oncorhynchus mykiss (LPS from E. coli
0O55:B5) and in Salmo salar (LPS from E. coli B5:55) (Congleton and Wagner, 1991; Langston
et al., 2001; Martinez et al., 2020).

3.5.3. The transcriptional response of teleosts to LPS

Recently several transcriptome studies have described the immune response to LPS in
aquaculture fish species (Lates calcarifer, Pelteobagrus fulvidraco, Salmo salar, Ictalurus
punctatus, Schizothorax prenanti) (Jiang et al., 2020; Li et al., 2020c; Liu et al., 2018; Palstra
et al., 2018; Zoccola et al., 2017). However, transcriptome studies are far less frequent in wild
fish like N. coriiceps and unlike the present study where the immune response of 3 tissues was
analysed, previous studies have generally focused on a single immune tissue (MacKenzie et al.,
2008; Palstra et al., 2018). Some transcriptome studies have analysed the immune repertoire
without challenge, for example the Siamese fighting fish (Betta splendens) and identified
immune-related genes and antimicrobial peptides (Amparyup et al., 2020). Overall, although
the approach, the source of LPS and the species differed in transcriptome studies some common
immune related responses occurred and this has contributed to understanding the immune

response in advanced teleosts.

A large spectrum of protocols has been deployed to assess the immunostimulatory
effects of LPS using whole tissue transcriptomes in teleost fish. In our study of N. coriiceps i.p.

injection was selected as this was the most common procedure in other studies although the
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experimental time course (7 days) differed from other studies where fish were killed 12 — 24 h
after LPS exposure. Previous transcriptome studies using LPS were focused on different
aquaculture species, Lates calcarifer (Zoccola et al., 2017), Eptatretus burgeri (Suzuki et al.,
2004), Ictalurus punctatus (Liu and Jiang, 2020) and Schizothorax prenanti (Li et al., 2020c).
Although studies of Epinephelus fuscoguttatus (Cai et al., 2018) and Oreochromis niloticus
(Maekawa et al., 2021), used the pathogens Vibrio harveyi and Francisella noatunensis (subsp.
Orientalis), respectively. The transcriptome results were highly variable between studies, but
some common responses were found in relation to immunity that were also observed in N.
coriiceps, although they tended to be tissue specific. Examples of this were modified iron
metabolism, innate cellular responses (e.g. phagocytic activity), pathogen recognition receptors
(Toll-like, C-type lectin) and innate humoral mediators like lysozyme, CXCL2-like chemokine
and complement (Cai et al., 2018; Jiang et al., 2020; Li et al., 2020c; Liu et al., 2018; Maekawa
et al., 2021; Palstra et al., 2018; Zoccola et al., 2017). Overall, the number and characteristics
of DEGs of immune related gene transcripts varied substantially from study to study.

Transcriptome studies in Antarctic fish have mainly focussed on how their unique
physiology evolved through gene and genome evolution. The earliest studies of Antarctic fish
transcriptomes were based on expressed sequence tags (ESTs, (Chen et al., 2008)), but more
recently NGS has extended the repertoire of tissues (liver, brain, gill), species (N. coriiceps,
Chaenocephalus aceratus and Pleuragramma antarcticum) and the depth of the transcriptomes
obtained (Shin et al., 2012, 2014). In a study of the head-kidney transcriptome of T. bernacchii
gene ontology approaches were used to catalogue immune related gene contigs and the most
highly represented processes were, the innate immune response (971), the inflammatory
response (428), and the immune response (403) (Huth and Place, 2013). A comparative study
of liver and brain between C. aceratus, P. antarcticum and N. coriiceps revealed that these fish
possess more ubiquitin-conjugated proteins and this was linked to their importance in
maintenance of proteins in their native conformation in an extremely cold-environment (Shin
etal., 2012).

Studies of wild fish exposed to an immune challenge are infrequent due to the logistical
difficulties linked to their capture and maintenance and the greater number of individuals
required because of their genetic diversity and more variable response. Furthermore, when
working in isolated regions such as the Antarctic there are experimental limitations dictated by
conservation guidelines and the restricted infrastructures in field stations and transport logistics.

This explains why few studies of the immune response exist in Notothenioidei. In the present
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study the main response in the head kidney of N. coriiceps exposed for 7 days to LPS was
modified cellular energy metabolism and energy production as well as S-nitrosylation (protein
modification for signal transduction and functional regulation). These findings were coherent
with previous results in an aquaculture species, the trout (Oncorhynchus mykiss), which also
had a preponderance of modified gene transcripts linked to energy and metabolism 24-72 hours
after i.p. LPS injection (MacKenzie et al., 2008). The increase in transcripts linked to energy
metabolism, clearly reflects the energy demanding characteristics of the immune response and
explains the poor growth of fish exposed to chronic stress or infections (Abdel-Tawwab et al.,
2019; Bonneaud et al., 2016).

3.5.4. The transcriptional response to LPS in N. coriiceps

The immune response to LPS was tissue-specific, and much lower in the skin compared
to the other tissues presumably due in part to the i.p. route of administration (Figure 3.6 A-B).
Nevertheless, there was a conserved core response in the immune-related DEGs of the head
kidney and duodenum, which encompassed pathogen-recognition receptors (PRRs) namely a
NOD-like receptor (nlrc3), transmembrane protein 30A (tmem30a) that stimulates
phagocytosis and humoral defence-related factors, bactericidal permeability-increasing protein-
like (bpi) and type I interferon stimulated gene (ifi44l). Head kidney- enriched pathways were
essentially related to aminoacids and selenocompound metabolism but the immune specific
DEGs falling within the same general categories were mannose receptors (mrcl) and for the
humoral response pyrin-like (mefv) and peptidoglycan recognition proteins (pgrp-Ibl). The
down-regulated DEGs were related to the inflammatory response and included the IL-6
receptor and PRRs (nlr and mrc receptors) particularly in the head-kidney and duodenum
(Figure 3.6 B). Pathogen recognition (LPS) in N. coriiceps diverged from the more commonly
described tIr in other teleost fish (Liu et al., 2016) and instead nlr and mrc receptor genes were

more responsive and presumably play a more prominent role.

The tmem30a gene is poorly studied in fish, however several studies showed that LPS
modify this gene expression in mammals (Hong et al., 2020; Yang et al., 2009). NOD-like
(NLR) receptors are relatively well-studied intracellular sensors of PAMPs in mammals (Cell
et al., 2017; Fritz and Girardin, 2005). In teleosts like Scophthalmus maximus L.(Hou et al.,

2017) and Larimichthys crocea (Dong et al., 2016), exposure to bacteria was reported to modify
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nlr3 and mrcl, respectively. While in the teleosts Miichthys miiuy, Paralichthys olivaceus and
Cirrhinus mrigala, exposed to a pathogen, nodl was modified as part of the antibacterial
defence response (Chu et al., 2021; Li et al., 2015; Park et al., 2012; Swain et al., 2013).
Changes in the humoral response due to bacterial pathogen exposure was reported in Ictalurus
punctatus (Xu et al., 2005) and Megalobrama amblycephala (Tang et al., 2015) where in
common with what was observed in N. coriiceps bpi was modified. Similarly, peptidoglycan
recognition proteins (e.g. pgrp-Ibl), that bind multiple components of bacteria are a well
characterized part of the innate humoral response in Danio rerio (Li et al., 2007) and Cyprinus
carpio L. (Zhang etal., 2019). Ifi44l, is more typically associated with a viral challenge in Danio
rerio (Briolat et al., 2014) and its presence in both head kidney and duodenum suggests it also
responds a bacterial stimulus (LPS). Overall, although the transcriptional response of N.
coriiceps to i.p. LPS was not identical to that of other teleosts exposed to bacterial pathogens,
the recruitment of PRRs for pathogen identification and humoral factors for pathogen

neutralization is a well-conserved response.

The DEGs identified in the mucosal-associated lymphoid tissues, the duodenum and
skin, had little in common except for the enriched pathway related to protein digestion and
absorption and the nlrc3 gene, which was upregulated by LPS in all three tissues suggesting it
is important for bacterial recognition (Figure 3.6 B). Despite nlrc3 being poorly studied, nlrc3
expression has been shown to change after LPS stimulation,namely in head kidney cells of
Paralichthys olivaceus and Lates calcarifer (Li et al., 2016; Paria et al., 2016). The duodenum
had the highest number of DEGs of all the tissue analysed probably due to direct and continuous
exposure to LPS. Most DEGs belonged to highly enriched pathways linked to the immune
system particularly to the platelet activation, complement and coagulation cascades. The most
notably modified process in N. coriiceps duodenum was mitochondrial depolarization linked to
the protein digestion and absorption pathway, which has not previously been reported in fish
under LPS exposure. It is possible that this reflects the higher cellular mitochondrial density in
the Antarctic fish (O’Brien and Sidell, 2000), but it may also be related to the upregulation in
the duodenum of inflammasome immune related genes, such as nlrp3, which have been
associated with mitochondrial depolarization and mitophagy in mammals (Gurung et al., 2015).
In Danio rerio, nlrp3 is involved in cytokine processing and secretion (Li et al., 2020a), and a
similar relationship probably exists in N. coriiceps as an elevated number of DEGs for cytokines
occurred in the LPS exposed duodenum, as well as a gene for signal transduction (il6st) that

respond to a bacterial challenge (Reyes-Cerpa et al., 2012). Also, metabolic pathways linked to
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pancreatic secretion and vitamin B6 were highly enriched. Vitamin B6 was previously reported
in mice as inhibitor of macrophage activation in order to prevent LPS-induced infection (Shan
etal., 2020). Curiously, in the skin some DEGs were linked to mitochondrial function and more
specifically the generation of reactive oxygen species (ROS), a process linked with the
inflammatory response in fish were modified (Ko et al., 2017; Lulijwa et al., 2019). In line with
this increased ROS generation occurred in Lobeo rohita, after 7 and 15 days exposure to LPS
(Nayak et al., 2008). A characteristic transcriptional response to bacterial exposure in a variety
of teleost fish is upregulation of complement (Supplementary table 3.9) and this was evident

in DEGs of the duodenum but not the other tissue of N. coriiceps (Figure 3.6 B).

The results of the present study contrasted with those of (Ahn et al., 2014) on the same
species, and where several Tlr genes were found to be up-regulated in liver, spleen and kidney
after N. coriiceps were immersed in heat killed E. coli (HKEB) for 6-12h (Ahn et al., 2014).
Although the two studies are not directly comparable due to mode and duration of the challenge,
that the different source and corresponding difference in structure of LPS may explain the lack
of tlr response of our study. The same authors also assessed the transcriptional changes in
pooled livers from N. coriiceps immersed in HKEB for 12h. They identified 567 DEGs in liver
and the most enriched immune related processes were the antigen processing and presentation
pathway and TLRs related pathways, TNF pathway, T cell receptors, B cells, interleukins and
chemokines (Ahn et al., 2016). Although, there was little overlap in DEGs between the previous
and the present study some common processes were identified: antigen processing and
presentation in skin, chemokines in the head-kidney and interleukins in both skin and
duodenum. The results from the present and the previous transcriptome studies revealed that
despite inhabiting freezing waters N. coriiceps responded rapidly to an immune challenge and
that overall, there was a conserved response with other teleosts. Furthermore, a tissue-specific
response to LPS occurred and a strong metabolic component was detected in common with a
microarray study of trout (MacKenzie et al., 2008). A unique facet of the response to LPS in N.
coriiceps was up-regulation of genes linked to mitochondria possibly linked to their importance

in the adaptation to life in sub-zero conditions.
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a) The top 5 of DEGs (Sham versus LPS)
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b) The top 5 of DEGs linked to immune defense (Sham versus LPS)

Qnirp3 7]

Pathogen-recognition receptors genes
*nlrc.? involved in innate immunity
e mrcl
mtmem30a]

Zinc finger protein genes involved
@trim25 in innate immunity

W ifi44i
Wil6st
g}mefv Genes involved in innate humoral defense

3epgrp-Ibl_|

®s/amf9 | Genes involved in both innate
[co and acquired immunity

Figure 3.6. Comparison of A) overall DEGs and B) DEGs linked to immune defence in three tissue
transcriptomes between Sham and LPS groups. The coloured symbols represent the top 5 genes for
each tissue involved in A) several processes (listed on right) and B) immune processes (listed on right).
The genes with significantly higher expression are labelled on the corresponding tissues. Cytochrome
P450 2K1-like (cyp2K1l), RFNG O-fucosylpeptide 3-beta-N-acetylglucosaminyltransferase (rfng),
nuclear factor 7-brain like (nf7bl), potassium inwardly rectifying channel subfamily J member 1b
(kcnj13), Protein NDRG3 (ndrg3), disheveled-associated activator of morphogenesis 1-like (daam1l),
serine and arginine rich splicing factor 2a (srsf2a), trypsin-1 (prssl), excision repair cross-
complementation group 8 (ercc8), peptidylglycine alpha-amidating monooxygenase (pam), interferon-
induced protein 44-like (ifi44l), interleukin-6 receptor subunit beta (il6st), pyrin-like (mefv), zinc-
binding protein A33-like (za33l), NACHT, LRR and PYD domains-containing protein 3 (nlrp3), NLR
family CARD domain-containing protein 3 (nlr3c), macrophage mannose receptor 1 (mrcl), tripartite
motif-containing protein 39 (trim39), cell cycle control protein 50A (tmem30a), bactericidal
permeability-increasing protein (bpi), peptidoglycan-recognition protein LB-like (pgrp-Ib), SLAM
family member 9 (slamf9) and complement 9 (c9) [Notothenia coriiceps image credit: Tony Ayling from
FishTEDB database].

3.6. Conclusion

This study demonstrated that LPS (E. coli O111:B4) exposure did not provoke a
systemic immune response in the Antarctic N. coriiceps. However non-immune processes

linked to energy metabolism, mitochondrial polarization and protein ubiquitination were mostly
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up-regulated in skin, head-kidney, and duodenum transcriptomes after 7 days of i.p. injection
which suggests tissue-specificity.

Pathogen detection was not stronger that explains the lower number of immune genes
changed possibly linked to the LPS structure used (originated from a temperate region) which
may suggest an adaptation of N. coriiceps immune defence to the LPS structure from cold
bacteria specific of this extreme environment. The immune components identified were mostly
down-regulated highlighting the NOD-like receptors (NLRs) and mannose receptors (MRCs)
which are poorly studied in teleosts. This finding is interesting because the Toll-like receptors
are the principal pathogen recognition receptors usually reported as very responsive to this
bacterial endotoxin defence in teleosts. Our findings suggest that NLRs and MRCs may have
an important role in LPS recognition in N. coriiceps and lead us to hypothesize that both may

had adapted to the cold and unique Antarctica environment.

| propose two models that summarizes the up-regulated (Figure 3.7) and down-
regulated (Figure 3.8) processes and components according to our DEGs, KEGG and GO
enrichment analysis in response to LPS. In the up-regulated model the three tissues (skin, head-
kidney and duodenum) are respond through and increase in proteins digestion, where aminoacid
metabolism, leads to the antigen presentation that in turn signal cells to activate immune cells.
The mitochondria have multiple roles linked to energy production but also as signalling
organelles contributing to cell proliferation, cell death, cell differentiation and to establish
immune cells phenotypes and their functions (Figure 3.7). In the down-regulated model, all
tissues are involved in immune defence through several humoral components and transcription
factors (Figure 3.8). The two models are linked and suggest that N. coriiceps are still
responding to LPS, however the production of humoral components are inhibited which

indicate a homeostasis balance to return to normal (unstimulated) condition.
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a) N. coriiceps model post-7 days LPS challenge
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Figure 3.7. A) N. coriiceps model of up-regulated DEGs functions in B) skin, C) head-kidney and
D) duodenum after LPS treatment. The coloured symbols represent the different tissues, yellow —
skin, green — head-kidney and blue — duodenum. Protein-protein interactions (PPi), ubiquitin (ub),
enzymes ubiquitin thioester (E1-E3), RFNG O-fucosylpeptide 3-beta-N-acetylglucosaminyltransferase
(rfng), G-protein coupled receptors (gpcr), S-nitrosylation (SNO), no reaction with cysteine thiol group
(SH), nitric oxide (NO), cysteine (cys), calcium ion (Ca?"), potassium ion (K*), hydrogen ion (H"),
adenosine diphosphate (ADP), adenosine triphosphate (ATP), nicotinamide adenine dinucleotide
oxidized form (NAD") and nicotinamide adenine dinucleotide reduced form (NADH).
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a) N. coriiceps model post-7 days LPS challenge
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Figure 3.8. A) N. coriiceps model between down-regulated DEGs functions in B) duodenum, C)
head-kidney and D) skin tissues transcriptomes between Sham and LPS groups. The discontinuous
box is representative of duodenum which inserts in the same functions altered in skin transcriptome.
The coloured symbols represent the different tissues, yellow — skin, green — head-kidney and blue —
duodenum. The genes highlighted and interferon-induced protein 44-like (ifi44l), peptidoglycan-
recognition protein LB-like (pgrp-1b), lipopolysaccharide (LPS), bactericidal permeability-increasing
protein(bpi), NLR family CARD domain-containing protein 3 (nlrc3), interferons (ifns), interleukin-6
(il-6), interleukin-6 receptor beta (il-6rb), NACHT, LRR and PYD domains-containing protein 3
(nlrp3), interleukin-1 (il-1), reactive oxygen species (ROS), nicotinamide adenine dinucleotide oxidized
form (NAD™) and nicotinamide adenine dinucleotide reduced form (NADH).

3.7. Supplementary materials

3.7.1 Supplementary tables

Supplementary Table 3.1. Assemblies input and output of samples from A) head-kidney, B)
duodenum and C) skin. The samples, raw reads, post QC reads, bases, post QC bases (assembly input)
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and total sequences, length, percentage (%) GC, N50, median contig length, average contig, total
assembled bases, total trinity genes and total trinity transcripts (assembly output) were evaluated for
sequencing quality and representativity.

a) Assemblies input and output of samplesin head-kidney

Head-kidney
Group Assembliesinput Assemblies output
Total Medi i A Total Total Total
Samples  |Raw reads Bases  |Post QC bases Sequ’;]cs Length | %GC |N50 (bp) Ien'at':]?;")'g wn‘;’f“zge) assembled | Trinity | Trinity
9 P 9P bases genes | Transcriptd
Fw 1.205.753.494] _1,204,695040)
Ol | 8300 o Tt 7| X731 N 643 388 548 285185 | 378554 | 428791
Fw 796,954,141 796,058,669
C2 |2 5497430 e = I 643 388 548 285185 | 378554 | 428791
Fw 1,329,637,987] _1,328,495,181
Control S R e e B 30-149 49 643 388 548 285185 | 378554 | 428791
Fw 1,201,343,968] _1,200,262,691
O | 8288890 e T 6| 2R “ 643 388 548 285185 | 378554 | 428791
Fw 1,136,608.949] 1,135599,124)
C5 [y 7838438 e s e Tad| 753159 643 388 548 285185 | 378554 | 428791
[Fw | 1,098,240.044] _1,007,264,679)
S ] 17278 e o emee 7R w 643 388 548 285185 | 378554 | 428791
Fw 1,405,094,440] _1,403,773,175)
® ] 988 e Tt %7763 643 388 548 285185 | 378554 | 428791
Fw 1,353,068,449] _1,351,940,783)
Sham S ] 9208 e e aiace PR | 140 48 643 388 548 285185 | 378554 | 428791
Fw 1,180,351,384] 1,179.220,350)
St ] 1881 e o sonos 5120 “ 643 388 548 285185 | 378554 | 428791
Fw 1,079.975,683]_1,078,456,749)
S ] 7Aoo Tote a0 el 7427 643 388 548 285185 | 378554 | 428791
Fw 1,057,442.742]__1,056.440,260)
L1 RN 7287011 oot sl oot soten] T2 48 643 388 548 235185 | 378554 | 428791
Fw 909,202,554 998,205,462
- L2 [ 6206 o e o omomias 015 o 50 643 388 548 235185 | 378554 | 428791
Fw 1,338,205,669] 1,337,027,142)
L3 o 928202 o s 2T a7 643 388 548 285185 | 378554 | 428791
Fw 1,123,653,946] 1,122,758,901
L4 ] 77368 T e g 7762 49 643 388 548 285185 | 378554 | 428791
b) Assemblies input and output of samplesin duodenum
Duodenum
Group Assembliesinput Assemblies output
pog ac| Total l\(/loe:tllan Average| Total Total Total
Samples Raw reads | Bases Length | % GC |N50 (bp) 9 contig | assembl | Trinity Trinity
bases |Sequences length h
(bp) (bp) |edbases| genes | Transcripts
Fw 1,06E+09] 1,06E+09
O Rl 779 oo e ooomss| (20043 | 30-149 47 643 388 548 | 235185 | 378554 | 428791
o B grosers | I2TEHOI 126BH0F ooiages | 30.149 48 643 388 548 | 235185 | 378554 | 428791
RY 1,18E+09] 1,18E+09
Control @ ™ qoss7o7e [1OBEHOIL LSTEHOIN y4anangy | 30140 | 48 643 388 548 | 235185 | 378554 | 428791
RY 1,49E+09] 1,49E+09
Fw 1,35E+09] 1,35E+09
2 920141 : . 289922 -14 4 2351 7 428791
O v B = = IR 30-149 8 643 388 548 35185 | 378554 879
Fw 1,26E+09] 1,26E+09
O Ryl 8T00T4S e oEog| 2098605 | 30-149 48 643 388 548 | 235185 | 378554 | 428791
st 0 gi1s735  |LIBE0OL LIBBHONN gyya00q | 30149 | 48 643 388 548 | 235185 | 378554 | 428791
RY 1,11E+09] 1,11E+09
Fw 1,33E+09| 1,33E+09)
LWl o1 ! : 1 -14 4 2351 7 428791
® o] o188 T eE0g| 01985 | 30149 8 643 388 548 35185 | 378554 879
Fw 7,67E+08| 7,66E+08
LAy -7? 4 : 2 -14 4 2351 7 428791
Sham S o] 588808 e eEog| 2280638 | 30149 8 643 388 548 35185 | 378554 879
st W g41333 | LSOEH09L 136BHOOk o986 | 30.149 48 643 388 548 | 235185 | 378554 | 428791
Rv 1,29E+09| 1,29E+09)
Fw 1,19E+09| 1,18E+09)
S R 8169104 ST oTEog| 165142 | 30149 48 643 388 548 | 235185 | 378554 | 428791
Fw 1,36E+09] 1,36E+09 i
L | 9390678 | e ool T aaEroe| 9068638 | 30-149 48 643 388 548 | 235185 | 378554 | 428791
Fw 1,38E+09] 1,38E+09
B 7 : : 71 14 4 2351 7 428791
2 o 95396 T3E00] 3 3Es00] 2505715 | 30-149 8 643 388 548 35185 | 378554 879
Fw 8,37E+08| 8,36E+08] i
LPS R 577806 el Teameog| 07171 | 30140 47 643 388 548 | 235185 | 378554 | 428791
4 Y ser0ss0  [SISEH08 812B08] gn034 | 30149 | 48 643 388 548 | 235185 | 378554 | 428791
Rv 7,61E+08| _7,6E+08
Fw 1,42E+09] 1,42E+09
5 | 9813092 o saEe| 9809249 | 30-149 47 643 388 548 | 235185 | 378554 | 428791
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¢) Assembliesinput and output of samplesin skin

Xin

Group Assembliesinput Assemblies output
o | raw Post Q0| Tota ‘contig |Averege) Total | Total | Tota
mples reads Bases bases | Sequences Length | % GC |N50 (bp) length contig |assemble Trinity Tr|n|ty

(bp) (bp) d bases | genes | Transcripts

c % 7577102 1131% 11%% 7575379 | 30-149 | 48 643 | 388 | 548 | 235185 | 378554 | 428791
@ % 7846633 1;‘;% 18‘;% 7843365 | 30-149 | 47 643 | 388 | 548 | 235185 | 378554 | 428701
Qontrol | @3 % 7983929 182% 1;2% 7980006 | 30-149 | 48 643 | 388 | 548 | 235185 | 378554 | 428791
ot % 4691712 gzﬁﬁ gfg% 4600435 | 30149 | 48 643 | 388 | 548 | 235185 | 378554 | 428791
o3 % 6612845 g:g?% gg% 6608895 | 30-149 | 48 643 | 388 | 548 | 235185 | 378554 | 428701
st % 2619865 %‘;ﬁ 33% 2617431 | 30149 | 47 643 | 388 | 548 | 235185 | 378554 | 428791
2 % 7412426 182% 1:8?% 7410028 | 30149 | 47 643 | 388 | 548 | 235185 | 37esma | 428701
Sam | % 6790660 g::g% gﬁ?% 6780003 | 30-149 | 47 643 | 388 | 548 | 235185 | 378554 | 428791
st % 9071580 Bi% 132% 9067476 | 30-149 | 47 643 | 388 | 548 | 235185 | 378554 | 428701
% % 5433180 7742% ;ﬁg% 5431611 | 30-149 | 47 643 | 388 | 548 | 235185 | 378ssa | 428791
L1 % 1685546 2;2% 2;2% 1685003 | 30-149 | 47 643 | 388 | 548 | 235185 | 378554 | 428791
L2 % 8645912 ﬁgx ﬁg% 8643338 | 30-149 | 47 643 | 388 | 548 | 235185 | 378554 | 428701
LPS 13 % 5091988 8%% 2:2?% 5000645 | 30-149 | 48 643 | 388 | 548 | 235185 | 378ssa | 428791
L4 % 4750450 ei’i% 632% 4748912 | 30149 | 47 643 | 388 | 548 | 235185 | 378ssa | 428791
5 % 7050650 ;:gg% ;:gi% 7048497 | 30149 | 48 643 | 388 | 548 | 235185 | 378554 | 428791

Supplementary Table 3.2. The pooled immunome GO terms of skin, head kidney and duodenum:
A) biological process (BP), B) molecular function (MF) and C) cellular component (CC). The GO
terms involved in immune response and immune defence mechanisms in N. coriiceps (p < 0.05 to >
0.05) between sham and LPS challenged groups.
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a)
GO Function GO Term P-value
BP
G0:0032635 interleukin-6 production 3,79E-08
GO0:0070741 response to interleukin-6 3,79E-08
GO0:0032611 interleukin-1 beta production 3,79E-08
GO0:0032675 regulation of interleukin-6 production 3,79E-08
G0:0070102 interleukin-6-mediated signaling pathway 3,79E-08
GO0:007135%4 cellular response to interleukin-6 3,79E-08
G0:0034130 toll-like receptor 1 signaling pathway 1,21E-07
GO0:0034131 regulation of toll-like receptor 1 signaling pathway 1,21E-07
G0:0038178 complement component C5a signaling pathway 1,47E-06
GO:0061057 peptidoglycan recognition protein signaing pathway 2,06E-06
GO:0061058 regulation of peptidoglycan recognition protein signaling pathway 2,06E-06
GO:0061059 positive regulation of peptidoglycan recognition protein signaing pathway 2,06E-06
GO:0061060 negative regulation of peptidoglycan recognition protein signaling pathway 2,06E-06
G0:0006910 phagocytosis, recognition 2,06E-06
GO0:00359%44 perforin production 3,18E-06
G0:0034130 toll-like receptor 1 signaling pathway 3,18E-06
G0:0034131 regulation of toll-like receptor 1 signaling pathway 3,18E-06
G0:0034133 positive regulation of toll-like receptor 1 signaing pathway 3,18E-06
G0:0034132 negative regulation of toll-like receptor 1 signaing pathway 3,18E-06
G0:0034158 toll-like receptor 8 signaing pathway 7,84E-06
G0:0030101 natura killer cell activation 1,12E-05
GO0:0043320 natural killer cell degranulation 1,12E-05
GO:0001787 natural killer cell proliferation 1,12E-05
GO:0001779 naturd killer cell differentiation 1,12E-05
GO0:0035747 natural killer cell chemotaxis 1,12E-05
GO:0042267 natural killer cell mediated cytotoxicity 1,12E-05
G0:0002519 natura killer cell toleranceinduction 1,12E-05
G0:0002228 natural killer cell mediated immunity 1,12E-05
GO0:0002370 natural killer cel cytokine production 1,12E-05
GO:0070246 natural killer cell apoptotic process 1,12E-05
G0:0035782 mature natura killer cell chemotaxis 1,12E-05
GO0:0002321 natural killer cell progenitor differentiation 1,12E-05
GO:0002771 inhibitory killer cell immunoglobulin-like receptor signaling pathway 1,12E-05
G0:0002222 stimulatory killer cell immunoglobulin-like receptor signaling pathway 1,12E-05
G0:0034138 toll-like receptor 3 signding pathway 1,21E-05
G0:0032023 trypsinogen activation 1,21E-05
GO0:0034139 regulation of toll-like receptor 3 signaling pathway 1,21E-05
G0:0034141 positive regulation of toll-like receptor 3 signaling pathway 1,21E-05
G0:0034140 negative regulation of toll-like receptor 3 signaling pathway 1,21E-05
GO0:0034162 toll-like receptor 9 signaling pathway 1,43E-05
G0:0034163 regulation of toll-like receptor 9 signaing pathway 1,43E-05
GO0:0034165 positive regulation of toll-like receptor 9 signaling pathway 1,43E-05
GO0:0034164 negative regulation of toll-like receptor 9 signaling pathway 1,43E-05
GO0:0032638 interleukin-9 production 1,43E-05
G0:0034154 toll-like receptor 7 signaling pathway 1,46E-05
GO0:0034155 regulation of toll-like receptor 7 signaling pathway 1,46E-05
GO0:0034157 positive regulation of toll-like receptor 7 signaling pathway 1,46E-05
GO0:0034156 negative regulation of toll-like receptor 7 signaling pathway 1,46E-05
G0:0034130 toll-like receptor 1 signaling pathway 2,38E-05
G0:0002415 immunoglobulin transcytosisin epithelia cells mediated by polymeric immunoglobulin receptor 5,36E-05
G0:0002771 inhibitory Killer cell immunoglobulin-like receptor signaling pathway 5,36E-05
G0:0002222 stimulatory killer cell immunoglobulin-like receptor signaling pathway 5,36E-05
G0:0002377 immunoglobulin production 5,36E-05
GO0:0002224 toll-like receptor signaling pathway 5,36E-05
G0:0002751 antigen processing and presentation following receptor mediated endocytosis 6,02E-05
G0:0002745 antigen processing and presentation initiated by receptor mediated uptake of antigen 6,02E-05
G0:0019882 antigen processing and presentation 6,02E-05
G0:0034134 toll-like receptor 2 signaling pathway 6,37E-05
GO0:0035661 MyD88-dependent toll-like receptor 2 signaling pathway 6,37E-05
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b)
GO Function GO Term P-value
MF
G0:0042163 interleukin-12 beta subunit binding 3,79E-08
GO0:0005138 interleukin-6 receptor binding 3,79E-08
GO:0004915 interleukin-6 receptor activity 3,79E-08
GO:0019981 interleukin-6 binding 3,79E-08
G0:0042164 interleukin-12 apha subunit binding 3,79E-08
G0:0004475 mannose-1-phosphate guanylyltransferase activity 1,21E-07
GO:0019983 interleukin-9 binding 1,43E-05
GO0:0001850 complement component C3a binding 1,47E-06
G0:0001851 complement component C3b binding 1,47E-06
G0:0001855 complement component C4b binding 1,47E-06
G0:0001856 complement component C5a binding 1,47E-06
GO0:0004876 complement component C3a receptor activity 1,47E-06
GO0:0004878 complement component C5a receptor activity 1,47E-06
G0:0004877 complement component C3b receptor activity 1,47E-06
GO0:0001861 complement component C4b receptor activity 1,47E-06
GO0:0001849 complement component C1gq complex binding 1,47E-06
G0:0016019 peptidogl ycan immune receptor activity 2,06E-06
GO0:0032089 NACHT domain binding 4,19E-06
GO0:0030275 LRR domain binding 4,19E-06
GO0:0035325 Toll-like receptor binding 5,92E-06
GO0:0042164 interleukin-12 dpha subunit binding 6,02E-06
GO0:0042163 interleukin-12 beta subunit binding 8,96E-06
GO:0046703 natural Killer cell lectin-like receptor binding 1,21E-05
GO0:0035325 Toll-like receptor binding 1,21E-05
GO0:0019976 interleukin-2 binding 5,26E-05
GO0:0046703 natural killer cell lectin-like receptor binding 5,26E-05
GO0:0005134 interleukin-2 receptor binding 5,26E-05
GO:0001792 polymeric immunoglobulin receptor activity 5,36E-05
GO:0001790 polymeric immunoglobulin binding 5,36E-05
GO0:0019763 immunoglobulin receptor activity 5,36E-05
GO0:0034987 immunoglobulin receptor binding 5,36E-05
GO0:0035325 Toll-like receptor binding 5,36E-05
GO:0019865 immunoglobulin binding 5,36E-05
GO0:0046703 natural Killer cell lectin-like receptor binding 5,87E-05
GO0:0035325 Toll-like receptor binding 5,87E-05
G0:0035663 Toll-like receptor 2 binding 6,37E-05
GO:0008237 metallopeptidase activity 8,57E-05
GO0:0035325 Toll-like receptor binding 1,20E-04
GO:0001791 IgM binding 1,00E+00
GO:0005136 interleukin-4 receptor binding 1,00E+00
GO:0001791 IgM binding 1,00E+00
GO:0005136 interleukin-4 receptor binding 1,00E+00
G0:0005136 interleukin-4 receptor binding 1,00E+00
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c)
GO Function GO Term P-value
CcC

G0:0005896 interleukin-6 receptor complex 3,79E-08
GO0:0005893 interleukin-2 receptor complex 3,79E-08
G0:0005602 complement component C1 complex 1,47E-06
G0:0062167 complement component C1q complex 1,47E-06
GO0:00353%4 Toll-like receptor 1-Toll-like receptor 2 protein complex 3,18E-06
G0:00353%4 Toll-like receptor 1-Toll-like receptor 2 protein complex 2,38E-05
GO:0071749 polymeric IgA immunogl obulin complex 5,36E-05
GO:0019814 immunoglobulin complex 5,36E-05
G0:0001772 immunological synapse 1,00E+00

Supplementary table 3.3. GO terms of skin, head kidney and duodenum associated to innate and
acquired immunity found in N. coriiceps (FDR > 0.05) between sham and LPS challenged groups.
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Immune tissues

Gene name Gene symbol Transcript ID Duodenum Head-kidney Skin

logFC Pvalue logFC Pvalue | logFC Pvalue
Pathogen recognition receptors
toll-like receptor 5S tirSs TRINITY_DN155586_c1_g2 -0,921209| 0,102023| 0,330787| 0,54712| -0,27219| 0,623573
toll-like receptor 21 tir21 TRINITY_DN153455_c0_g3 0,041238 1 ND ND -0,02612] 1
toll-like receptor 22 tr22 TRINITY_DN161134_c0_g1 1,935205| 0,009347| 1,05445| 0,105591| 0,575312] 0,56466
toll-like receptor 25 tir25 TRINITY_DN143923 c0 g2 0] 1 0| 1 0] 1
MY D88 innate immune signal transduction adaptor myd88 TRINITY_DN149255 c2 g2 -0,828629| 0,067129| -0,32751| 0,66259) -0,94411| 0,195214f
Iron metabolism pathway
iron-sulfur cluster assembly 1 iscal TRINITY_DN158336_c3 g1 -0,394755| 0,512673| -0,32437| 0,472076| -0,07678| 0,898168}
ferritin middle chain fm TRINITY_DN151529 c0 g1 0,134133| 0,808032] 0,307049| 0,481659| 0,145723| 0,770575)
ferritin, heavy polypeptide 1a fth1a TRINITY_DN163552 _c3 g2 -0,256971| 0,584936| -0,48893| 0,259852] -0,35393| 0,535704f
ferritin, heavy polypeptide 1b fthib TRINITY_DN153313 c0_g1 -0,148505| 0,78265| -0,64758| 0,101363) 1,223508| 0,265248}
ferritin, heavy polypeptide-like 31 fthi31 TRINITY_DN152920 c0 g1 ND ND ND ND 5,952003| 0,043577]
hepcidin type 2 hamp2 TRINITY_DN158150_c3 g3 -0,556771| 0,24786| -0,35037| 0,372918] -1,17671|  0,0559
ferredoxin 1 fdx1 TRINITY_DN142521 c1_g4 0,514339| 0,256418) 0,117602| 0,831745) 0,092343| 0,863963f
transferrin receptor type 1 tfrct TRINITY_DN151097_c1_g1 0,057121| 0,922543| -0,08724| 0,837004| -0,21054| 0,688664
iron-responsive element binding protein 2 ireb2 TRINITY_DN162110_c3 g1 -0,473882| 0,385284| -0,19371| 0,682837| -0,28817| 0,656629
ceruloplasmin Cp TRINITY_DN122801_c0 g1 0 1 0| 1 0 1
Innate humoral immunity
interferon induced with helicase C domain 1 ifih1 TRINITY_DN138343 c0_g1 0,406723| 0,361268] 0,511285| 0,269002] -0,19137| 0,701312
interferon regulatory factor 5 irfs TRINITY_DN140377_c2 g1 0,157294| 0,881042| 0,336152| 0,620345| -0,38334| 0,596872
interferon regulatory factor 10 irf10 TRINITY_DN149366_c0_g1 0,371971| 0,614432] 0,303799| 0,554693) -0,47284| 0,449056f
tumor necrosis factor receptor-associated factor 3 interacting protein 1 traf3ip1 TRINITY_DN150198 c2 g2 -0,220895| 0,807002 -0,05845| 0,981345| -0,0872| 0,909854]
tumor necrosis factor receptor-associated factor 6 traf6 TRINITY_DN162995 c0 g2 0,238693| 0,835808) 0,584792| 0,525421) -0,55164| 0,510472
tumor necrosis factor receptor superfamily, member 21 tnfrsf21 TRINITY_DN152787 c3 g1 0,776172[ 0,343941| -0,40825| 0,532705| -0,18864| 0,8147695]
tumor necrosis factor, alpha-induced protein 3 tnfaip3 TRINITY_DN154799 _c0_g2 -1,221941| 0,036557| -0,43027| 0,424876| -0,62961| 0,318418]
tumor necrosis factor, alpha-induced protein 6 tnfaip6 TRINITY_DN145499 c2 g1 0,372122| 0,568572 ND ND -1,3517| 0,088631
transforming growth factor beta activated kinase 1 (MAP3K?7) binding protein 1 |tab1 TRINITY_DN156646_c3 g3 0,259585| 0,750138| -0,62056| 0,375101| 0,567401| 0,358831
transforming growth factor beta activated kinase 1 (MAP3K7) binding protein2 |tab2 TRINITY_DN136443 o4 g2 -0,014284| 1] 0,031452| 0,979088| -0,34148| 0,49329
lysozyme g isoform 1 lyzg TRINITY_DN151142 c2 g4 1,931808| 0,062058| -0,3493| 0,658963] ND ND
lysozyme g isoform 2 lyzg TRINITY_DN151142_c2 g3 0,100961| 0,854555| -0,05092| 0,897885| -0,13517| 0,850774
lysozyme g isoform 3 lyzg TRINITY_DN154321_c0_g5 -0,205882| 0,822741) 0,233602| 0,692126| 0,187225| 0,801773}
lysozyme g isoform 4 lyzg TRINITY_DN150037 c1_g1 2,553233| 0,006412] 0,360384| 0,476218) 0,642694| 0,269097|
lysozyme ¢ lyzc TRINITY_DN161115 ¢c3 g1 -1,399815| 0,360628) -2,04015| 0,412837]  -0,312| 0,849137|
receptor for activated C kinase 1 rack1 TRINITY_DN159637 c3 g1 1,024645( 0,193108| -0,44955| 0,256431| 6,507515] 0,014516
protein tyrosine phosphatase receptor type C ptprc TRINITY_DN163497 c7 g1 0,307429| 0,476509| 0,314978| 0,449494) -0,25293| 0,607356f
protein kinase C, betaa prkcba TRINITY_DN152910 c2 g2 0,075813] 1] -0,39778] 0,69541| 0,429052| 0,509176]
protein kinase C, deltaa prkcda TRINITY_DN159920 c0 g1 0,086553|  0,9227| 0,228617| 0,625015] -0,56885| 0,349413]
protein kinase C, epsilon a prkoea TRINITY_DN145869_c0_g1 0,345045| 0,729892| 0,510313| 0,60051| -0,76241| 0,719393
protein kinase C, theta prkeq TRINITY_DN142604_c0_g2 0,487615| 0,569645| 0,387641| 0,494732| -1,08815| 0,157213
protein kinase C, zeta prkcz TRINITY_DN145076 c7_g2 -0,504757| 0,249322| 0,163872| 0,697733| 0,49345| 0,382156
cytokine receptor-like factor 1a crifla TRINITY_DN148504 c0 g1 -0,014305] 1 ND ND -0,40862| 0,523251
cytokine receptor-like factor 3 crlf3 TRINITY_DN139907 c1_g1 0,198124| 0,775735| 0,267884| 0,543557| 0,048972| 0,934619
suppressor of cytokine signaling 3b socs3b TRINITY_DN142002 c5 g1 -0,79686| 0,223668| -0,63402| 0,285788) -1,31228| 0,076794}
suppressor of cytokine signaling 5b socs5b TRINITY_DN133006 _c0 g1 -0,115085|  0,9268) -0,02188| 0,977436] -0,04194| 0,963993)
suppressor of cytokine signaling 6a socsba TRINITY_DN147051 c0 g1 -0,183207| 0,748923] -0,11629| 0,88133] -0,24498| 0,70867}
interleukin 2 inducible T cell kinase itk TRINITY _DN159827 c0 g1 -0,251545| 0,755485| 0,355856| 0,392791) 0,525379| 0,442868f
interleukin enhancer binding factor 2 ilf2 TRINITY _DN125857 c0 g1 0,177559| 0,93579| -0,24133| 0,518383] -0,00153 1
nuclear factor, interleukin 3 regulated, member 6 nfil3-6 TRINITY _DN158193 c2 g2 -0,213666| 0,641308| -0,18786| 0,733517| -0,19254| 0,805374f
chemokine (C-X-C motif) receptor 3, tandem duplicate 1 cxer3.1 TRINITY _DN160517 c3 g1 0,212889| 0,744989) -0,04557| 0,90406| 0,340643| 0,582858
chemokine-like receptor 1 cmkir1 TRINITY_DN149705 c1_g1 0,450215( 0,411141] -0,15373| 0,759019| 0,099392| 0,890614
chemokine (C-C motif) receptor 9a ccra TRINITY_DN156338_c0_g2 -0,996694| 0,204541| -6,65E-01| 0,19171] -0,24502| 0,722539
chemokine (C-C motif) ligand 44 ccl44 TRINITY_DN141586 c1_g1 ND ND -0,75695| 0,445686| 0,219449| 0,674694]
C5a anaphylatoxin chemotactic receptor cbar1 TRINITY _DN155897 c2 g2 -0,256072| 0,848336| -0,46635| 0,295207| -0,60445 0,383
|Innate cellular immunity
neutrophil cytosolic factor 4 ncf4 TRINITY_DN147584 c0 g2 -0,053334| 0,966499| -0,43868| 0,33919) -0,66645 0,26188
monocyte to macrophage differentiation-associated mmd TRINITY_DN107919 c0 g1 -3,842059| 0,04093] -0,21194| 0,646668) -0,0981| 0,835973
natural Killer cell triggering receptor nktr TRINITY_DN147748 c4 g1 -0,188562| 0,91689| 1,413542| 0,095852| -0,14808| 0,854342]
macrophage migration inhibitory factor mif TRINITY_DN141413 c1_g2 0,209222| 0,699555| -0,20461| 0,673857| 0,953104| 0,063896
macrophage expressed 1, tandem duplicate 1 mpeg1.1 TRINITY_DN162026_c8 g4 0,253398| 0,646737| -1,05E-01| 0,811881| -0,01789 1
mecrophage stimulating 1 receptor b mstirb TRINITY_DN153524 c5 g4 -0,096678| 0,854222| -0,35389| 0,722034) 0,703187| 0,420132
lymphocyte specific protein 1 a Ispla TRINITY_DN161162_c0_g2 -0,27294| 0,546542| 0,445796] 0,302541] -0,26515] 0,687717]
activated leukocyte cell adhesion molecule a alcama TRINITY _DN136619 _c0 g1 0,269439| 0,541712| 1,954051| 0,041737| 0,270822| 0,708752
Acquired immunity
mucolipin 1b mcoln1b TRINITY_DN141936_c6_g2 ND ND 0,565836| 0,550306 ND ND
|immunoresponsive gene 1, like irgll TRINITY DN143559 c0 g1 ND ND ND ND 0,357545( 0,652964]
novel immune-type receptor 1b nitr1b TRINITY DN163619 c5 g2 0,595238| 0,513705| 0,444261| 0,519139] 0,889768| 0,212703}
tyrosine kinase with immunoglobulin-like and EGF-like domains 1 tiet TRINITY DN148567 c2 g1 0,254431]  0,7183] 0,117339] 0,860006] 0,267484] 0,655799)
B cell linker bink TRINITY DN144994 c2 g2 0,75596| 0,388007| 0,13048| 0,758481) -0,65108| 0,38801
switching B cell complex subunit SWAP70b swap70b TRINITY _DN154031 c0 g1 1419408 0,00558| 1,31403| 0,021359 0,117077| 0,828792
immunoglobulin-like domain containing receptor 2 ildr2 TRINITY_DN146770 0 g5 -0,394474| 0,709384 ND ND -0,17875| 0,95864f
immunoglobulin superfamily, member 3 igsf3 TRINITY_DN147293 c0 g2 -0,187588| 0,892743 ND ND -0,60716| 0,490959
immunoglobulin light 3 variable 2 igl3v2 TRINITY_DN158498 c1_g1 2,38788| 0,040212| -0,19435| 0,764896| 0,693863| 0,541608]
immunoglobulin light 4 variable 8 igl4vg TRINITY DN163393 c1 g1 -0,165263| 0,724127| -0,16359| 0,738761| 1,038122| 0,092135)
immunoglobulin light 4 variable 8 iglv4-8 TRINITY DN163393 c1 g1 -0,165263| 0,724127| -0,16359| 0,738761| 1,038122| 0,092135)
immunoglobulin light iota constant 1, s1 igiC1St TRINITY DN147828 c1 g1 0,540042|  0,2762| 0,146725| 0,750526| 0,265725| 0,679898
immunoglobulin superfamily, member 9Ba igsfoba TRINITY DN140788 c0 g1 ND ND 0,210231| 0,839578) ND ND
immunoglobulin heavy variable 1-1 ighvi-1 TRINITY DN161000 c1 g1 0,668551| 0,315552] 0,541258| 0,193273) -0,17355| 0,777509
immunoglobulin heavy variable 1-2 ighv1-2 TRINITY_DN154442 c1 g1 -1,087589| 0,328865| 0,294554| 0,572503| -1,22175| 0,187801
|immunog|obu|in heavy variable 3-2 ighv3-2 TRINITY_DN152031 c2 g2 1,375957| 0,437751| 2,735322| 0,026069 ND ND
immunoglobulin variable 4-1 ighv4-1 TRINITY DN147640 c0 g1 ND ND -0,04864| 0,943632| 1,258756| 0,580633}
immunoglobulin heavy variable 6-2 ighvé-2 TRINITY DN159159 c0 g1 -0,547853| 0,45988| -0,68433| 0,255577| -2,06169| 0,031041
immunoglobulin heavy variable 10-1 ighv10-1 TRINITY DN162448 c4 g1 1,222214| 0,351663| -0,86393| 0,303731| 2,173265| 0,373185f
CD74 molecule, major histocompatibility complex, class || invariant chain a cd74a TRINITY DN156515 o0 g1 0,121325| 0,762744| 0,087142| 0,833234| 0,109924| 0,827057|
CD81 molecule b cd81b TRINITY DN142381 c1 g1 0,453624| 0,394074| -0,24621| 0,560316| 0,446992| 0,441945|
CD99 molecule-like 2 cd9912 TRINITY DN143409 c2 g1 0,306477| 0,775569| 0,312292| 0,527875| -0,07631| 0,969655]
CD151 antigen, like cd151l TRINITY DN160686 c1 g1 -0,13779| 0,755713| 0,483575| 0,299186| 0,087994| 0,86755)
CD164 molecule, sidomucin cd164 TRINITY DN158014 c1 g1 -0,251782| 0,611894 0,249832| 0,575618) -0,55477| 0,25967|
CD276 molecule cd276 TRINITY DN135065 c0 g1 0,07589| 0,932536] 0,125992| 0,826692] 0,369959| 0,467171
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a)

TRINITY sample logFC Pvalue FDR GenelD Acronym UniProtKB Acession no. Organism Immune system Strese
TRINITY_DN134805_c3 g6 1,08E+14 2,14E-33 1,19E-28 Zincfinger protein 184 f184 Q99676 Homo sapiens
TRINITY_DN161228_c0_g1 994E+14 2,98E-09 553E-05 Macrophage mannose receptor 1 nrcl P22897 Homo sapiens X
TRINITY_DN154336_c1_g7 7,89E+14 1,31E-07 8,08E-04 A-kinaseanchor protein 13 akap13 Q12802 Homo sapiens
TRINITY_DN154232 c1_g1 716E+14 819E-07 2,54E-03 Deoxyribonuclesse-1-like dnasell1 P49184 Homo sapiens X
TRINITY_DN157242_c0_g1 928E+14 1,34E-06 3,57E-03 NLR family, CARD domain containing 3 nirc3 Q7RTR2 Homo sapiens X
TRINITY_DN136433_c1_g1 7.98E+14 1,75E-06 4,06E-03 Parvabumin3 pvalb3 Q7ZT36 Homo sapiens
TRINITY_DN163223 o0 g1~ 820E+14 200E-06 4,13E-03 Glyceraldehyde-3-phosphate dehydrogenase gapdh PO4406 Hormo sapiens X
TRINITY_DN160440_c3 g3 744E+14 584E-06 1,05E-02 Discoidin domain receptor tyrosinekinase 1 ddr1 QU8345 Homo sapiens
TRINITY_DN157315_c0_g5 737E+14 6,026-06 1,05E-02 Credinekinase, musdea ckma QO0X19 Daniorerio
TRINITY_DN156139_c0_g1 8,89E+14 6,45E-06 1,06E-02 Bactericidd permesbility-increasing protein-like bpi P17213 Homo sapiens X
TRINITY_DN145717_c0_g1 573E+14 9,30E-06 1,36E-02 Troponin T3b, skeletd, fast tnt3 P45378 Homo sapiens
TRINITY_DN140144_o4_g1 647E+14 1,01E-05 1,36E-02 Parvabumin beta-like na AOA1S3S2P0 Salmo salar
TRINITY_DN153686_o4_g1 9,89E+14 1,07E-05 1,38E-02 credtinekinase, musclea ttpa P49638 Homo sapiens
TRINITY_DN149521_c2 g1 562E+14 1,18E-05 1,40E-02 B-odl receptor CD22 ocd22 P20273 Homo sapiens X
TRINITY_DN153853 c2 g2 254E+14 1,29E-05 1,47E-02 Moronecidin na Q8UUGD Morone saxatilis X
TRINITY_DN151130_c2 g6 6,07E+14 1,77E-05 1,76E-02 Actin, dpha 1b, skeletd muscle actal P68133 Homo sapiens
TRINITY_DN142517_c4 g7 9,15E+14 2,02E-05 1,83E-02 Kinesin family binding protein kifbp Q9BEKS Homo sapiens
TRINITY_DN143456_c1_g2 7,74E+14 210E-05 1,83E-02 Tubulin betachain thb PO7437 Homo sapiens X
TRINITY_DN136703_c3 g1 521E+14 211E-05 1,83E-02 Elongation factor 1-apha 1 edf1al P68104 Homo sapiens X
TRINITY_DN163330_c5 g3 697E+14 2,19E-05 1,83E-02 High affinity choline transporter 1 dcsa7 QUG2V3 Homo sapiens
TRINITY_DN162987_o4_g1 6,98E+14 219E-05 1,83E-02 Nemo-likekinase, type2 nlk QOUBE8 Homo sapiens
TRINITY_DN148345 c1_g5 5ATE+14 2,226-05 1,83E-02 Signal peptidase complex subunit 2 spes2 Q15005 Homo sapiens
TRINITY_DN91259_c0_g1 560E+14 2,56E-05 2,01E-02 60S ribosomdl protein L23a rpl23a P62750 Homo sapiens
TRINITY_DN148284 3 g2 931E+14 260E-05 2,01E-02 GTPaseIMAPfamily member 7 gimep? Q8NHV1 Homo sapiens
TRINITY_DN131881_c1_ g2 568E+14 2,71E-05 2,07E-02 40Sribosomdl protein S12 rpsi2 P25398 Homo sapiens
TRINITY_DN144112_.c2 g1~ 576E+14 2,96E-05 2,18E-02 Prothymosindpha ptma POB454 Hormo sapiens
TRINITY_DN148902_c3 g5 7.95E+14 327E-05 2,25E-02 Voltage-dependent T-type cacium channd subunit apha-1l-like  cacnati QoPOX4 Homo sapiens
TRINITY_DN140935_c1_g4 569E+14 331E-05 2,25E-02 40S ribosomdl protein S15 rps15 P62841 Homo sapiens
TRINITY_DN123605_c0_g1 598E+14 331E-05 2,25E-02 60S ribosomdl protein L34 rpl34 P49207 Homo sapiens
TRINITY_DN230036 0 g1~ 544E+14 4,08E-05 2,50E-02 60S ribosomd protein L8 rpl8 P62917 Homo sapiens
TRINITY_DN148890_c5 g4 7,51E+14 4,16E-05 2,50E-02 Guanine nudectide-binding protein G(o) suburnit dlpha gnait P63096 Homo sapiens
TRINITY_DN141871_c1_gi ~ 429E+14 417E-05 2,50E-02 Myosin, heavy polypeptide 1.1, skeletal musdle myhz1.1 B8A568 Daniorerio
TRINITY_DN163651_c8 g1~ 515E+14 4,25E-05 2,52E-02 Myelin-oligodendragyte glyooprotein mog Q16653 Homo sapiens X
TRINITY_DN143360_c2_g2 8,59E+14 4,56E-05 2,63E-02 Butyrophilin-likeprotein 8 btni8 D6RIR7 Homo sapiens X
TRINITY_DN161904_o6 g3  446E+14 532E-05 2,90E-02 Myosin light chein, phosphoryldtable, fast skeletal musdea mylpt Q9BA32 Hormo sapiens X
TRINITY_DN141540_5 g1~ 632E+14 554E-05 294E-02 Zincfinger protein 79 xf79 Q15937 Homo sapiens
TRINITY_DN138242 c1_g1 6,05E+14 581E-05 299E-02 60S ribosomd proteinL10a rpl10a P62906 Homo sapiens
TRINITY_DN136727_c2 g2 529E+14 591E-05 2,99E-02 40S ribosomd protein SA rpsa P08B65 Homo sapiens
TRINITY_DN151618 0 g4  6,77E+14 638E-05 3,12E-02 Golgin subfarmily B member 1 golgbt Q14789 Homo sapiens
TRINITY_DN140225_c0_g2 6,07E+14 6,66E-05 3,13E-02 40S ribosomdl protein S7 rps7a P62081 Homo sapiens
TRINITY_DN163297_c2 g1 4,74E+14 6,80E-05 3,16E-02 NACHT, LRR and PYD domains-containing protein 12 nirp12 P59046 Homo sapiens X
TRINITY_DN113574_c0_g1 591E+14 699E-05 3,20E-02 60S ribosomdl protein L30 rpl30 P62888 Homo sapiens X
TRINITY_DN145989_c1_g1 754E+14 71ATE-05 3,25E-02 Voltage-dependent R-type celcium channel subunit dpha-1E cacnale Q15878 Homo sapiens
TRINITY_DN160959_c3 g3 546E+14 742E-06 3,25E-02 40S ribosomal protein S3a rps3a P61247 Homo sapiens
TRINITY_DN126929 c0_g1 552E+14 7,61E-056 3,31E-02 60S ribosomdl proteinL7a rpl7a P62424 Homo sapiens
TRINITY_DN160872_c0_g4 6,20E+14 791E-05 3,38E-02 Sarcoplasmic/endoplasmic reticulum calciumATPase 1 atp2al 014983 Homo sapiens X
TRINITY_DN131562_c2 g1 582E+14 795E-05 3,38E-02 60S ribosomdl protein L23 rpl23 P62829 Homo sapiens
TRINITY_DN152274_c3 g1 469E+14 8,01E-05 3,38E-02 Myosin, heavy chain4 myhot A2BGX6 Daniorerio
TRINITY_DN150843 c0_g1  434E+14 837E-05 343E-02 Alpha-tropomyosin tpmi P09493 Homo sapiens x
TRINITY_DN120312_c0_g1 553E+14 9,35E-056 3,59E-02 40S ribosomal protein S24 rps24 P62847 Homo sapiens
TRINITY_DN103756_c0_g1 530E+14 1,08E-04 4,04E-02 60S ribosomdl protein L36a rpl36a P83881 Homo sapiens
TRINITY_DN135901_c1_g2 503E+14 1,14E-04 4,17E-02 Receptor of activated protein C kinase 1 rack1 P63244 Homo sapiens X
TRINITY_DN139327 o4 g7 809E+14 1,25E-04 441E-02 Sodium-dependent multivitarmin transporter dc5a6 Q9Y289 Homo sapiens
TRINITY_DN119827_c0_g1 460E+14 1,26E-04 4,42E-02 Ferritinlight chain 1 fil PO2792 Homo sapiens X
TRINITY_DN96990_c0_g1 524E+14 1,27E-04 4,42E-02 40S ribosomdl protein S17 rps17 P08708 Homo sapiens
TRINITY_DN137865_c1_g1 4,15E+14 1,35E-04 4,56E-02 Actin, dpha, cardiac musde 1b actcl P68032 Homo sapiens
TRINITY_DN148282 c3 g2 4,07E+14 1,42E-04 4,69E-02 40S ribosomdl protein S2 rps2 P15880 Homo sapiens
TRINITY_DN160717_c2 g3~ 665E+14 144E-04 4,71E-02 GTPase IMAPfamily member 2 gimap2 QUUG2 Homo sapiens
TRINITY_DN107767_0 g1~ 558E+14 145E-04 4,71E-02 60S ribosomdl protein L18 rpl18 Q07020 Homo sapiens
TRINITY_DN156496_c2 g1~ 296E+14 146E-04 4,71E-02 A kinase(PRKA) anchor protein 17A akapi7a Q02040 Homo sapiens x
TRINITY_DN135377 c8 g1 448E+14 1,51E-04 4,80E-02 60S ribosomd protein L38 rpl38 P63173 Hormo sapiens

logFC Pvalue FDR TUniFrofiB I Gene definition Gene symbal Organism Immune system Stress

T3E+14 TA3E: Muclear factor 7, brain-like Rf7BI Salmo salar
Shootin 3 shind Danio rerio
BFMNG O+ ide 3-bets-N-acery ghucosam miE Homo sapiens
DELTA-sagatoodn-Srsla-like n'a Amazon molly =
Homeobox protein OTX1 B-liks otxlb Danio rerio
GTPase IMAP family membear § gimap® Home sapiens =
Fe receptor-like protein 4 Jerid Homo sapiens =
Low affinity immmmoglobulin gamma Fe region raceptor IT Jegrlb Home sapiens =
"] 04_c5_gl Bho gusnine mcleotide exchangze factor (GEF) To arkgef7 Home sapiens
TRINITY_DN162007_cd_g1 Probable G-protein coupled receptor 34 Eprid Homo sapiens
TRINITY_DN162324_c2_g1 SLAM family member 7 sleamyT Homo sapiens =
Iy 9 cd_gl Vizuzl pigment-like receptor peropsin i Homo sapiens
TRINITY_DNI40803_c2_g2 1. Putative zinc finger protein 840 340 Notothenia coriiceps
TRINITY_DNISIS09_c2_ =1  -818E+14 Ciliozenesis associated TTC17 interacting prossin catip Homo sapiens

Supplementary table 3.4. DEGs in A-B) head-kidney, C-D) duodenum and E-F) skin
transcriptomes between Control and Sham treated groups. Only unique DEGs are listed that showed
up (A) and down- regulation (B) in head-kidney, up (C) and down-regulation (D) in duodenum and up
(E) and down-regulation (F) in skin (F) (FDR < 0.05). The DEGs involved in immune and stress
processes were identified with “x”.
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TRINITY sample logFC Pvalue FDR Gene D Acronym  UniProtKB Acession no. Organism Immune system  Stress
TRINITY_DN136418_c0_g1 9,39E+14  1,21E-10 1,76E-06 Acyl-CoA dehydrogenase family, member 11 acad11 Q709F0 Homo sapiens
TRINITY_DN163898_c3 g1~ 9,22E+14  9,56E-09 7,94E-05 NLR family CARD domain containing 3 nirc3 Q7RTR2 Homo sapiens X
TRINITY_DN158327_c0_g5 857E+14 2,90E-08 1,69E-04 CathepsinZ ctsz Q9UBR2 Homo sapiens X
TRINITY_DN158456_c2 g5 7,25E+14  1,05E-07 4,07E-04 STE20-like serine/threonine-protein kinase sk Q9H2G2 Homo sapiens
TRINITY_DN156920_c0_g2  2,37E+14  1,86E-07 6,76E-04 D-aspartate oxidase ddo Q99489 Homo sapiens
TRINITY_DN140177_c3 g2 7,71E+14 1,94E-06 3,76E-03 Protein kinase C and casein kinase substrate in neurons 1b pacsin1 Q9BY 11 Homo sapiens
TRINITY_DN160464 c1_ g2 859E+14 517E-06 7,00E-03 Ladderlectin-like n/a AOA1S3M3s9 Salmo salar X
TRINITY_DN149873_c1_g8  6,60E+14 8,60E-06 9,80E-03 Cytochrome P450 2K 1-like na AOA 1838117 Salmo salar
TRINITY_DN138641_c6 g1 7,51E+14  1,23E-05 1,25E-02 Lysosomal alpha-glucosidase gaa P10253 Homo sapiens X
TRINITY_DN139327_c4 g7  8,11E+14  1,45E-05 1,38E-02 Sodium-dependent muiltivitamin transporter slc5ab QoY 289 Homo sapiens
TRINITY_DN151726_c0_g1 ~ 1,16E+14  1,64E-05 1,49E-02 Septin-7-like septin7p9  Pseudogene Notothenia coriiceps
TRINITY_DN142695_c1 g4  7,06E+14 1,81E-05 1,54E-02 Ribosomal protein S19 binding protein 1 rpsi9bpt  QBBWX3 Homo sapiens
TRINITY_DN151542_c4_g9 1,06E+14  1,89E-05 1,55E-02 MET proto-oncogene, receptor tyrosine kinase met P08581 Homo sapiens X
TRINITY_DN147862 c3 g7  3,64E+14 2,27E-05 1,79E-02 Chdlinergic receptor nicotinic alpha 7 subunit chrna7 P36544 Homo sapiens
TRINITY_DN160537_c3 g2  7,04E+14 2,87E-05 2,17E-02 Methionine synthase mtr Q99707 Homo sapiens
TRINITY_DN159904 c0 g7  7,80E+14 4,00E-05 2,78E-02 Caspase-1-A caspl P29466 Homo sapiens X
TRINITY_DN147024_c4 g1 3,82E+14  4,63E-05 2,98E-02 Nucleotide binding protein 1 nubp1 P53384 Homo sapiens X
TRINITY_DN137926_c0_g1  3,17E+14 4,73E-05 2,99E-02 Proto-Oncogene C-Fos fos P01100 Homo sapiens X X
TRINITY_DN149950 c2 g1  8,14E+14  4,82E-05 3,01E-02 Peptidylglycine al pha-amidating monooxygenase pam P19021 Homo sapiens
TRINITY_DN138887_c2 g6  7,76E+14 8,33E-05 4,53E-02 Cytochrome P450, family 19, subfamily A, polypeptide b cyp19a P11511 Homo sapiens
TRINITY_DN159288_c3 g3  6,75E+14  844E-05 4,53E-02 Phosphatidate cytidylyltransferase 2 cds2 095674 Homo sapiens
TRINITY_DN161919_c1 g2  363E+14 877E-05 4,53E-02 Karyopherin alpha5 (importin alpha6) kpna5 015131 Homo sapiens X
TRINITY_DN156301_c0_g1 219E+14  8,79E-05 4,53E-02 Coiled-coil domain containing 82 ccdc82 Q8N4S0 Homo sapiens
TRINITY_DN162382_c9_ g2  6,75E+14 8,86E-05 4,53E-02 BTB/POZ domain-containing protein 3 btbd3 Q9Y2F9 Homo sapiens
TRINITY_DN153065_c2 g2  2,96E+14 9,93E-05 4,65E-02 Growth regulation by estrogen in breast cancer greb1 Q4zG55 Homo sapiens
TRINITY_DN148412 c8 g1  8,79E+14  1,07E-04 4,74E-02 Electron transfer flavoprotein dehydrogenase etfdh Q16134 Homo sapiens X
TRINITY_DN163559 c7 g4  8,77E+14  1,09E-04 4,74E-02 Trichohyalin-like tchhl1 Q5QJ38 Hono sapiens
TRINITY_DN157752 0 g2  2,26E+14  1,10E-04 4,74E-02 Transmembrane protein 176B tmem176b Q3YBM2 Homo sapiens
TRINITY_DN146617_8_g1 ~ 6,72E+14  1,11E-04 4,74E-02 Proteolipid protein 2 plp2 QU4941 Homo sapiens X
TRINITY_DN155225 c0 g1 4,00E+14  1,12E-04 4,75E-02 Ciliogenesis and planar polarity effector 2 cplane2 Q9BU20 Homo sapiens

d) DEGs down-r egulated in the duodenum of Contral versus Sham

TRINITY sample logFC Pvalue FDR Gene 1D Acronym UniProtK B Acession no. Organism | mmune system Stress
TRINITY_DN157234_c0 g2 -1,03E+14  2,67E-08 1,69E-04 GTP cycohydrolase 1 gcht P30793 Hommo sapiens X
TRINITY_DN159360_c4 g1 -8,68E+14  3,92E-08 2,07E-04 Zinc finger protein 37 Zp37 QIYeQ3 Homo sapiens
TRINITY_DN162782_c0_g1  -8,26E+14  534E-08 239E-04 MAGUK p55 subfamily member 3 mpp3b Q13368 Homo sapiens
TRINITY_DN158150_c3 g4 -8,02E+14 4,58E-07 1,21E-03 Hepcidin hamp P81172 Homo sapiens X
TRINITY_DN161270_c0_g1 -6,89E+14  5,28E-07 1,33E-03 Trypsin-7-like na N/A Notothenia coriiceps
TRINITY_DN113150_c0 g1 -6,93E+14  1,14E-06 2,65E-03 Haptoglobin hp P00738 Homo sapiens X
TRINITY_DN152946_c2 g1 -9,00E+14  1,43E-06 3,08E-03 GTPase|MAP family member 7 gimap? Q8NHV1 Hono sapiens
TRINITY_DN137467_c7_g3 -8,54E+14 3,12E-06 549E-03 C2 calcium-dependent domain containing 2 c2cd2 QoY 426 Homo sapiens
TRINITY_DN14029 c3 g2 -8,56E+14 4,70E-06 6,98E-03 Elastase 2-like ea2l P08217 Hono sapiens
TRINITY_DN127262 c0 g1 -8,12E+14  6,04E-06 7,80E-03 Endonuclease domain-containing 1 protein endod1 094919 Homo sapiens
TRINITY_DN161264_c2 g2 -8,07E+14  7,47E-06 9,05E-03 Carboxypeptidase B1 cpb1 P15086 Homo sapiens
TRINITY_DN138963_c6 g1 -560E+14  1,29E-05 1,25E-02 Membrane palmitoylated protein 7 mpp7 QsT2T1 Homo sapiens
TRINITY_DN141444 c11_g4 -7,28E+14  1,29E-05 1,25E-02 Trypsin-like prssi PO7477 Homo sapiens
TRINITY_DN148016_c1_g3 -4,91E+14 3,05E-05 2,27E-02 Interferon-induced protein 44-like ifi44l Q53G44 Homo sapiens X
TRINITY_DN145806_c0_g1 -3,28E+14  3,50E-05 241E-02 Stonustoxin subunit apha-like na Q98989 Synanceia horrida X
TRINITY_DN136221_c1_g1 -553E+14 3,88E-05 2,75E-02 Peptidase inhibitor RSHDML r3hdml Q9H3YO0 Homo sapiens
TRINITY_DN142397_c4 g1  -8,15E+14  4,26E-05 2,88E-02 Perforin-1 prf1 P14222 Homo sapiens X
TRINITY_DN144299 c0_g1 -549E+14 532E-05 3,21E-02 Mucin-5AC-like muc5ac Po808e Homo sapiens X
TRINITY_DN138253_c2 g4 -557E+14 6,48E-05 3,69E-02 Desumoylating isopeptidase 2 desi2 QIBSY9 Homo sapiens
TRINITY_DN130742_c0_g2 -8,13E+14 9,92E-05 4,65E-02 Chymotrypsinogen B1 ctrb1 P17538 Homo sapiens
TRINITY_DN145863_c0_g1 -8,12E+14  1,07E-04 4,74E-02 Carboxy! ester lipase cel P19835 Homo sapiens
TRINITY_DN134508 c0 93 -8,67E+14  1,12E-04 4,75E-02 Interferon-induced very large GTPase 1 gvinp1 Q772Y8 Homo sapiens
e)

TRINITY sample logFC ~ Pvalue FDR GenelD Acronym  UniProtKB Acession no. Organism Immunesystem  Strest
TRINITY_DN159459 o0 g2 7,25E+14 7,27E-07 2,82E-02 GTPase|MAP family member 8 gimap8 QB8ND71 Homo sapiens X

f) DEGs down-regulated in the skin of Control versus Sham

TRINITY sample logFC Pvalue FDR GenelD Genesymbol  Pathway or Function Immunesystem  Strese
TRINITY_DN152946 c2 g1 -1,23E+14 553E-10 4,30E-05 GTPase IMAP family member 7 gimap? QBNHV1 Hormo sapiens

Supplementary table 3.5. Enriched GO terms in A) head-kidney, B) duodenum and C) skin in
DEGs between Control and Sham groups. The enriched GO terms are identified as biological process
(BP), molecular function (MF) and cellular component (CC) (FDR < 0.05).
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a)
Tissue GO Term P-value  Ontology
Head-kidney
GO:0005783  endoplasmic reticulum 8,19E-07 CcC
GO:0070062  extracellular exosome 8,19E-07 cc
GO:0005634 nudeus 8,19E-07 cc
GO:0004536  deoxyribonuclease activity 8,19E-07 MF
GO:0004519  endonuclease activity 8,19E-07 MF
GO:0006308 DNA catabolic process 8,19E-07 BP
GO:0005576  extracellular region 1,98E-06 cC
GO:0090729  toxin activity 1,98E-06 MF
GO0:0044179  hemolysisin other organism 1,98E-06 BP
GO:0005737  cytoplasm 2,00E-06 cc
GO:0005829  cytosol 2,00E-06 cc
GO0:0015630 microtubule cytoskeleton 2,00E-06 CcC
GO:0005634 nudeus 2,00E-06 cc
GO:0004365  glycera dehyde-3-phosphate dehydrogenase (NAD+) (phosphorylating) activity 2,00E-06 MF
GO:0008017  microtubule binding 2,00E-06 MF
GO:0051287  NAD binding 2,00E-06 MF
GO:0050661 NADPbinding 2,00E-06 MF
GO:0035605  peptidyl-cysteine S-nitrosylase activity 2,00E-06 MF
GO:0006006  glucose metabolic process 2,00E-06 BP
GO:000609%6  dlyoolytic process 2,00E-06 BP
G0:0000226  microtubule cytoskeleton organization 2,00E-06 BP
GO0:0051402  neuron apoptotic process 2,00E-06 BP
GO:0035606  peptidyl-cysteine S-trans-nitrosylation 2,00E-06 BP
GO:0050821  protein stabilization 2,00E-06 BP
GO:0005576  extracellular region 5,86E-06 cC
G0:0042151  nematocyst 5,86E-06 cc
G0:0044218  other organism cell membrane 5,86E-06 cC
GO:0046930  pore complex 5,86E-06 CcC
GO:0015267  chennel activity 5,86E-06 MF
GO:0090729  toxin activity 5,86E-06 MF
GO:0006812  cation transport 5,86E-06 BP
G0:0052331  hemolysisin other organism involved in symbiotic interaction 5,86E-06 BP
GO:0046931  pore complex assembly 5,86E-06 BP
GO:0005737  cytoplasm 6,83E-06 cc
GO:0005856  cytoskeleton 6,83E-06 cc
G0:0031514  motile cilium 6,83E-06 cc
GO:0005524  ATP binding 6,83E-06 MF
GO:0004111  creatine kinase activity 6,83E-06 MF
GO:0030030 cell projection organization 6,83E-06 BP
GO:0005737  cytoplasm 1,02E-05 cc
G0:0070062 extracellular exosome 1,18E-05 cC
G0:0016021  integral component of membrane 1,18E-05 cc
GO:0005886  plasmamembrane 1,18E-05 CcC
G0:0030246 carbohydrate binding 1,18E-05 MF
GO:0007155  cell adhesion 1,18E-05 BP
G0:0044297  cell body 1,76E-05 cc
GO:0005737  cytoplasm 1,76E-05 cc
GO:0005856  cytoskeleton 1,76E-05 cc
GO:0030175  filopodium 1,76E-05 cc
GO:0030027  lamellipodium 1,76E-05 cc
GO:0005524 ATP binding 1,76E-05 MF
GO:0090131  mesenchyme migration 1,76E-05 BP
GO:0010628  positive regulation of gene expression 1,76E-05 BP
GO:0005737  cytoplasm 1,77E-05 cc
GO:0005615  extracellular space 1,77E-05 CcC
GO:0005524 ATP binding 1,77E-05 MF
GO:0004111  crestine kinase activity 1,77E-05 MF
GO:0009408  responseto heat 1,77E-05 BP
GO:0016301  kinase activity 1,77E-05 MF
GO:0016772  transferase activity, transferring phosphorus-containing groups 1,77E-05 MF
GO:0005737  cytoplasm 2,10E-05 cc
GO:0005874 microtubule 2,10E-05 CcC
GO:0005525 GTP binding 2,10E-05 MF
GO:0003924  GTPase activity 2,10E-05 MF
GO:0005200  structural constituent of cytoskeleton 2,10E-05 MF
G0:0007017  microtubule-based process 2,10E-05 BP
GO:0030864 cortical actin cytoskeleton 2,11E-05 cc
GO:0005737  cytoplasm 2,11E-05 cc
GO:0005829  cytosol 211E-05 cc
G0:0070062 extracellular exosome 211E-05 cC
GO:0005615  extracellular space 2,11E-05 cC
GO:0016020  membrane 2,11E-05 cc
GO:0043209  myelin sheath 2,11E-05 cc
GO:0005730 nudeolus 2,11E-05 cc
GO:0005886  plasmamembrane 2,11E-05 cC
G0:0032587  ruffle membrane 211E-05 cc
GO:0008144  drug binding 2,11E-05 MF
GO0:0005525 GTP binding 2,11E-05 MF
GO:0003924  GTPase activity 2,11E-05 MF
GO:0003729  mRNA binding 211E-05 MF
GO:0019901  protein kinase activity 2,11E-05 MF
GO:0003723  RNA binding 2,11E-05 MF
GO:0003746  trandlation elongation factor activity 2,11E-05 MF
GO:0000049  tRNA binding 2,11E-05 MF
GO:0007568 aging 2,11E-05 BP
GO0:0035690  cellular response to drug 2,11E-05 BP
GO:0071364  cellular response to epiderma growth factor stimulus 2,11E-05 BP
GO:1990090  cellular response to nerve growth factor stimulus 2,11E-05 BP
GO:1903427  negative regulation of reactive oxygen species biosynthetic process 211E-05 BP
GO:0010942  positive regulation of cell degth 2,11E-05 BP
G0O:0010976  positive regulation of neuron projection development 2,11E-05 BP
G0:0051260  protein homooligomerization 2,11E-05 BP
GO:0016021  integral component of membrane 2,39E-05 cc
GO:0005764  lysosome 2,39E-05 cc
G0:0005741  mitochondria outer membrane 2,39E-05 cC
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G0:0005525
G0:0005737
G0.0022625
G0:0070062
G0:0005730
GO:0005634
GO:004529
G0:0070180
G0:0003723
G0:0003735
G0:0008283
G0:0000027
G0:0006412
G0:0070062
G0:0005634
G0:0033613
G0:0042393
G0:0030154
G0:0008283
G0:0043486
G0:0043066
G0.0043154
G0:0051092
GO:0045944
G0:0022627
G0:0005925
G0:0016020
GO:0005654
G0:0003723
G0:0003735
G0:0097421
G0:0001649
G0:0000028
GO.0042274
GO:0000056
GO:0006364
G0:0006412
G0:0003735
G0:0005840
G0:0022625
GO:0070062
G0:0005739
G0:004529%
G0:0003723
G0:0003735
GO:0042254
GO:0006412
G0:0022625
G0:0005925
G0:0016020
G0:1990932
G0:0003723
G0:0003735
GO:1990090
G0:0002181
G0:0006412
G0:0005622
GO:0005840
G0:0030016
G0:0016459
G0:0032982
G0:0001725
G0:0030018
G0:0051015
G0:0030898
G0:0005524
G0:0016887
G0:0005516
G0:0000146
G0:0019901
G0:0030048
G0:0007512
G0:0046034
GO:0055009
GO:0048739
G0:0060070
G0:0060048
G0:0048739
G0:0014898
GO0:0001701
G0:0006936
G0:0030049
G0:0030239
G0O:0043462
G0:0008217
G0:0008016
G0:0060420
G0:0002027
G0:0002026
GO:0045214
GO:0006941
GO0:0055010
G0:0007522
G0:0030016
G0:0032982
G0O:0051015
GO:0005524
G0:0005516

GTPbinding

cytoplasm

cytosolic large ribosomal subunit
extracellular exosome

nucleolus

nucleus

cadherin binding

large ribosomal subunit rRNA binding
RNA binding

structural constituent of ribosome
cdll proliferation

ribosomal large subunit assembly
trandation

extracellular exosome

nucleus

activating transcription factor binding
histone binding

cell differentiation

cdll proliferation

histone exchange

negative regulation of apoptotic process

negative regulation of cysteine-type endopeptidase activity involved in apoptotic process

positive regulation of NF-keppaB transcription factor activity
positive regulation of transcription by RNA polymerase ||

cytosolic small ribosomal subunit
focal adhesion

membrane

nucleoplasm

RNA binding

structural constituent of ribosome
liver regeneration

osteoblast differentiation
ribosomal small subunit assembly
ribosomal small subunit biogenesis
ribosomal small subunit export from nucleus
rRNA processing

trandation

structural constituent of ribosome
ribosome

cytosolic large ribosomal subunit
extracellular exosome
mitochondrion

cadherin binding

RNA binding

structural constituent of ribosome
ribosome biogenesis

trandation

cytosolic large ribosomal subunit
focal adhesion

membrane

5.8S rRNA binding

RNA binding

structural constituent of ribosome
cellular response to nerve growth factor stimulus
cytoplasmic trandation
trandation

intracellular

ribosome

myofibril

myosin complex

myosin filament

stress fiber

Zdisc

actin filament binding
actin-dependent ATPase activity
ATPbinding

ATPase activity

camodulin binding
microfilament motor activity
protein kinase activity

actin filament-based movement
adult heart development

ATP metabolic process

atrial cardiac muscle tissue morphogenesis
BMP signdling pathway

canonica Wt signding pathway
cardiac muscle contraction
cardiac muscle fiber development
cardiac muscle hypertrophy in response to stress
in utero embryonic development
muscle contraction

muscle filament sliding

myofibril assembly

regulation of ATPase activity
regulation of blood pressure
regulation of heart contraction
regulation of heart growth
regulation of heart rate

regulation of the force of heart contraction
sarcomere organization

striated muscle contraction
ventricular cardiac musde tissue morphogenesis
visceral musde development
myofibril

myosin filament

actin filament binding
ATPbinding

camodulin binding
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2,39E-05
2,56E-05
2,56E-05
2,56E-05
2,56E-05
2,56E-05
2,56E-05
2,56E-05
2,56E-05
2,56E-05
2,56E-05
2,56E-05
2,56E-05
2,96E-05
2,96E-05
2,96E-05
2,96E-05
2,96E-05
2,96E-05
2,96E-05
2,96E-05
2,96E-05
2,96E-05
2,96E-05
3,31E-05
3,31E-05
3,31E-05
3,31E-05
3,31E-05
3,31E-05
3,31E-05
3,31E-05
3,31E-05
3,31E-05
3,31E-05
3,31E-05
3,31E-05
3,31E-05
3,31E-05
3,31E-05
3,31E-05
3,31E-05
3,31E-05
3,31E-05
3,31E-05
3,31E-05
3,31E-05
4,08E-05
4,08E-05
4,08E-05
4,08E-05
4,08E-05
4,08E-05
4,08E-05
4,08E-05
4,08E-05
4,08E-05
4,08E-05
4,17E-05
4,17E-05
4,17E-05
4,17E-05
4,17E-05
4,17E-05
4,17E-05
4,17E-05
4,17E-05
4,17E-05
4,17E-05
4,17E-05
4,17E-05
4,17E-05
4,17E-05
4,17E-05
4,17E-05
4,17E-05
4,17E-05
4,17E-05
4,17E-05
4,17E-05
4,17E-05
4,17E-05
4,17E-05
4,17E-05
4,17E-05
4,17E-05
4,17E-05
4,17E-05
4,17E-05
4,17E-05
4,17E-05
4,17E-05
4,17E-05
4,58E-05
4,58E-05
4,58E-05
4,58E-05
4,58E-05
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GO:0003774
GO:0016459
GO:0030686
GO:0005604
GO:0005737
GO:0005829
GO:0022627
GO:0070062
G0:0031012
G0:0016020
GO:0043025
GO:0005634
GO:0005886
G0:0015935
GO:0043236
GO:0005055
GO:0043022
GO:0003723
G0:0003735
G0:0098609
G0:0000447
GO:0000461
GO:0030855
G0:0000028
G0:0006407
GO:0006412
GO:0030686
G0:0022627
GO:0070062
GO:0031012
GO:0005925
GO:0030529
G0:0016020
G0:0005815
G0:0005730
GO:0005634

GO:0019901
G0:0003723
GO:0003735
GO:1990948
G0:0030154
G0:0002181
G0:2000059
GO:1904667
GO:0001843
G0:0010628
G0:1902255
GO:0050821
GO:0042274
GO:0006364
GO0:0016021
G0:0005886
GO:0005829
GO:0022627
GO:0005783
G0:0070062
G0:0031012
G0:0005925
G0:0030529
GO:0005730
GO:0005634
GO:0048027
GO:0003735
GO:0030154
GO:0002181
G0:0043066
GO:0006412
GO:0003735
GO:0005840
G0:0005737
G0:0022625
G0:0070062
GO:0005925
G0:0016020
GO:0005730
GO:0005634
GO:0042788
GO:004529
G0:0003723
G0:0000470
G0:0006412
GO:0005783
GO:0005789
G0:0005793
G0:0031673
G0.0031674
G0:0016021
G0:0016020
GO:0048471
GO:0016529
GO:0033017
GO:0005524

motor activity

myosin complex

90S preribosome

basement membrane

cytoplasm

cytosol

cytosolic small ribosomal subunit
extracellular exosome
extracellular matrix

membrane

neurond cell body

nucleus

plasmamembrane

small ribosomal subunit

laminin binding

laminin receptor activity
ribosome binding

RNA binding

structural constituent of ribosome
cell-cell adhesion

4,58E-05
4,58E-05
5,91E-05
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endonudeolytic dleavagein ITS1 to separate SSU-rRNA from 5.8S rRNA and LSU-rRNA from tricistronic rRNA transcript (SSU-rRNA, 5.8SrRNA, LSU-rR 5,91E-05

endonudleolytic cleavage to generate mature 3'-end of SSU-rRNA from (SSU-rRNA, 5.8SrRNA, LSU-rRNA)

epithelial cell differentiation
ribosoma small subunit assembly
rRNA export from nucleus
trandation

90S preribosome

cytosolic small ribosomal subunit
extracellular exosome

extracellular matrix

focal adhesion

intracellular ribonucleoprotein complex
membrane

microtubule organizing center
nucleolus

nucleus

protein complex

ribosome

small-subunit processome

mRNA 3-UTR binding

mRNA 5-UTR binding

poly(U) RNA binding

protein kinase binding

RNA binding

structural constituent of ribosome
ubiquitin ligase inhibitor activity

cell differentiation

cytoplasmic trandation

negative regulation of protein ubiquitinetion involved in ubiquitin-dependent protein catebolic process
negative regulation of ubiquitin protein ligase activity
neura tube closure

positive regulation of gene expression
positive regulation of intrinsic apoptotic signding pathway by p53 class mediator
protein stabilization

ribosomal small subunit biogenesis
rRNA processing

integral component of membrane
plasmamembrane

cytosol

cytosolic small ribosomal subunit
endoplasmic reticulum

extracellular exosome

extracellular matrix

focal adhesion

intracellular ribonucleoprotein complex
nucleolus

nucleus

mRNA 5-UTR binding

structural constituent of ribosome
cell differentiation

cytoplasmic trandation

negative regulation of apoptotic process
trandation

structural constituent of ribosome
ribosome

cytoplasm

cytosolic large ribosomal subunit
extracellular exosome

focal adhesion

membrane

nucleolus

nucleus

polysomd ribosome

cadherin binding

RNA binding

maturation of LSU-rRNA

trandation

endoplasmic reticulum

endoplasmic reticulum membrane
endoplasmic reticulum-Golgi intermediate compartment
H zone

I band

integral component of membrane
membrane

perinudear region of cytoplasm
sarcoplasmic reticulum

sarcoplasmic reticulum membrane
ATPbindina
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G0:0016887
GO:0005509
GO:0005388
GO:0006816
GO:0045988
GO0:0031448
GO:0006942
GO:0031672
GO:0036464
GO0:0014704
GO:0005859
G0:0032982
G0:0051015
GO:0005524
GO:0005516
GO:0003774
GO:0006936
GO:0022627
G0:0016020
GO:0005634
GO:0005840
GO0:0015935
G0:0032403
G0:0003723
GO:0003735
GO:0031369
GO0:0034101
GO:0097421
GO:0000462
GO:0042274
GO:0006364
GO:0006413
GO:0006412
GO:0005622
G0:0022625
GO:0005634
G0:0003735
G0:0010033
GO0:0032526
GO:0006412
GO:0003735
GO:0005622
GO:0005840
GO:0044297
GO:0005737
GO:0005829
GO:0030425
GO:0070062
GO:1990630
G0:0016020
GO:003049%6
GO:0005739
GO:0043005
GO:0043025
GO:0005634
GO:0043204
GO:0048471
GO:0001891
GO:0015935
GO:0045296
GO:0030332
GO:0008656
GO:0019899
GO:0008200
G0:0042803
GO:0005080
G0:0019903
GO:0030292
GO:0030971
GO:0043022
GO:0003723
GO:0042169
GO0:0035591
GO:0006919
GO:0007049
GO:0071333
GO:0071363
GO:0007369
G0:0030308
G0:0010629
G0:1903208
GO:0033137
GO:0050765
GO:0051898
GO0:0017148
GO:0030178
GO:0001649
GO:0043473
GO:0043065
G0:0030822
GO:0030335
GO:0051343
G0:2000543
G0:0042998
GO:0043547
GO:2001244
GO0:0051901
GO:0032436

ATPase activity

cadium ion binding

cadum-transporting ATPase activity

cadium ion transport

negative regulation of striated muscle contraction
positive regulation of fast-twitch skeletal musde fiber contraction
regulation of striated muscle contraction

A band

cytoplasmic ribonucleoprotein granule

intercalated disc

muscle myosin complex

myosin filament

actin filament binding

ATPbinding

camodulin binding

motor activity

muscle contraction

cytosolic small ribosomal subunit

membrane

nucleus

ribosome

small ribosomal subunit

protein complex binding

RNA binding

structural constituent of ribosome

trandation initiation factor binding

erythrocyte homeostasis

liver regeneration

maturation of SSU-rRNA from tricistronic rRNA transcript (SSU-rRNA, 5.8SrRNA, LSU-rRNA)
ribosomal small subunit biogenesis

rRNA processing

trandationd initiation

trandation

intracellular

cytosolic large ribosomal subunit

nucleus

structural constituent of ribosome

response to organic substance

response to retinoic acid

trandation

structural constituent of ribosome

intracellular

ribosome

cell body

cytoplasm

cytosol

dendrite

extracellular exosome

IRE1-RACK1-PP2A complex

membrane

midbody

mitochondrion

neuron projection

neurond cell body

nucleus

perikaryon

perinudear region of cytoplasm

phagocytic cup

smadll ribosomal subunit

cadherin binding

cydlin binding

cysteine-type endopeptidase activator activity involved in gpoptotic process
enzyme binding

ion channel inhibitor activity

protein homodimerization activity

protein kinase C binding

protein phosphatase binding

protein tyrosine kinase inhibitor activity

receptor tyrosine kinase binding

ribosome binding

RNA binding

SH2 domain binding

signal adaptor activity

activation of cysteine-type endopeptidase activity involved in apoptotic process
cell cyde

cellular response to glucose stimulus

cellular response to growth factor stimulus
gastrulation

negative regulation of cell growth

negative regulation of gene expression

negative regulation of hydrogen peroxide-induced neuron deeth
negative regulation of peptidyl-serine phosphorylation
negative regulation of phagocytosis

negative regulation of protein kinase B signaing
negative regulation of trandation

negative regulation of Wnt signaling pathway
osteoblast differentiation

pigmentation

positive regulation of apoptotic process

positive regulation of cAMP catabolic process
positive regulation of cell migration

positive regulation of cydlic-nucleotide phosphodiesterase activity
positive regulation of gastrulation

positive regulation of Golgi to plasma membrane protein transport
positive regulation of GTPase activity

positive regulation of intrinsic apoptotic signding pathway
positive regulation of mitochondria depolarization
positive reaulation of proteasomal ubiauitin-dependent protein catabolic process
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GO:0006351  biologica_processtranscription, DNA-templated 1,46E-04 BF
G0:0022625  cytosolic large ribosomal subunit 1,51E-04 CC
G0:0033291  eukaryotic 80Sinitiation complex 1,51E-04 CC
G0:0005925 focal adhesion 1,51E-04 CC
G0:0003723 RNA binding 1,51E-04 MF
G0:0003735  structural constituent of ribosome 1,51E-04 MF
G0:0034463  90S preribosome assembly 1,51E-04 BF
G0:0048318  axia mesoderm development 1,51E-04 BF
G0:0042474  middle ear morphogenesis 1,51E-04 BF
G0:0001503  ossification 1,51E-04 BF
GO:0006417  regulation of trandation 1,51E-04 BF
GO:0007605  sensory perception of sound 1,51E-04 BF
G0:0001501  skeletd system development 1,51E-04 BF
G0O:0006412  trandation 1.51E-04 BF
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b)
Tissue GO Term P-value Ontology
Duodenum
G0:0005615  extracellular space 4,70E-06 CcC
GO:0036457  keratohyalin granule 4,70E-06 cC
GO0:0017171  serine hydrolase activity 4,70E-06 MF
GO0:0061436  establishment of skin barrier 4,70E-06 BP
GO:0006508 proteolysis 4,70E-06 BP
GO0:0003676 nucleic acid binding 6,04E-06 MF
G0:0016787  hydrolase activity 6,04E-06 MF
GO:0046872 metal ion binding 6,04E-06 MF
GO:0005615  extracellular space 7,47E-06 cC
G0:0004180  carboxypeptidase activity 7,47E-06 MF
G0:0004181  metall ocarboxypeptidase activity 7,47E-06 MF
G0:0008270 zincion binding 7.47E-06 MF
GO0:0006508 proteolysis 7,47E-06 BP
GO:0005737 cytoplasm 1,29E-05 cC
GO:0005874 microtubule 1,29E-05 cC
G0:0005525 GTP binding 1,29E-05 MF
GO:0003924 GTPase activity 1,29E-05 MF
G0:0005200  structural constituent of cytoskeleton 1,29E-05 MF
GO0:0007017  microtubul e-based process 1,29E-05 BP
GO:0005615  extracellular space 1,29E-05 CcC
G0:0004252  serine-type endopeptidase activity 1,29E-05 MF
G0:0006508 proteolysis 1,29E-05 BP
GO:0072562  blood microparticle 1,86E-05 cC
GO:0070062 extracelular exosome 1,86E-05 CcC
G0:0005615  extracellular space 1,86E-05 CcC
GO0:0046872 metal ion binding 1,86E-05 MF
G0:0004252  serine-type endopeptidase activity 1,86E-05 MF
GO0:0007586 digestion 1,86E-05 BP
GO:0006508 proteolysis 1,86E-05 BP
G0:0031000 responseto caffeine 1,86E-05 BP
G0:0035094  response to nicotine 1,86E-05 BP
GO:0007584  response to nutrient 1,86E-05 BP
G0:0010033  response to organic substance 1,86E-05 BP
GO:0005615  extracellular space 2,45E-05 cC
GO0:0046872 metal ion binding 2,45E-05 MF
GO:0004252  serine-type endopeptidase activity 2,45E-05 MF
GO0:0007586 digestion 2,45E-05 BP
GO:0005737 cytoplasm 3,16E-05 cC
G0:0030529 intracellular ribonucl eoprotein complex 3,36E-05 CC
G0:0003727 single-stranded RNA binding 3,36E-05 MF
G0:0032197  transposition, RNA-mediated 3,36E-05 BP
G0:0044194  cytolytic granule 4,26E-05 CcC
GO0:0005829 cytosol 4,26E-05 cC
GO:0031904 endosome lumen 4,26E-05 CcC
GO:0005576  extracellular region 4,26E-05 CcC
GO:0016021 integral component of membrane 4,26E-05 CcC
GO:0016020 membrane 4,26E-05 CcC
G0:0005886 plasma membrane 4,26E-05 cC
GO:0005509 calciumion binding 4,26E-05 MF
G0:0042802 identical protein binding 4,26E-05 MF
G0:0022829 wide pore channel activity 4,26E-05 MF
GO:0006915  apoptotic process 4,26E-05 BP
G0:0006968 cellular defense response 4,26E-05 BP
G0:0019835 cytolysis 4,26E-05 BP
G0:0002357  defense response to tumor cell 4,26E-05 BP
G0:0051607  defense response to virus 4,26E-05 BP
G0O:0002418  immune response to tumor cell 4,26E-05 BP
G0:0001771  immunologica synapse formation 4,26E-05 BP
G0:0051712  positive regulation of killing of cells of other organism 4,26E-05 BP
G0:0051260 protein homooligomerization 4,26E-05 BP
GO:0005737 cytoplasm 4,58E-05 cC
GO:0005795 Golgi stack 4,58E-05 cC
GO0:0005634 nucleus 4,58E-05 CcC
GO0:0005819 spindle 4,58E-05 cC
GO0:0005524 ATP binding 4,58E-05 MF
GO0:0004674 protein serine/threonine kinase activity 4,58E-05 MF
GO:0007049 cell cycle 4,58E-05 BP
G0:0051301 cell division 4,58E-05 BP
GO0:0090166 Golgi disassembly 4,58E-05 BP
GO:0018105  peptidyl-serine phosphorylation 4,58E-05 BP
GO0:0046777  protein autophosphorylation 4,58E-05 BP
GO:0006468 protein phosphorylation 4,58E-05 BP
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G0:0008360 regulation of cell shape 4,58E-05 BP
G0:0005615  extracellular space 7,18E-05 CcC
G0:0004252  serine-type endopeptidase activity 7,18E-05 MF
G0:0006508 proteolysis 7,18E-05 BP
GO:0005737 cytoplasm 8,77E-05 cC
GO:0005634 nucleus 8,77E-05 CcC
G0:0008565 protein transporter activity 8,77E-05 MF
GO:0006606 protein import into nucleus 8,77E-05 BP
GO:0005615  extracellular space 9,35E-05 CcC
GO0:0046872 metal ion binding 9,35E-05 MF
G0:0004252  serine-type endopeptidase activity 9,35E-05 MF
G0:0007586 digestion 9,35E-05 BP
GO:0006508 proteolysis 9,35E-05 BP
G0:0005615  extracellular space 9,92E-05 CcC
G0:0004252  serine-type endopeptidase activity 9,92E-05 MF
G0:0007586  digestion 9,92E-05 BP
GO:0006508 proteolysis 9,92E-05 BP
G0:1990622 CHOP-ATF3 complex 9,93E-05 CcC
G0:0005730 nucleolus 9,93E-05 CcC
G0:0046982 protein heterodimerization activity 9,93E-05 MF
G0:0042803  protein homodimerization activity 9,93E-05 MF
GO0:0000978 RNA polymerase Il proximal promoter sequence-specific DNA binding 9,93E-05 MF
G0:0001078  transcriptional repressor activity, RNA polymerase Il proximal promoter sequence-specific DNA binding 9,93E-05 MF
G0:0034198  cellular response to amino acid starvation 9,93E-05 BP
GO:0030968  endoplasmic reticulum unfolded protein response 9,93E-05 BP
GO0:0006094 gluconeogenesis 9,93E-05 BP
G0:0070373 negative regulation of ERK1 and ERK2 cascade 9,93E-05 BP
G0:1903984 positive regulation of TRAIL-activated apoptotic signaling pathway 9,93E-05 BP
G0:1990440 positive regulation of transcription from RNA polymerase || promoter in response to endoplasmic reticulum stres 9,93E-05 BP
GO:0035914  skeletd muscle cell differentiation 9,93E-05 BP
G0:0006351  transcription, DNA-templated 9,93E-05 BP
GO:0005737 cytoplasm 1,08E-04 cC
GO0:0005576  extracellular region 1,08E-04 CcC
G0:0052689 carboxylic ester hydrolase activity 1,08E-04 MF
GO:0004771  sterol esterase activity 1,08E-04 MF
G0:0004806 triglyceride lipase activity 1,08E-04 MF
G0:0016042 lipid catabolic process 1,08E-04 BP
G0:0016787  hydrolase activity 1,08E-04 MF
G0:0008152  metabolic process 1,08E-04 BP
c)
Tissue GO Term P-value Ontology
Skin
GO:0005783 endoplasmic reticulum 6,88E-05 CC
GO:0005576 extracellular region 6,88E-05 CC
GO:0005634 nucleus 6,88E-05 CC
GO:0005509 calciumion binding 6,88E-05 MF
GO0:0004536 deoxyribonuclease activity 6,88E-05 MF
GO0:0003677 DNA binding 6,88E-05 MF
GO0:0004520 endodeoxyribonuclease activity 6,88E-05 MF
GO:0006309 apoptotic DNA fragmentation 6,88E-05 BP
GO0:0006259 DNA metabolic process 6,88E-05 BP

GO0:0010623 programmed cell death involved in cell development 6,88E-05 BP

Supplementary table 3.6. Enriched GO terms of DEGs between Sham and LPS groups in A) head-
kidney, B) duodenum and C) skin. The enriched GO terms are identified as biological process (BP),
molecular function (MF) and cellular component (CC) in N. coriiceps (FDR < 0.05).
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a)
Tissue GO Term P-value Ontology
Head-kidney
G0:0035605 peptidyl-cysteine S-nitrosylase activity 4,13E-04 MF
G0:0035606 peptidyl-cysteine S-trans-nitrosylation 4,13E-04 BP
GO:0017014 protein nitrosylation 6,81E-04 BP
GO:0018119  peptidyl-cysteine S-nitrosylation 6,81E-04 BP
G0:0004365 glyceradehyde-3-phosphate dehydrogenase (NAD+) (phosphorylating) activity 6,99E-04 MF
GO:0043891 glyceraldehyde-3-phosphate dehydrogenase (NAD(P)+) (phosphorylating) activity 6,99E-04 MF
G0:0016769 transferase activity, transferring nitrogenous groups 2,62E-03 MF
G0:0018198  peptidyl-cysteine modification 3,02E-03 BP
G0:0050661 NADP binding 4,35E-03 MF
G0:0016620 oxidoreductase activity, acting on the aldehyde or oxo group of donors, NAD or NADP as acceptor ~ 5,79E-03 MF
GO:0016903  oxidoreductase activity, acting on the aldehyde or oxo group of donors 6,48E-03 MF
G0:0051402 neuron apoptotic process 8,42E-03 BP
GO0:0070997 neuron death 1,03E-02 BP
GO:0006096 glycolytic process 1,17E-02 BP
GO0:0006757 ATP generation from ADP 1,17E-02 BP
GO:0006165 nucleoside diphosphate phosphorylation 1,19E-02 BP
G0:0046939 nucleotide phosphorylation 1,19E-02 BP
G0:0046031 ADP metabolic process 1,29E-02 BP
G0:0009135  purine nucleoside diphosphate metabolic process 1,32E-02 BP
GO:0009179  purine ribonucleoside diphosphate metabolic process 1,32E-02 BP
G0:0009185  ribonucleoside di phosphate metabolic process 1,38E-02 BP
GO:0006090 pyruvate metabolic process 1,47E-02 BP
G0:0009132 nucleoside diphosphate metabolic process 1,53E-02 BP
G0:0051287 NAD binding 1,68E-02 MF
G0:0044724  single-organism carbohydrate catabolic process 2,16E-02 BP
GO0:0015630 microtubule cytoskeleton 2,18E-02 cCc
GO:0006006 glucose metabolic process 2,19E-02 BP
G0:0019362 pyridine nucleotide metabolic process 2,40E-02 BP
G0:0046496 nicotinamide nucleotide metabolic process 2,40E-02 BP
G0:0016052 carbohydrate catabolic process 2,50E-02 BP
GO:0072524  pyridine-containing compound metabolic process 2,51E-02 BP
G0:0046034 ATP metabolic process 2,63E-02 BP
GO:0006733  oxidoreduction coenzyme metabolic process 2,72E-02 BP
GO0:0019318 hexose metabolic process 3,12E-02 BP
G0:0009167  purine ribonucleoside monophosphate metabolic process 3,38E-02 BP
GO0:0050821 protein stabilization 3,39E-02 BP
G0:0009126  purine nucleoside monophosphate metabolic process 3,42E-02 BP
G0:0005996 monosaccharide metabolic process 3,54E-02 BP
G0:0009161  ribonucleosi de monophosphate metabolic process 3,63E-02 BP
G0:0050662 coenzyme binding 3,64E-02 MF
GO:0008017 microtubule binding 3,79E-02 MF
G0:0009123  nucleoside monophosphate metabolic process 3,82E-02 BP
G0:0009205 purine ribonucleoside triphosphate metabolic process 3,85E-02 BP
GO0:0009199 ribonucleoside triphosphate metabolic process 4,08E-02 BP
G0:0009144  purine nucleoside triphosphate metabolic process 4,64E-02 BP
GO:0006091 generation of precursor metabolites and energy 4,80E-02 BP
G0:0006732 coenzyme metabolic process 4,97E-02 BP
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b)
Tissue GO Term P-value Ontology
Duodenum
G0:0032635  interleukin-6 production 3,79E-08 BP
GO0:0070741 response to interleukin-6 3,79E-08 BP
G0:0032611 interleukin-1 beta production 3,79E-08 BP
G0:0032675  regulation of interleukin-6 production 3,79E-08 BP
GO:0070102  interleukin-6-mediated signaling pathway 3,79E-08 BP
GO0:0071354  cdlular response to interleukin-6 3,79E-08 BP
G0:0042163  interleukin-12 beta subunit binding 3,79E-08 MF
G0:0005138  interleukin-6 receptor binding 3,79E-08 MF
G0:0004915  interleukin-6 receptor activity 3,79E-08 MF
G0:0019981 interleukin-6 binding 3,79E-08 MF
G0:0042164  interleukin-12 alpha subunit binding 3,79E-08 MF
G0:0005896 interleukin-6 receptor complex 3,79E-08 CcC
GO:0005893  interleukin-2 receptor complex 3,79E-08 CcC
G0:1900747  negative regulation of vascular endothelial growth factor signaling pathway 5,82E-04 BP
G0:1902548  negative regulation of cellular response to vascular endothelial growth factor stimulus 5,82E-04 BP
G0:0019800  peptide cross-linking via chondroitin 4-sulfate glycosaminoglycan 8,35E-04 BP
GO0:0005589  collagen type VI trimer 1,41E-03 CcC
GO:1900746  regulation of vascular endothelial growth factor signaling pathway 2,16E-03 BP
G0:1902547  regulation of cellular response to vascular endothelial growth factor stimulus 2,16E-03 BP
GO0:0051901  positive regulation of mitochondrial depolarization 2,28E-03 BP
G0:1904181  positive regulation of membrane depolarization 3,04E-03 BP
GO0:0051900  regulation of mitochondrial depolarization 3,05E-03 BP
GO:0090131  mesenchyme migration 3,49E-03 BP
G0:0030204  chondroitin sulfate metabolic process 3,65E-03 BP
G0:0090141  positive regulation of mitochondrial fission 3,73E-03 BP
GO:0090130  tissue migration 4,00E-03 BP
G0:0018149  peptide cross-linking 4,21E-03 BP
GO:0003254  regulation of membrane depolarization 5,64E-03 BP
G0:0090140  regulation of mitochondrial fission 5,94E-03 BP
GO0:0001890  placenta development 6,63E-03 BP
GO:0010596  negative regulation of endothelial cell migration 7,33E-03 BP
G0:1903510  mucopolysaccharide metabolic process 7,95E-03 BP
G0:0050840  extracellular matrix binding 8,64E-03 MF
GO0:0046426  negative regulation of JAK-STAT cascade 9,41E-03 BP
G0:0016239  positive regulation of macroautophagy 1,00E-02 BP
GO:0010633  negative regulation of epithelial cell migration 1,05E-02 BP
G0:0014068  positive regulation of phosphatidylinositol 3-kinase signaling 1,05E-02 BP
G0:0005518  collagen binding 1,06E-02 MF
G0:0004860  protein kinase inhibitor activity 1,09E-02 MF
G0:0019210  kinaseinhibitor activity 1,16E-02 MF
GO0:0051881  regulation of mitochondrial membrane potential 1,17E-02 BP
G0:0030203  glycosaminoglycan metabolic process 1,23E-02 BP
G0:0071944  cdll periphery 1,25E-02 CcC
GO:0007519  skeletal muscle tissue development 1,26E-02 BP
GO0:0005615  extracellular space 1,40E-02 CcC
G0:0042060  wound healing 1,43E-02 BP
G0:0006022  aminoglycan metabolic process 1,46E-02 BP
G0:0032982  myosin filament 1,50E-02 CcC
GO:0016525  negative regulation of angiogenesis 1,54E-02 BP
G0:2000181  negative regulation of blood vessel morphogenesis 1,54E-02 BP
G0:1901343  negative regulation of vasculature development 1,66E-02 BP
G0:0046425  regulation of JAK-STAT cascade 1,70E-02 BP
G0:0072562  blood microparticle 1,96E-02 CcC
G0:0014706  striated muscle tissue development 2,01E-02 BP
G0:0005581  collagen trimer 2,03E-02 CcC
G0:0016241  regulation of macroautophagy 2,15E-02 BP
GO:0090288  negative regulation of cellular response to growth factor stimulus 2,26E-02 BP
G0:0030175  filopodium 2,28E-02 CcC
G0:0060537  muscle tissue development 2,31E-02 BP
G0:0010594  regulation of endothelial cell migration 2,46E-02 BP
G0:0010822  positive regulation of mitochondrion organization 2,563E-02 BP
GO0:0047485  protein N-terminus binding 2,60E-02 MF
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G0:0001822  kidney development 2,71E-02 BP
G0:2000021  regulation of ion homeostasis 2,75E-02 BP
G0:0014066  regulation of phosphatidylinositol 3-kinase signaling 2,96E-02 BP
G0:0010508  positive regulation of autophagy 3,11E-02 BP
G0:0005539  glycosaminoglycan binding 3,12E-02 MF
G0:0019887  protein kinase regulator activity 3,19E-02 MF
GO:0009611  response to wounding 3,23E-02 BP
GO0:0009612  response to mechanical stimulus 3,27E-02 BP
GO0:0016459  myosin complex 3,37E-02 CcC
G0:0019207  kinase regulator activity 3,79E-02 MF
GO:0010821  regulation of mitochondrion organization 3,88E-02 BP
G0:0010632  regulation of epithelial cell migration 3,95E-02 BP
G0:0010628  positive regulation of gene expression 3,99E-02 BP
G0:0048608  reproductive structure development 3,99E-02 BP
G0:0007568  aging 4,07E-02 BP
GO0:0030336  negative regulation of cell migration 4,13E-02 BP
GO0:0006469  negative regulation of protein kinase activity 4,15E-02 BP
G0:2000146  negative regulation of cell motility 4,28E-02 BP
GO:0005578  proteinaceous extracelular matrix 4,36E-02 CC
G0:0090287  regulation of cellular response to growth factor stimulus 4,40E-02 BP
G0:0042391  regulation of membrane potential 4,43E-02 BP
GO0:0033673  negative regulation of kinase activity 4,44E-02 BP
G0:0018209  peptidyl-serine modification 4,51E-02 BP
G0:0051271  negative regulation of cellular component movement 4,63E-02 BP
c)
Tissue GO Term P-value Ontology
Skin
GO0:0016567  protein ubiquitination 3,08E-02 BP
G0:0032446  protein modification by small protein conjugation 3,44E-02 BP
G0:0007275  multicellular organismal development 3,71E-02 BP

G0:0070647  protein modification by small protein conjugation or removal 4, 08E-02 BP

Supplementary table 3.7. Enriched KEGG pathways of DEGs from A) head-kidney and B)
duodenum comparing Control and Sham groups in N. coriiceps.

a) KEGG enriched pathways represented in head-kidney transcriptome of the sham group

KEGG enrichment pathway analysis Experimental groups
- 7,
D Term )1 genes PValue FDR ‘
involved Control Sham
hsa03010 Ribosome 18 7.23e-24  6.29e-22
hsa04261 Adrenergic signaling in cardiomyocytes 4 2.63e-3  9.13e-2
hsa04260 Cardiac muscle contraction 3 3.15e-3 9.13e-2
hsa04145 Phagosome 3 2.86e-2  3.94e-1
hsa04662 B cell receptor signaling pathway 2 3.50e-2  3.94e-1
hsa04020 Calcinm signaling pathway 3 3.63e-2  3.94e-1
hisa04540 Gap junction 2 4.28e-2  4.14e-1

b) KEGG enriched pathways represented in the duodenum transcriptome of the sham group

KEGG enrichment pathway analysis Experimental groups
D Term ll\Ir genes PValue FDR ‘
involved Control Sham
hsa04974 Protein digestion and absorption 4 7.94e-5  6.60e-3
hsa04972 Pancreatic secretion 4 1.40e-4  6.60e-3
hsa04210 Apoptosis 3 5.46e-3  1.71e-1
hsa04657 IL-17 signaling pathway 2 1.97e-2  3.42e-1
hsa04725 Cholinergic synapse 2 390e-2  39le-1
hsa00450 Selenocompound metabolism 1 4.06e-2  3.9le-1
hsa04142 Lysosome 2 4.3le-2  39le-l
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Supplementary table 3.8. Enriched KEGG pathways of A) head-kidney, B) duodenum and C) skin
DEGs between Sham and LPS groups in N. coriiceps.

a) KEGG enriched pathways in the head-kidney transcriptome of the LPS group

KEGG enrichment pathway analysis Experimental groups
Nr genes PValue FDR . .
1D Term involved Sham LPS
hsa01230 Biosynthesis of amino acids 2 2.07e-2  4.39-1
hsa00450 Selenocompound metabolism 1 424e-2  4.39%e-1
hsa00511 Other glycan degradation 1 4.58e-2  4.3%-1
hsa00514 Other types of O-glycan biosynthesis 1 4.75e-2  4.39e-1
b) KEGG enriched pathways in the duodenum transcriptome of the LPS group
KEGG enrichment pathway analysis Experimental groups
D Term Nrgenes  PValue EDR o Lps
involved
hsa04974 Protein digestion and absorption 10 1.46e-11 1.62e-9
hsa04972 Pancreatic secretion 6 8.27e-6  4.59%-4
hsa04971 Gastric acid secretion 3 6.72e-3  2.26e-1
hsa05416 Viral myocarditis 3 8.98e-3  2.26e-1
hsa05164 Influenza A 4 1.02e-2  2.26e-1
hsa04510 Focal adhesion 4 [.81e-2  2.7%e-1
hsa05205 Proteoglycans in cancer 4 1.81e-2  2.75e-1
hsa04611 Platelet activation 3 1.98e-2  2.75e-1
hsa04650 Natural killer cell mediated cytotoxicity 3 2.48e-2  2.86e-1
hsa04210 Apoptosis 3 2.58e-2  2.86e-1
hsa00750 Vitamin B6 metabolism 1 3.32e-2 3.3%e-l
hsa04921 Oxytocin signaling pathway 3 391e-2  3.62e-1
hsa04610 Complement and coagulation cascades 2 4.63e-2  3.96e-1

¢) KEGG enriched pathways in the skin transcriptome of the LPS group

KEGG enrichment pathway analysis Experimental groups
D Term Nrgemes  PValue FDR o LPS
involved
hsa05164 Influenza A 3 1.31e-4  1.70e-3
hsa03420 Nucleotide excision repair l 243e-2  9.22e-2
hsa04622 RIG-I-like receptor signaling pathway 1 3.44e-2  9.22e-2
hsa05133 Pertussis 1 4.73e-2  9.22e-2
hsa04974 Protein digestion and absorption 1 4.84e-2 9222

232



Chapter 3

Supplementary table 3.9. Summary of LPS challenge experiments performed in teleost fish. The LPS challenges vary in source, concentration, time of
exposure, species, and analysis.

Fish species

Oncorhynchus mykiss
Salmo salar

Salmo salar
Perca flavescens

Sparus aurata

Salvelinus fontinalis

Oreochromis mossamb

Lobeo rohita

Danio rerio
Danio rerio
Danio rerio

Notothenia coriiceps

Notothenia coriiceps
and N. rossii

Oncorhynchus tshawyts

Plecoglossus altivelis

Miichthys miiuy
Ctenophcuyngodon ide

Trachinotus ovatus

ip
in vitro
ip
ip
immersion

in vitro

food diet

immersion

immersion

immersion

immersion

ip

in vitro

in vitro

ip
ip

Mode of administration LPS source _PS concentratior

E. coli

055:B5 1 mgkg-1

V.

anguillarum 74 MBq kg-1

o1

E. coli B5:55 1mg kg-1

E. coli

055:B5 3mgkg-1

E.coli LPS 50 pg mi-1

E.coliLPS mgkg-land0.1gl
0.01, 0.1 and

A hydrophila  1%/2% body

weight

E. col 0520 EUkg -1

055:85 : g

E. coli

0111:B4,

055:B5, 0.1-10 ng mil-1

0127:B8

E.coli lug ml-1

LPS 10 pg ml-1

heat-killed E.

coliotiga  Owgm-l

E. coli

0111:B4 3mg kg-1

E. coli

0111:B4, 10 pg mi-1

055:B5

E. coli

0111:B4, 1mgml-1

055:B5

E. coli

055:B5 1mgml-1

LPS 5ugg-1

E.coli

026:B6 10mg kg-1

Stage

Adult
Adult
(Macrophage
cells)
Adult

Juvenile

Larvae
Adult
(Macrophage
cells)

Adult

Adult

Eggs/embryos

Larvae

Embryos
Adult
Adult

Adult (PBMC

cells)

Adult
(Macrophage
cells)

Adult
Adult

Adult

Time of exposition

24 hours
2 days
1-19 days
1.5-6 hours and, 3-14
days
30 days

24 hours

1-3 weeks

7-15 days

Treatment groups

SERUM ASSAYS
Sham vs LPS
Control vs LPS

Sham vs LPS
Sham vs LPS
Control vs LPS

Sham vs LPS

Control vs LPS

unmanipulated
control vs LPS

CANDIDATE GENES

4h post-fertilization

3-12 hours
1-2 hours

6 and 12 hours

7 days

0.5-24 hours

48-96 hours

12-48 hours
3-48 hours

24-72 hours

Control vs LPS

Control vs LPS
Control vs LPS

Control vs LPS

Sham vs LPS

Control vs LPS

Control vs LPS

Sham vs LPS
Control vs LPS
Sham vs LPS
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Approach

Candidate genes
Serum assays

Serum assays
Cortisol assay

Serum assays

Serum assays

Serum assays

Serum assays

Candidate genes

Candidate genes
Candidate genes
and serum assays

Candidate genes

Candidate genes
and serum assays

Candidate genes
and serum assays

Candidate genes

Candidate genes
Candidate genes

Candidate genes

Principal effects

Induces hypoferraemic responses

Enhances phagocysis, pinocytic activity, production of

superoxide anion

Induces hypoferraemic responses

Increased cortisol levels at shor-term (hours) and no effect at

long-term (days)

Differences in anti-proteases activities

Increase plasma cortisol, potentiate effects of LH and induces

apoptosis

Increased innate immune responses

Differences in total globulin, lysozyme, myeloperoxidase and

respiratory burst

Increases TNF-a and IL-1f

Complement and MBL
Increased NO and ROS production

Increases Toll-like receptors expression

Induces hypoferraemic responses

Increases ROS production, PBMCs, IFNy, TNF-a, IL-10 and

phagocytic activity

Increases TNF-a and IL-1f

Increases NOD1
Increased AdipoRs in liver

Higher expression of p65

Authors

Congleton and Wagner, 1991
Dalmo and Seljelid, 1995

Langston et al., 2000
Haukenes and Barton, 2004
Hanif et al., 2005

MacKenzie et al., 2006

Christybapita et al., 2007

Nayak et al., 2008

Watzke et al., 2007

Wang and Han, 2013
Ko etal., 2017

Ahn et al, 2014

Martinez et al., 2020

Lulijwa et al., 2019

Luetal., 2018

Chu et al., 2020
Qin etal., 2020

Xie et al., 2020



Gambusia holbrooki

Mugil cephalus

Eptatretus burgeri

Oncorhynchus mykiss

Pelteobagrus fulvidract

Pelteobagrus fulvidract
Lates calcarifer

Salmo salar
Epinephelus fuscogutta

Ictalurus punctatus

Schizothorax prenanti

Larimichthys crocea

Oreochromis niloticus

in vitro

immersion

in vitro

E. coli
055:B5 10hg g1
LPS , 10 and 100 pg kg-
1x10"6
E.colisoLr _ndependent
plaque-forming
units
E.coli
026:B6 6mg kg-1
E.coli
026:B6 50 mg kg-1
LPS unknown
E. coli
0111:B4 10ug ml-1
E.coli 6 mg kg-1
V. harveyi
GDH11385 3.5 x 10"5 CFU/mL
E. coli
0127-88 3and 10 mg ml-1
A. hydrophila
LPS and E. 2x10"7 EU kg -1
coli O111:B4
E. coli unknown
055:B5
Fno
AOD1040gs A0S clu

Adult

Juvenile

Adult

Adult

Adult

Adult
Juvenile
Juvenile

Adult

Adult

Adult

Adult
(Macrophage
cells)

Adult

24-48 hours and 7
days

6-48 hours and 1
week

GLOBAL GENE ANALYSIS

unknown

24-72 hours

6h

12 hours

6-72 hours and 7
days

68-70 hours
7-14 days

12-24 hours

12 hours

2 hours

1-2 days

METABOLIC ASSAY

Sham vs LPS

Sham vs LPS

Control vs LPS

unmanipulated
control vs LPS

Sham vs LPS

Sham vs LPS
Sham vs LPS
Sham vs LPS
Sham vs LPS

Control vs LPS

Sham vs LPS

Control vs LPS

Sham vs LPS

Oxidative stress
assays

Transcriptomic by
EST

DNA microarray

Supression
substractive
hybridization
Transcriptomic by
NGS
Transcriptomic by
NGS
Transcriptomic by
NGS
Transcriptomic by
NGS
Transcriptomic by
NGS

Transcriptomic by
NGS

Transcriptomic by
NGS

Transcriptomic by
NGS

Metabolic rate assays Increase metabolic scope

Alteration of antioxidant responses

Innate immune related genes

Metalloproteinases, collagen, extracellular matrix, MHC and Igs

Complement, lysozyme, Igs, MHC, TIrs, chemokines
Enhanced immune response namely CXCL2-like chemokine,
goose-type lysozyme and cathepsin K

Increased expression of C-type lectin receptors

MHC I and I1

DEG:s related to infectious and immune diseases and immune
system

Increased expression of complement and cascade coagulation
pathways

Increased expression of TLR5, TLR25, PTX3 and Clq

Increases pathogen recognition receptors, chemokines,
cytokines and their receptors

DEGs related to immune response namely complement and
coagulation cascades, cytokines, lysozyme and phagosome
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Bonneaud et al., 2016

Abdel-Mageid et al., 2019

Suzuki et al., 2004

MacKenzie et al., 2008
Liu et al., 2016

Liu etal., 2018
Zoccola et al., 2017
Palstra et al., 2018
Cai et al., 2018

Jiang et al., 2020

Li et al., 2020c

Li et al., 2020b

Maekawa et al., 2021
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3.7.2 Supplementary figures
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Supplementary figure 3.1. Biochemical analysis of blood plasma. Measurements of (A) total protein
(mg/ml), (B) trypsin inhibition (%), (C) lysozyme (U/ml) and (D) cortisol (ng/ml) between the three
treatment groups. Control-non injected in green (control), sham in orange (sham) and LPS-injected
(LPS) in blue. The symbols for trypsin inhibition (B) represent different incubation temperatures during
the assay, circles -37°C, squares- 21°C and diamonds- 4°C. No statistically significant differences (one-
way ANOVA, p>0.05).
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Global transcriptomic response of immune related tissues to LPS and Poly I:C immersion
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4.1. Abstract

The notothenioid isolated evolution in the stable cold environment of the Antarctica
question whether their immune system has developed unique features compared to other
teleosts. To test this question, challenges with bacterial lipopolysaccharide (LPS) synthetic viral
polyinosinic: polycytidylic acid (poly I:C) immersion were carried out and the transcriptomes
of skin, duodenum, spleen, and liver were analysed 8h later in Notothenia rossii. LPS and poly
I:C immersion in N. rossii significantly decreased plasma antiprotease activity and hematocrit
levels in poly I:C treated fish. No changes were observed in liver and spleen relative sizes,
lysozyme activity, plasma protein and cortisol. The transcriptomes of the two barrier tissues,
skin and duodenum, were the most changed under both challenges. The skin (1825 DEGs) was
most responsive to LPS and duodenum (1580 DEGs) to poly I:C. LPS changed glucose and
lipid homeostasis and immune system processes while poly I:C changed glucose homeostasis,
energy and ions metabolism and immune system. The main immune components that were
modified in both types of challenge were those linked to pathogen-recognition receptors, toxins,
iron and selenium. Our data analysis suggests that NOD-like and C-type lectin receptors may
have a key role in both pathogen recognition and that other antimicrobial compounds such as
the toxins, iron and selenium ions-related genes are important defence mechanisms specially

against viruses in N. rossii.
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Keywords: Marble rockcod, immune defence, pathogens, cold environment, transcriptome

analysis

4.2. Introduction

The Southern Ocean has been isolated from other oceans by a circumpolar current for
the last 40 million years creating a stable cold environment where notothenioid fishes evolved
from a common temperate benthic ancestor (Barker et al., 2007)(Chen et al., 2019b; Matschiner
et al., 2015; Wells and Eastman, 1994). Specific adaptations of the notothenioids to the low
temperature include, antifreeze glycoproteins (Chen et al., 1997b), loss of the swim-bladder
(Klingenberg and Ekau, 1996), loss of the heat-shock response (Hofmann et al., 2000), loss of
haemoglobin in some species (Wells and Eastman, 1994), higher cellular mitochondrial density
(O’Brien, 2011), constitutive levels of antioxidant enzymes (Abele and Puntarulo, 2004; Regoli
et al., 2005) and increased lipid content of biological membranes (Eastman, 2000; POrtner et
al., 2005). The marbled rockcod, Notothenia rossii, is a cosmopolitan species that has a
widespread distribution in Antarctica particularly at low latitudes and belongs to the most
diverse Nototheniidae family (Cali et al., 2017; Johnsson et al., 1993 Merrett et al., 1992). After
hatching, after more than three months incubation, the N. rossii the fingerlings are pelagic for
around 6-8 months. Then they become demersal and colonize shallow coastal areas for 6-9
years and move offshore when they reach sexual maturity (Cali et al., 2017). Overfishing in
the 1970s led to near extinction of N. rossii and the associated population collapse caused
modifications in the population structure and characteristics, including slower growth and lower
resilience (Barrera-Oro and Marschoff, 2007; Hutchings and Baum, 2005). The N. rossii stocks
are now slowly recovering although it is unclear how overfishing has affected the genetic

structure including the immune system, a subject that has received little attention.

The notothenioids, in common with other vertebrates are protected from pathogens by
both an innate and acquired immune system. Unlike mammals, the innate immune response in
fish is proposed to be better developed than the acquired response due to the constant contact
with microbiota including potential pathogens in a marine environment (Gomez et al., 2013;
Kindt et al., 2007; Rauta et al., 2012). Contact with pathogen-related molecules such as

lipopolysaccharide (LPS) in several teleost fish is associated with changes in gene transcripts
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including pathogen-recognition receptors (PRRs), antimicrobial peptides and complement
proteins (Jiang et al., 2020; Liu et al., 2018; Maekawa et al., 2021; Palstra et al., 2018). In
addition, there are physiological changes which include plasma cortisol and luteinizing
hormone in Salvelinus fontinalis (MacKenzie et al., 2006), mitochondrial metabolism in
Oncorhynchus mykiss (MacKenzie et al., 2008) metabolic scope in Gambusia holbrooki
(Bonneaud et al., 2016), respiratory burst in Labeo rohita (Nayak et al., 2008) and reactive
oxygen species in Oncorhynchus tshawytscha (Lulijwa et al., 2019). A recent study in the
marbled rockcod (Notothenia rossii Richardson. 1884) and the black rockcod (N. coriiceps)
exposed to LPS revealed iron metabolism genes were modified (Martinez et al., 2020).
Furthermore, in N. coriiceps, toll-like receptors (which are PRRs) and major histocompatibility
complex | and Il were modified by short exposure (6 and 12 hours) to heat-killed Escherichia
coli O11:B4 (E. coli) and poly I:C (Ahn et al., 2014, 2016). However, on the whole the relevant

pathogens and the immune response of Antarctic fish remains poorly studied.

The present study aimed at evaluating the multi-tissue (skin, duodenum, spleen, and liver)
characteristics of the immune response to proxies for bacterial (LPS) and viral (poly I:C)
exposure in the marbled rockcod. The response is considered from a comparative perspective
to assess if the immune repertoire and response in the marbled rockcod, diverges from other
non-Antarctic teleost fish. Furthermore, the comparison of N. rossii with the black rockcod (N.
coriiceps), a phylogenetically close species, that inhabits the same region and has a similar diet
will provide insight into unique adaptive characteristics of the immune system in the
notothenioids.

4.3. Methods

4.3.1. Experimental conditions and sample collection

Notothenia rossii (30.3 £ 0.35 cm total length and 312 + 21.51 g weight, mean + sem)
were captured using a hook-and-line from a boat at depths 5-20 m in the waters of the bay off
the Great Wall Station (62° 12' 35.40" S; 58° 57' 26.39" W) located at King George Island. The
fish were captured in summer of 2019 (January and February) and maintained in a flow-through
circuit, with ocean pumped seawater, in 200 L plastic tanks (n = 5 per tank) for at least 5 days
before the pathogen challenges. Fish were fed daily with defrosted fish muscle, but food was

withheld 24 hours prior to the experiments. The water temperature (2.1 £ 0.5°C), salinity (29 +
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0.5 ppt) and oxygen levels (1 0.7 + 0.4 ppm) were monitored three times a day (7 am, 2 pm and
9 pm). No mortality occurred during acclimation or during the experiments.

For the simulated pathogen challenges, fish were divided into three treatment groups (n
=5) and exposed to seawater containing, 1) only seawater, in the control group, 2) Escherichia
coli O111:B4 (2.5 pg/mL in 1.1% NaCl, L2630, Sigma-Aldrich) in the LPS group and 3)
synthetic poly I:C (2.5 pg/mL water in 1.1% NaCl, P1530, Sigma-Aldrich) in the poly I:C group
(Supplementary figure 4.1). The doses of LPS and poly I:C were chosen based on a literature
review of previous immune challenge studies in fish (Ahn et al., 2014, 2016; Chen et al., 2016;
Guzman-Villanueva et al., 2014; Liu et al., 2016; Nayak et al., 2011; Seppola et al., 2015).
Briefly, the flow-through system was stopped, and a concentrated solution of each treatment
was added to each tank to obtain the final concentrations indicated above. Fish remained
immersed in these conditions for 1 h. Aeration was increased, and oxygen levels and water
temperature were closely monitored and kept constant throughout. After 1h in the treatment
water the flow-through circuit was re-opened. The water flow was calculated to completely
renew the tank water within 3 hours. The animals were sacrificed by overdosing with 2-
phenoxyethanol (1 mL/L, Sigma-Aldrich) 8 h after the immune challenge. Fish were weighed,
and blood was collected from the caudal vasculature using a heparinised 1-ml syringe fitted
with a 21-gauge needle. After blood collection, the fish were decapitated, the brain destroyed,
and the anterior intestine (duodenum region), skin, liver, and spleen were dissected out,
weighed and placed in RNA later (Sigma-Aldrich) for 24 h at 4 °C before storage at 20°C. A
blood fraction was used to determine the haematocrit and the remaining centrifuged at 10,000
g (4°C) for 4 minutes (min) for blood plasma collection. The plasma was frozen at -80°C until

analysis of total protein, cortisol, lysozyme, and antitrypsin activities.

4.3.2. Hepatosomatic and Spleensomatic indices

The liver (hepatosomatic, HSI) and spleen (spleensomatic, SSI) relative weight indices
were calculated for each of the treatment groups (n = 5 per group) using the following formulae:
HSI = liver weight (g) x 100 / body weight (g) and SSI = fresh weight spleen (g) x 100 / fresh
body weight (Q).

4.3.3. Biochemical parameters
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4.3.3.1. Total Plasma Protein

Total plasma protein (n = 5 per group) was measured using a Quick Start™ Bradford
Protein Assay kit (Bio-Rad, Portugal) adapted for a 96-well plate (Bradford, 1976).
Measurements were performed at 590 nm at 25°C in a spectrophotometer (Microplate reader
Benchmark, Bio-Rad, USA).

4.3.3.2. Lysozyme activity

The lysozyme activity in blood plasma was measured using a turbidimetric method
(Ellis, 1990). In brief, 130 ul of lyophilized Micrococcus luteus cells (0.6 mg/mL in 0.05 M
sodium phosphate buffer, pH 6.2, Sigma-Aldrich) was mixed with 20 ul of plasma in a flat
bottomed 96 well-plate. For the standard curve, hen egg white lysozyme (Sigma-Aldrich) and
a blank (150 pl of sodium phosphate buffer, Sigma-Aldrich) were used. The reaction was
incubated for 10 min at 25 °C and the absorbance measured at 450 nm in a spectrophotometer

(Microplate reader Benchmark, Bio-Rad).

4.3.3.3. Antiprotease activity

The antitrypsin assay measures total antiprotease activity and was based on the method
of (Ellis, 2001). The assay was performed in replicate reactions at 4°C, a temperature near to
what Antarctic fish experience. In the optimized protocol 20 ul of trypsin from porcine pancreas
(5 mg/mL water, Sigma-Aldrich) was mixed with 10 uL of N. rossii plasma for 10 min and 200
pL of 0.1 M phosphate buffer pH 7.0 and 250 uL of 2% azocasein (A-2765, Sigma-Aldrich)
was added. The reaction was incubated for 1 hour at the indicated temperatures and 500 pL of
10% trichloroacetic acid (Sigma-Aldrich) was added. The reaction was incubated for 30 min at
room temperature (21°C) and centrifuged at 10,000 rpm for 10 min. The supernatant (100 pL)
was collected and added in duplicate to a 96-well plate followed by 100 pL sodium hydroxide
(IN, NaOH, VWR, Spain).A blank reaction was prepared with NaOH (100 ul) and phosphate
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buffer (100 ul, VWR). Reaction products were measured at 450 nm in a spectrophotometer

(Microplate reader Benchmark, Bio-Rad).

4.3.3.4. Plasma Cortisol

Plasma cortisol was measured using a well-validated in-house radioimmunoassay (RIA)
as previously described (Guerreiro et al., 2006; Rotllant et al., 2005). Briefly, N. rossii plasma
samples were diluted in phosphate buffer with 0.5g/L gelatin (VWR), pH 7.6 and heat denatured
(70°C) for 30 min, centrifuged (10,000 g, 10 min at 4°C) and the supernatant used for the assays.
The antisera used for the RIA was rabbit anti-cortisol-20 CR50 (Fitzgerald, USA). The diluted
samples (1:20 in 500 pl gelatin buffer) were incubated overnight with the cortisol antisera and
tritiated cortisol marker ([1,2,6,7-3H(N)]Cortisol, -), PerkinElmer, USA) in a final volume of
100 ul. Measurements were carried out in duplicate and a standard curve (0.5 pg/pl — 500 pg/ul)

constructed from cortisol (Sigma-Aldrich) was used in all assays.

4.3.3.5. Hematocrit

For determination of the hematocrit, freshly obtained N. rossii blood was collected into
heparinized microhematocrit capillary tubes (VWR). The hematocrit tubes were centrifuged at
10,0009 for 5 min at 4°C in a haematocrit rotor/centrifuge (Heraeus Biofuge) and the percentage

(%) of the packed cell volume was measured.

4.3.3.6. Statistical analysis

Data is shown as mean = SEM. Differences in plasma biochemical parameters between
the control, LPS and poly I:C-treated groups and hepatosomatic and spleensomatic indices were
tested using tone-way analysis of variance (ANOVA) and a post hoc Tukey’s test (Shapiro-
Wilk normality test) was used for statistical tests with a threshold for significance of p < 0.05.

For the analysis and graphs GraphPrism v6.01 was used.
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4.3.4. RNA extraction and sequencing

Total RNA was extracted from N. rossii tissues (~25 mg, n = 3/tissue) using an E.Z.N.A.
Total RNA Kit | (Omega Bio-Tek, USA) and following the manufacturer’s instructions. A
DNase | digestion protocol was performed directly on the columns used for RNA extraction to
eliminate contaminating genomic DNA. An RNase-free DNase | kit was used following the
manufacturer’s instructions (Omega Bio-Tek). RNA integrity was evaluated by 1% agarose gel
electrophoresis and the quantity and quality parameters of the RNA was assessed by absorbance
using a NanoDrop One (Thermofisher, Spain). For the transcriptome sequencing, poly A"
messenger RNA (mMRNA) was purified using a DynaBeads mRNA Purification Kit (Life
Technologies, Carlsbad, CA). A total of 36 paired-end complementary DNA (cDNA) libraries
(for the control, poly I:C and LPS challenged fish) were constructed with an insert size of 250
base pairs (bp) using a VAHTS stranded mRNA-seq Library Prep Kit from Illumina following
the manufacturer’s protocol (Vazyme Biotech Co., Ltd, China). Quality control analysis of the
library was performed using an Agilent Bioanalyzer DNA 1000 Kit (Agilent, #5067-1504) and
all libraries were sequenced using an lllumina 1.9 Next-Generation Sequencing (NGS) system.

4.3.5. Transcriptome assembly and gene expression quantification

The quality control and editing of raw reads to trim adapter sequences and low quality
bases was performed using Trimgalore wrapper script v0.6.5 (Krueger, 2015) and output
FastQC and FastP (Andrews, 2015) quality reports obtained from Galaxy software v21.01
(Afgan et al., 2018). De novo assembly of all reads was performed in Trinity v2.11.0 with the
default conditions for the “-normalize reads” parameter (Haas et al., 2013), and the reference
transcriptome obtained was used to map reads from each of the tissue sequencing libraries

prepared and to run the differential expression analysis.

Clean reads were mapped using the RSEM package v1.3.3 (Li and Dewey, 2011) and
differentially expressed genes (DEG; FDR < 0.05)) were identified using the DESEQ2 package
v1.30.0 in RStudio v1.4.1103 (Love et al., 2014) . Pairwise comparisons were made using the
replicates between each of the treatment groups (Control, poly I:C and LPS) and each of the

immune tissues (liver, spleen, skin and duodenum). A total of 7,865,495,667 million paired-
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end (PE) raw transcriptome reads were generated from the RNA-seq analysis of the 36
sequenced libraries of the liver (Lv_1 to Lv_3), duodenum (Du_1 to Du_3), spleen (Sp_1 to
Sp_3), and skin (Sk_1 to Sk_3) from the control (C1-C3, n = 3 libraries/ tissue), poly I.C (P1-
P3, n = 3 libraries/ tissues) and LPS-treatment groups (L1-L3, n = 3 libraries/tissue). Index and
adapter sequences were trimmed using Trimmomatic version 4.4.10 (Bolger et al., 2014) and
low-quality trimmed sequences were eliminated using cutadapt when the FPKM was < 1 and/or
the length was < 300 base pairs (bp). TransRate v 1.0.3 was used for quality filtering and
optimization of the assembly since no reference genome was available (Smith-Unna et al.,
2016).

4.3.6. Gene and Functional annotations

The annotation of genes was performed with DIAMOND v0.9.14.115 against the Nr
NCBI and UniProtKB/Swiss-Prot databases using BlastX and BlastP v2.9.0 (e-value cut-off of
le—5) for all assembled contigs (Bateman et al., 2017). In addition, functional annotation was
obtained using the best deduced open reading frame (ORF) given by Transdecoder v5.5.0
(Smith-Unna et al., 2016). GO annotation was obtained directly from the UniProt/Swiss-Prot
database and KEGG pathways from KAAS software (Moriya et al., 2007). GO enriched terms
were summarized by REVIGO (Supek et al., 2011) which removed redundant GO terms based
on semantic similarity and the graphics were represented in RStudio software 1.4.1103 with a
threshold of FDR < 0.05 for tissues with < 700 DEGs and an FDR < 0.001 for tissues with >
700 DEGs. In parallel, KEGG pathway analysis of a subset of DEGs (p < 0.001) was conducted
using clusterProfiler software in RStudio v1.4.1103 with the default parameters, and the top 10

enriched terms was plotted by ggplot2 software v3.3.0 in RStudio v1.4.1103.

4.3.7. Heatmap and Multivariate analyses in DEGs

Heatmaps were generated for DEGs using the heatmap package v1.14.0 from RStudio
v1.4.1103. Analysis was performed between treatment groups (Control, poly I:C and LPS) for
each of the tissues to show the magnitude of the response to the pathogen challenges.

Multivariate (PCA) analysis was performed using DEGs in Factoextra R package v1.0.7 and
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plot by ggplot2 software v3.3.0 in RStudio software v1.4.1103 with confidence ellipses set at
> 95%. The significance threshold was set at FDR < 0.05 for tissues with < 700 DEGs and an
FDR < 0.001 for tissues with > 700 DEGs in both heatmap and multivariate analyses.

4.4. Results

4.4.1. Hepatosomatic and Spleensomatic indices

No significant differences were detected in the hepatosomatic and spleensomatic index
between any of the experimental groups (control or immune challenged, p > 0.05) (data not

shown).

4.4.2. Biochemical parameters

4.4.2.1. Plasma protein

The plasma protein was not significantly modified between any of the experimental

groups (control or immune challenged, p >0.05) (Figure 4.1A).

4.4.2.2. Lysozyme and antiprotease activity

The activity of plasma lysozyme was not significantly different between any of the
experimental groups (control or immune challenged, p >0.05) (Figure 4.1B). The antiprotease
inhibition (in percentage, %) was significantly decreased in the poly I:C-treated fish
(approximately 14%, p = 0.012), indicating higher plasma protease activity in this group
(Figure 4.1C).

4.4.2.3. Cortisol
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The plasma cortisol concentration (ng/ml) was not significantly different between any

of the experimental groups (control or immune challenged, p >0.05) (Figure 4.1D).

4.4.2.4. Hematocrit

The haematocrit significantly decreased from 39% to 35% in the poly I.C challenged

fish compared to control (p = 0.0344) (Figure 4.1E).
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Figure 4.1. Biochemical indicators a) plasma protein, b) cortisol, c) lysozyme, d) antitrypsin, e)
hematocrit in N. rossii blood plasma. Measurements of (a) total protein (mg/ml), (b) cortisol (ng/ml),
(c) lysozyme (U/ml), (d) trypsin inhibition (%), and (e) hematocrit (%) in the control (white), LPS (light
grey) and Poly I:C (dark grey).

4.4.3. Immune-tissue reference transcriptomes and assembly

The total number of reads generated by RNAseq of the cDNA libraries of the marbled
rockcod was: 162,256,308 million (M) for the liver, 126,518,018 M for the spleen, 137,646,068
M for the duodenum and 139,895,294 M for the skin (Supplementary Table 1A). After filtering
the total number of reads obtained was 161,460,490 M for the liver, 125,200,116 M for the
spleen, 124,065,164 M for the duodenum and 129,237,478 M for the skin. After assembly, the
average alignment ratio for the sequence reads against the marbled rockcod reference
transcriptome was approximately 90% for the liver, 83% for the spleen, 85% for the intestine
and 86% for the skin (Supplementary table 1 B). The number of assembled contigs were:
82,913 for liver, 130,331 for spleen, 95,423 for duodenum and 48,188 for skin (Supplementary
Table 1A). The average contig length after assembly (N50) was 1836 and the GC content across
the dataset was 45 % (Supplementary table 4.1 A). Transcript annotation with DIAMOND
and using Nr NCBI and UniProtKB/Swiss-Prot databases gave 86% (71,686 contigs), 65%
(84,083 contigs), 59% (56,063 contigs) and 54% (26,137 contigs) annotation for the liver,
spleen, duodenum, and skin, respectively (Table 4.1).
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Table 4.1. Annotation statistics of A) duodenum, B) skin, C) spleen and D) liver samples. The
number and percentage of genes transcripts not annotated and annotated, predicted, and hypothetical or
uncharacterized proteins are indicated.

Number Percentage (%)

Annotated 237.969 67
Annotation to different databases:
Genes with BlastX and BlastP hit to NCBI 172.541 73
Genes with BlastX and BlastP hit to SwissProt 172.782 73
Genes with KEGG database 80.381 34
Genes with GO database 172921 73
Non-annotated 118.886 33
Treatment groups CTL versus LPS CTL versus Poly I:C

Number ~ % Number ~ %
Total number of DE transcripts
Liver 49 0.06 131 0.15
Spleen 11 0.01 23 0.02
Duodenum 220 0.23 1582 2
Skin 827 4 195 0.42
Summary of annotation of DE transcripts:
Annotation to known or predicted proteins
Liver 49 100 131 100
Spleen 11 100 23 100
Duodenum 216 98 1517 96
Skin 1782 98 190 97
Annotation to hypothetical/uncharacterized proteins
Liver 0 0 0 0
Spleen 0 0 0 0
Duodenum 4 2 65 4
Skin 45 2 5 3

4.4.4. Differentially expressed genes (DEGS) in the liver, spleen, duodenum, and skin

Comparisons of the number of DEGs identified in the two pathogen challenges (LPS
and poly I:C) compared to the control and between the four tissue transcriptomes (duodenum,
skin, liver, and spleen) revealed a high variation in the number of DEGs identified for each
pathogen challenge and between the tissues. The comparison of the duodenum gene transcripts
between the control and LPS generated 216 DEGs (195 up- and 21 down-regulated) and
between control and poly I:C challenge 1582 DEGs (1531 up- and 51-down regulated)
(Supplementary table 4.2, Annex I1). In skin 1827 DEGs (698 up- and 1129-down regulated)
were identified between the control and LPS and 195 DEGs (62 up- and 133-down regulated)
between control and poly I:C (Supplementary table 4.3). A low number of DEGs were
identified in the spleen, 11 in the control vs LPS challenge (9 up- and 2 down-regulated) and

23 in the control vs poly I:C challenge (11 up- and 12-down-regulated) (Supplementary table
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4.4). The control vs LPS and control vs poly I:C challenges resulted, respectively in 49 DEGs
(46 up- and 3 down-regulated) and 131 DEGs (75 up- and 56 down-regulated), respectively in
liver (Supplementary table 4.5).

A few numbers of DEGS, less than 27, were common between the different tissues for

LPS (Figure 4.2 A) and less than 41 for poly I:C challenges (Figure 4.2 B).

A) Skin Liver

e TN\

Duodenum L A Spleen

251



Chapter 4

B) Skin Liver

AN

Duodenum k A Spleen

Figure 4.2. Venn diagram of the number of DEGs in the four tissue transcriptomes of A) Control
versus LPS and B) Control versus Poly I:C in N. rossii. The numbers indicate annotated DEGs that
are specific or common between tissues.

4.4.5. Heatmap and PCA analyses of DEGs

A heatmap (log2 counts) of the DEGs for each comparison was generated using FDR <
0.01 for the duodenum and skin, which had a high number of DEGs and an FDR < 0.05 for the
spleen and liver that had relatively few DEGs. The heatmap showed good clustering of the
individuals by experimental group and the response varied by tissues and treatment (Control,
LPS and poly I:C) (Figure 4.3 A-D).
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Figure 4.3. Heatmap (log2 expression) generated from DEGs from the A) duodenum (FDR <
0.001), B) skin (FDR < 0.001), C) spleen (FDR < 0.05) and C) liver (FDR < 0.05) transcriptomes of
control, LPS and Poly I:C treated fish. Control (C1-C3), LPS (L1-L3) and Poly I:C (P1-P3). The
intensity of red colour gradient indicates up-regulation and of the blue colour gradient indicates down-
regulation.

A PCA was performed on the DEGs identified by the pairwise comparisons of the
different experimental groups in 36 individuals of each tissue, The first two principal
components (Dim1 and Dim2) explained 79.7% of the total variation (62.7% for Dim1 and 17%
for Dim2, Figure 4. 4 A). The first two principal components explained 74.9% of the variance
in skin (66.5% for Dim1 and 8.4% for Dim2, Figure 4.4 B), 67.7% of the variance in spleen
(42.8% for Dim1 and 24.9% for Dim2, Figure 4.4 C) and 79.7% of the variance in liver (63.1%
for Dim1 and 16.3% for Dim2, Figure 4.4 D). The DEGs of the duodenum and skin had the
highest individual variability for LPS and the poly I:C treatment, respectively.
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C) Spleen
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D) Liver
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Figure 4.4. Principal components analysis (PCA) of DEGs (log2 expression, FDR < 0.05) from A)
duodenum, B) skin, C) spleen and C) liver of control, LPS and Poly I:C treated fish. The control is
indicated as orange circle (C1-C3), LPS as green triangle (L1-L3) and Poly I:C as blue square (P1-P3).

4.4.6. DEGs in the four tissues under different pathogen challenges
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4.4.6.1. DEGs in control versus LPS

The C versus LPS DEGs with the highest fold-change in the duodenum were linked to
the regulation of glucose and lipid homeostasis (up-regulated) and neutrophil degranulation
(down-regulated) (Supplementary table 4.2 A-B); in the skin they were linked to antiviral
innate immune response (up-regulated) and neutrophil degranulation (down-regulated)
(Supplementary table 4.3 A-B); in the spleen they were linked to viral process (up-regulated)
and vascular associated smooth muscle cell (down-regulated) (Supplementary table 4.4 A-B);
in the liver they were linked to antioxidant defence (up-regulated) and metabolism of
polyunsaturated fatty acids (PUFASs) (down-regulated) (Supplementary table 4.5 A-B). A
comparative analysis of the DEGs related to immunity (up- and down-regulated) across the four
immune tissues revealed common and divergent responsiveness of the tissue when exposed to
the same bacterial challenge (Table 4.2, Annex I1). For example, iron metabolism pathways
were highly modified in the skin but not in the duodenum and several toxins, like stonustoxin,
neoverrucotoxin and sagatoxin, were highly modified in skin but mainly absent from the

duodenum.

Overall, the 26 DEGs shared between the duodenum and skin included immune
response (regulation of activation-induced cell death of T cells, T cell differentiation, neutrophil
degranulation, wound healing, defense response to virus, interleukin-1 beta production,
programmed cell death), ion and protein transport, signal transduction, cell differentiation, cell-
matrix adhesion, energy metabolism, carbohydrate binding and regulation of growth. In
contrast, the 11 DEGs shared between skin and liver, belonged to apoptotic process, oxygen

transport, regulation of translation, ribosome, ion binding and signal transduction.

4.4.6.2. DEGs in control versus poly I:C

The most highly modified DEGs of poly I:C challenged fish in the duodenum were ion
transport (up-regulated) and innate chemokines (down-regulated) (Supplementary table 4.2
C-D); in the skin were protein folding (up-regulated) and citric acid cycle (down-regulated)
(Supplementary table 4.3 C-D); in the spleen were innate chemokines (up-regulated) and
vascular associated smooth muscle cell (down-regulated) (Supplementary table 4.4 C-D); and

in the liver were ATP production (up-regulated) and protein ubiquitination (down-regulated)
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(Supplementary table 4.5 C-D). Evaluation of immune related genes in the DEGs (Table 4.2,
Annex I1) of the four-tissues of the poly I:C challenged fish revealed some common and tissue
specific DEGs. For example, pathogen recognition receptors were highly upregulated in the
duodenum but absent from the skin, spleen, and liver. Several genes of the iron metabolism
pathway were highly upregulated in the duodenum, but only a few genes were upregulated in
the liver and none in the skin or spleen. Similarly numerous genes of innate humoral immunity
were strongly upregulated in the duodenum, but not at all in the spleen and a small number were
modified in the skin and liver (Table 4.2, Annex I1).

Overall, 40 DEGs were common between the duodenum and skin related to several
processes namely mitochondrial electron transport, mitochondrial damage, ion binding, ATP
production, the inflammatory response, platelet degranulation, protein folding, ribosome,
regulation of translation, GTPase binding, glycolysis, and DNA replication. The duodenum and
liver shared 17 common genes associated with actin binding, the mitochondrial inner
membrane, transcription factors, DNA binding, glucokinase regulation, the innate immune
response (such as NLRs), ATP binding, endocytosis, and the citric acid cycle. The comparison
between liver and skin showed they had 3 DEGs in common that were linked to ATP production
and oxygen transport, while between the duodenum, skin, and liver 2 DEG related to the innate

immune response was shared.

Table 4.2 (next page). Summary of differentially expressed immune genes in the four tissues
between control versus LPS and control versus Poly I:C. The green colour indicates the DEGs that
are up-regulated and the down-regulated at red according to the highest to the lowest log fold-change
(logFC) (FDR < 0.05).
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Skin
Gene name Gene symbol Transcript ID Pathogen challenges Response intensity
logrC Pvalue = s Tholy I:C| LPS Poly I:C

Pathogen recognition receptors
Scavenger receptor class B member 1 scarbl
NACHT, LRR and PYD domains-containing protein 3-like nlrp3
Macrophage mannose receptor 1 mrcl
C-type lectin domain family 4 member E clecde
Scavenger receptor cysteine-rich domain-containing group B protein ssc4d TRINITY_DN50881_c0_gl_il _ 1,33E-03 X High
TLR adapter interacting with SLC15A4 on the lysosome cxorf21
Toll-like receptor 3 isoform X2 tir3
Protein NLRC3 nirc3 TRINITY_DN2951 c0_gl_il 2,44E-03 X High
NACHT, LRR and PYD domains-containing protein 1 nlrpl
C-type lectin domain family 11 member A cleclla TRINITY_DN16300_c0_g2_i2 3,31E-03 X High
C-type mannose receptor 2 mrc2 TRINITY_DN24519 _c0_g1_il 3,38E-03 X High
Iron metabolism pathway
Transferrin receptor protein 1 tfrc
Fermitin family homolog 3 fermt3
Ferrochelatase, mitochondrial fech
Iron-sulfur cluster assembly enzyme 1ISCU, mitochondrial iscu
Cytolic Fe-S cluster assembly factor nubp2 nubp?2 TRINITY_DN62063 c0_gl il 1,62E-03 X High
Serotransferrin-1 tf TRINITY_DN57579_c0_g1_il 8,77E-04 X High
2-oxoglutarate and iron-dependent oxygenase JMJD4 jmjd4 TRINITY_DN5176_c0_g1_i2 4,15E-03 X High
Iron-responsive element-binding protein 2 ireb2 TRINITY_DN302_c0 g1 i1l 3,06E-03 X High
Adrenodoxin, mitochondrial fdx1
NADH dehydrogenase [ubiquinone] iron-sulfur protein 4, mitochondrial ndufs4 TRINITY_DN56593 c0_g1_il 2,26E-03 X High
Ferritin, middle subunit fm
Ferritin, heavy subunit fthl TRINITY_DN58412_c0_gl il 1,17E-06 X Medium
Selenium metabolism pathway
Selenoprotein J selenoj
Methanethiol oxidase selenbpl
Thioredoxin reductase-like selenoprotein T1a selenotla
Selenoprotein Pa seppla
Selenocysteine insertion sequence-binding protein 2 secishp2 TRINITY_DN10529 _c0_g1_il 4,07E-03 X High
Selenocysteine insertion sequence-binding protein 2-like secishp2l TRINITY_DN3745_c0 g1 _il 5,50E-04 X High
Type | iodothyronine deiodinase diol
Toxins
Stonustoxin subunit alpha stxa TRINITY_DN7648 c0_gl_il 1,02E-05 X High
Neoverrucotoxin subunit alpha ntxa
Anthrax toxin receptor 2 antxr2
DELT A-sagatoxin-Srsla-like srslal TRINITY_DN8540_c0_gl i1 |NNN4I04E+14| 6,86E-05]  x High
Neoverrucotoxin subunit beta nvtx
Cytolytic toxin-alpha clya
Anthrax toxin receptor 1 antxrl TRINITY_DN3970 c0_g1_i3 1,84E-04 X High
Stonustoxin subunit beta stnxb TRINITY_DN2411_c0_gl_il 2,54E-03 X High
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Innate humoral immunity

BCL2/adenovirus E1B 19 kDa protein-interacting protein 3 bnip3

Mucin-5AC-like muc5ac

C-reactive protein crp TRINITY_DN73_c0_g1_il 2,00E-04 High
Complement C1g-like protein 2 clql2 TRINITY_DN10228_c0_g2_il 2,74E-04 High
Serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 7 isoform X1 serpinal

Lysosomal alpha-mannosidase man2bl

NF-kappa-B inhibitor alpha nfkbia

Serine/threonine-protein kinase R1IO3 riok3

Interleukin-17 receptor A ill7ra

Cytokine-inducible SH2-containing protein cish

Tumor susceptibility gene 101 protein tsg101 TRINITY_DN3029 c0 _gl_il _ 2,21E-03 High
Interferon-related developmental regulator 2 ifrd2

Plasma protease C1 inhibitor serpingl

Mucin 13b, cell surface associated isoform X1 muc13b

Serine/threonine-protein kinase MARK2 mark2

Macrophage-stimulating protein receptor mstlr

Receptor-type tyrosine-protein phosphatase eta ptprj

Lysosomal alpha-glucosidase gaa TRINITY_DN2473 c0_gl_il _ 7,89E-05 Medium
Interferon regulatory factor 8 irf8

Lysine-specific demethylase 5B-B kdm5bb

C-X-C chemokine receptor type 4 cxcrd

Complement factor B cfb

Tumor necrosis factor receptor superfamily member 1A precursor tnfrsfla

Lysosomal protective protein ctsa

Interleukin-1 receptor accessory protein-like 1-A isoform X1 illrapll

Interleukin-6 receptor subunit alpha il6r

Complement C1q subcomponent subunit C clqc

Interferon regulatory factor 2 irf2

Complement C4-B cdb

Tumor necrosis factor alpha-induced protein 2 isoform X1 tnaifp2

Cationic trypsin-like prssl TRINITY_DN181 c0_g4_il 1,11E-06 High
Tumor necrosis factor receptor superfamily member 11A isoform X1 tnfrsflla

Mucin-2-like muc2l TRINITY_DN50086_c0_gl_il 3,25E-03 High
Tumor necrosis factor, alpha-induced protein 8-like protein 2 A tnfaip8I2

Chemokine-like receptor 1 cmkirl TRINITY_DN4393 c0_gl_i2 3,05E-06 High
Interleukin-1 receptor-associated kinase 3 irak3

Complement C3 c3

C-X-C motif chemokine 20 cxcl20

Complement component C7 c7

Serine/threonine-protein kinase N1 pknl

Complement C4 c4

Interleukin-13 receptor subunit alpha-2 il13ra2

Tumor necrosis factor alpha-induced protein 8-like protein 3 tnfaip8I3

Beta-2-microglobulin b2m TRINITY_DN17923 c0_gi i1 |NCGIPBERI8| 1,31E-04 Medium
Mucin-2 muc2

ClgB clgb

Hemoglobin subunit beta-1 hbbl
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Interferon-induced GT P-binding protein MxA mx1

Interferon-induced protein with tetratricopeptide repeats 1-like ifitll TRINITY_DN3039_c0_g2_il 8,93E-07 X High
Hemoglobin subunit alpha-1 hbal TRINITY_DN174_¢c0 g2 il 3,25E-05 X High
Serine/threonine-protein kinase TBK1 thk1 TRINITY_DN14328_c0_g1_il 4,00E-04 X High
Complement factor D cfd

Beta-galactoside-binding lectin lec-1

Protein S100-Al s100al

Serine/threonine-protein kinase STK11 stk11l TRINITY_DN11508_c0_g1_i4 3,93E-04 X High
Hemoglobin subunit alpha-2 hba2 TRINITY_DN174_c0 gl il 7,43E-04 X High
Leukotriene A-4 hydrolase Itadh

Sialomucin core protein 24 cd164

Leucine-rich repeats and immunoglobulin-like domains protein 2 Irig2 TRINITY_DN2107_c0_g1_il 2,79E-03 X High
Protein kinase C delta type prked

Bactericidal permeability-increasing protein bpi TRINITY_DN4096_c0_g4_il 1,75E-04 X High
Protein kinase C and casein kinase |1 substrate protein 3 pacsin3 TRINITY_DN7304_c1_g1_il 2,81E-03 X High
Serine/threonine-protein phosphatase 6 catalytic subunit ppp6éc

Nuclear factor NF-kappa-B p105 subunit sh2d7 TRINITY_DN62383_c0_g1_il 3,43E-03 X High
Tumor suppressor candidate 2 tusc2 TRINITY_DN12156_c0_g1_il 1,63E-03 X High
Mucosa-associated lymphoid tissue lymphoma translocation protein 1 homolog maltl TRINITY_DN11915 _c0_g1_il 1,31E-03 X High
C-C motif chemokine 20 ccl20

Lysozyme g lyzg TRINITY_DN20059_c0_g1_il 4,06E-03 X High
Tumor necrosis factor ligand superfamily member 12 tnfsf12 TRINITY_DN6055_c0_g2_il 8,15E-04 X High
Cytokine-inducible SH2-containing protein cish

Lysomal protective protein ctsal TRINITY_DN11344 _c0_g1_il 9,69E-04 X High
Cbp/p300-interacting transactivator 1 citedl

Influenza virus NS1A-hinding protein homolog A ivnslabpa

Tumor necris factor receptor superfamily member 16 tnrlé TRINITY_DN772_c0 g1 il 2,35E-04 X High
T GF-beta-activated kinase 1 and MAP3K7-binding protein 2 tab2 TRINITY_DN13332_c0_g2_i2 1,14E-03 X High
H-2 class | histocompatibility antigen, K-D alpha chain h2-g91 TRINITY_DN46_c0_gl i1l 1,85E-04 X High
Protein kinase C beta type prkch TRINITY_DN1884 c0 gl _i10 3,08E-03 X High
Human immunodeficiency virus type | enhancer-binding protein 2 homolog hivep2 TRINITY_DN3273_c3_g1_i2 5,23E-04 X High
Complement C1qg tumor necrosis factor-related protein 2 clqtnf2 TRINITY_DN45619_c0_g1_il 8,83E-04 X High
Lysome-associated membrane glycoprotein 2 lamp2 TRINITY_DN22_c0_g2_il 7,10E-04 X High
Serine/threonine-protein kinase D2 prkd2 TRINITY_DN17465_c0_g2_il 3,01E-03 X High
C-X-C chemokine receptor type 3-2 cxr32 TRINITY_DN65203_c0_g1_il 7,34E-05 X High
Inhibitor of nuclear factor kappa-B kinase subunit beta ikbkb TRINITY_DN5257_c0_g2_il 2,10E-03 X High
Tumor necris factor receptor superfamily member 1A tnfrsfla TRINITY_DN11762 c0 gl il 3,46E-05 X High
1ST1 homolog istl TRINITY_DN27175_c0_g1_il 8,47E-07 X High
Serine/threonine-protein kinase 17B stk17b TRINITY_DN8006_c0_g1_il 2,36E-06 X High
Transforming growth factor beta receptor type 3 tgfbr3 TRINITY_DN46756_c0_gl_il 3,45E-03 X High
Interleukin-11 receptor subunit alpha-1 illlral TRINITY_DN1616_c3_g1_il 1,36E-03 X High
Delta-like protein C dlc

Complement C1q tumor necris factor-related protein 1 clqtnf6 TRINITY_DN18339 _c0_g1_il 3,89E-03 X High
Complement component C7 c7

Chemokine (C-X-C motif) ligand 12a (stromal cell-derived factor 1) precursor cxcll2a

Thioredoxin txn
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Hemoglobin subunit alpha hba TRINITY_DN5583_c0_g1_il 1,80E-04 X High Medium
TGF-beta receptor type-1 tgfbrl TRINITY_DN54036_c0_gl_il 2,62E-03 X High
Leukemia inhibitory factor receptor lifr TRINITY_DN34522_c0_gl il 2,39E-04 X High
Protein kinase C iota type prkci TRINITY_DN40194 _c0_g1_il 1,20E-03 X High
Inter-alpha-trypsin inhibitor heavy chain H3 itih3 TRINITY_DN5978_c0_g1_il 1,72E-06 X High
hemoglobin cathodic subunit beta hbb TRINITY_DN20221 c0_gl1 il 8,60E-05 Medium
Interleukin-1 receptor-associated kinase 4 irak4

Interferon regulatory factor 2-binding protein 1 irf2bpl

Interferon alpha/beta receptor 2 ifnar2

Innate cellular immunity

CD226 antigen cd226 TRINITY_DN1527 _c0_gl i1l 1,99E-04 X High
Leukocyte elastase inhibitor serpinbl TRINITY_DN18308_c0_g1_il 1,19E-04 X High
Leukocyte antigen CD37 cd37

Macrophage colony-stimulating factor 1 receptor 2 csflr

Platelet-derived growth factor receptor alpha pdgfra TRINITY_DN47674 _c0_gl_il _ 1,90E-03 X High
Leukocyte surface antigen CD53 cd53

Macrophage colony-stimulating factor 1 receptor 1 csflr

CD63 antigen cd63

CD302 antigen cd302

Macrophage-capping protein capg

CD59 glycoprotein-like cd59 TRINITY_DN46287_c0_g1_il 1,45E-04 X High
CD151 antigen-like isoform X1 cd151l TRINITY_DN1687_c0_gl_il 2,98E-05 Medium
CD9 antigen cd9

CD209 antigen-like protein A cd209a TRINITY_DN7897_c0_g1_il 3,31E-04 X High
Platelet-derived growth factor receptor beta pdgfrb TRINITY_DN4280_c0_g1_il 3,34E-04 X High
Macrophage-expressed gene 1 protein mpegl TRINITY_DN15553 c0_gl il 3,04E-03 X High
Platelet-activating factor acetylhydrolase 1B subunit alpha2 pafah1b2 TRINITY_DN56787_c0_g1_il 3,99E-04 X High
Platelet-activating factor acetylhydrolase 1B subunit alphal pafah1b3

Platelet-derived growth factor subunit B grinal TRINITY_DN4201_c0 gl1_i4 4,48E-05 X High
Mast cell tryptase tpsabl TRINITY_DN4398_c0 gl i1l 8,08E-05 X High
Acquired immunity

H-2 class | histocompatibility antigen, Q10 alpha chain h2-q10

T-cell receptor alpha chain V region CTL-F3 trav29dv5

Butyrophilin subfamily 2 member A2 btn3al TRINITY_DN2180_c0_g1_i10 8,56E-05 Medium
B-cell lymphoma/leukemia 11A bclllb TRINITY_DN3768_c0_g2_il 3,54E-06 X High
B-cell receptor CD22-like cd22|

Immunoglobulin kappa light chain igk

1g mu chain C region membrane-bound form ighm

Pre-B-cell leukemia transcription factor-interacting protein 1 pbxipl TRINITY_DN1020 c1_g2_il 4,38E-04 X High
BOLA class | histocompatibility antigen, alpha chain BL3-7 hla-b

T-cell activation inhibitor, mitochondrial tcaim TRINITY_DN2427_c2_gl_il 4,60E-04 X High
1g gamma chain C region ighd

Immunoglobulin kappa variable 1-12 igkvl-12

H-2 class Il histocompatibility antigen, E-Q beta chain hb24

HLA class Il histocompatibility antigen, DP alpha 1 chain hla-dpal

CD166 antigen homolog A alcamb
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H-2 class Il histocompatibility antigen gamma chain hg2a

Immunoglobulin-like domain-containing receptor 2 ildr2

Cytotoxic and regulatory T-cell molecule crtam TRINITY_DN4415 c0 g1 _il 9,60E-04 X High
T cell receptor beta variable 18 trbv18 TRINITY_DN5200_c1_g1_il 1,57E-04 X High
Class | histocompatibility antigen, F10 alpha chain mhclufa

Immunoglobulin superfamily containing leucine-rich repeat protein 2 islr2 TRINITY_DN61486_c0_gl_il 5,54E-04 X High
Nuclear factor of activated T-cells, cytoplasmic 3 nfatc3 TRINITY_DN22032_c0_g1_i2 1,42E-06 X High
Lymphocyte antigen 75 ly75 TRINITY_DN32710_c1_g3_il 4,90E-05 X High
Nuclear factor of activated T-cells 5 nfats TRINITY_DN20498 c0 g2 il 3,22E-06 X High
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Gene name

Scavenger receptor class B member 1

Gene symbol

scarbl

Transcript 1D

TRINITY DN7578 c0_gl il

Duodenum

NACHT, LRR and PYD domains-containing protein 3-like

nirp3 TRINITY DN13640 c0 gl il

Macrophage mannose receptor 1

mrcl TRINITY DN49274 c0 gl il

C-type lectin domain family 4 member E

clecde TRINITY _DN10729 c0 gl il

Scavenger receptor cysteine-rich domain-containing group B protein ssc4d

TLR adapter interacting with SLC15A4 on the lysosome cxorf21 TRINITY_DN18574 c0_gl_il
Toll-like receptor 3 isoform X2 tlr3

Protein NLRC3 nirc3 TRINITY_DN88358_c0_gl_il
NACHT, LRR and PYD domains-containing protein 1 nlrpl TRINITY_DN15911 c0_g1_il
C-type lectin domain family 11 member A cleclla

logFC

Pvalue

3,34E-04

Pathogen challenges

Response intensity

LPS

Poly I:C

1,07E-04

Medium

8,08E-06 X High
2,12E-05 X High
1,07E-03 X High
2,87E-03 X High
2,81E-03 X High

C-type mannose receptor 2

Transferrin receptor protein 1

mrc2

tfrc

TRINITY_DN1653 cl g3 il

1,45E-06

Ferritin, heavy subunit

Selenoprotein J

fthl

selenoj

TRINITY_DN363 _c0_g5 il

TRINITY_DN36385 c0 gl il

X
Fermitin family homolog 3 fermt3 TRINITY_DN42042_c0_g1_il 3,27E-05 X High
Ferrochelatase, mitochondrial fech TRINITY_DN111269 c0_g1_il 9,31E-04 X High
Iron-sulfur cluster assembly enzyme ISCU, mitochondrial iscu TRINITY_DN10976_c0_g1_il 1,04E-03 X High
Cytolic Fe-S cluster assembly factor nubp2 nubp2

Serotransferrin-1 tf

2-oxoglutarate and iron-dependent oxygenase JMJD4 jmjd4

Iron-responsive element-binding protein 2 ireb2

Adrenodoxin, mitochondrial fdx1

NADH dehydrogenase [ubiquinone] iron-sulfur protein 4, mitochondrial ndufs4

Ferritin, middle subunit fm

3,65E-04

Stonustoxin subunit alpha

stxa

Methanethiol oxidase selenbpl TRINITY_DN12128 c0_gl_il 1,64E-03 X High
Thioredoxin reductase-like selenoprotein T1a selenotla TRINITY_DN1622_c0_g1_il 3,62E-04 X High
Selenoprotein Pa seppla

Selenocysteine insertion sequence-binding protein 2 secishp2

Selenocysteine insertion sequence-binding protein 2-like secisbp2l

Type | iodothyronine deiodinase diol

Neoverrucotoxin subunit alpha ntxa TRINITY_DN13640_c0_g1_il 4,85E-06 X High
Anthrax toxin receptor 2 antxr2 TRINITY_DN26261_c0_g3_il 8,92E-04 X High
DELT A-sagatoxin-Srsla-like srslal

Neoverrucotoxin subunit beta nvtx TRINITY_DN73 c3_g1_il 3,84E-04 Medium
Cytolytic toxin-alpha clya

Anthrax toxin receptor 1 antxrl

Stonustoxin subunit beta stnxb
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BCL2/adenovirus E1B 19 kDa protein-interacting protein 3 bnip3 TRINITY_DN1380_c0_gl il 1,28E-04 X High
Mucin-5AC-like mucbac TRINITY_DN8118 c0 gl i2 2,82E-04 X High
C-reactive protein crp

Complement C1g-like protein 2 clgl2

Serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 7 isoform X1 serpinal TRINITY_DN9245 c0 gl il 3,18E-06 X High
Lysosomal alpha-mannosidase man2bl TRINITY_DN14979 c0_g3_i2 2,45E-04 Medium
NF-kappa-B inhibitor alpha nfkbia TRINITY_DN1208 c0 g1 il 2,63E-04 X Medium High
Serine/threonine-protein kinase RIO3 riok3 TRINITY_DN26579 _c0_gl1 il 1,12E-03 X High
Interleukin-17 receptor A ill7ra

Cytokine-inducible SH2-containing protein cish TRINITY_DN13379_c1_g5_il 2,08E-04 Medium

Tumor susceptibility gene 101 protein tsg101

Interferon-related developmental regulator 2 ifrd2 TRINITY_DN4775 _c0_gl_i2 4,63E-04 Medium

Plasma protease C1 inhibitor serpingl TRINITY_DN34598 c0_gl il 1,55E-03 X High
Mucin 13b, cell surface associated isoform X1 mucl3b TRINITY_DN2953 c0_g2_il 1,08E-06 X High
Serine/threonine-protein kinase MARK?2 mark?2 TRINITY_DN29985 _c0_gl i3 1,45E-06 X High
Macrophage-stimulating protein receptor mstlr TRINITY_DN111277 _c0_gl il 2,97E-06 X High
Receptor-type tyrosine-protein phosphatase eta ptprj TRINITY_DN913 c0_g2_il 1,42E-06 X High
Lysosomal alpha-glucosidase gaa

Interferon regulatory factor 8 irf8 TRINITY_DN23619 c0_g2_il 2,41E-05 X High
Lysine-specific demethylase 5B-B kdm5bb TRINITY_DN2659_c0_g2_il 1,57E-04 X High
C-X-C chemokine receptor type 4 cxcrd TRINITY_DN2531 c0_gl il 3,00E-04 Medium
Complement factor B cfb TRINITY_DN8991 c0_gl il 1,86E-05 X High
Tumor necrosis factor receptor superfamily member 1A precursor tnfrsfla TRINITY_DN2302_c1 g3 il 1,86E-06 X High
Lysosomal protective protein ctsa TRINITY_DN10272_c0_gl il 2,33E-04 Medium
Interleukin-1 receptor accessory protein-like 1-A isoform X1 illrapll TRINITY_DN24413 c1_gl i2 1,19E-05 X High
Interleukin-6 receptor subunit alpha il6r TRINITY_DN28409 c0 gl il 4,26E-06 X High
Complement C1q subcomponent subunit C clqc TRINITY_DN84704 c0_gl il 1,52E-05 X High
Interferon regulatory factor 2 irf2 TRINITY_DN19171 c0 gl il 3,21E-05 X High
Complement C4-B c4b TRINITY_DN120530_c0_g1_il 1,08E-04 X High
Tumor necrosis factor alpha-induced protein 2 isoform X1 tnaifp2 TRINITY_DN17698 cO gl il 1,13E-06 X High
Cationic trypsin-like prssl TRINITY_DN4090 _c0_g3 il 1,06E-03 X High
Tumor necrosis factor receptor superfamily member 11A isoform X1 tnfrsflla TRINITY_DN26052_c0_g2_il 1,50E-03 X High
Mucin-2-like muc2l

Tumor necrosis factor, alpha-induced protein 8-like protein 2 A tnfaip8I2 TRINITY_DN17485 c1_gl il 1,03E-03 X High
Chemokine-like receptor 1 cmkirl

Interleukin-1 receptor-associated kinase 3 irak3 TRINITY_DN14045 c0_g2_il 2,63E-03 X High
Complement C3 c3 TRINITY_DN25542_c0_gl il 2,29E-03 X High
C-X-C motif chemokine 20 cxcl20 TRINITY_DN52692_c0_gl_il 2,83E-03 X High
Complement component C7 c7 TRINITY_DN71033 c0_gl il 5,05E-04 X High
Serine/threonine-protein kinase N1 pknl TRINITY_DN77130_c0_gl il 6,21E-04 X High
Complement C4 c4 TRINITY_DN22680_c0_gl il 8,65E-05 X High
Interleukin-13 receptor subunit alpha-2 il13ra2 TRINITY_DN21531_c0_gl il 1,43E-03 X High
Tumor necrosis factor alpha-induced protein 8-like protein 3 tnfaip8I3 TRINITY_DN15630_c0_gl il 1,28E-06 X High
Beta-2-microglobulin b2m TRINITY_DN2346_c0_gl il 2,39E-05 X Medium High
Mucin-2 muc2 TRINITY_DN54850_c0_gl il 1,74E-03 X High
ClgB clgh TRINITY_DN37398_c0_gl il 6,70E-04 X High
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Hemoglobin subunit beta-1 hbb1 TRINITY_DN27171 c0_gl_i3 1,33E-04 X Medium
Interferon-induced GTP-binding protein MxA mx1 TRINITY_DN6427 c0_gl_il 1,14E-03 X High
Interferon-induced protein with tetratricopeptide repeats 1-like ifitll

Hemoglobin subunit alpha-1 hbal TRINITY_DN18918 c0_g1_il 5,59E-05 X High
Serine/threonine-protein kinase TBK1 thkl

Complement factor D cfd TRINITY_DN3130 c0_g1_il 2,04E-06 X High
Beta-galactoside-binding lectin lec-1 TRINITY_DNO94557 c0_g1_il 6,92E-04 X High
Protein S100-Al 5100al TRINITY_DN96969_c0_gl_il 8,23E-06 X High
Serine/threonine-protein kinase STK11 stk11l

Hemoglobin subunit alpha-2 hba2

Leukotriene A-4 hydrolase Iltadh TRINITY_DN62940 c0_g1_il 6,87E-04 X High
Sialomucin core protein 24 cd164 TRINITY_DN398 c1_g2_il 1,54E-04 X High
Leucine-rich repeats and immunoglobulin-like domains protein 2 Irig2

Protein kinase C delta type prkecd TRINITY_DN4286_c0_g1_il 3,10E-04 X High
Bactericidal permeability-increasing protein bpi

Protein kinase C and casein kinase |1 substrate protein 3 pacsin3 TRINITY_DN3167_c0_g1_il 2,53E-03 X High
Serine/threonine-protein phosphatase 6 catalytic subunit pppéc TRINITY_DN1696_c0_g3_il 2,89E-03 X High
Nuclear factor NF-kappa-B p105 subunit sh2d7 TRINITY_DN10879_c0_g2_il 5,32E-04 X High
Tumor suppressor candidate 2 tusc2

Mucosa-associated lymphoid tissue lymphoma translocation protein 1 homolog maltl

C-C motif chemokine 20 ccl20

Lysozyme g lyzg

Tumor necrosis factor ligand superfamily member 12 tnfsf12

Cytokine-inducible SH2-containing protein cish

Lysomal protective protein ctsal

Cbp/p300-interacting transactivator 1 citedl

Influenza virus NS1A-binding protein homolog A ivnslabpa TRINITY_DN699_c0_g1 il _ 1,46E-04 X High
Tumor necris factor receptor superfamily member 16 tnrlé

TGF-beta-activated kinase 1 and MAP3K7-binding protein 2 tab2

H-2 class | histocompatibility antigen, K-D alpha chain h2-q9l

Protein kinase C beta type prkch

Human immunodeficiency virus type I enhancer-binding protein 2 homolog hivep2

Complement C1q tumor necrosis factor-related protein 2 clqtnf2

Lysome-associated membrane glycoprotein 2 lamp2

Serine/threonine-protein kinase D2 prkd2

C-X-C chemokine receptor type 3-2 cxr32

Inhibitor of nuclear factor kappa-B kinase subunit beta ikbkb

Tumor necris factor receptor superfamily member 1A tnfrsfla

1ST1 homolog istl

Serine/threonine-protein kinase 17B stk17b

Transforming growth factor beta receptor type 3 tgfbr3

Interleukin-11 receptor subunit alpha-1 illlral TRINITY_DN104972_c0_g1_il 4,62E-05 X High
Delta-like protein C dic TRINITY_DN3091 c0_g1_il 1,21E-06 X High
Complement C1q tumor necris factor-related protein 1 clqtnf6é

Complement component C7 c7 TRINITY_DN63079 c0_gl_il 1,53E-04 X High
Chemokine (C-X-C motif) ligand 12a (stromal cell-derived factor 1) precursor cxcll2a TRINITY_DN483 c0_gl_il 4,37E-04 X High
Thioredoxin txn TRINITY_DN788 c0_g1_il 2,07E-06 X High
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Hemoglobin subunit alpha hba

TGF-beta receptor type-1 tgfbrl

Leukemia inhibitory factor receptor lifr

Protein kinase C iota type prkci

Inter-alpha-trypsin inhibitor heavy chain H3 itih3

hemoglobin cathodic subunit beta hbb

Interleukin-1 receptor-associated kinase 4 irak4 TRINITY_DN22833_c0_g1_il 7,24E-06 X High
Interferon regulatory factor 2-binding protein 1 irf2bpl TRINITY_DN2348 c1_g5 il 5,83E-06 Medium
Interferon alpha/beta receptor 2 ifnar2 TRINITY_DN22122 c0_gl_il 3,00E-06

CD226 antigen cd226

Leukocyte elastase inhibitor serpinbl

Leukocyte antigen CD37 cd37 TRINITY_DN21239 c0_g1_il 3,92E-04 X High
Macrophage colony-stimulating factor 1 receptor 2 csflr TRINITY_DN106506 _c0_g1_il 1,82E-03 X High
Platelet-derived growth factor receptor alpha pdgfra

Leukocyte surface antigen CD53 cd53 TRINITY_DN5285 c6_gl_il 4,16E-05 X High
Macrophage colony-stimulating factor 1 receptor 1 csflr TRINITY_DN29350 c0_g2_il 1,60E-03 X High
CD63 antigen cd63 TRINITY_DN1582_c0_gl_il 1,92E-05 X High
CD302 antigen cd302 TRINITY_DN30184_c0_g3_il 1,41E-06 X High
Macrophage-capping protein capg TRINITY_DN2592 c0_g1_il 2,62E-05 X High
CD59 glycoprotein-like cd59

CD151 antigen-like isoform X1 cd1511

CD9 antigen cd9

CD209 antigen-like protein A cd209a

Platelet-derived growth factor receptor beta pdgfrb

Macrophage-expressed gene 1 protein mpegl TRINITY_DNO9586 _c0_g2_il 3,80E-04 X Medium High
Platelet-activating factor acetylhydrolase 1B subunit alpha2 pafah1b2 TRINITY_DN13666_c0_gl_il 4,34E-04 X High
Platelet-activating factor acetylhydrolase 1B subunit alphal pafah1b3

Platelet-derived growth factor subunit B grinal

Mast cell tryptase tpsabl

H-2 class | histocompatibility antigen, Q10 alpha chain h2-q10 TRINITY_DN4030 _c0_g1_ill 2,07E-05 X High
T-cell receptor alpha chain V region CTL-F3 trav29dv5 TRINITY_DN6420 _c0_g1_il 3,45E-05 X High
Butyrophilin subfamily 2 member A2 btn3al

B-cell lymphoma/leukemia 11A bclllb

B-cell receptor CD22-like cd22l TRINITY_DN1151 c0_g1_il 4,78E-04 X High
Immunoglobulin kappa light chain igk TRINITY_DNO906 c5_g1_il 1,76E-04 X High
1g mu chain C region membrane-bound form ighm TRINITY_DN4927 c0_g1_il 3,89E-04 X High
Pre-B-cell leukemia transcription factor-interacting protein 1 pbxipl

BOLA class | histocompatibility antigen, alpha chain BL3-7 hla-b TRINITY_DN160 c0_g2_il 4,43E-04 X High
T-cell activation inhibitor, mitochondrial tcaim TRINITY_DN50319 c0_g1_il 6,59E-04 X High
1g gamma chain C region ighd TRINITY_DN53784 c0_g2_il 1,59E-03 X High
Immunoglobulin kappa variable 1-12 igkvl-12 TRINITY_DN16331 c0_g1_il 2,23E-03 X High
H-2 class |1 histocompatibility antigen, E-Q beta chain hb24 TRINITY_DN150 c0_g2_i2 3,64E-04 Medium

HLA class Il histocompatibility antigen, DP alpha 1 chain hla-dpal TRINITY_DN45 c0_g2_il 2,00E-04 Medium

CD166 antigen homolog A alcamb TRINITY_DN28396 c0_gl_il 4,36E-04 X High
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H-2 class |1 histocompatibility antigen gamma chain hg2a TRINITY_DN6173 c0_g3_il 9,15E-05 X X Medium High
Immunoglobulin-like domain-containing receptor 2 ildr2 TRINITY_DN16571_c0_gl_i4 2,84E-03 X High
Cytotoxic and regulatory T-cell molecule crtam

T cell receptor beta variable 18 trbv18

Class | histocompatibility antigen, F10 alpha chain mhclufa TRINITY_DN21172_c0_gl_it | ERa| 4,88E-05]  x Medium
Immunoglobulin superfamily containing leucine-rich repeat protein 2 islr2

Nuclear factor of activated T-cells, cytoplasmic 3 nfatc3

Lymphocyte antigen 75 ly75 TRINITY_DN23453 c0_gl il — 2,30E-03 X High
Nuclear factor of activated T-cells 5 nfat5
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Spleen
Gene name Gene symbol Transcript ID Pathogen challenges | Response intensity
logFC Pvalue 175 Tpoly 1. [LPS  [Poly IC
Pathogen recognition receptors
Scavenger receptor class B member 1 scarbl
NACHT, LRR and PYD domains-containing protein 3-like nirp3
Macrophage mannose receptor 1 mrcl
C-type lectin domain family 4 member E clecde
Scavenger receptor cysteine-rich domain-containing group B protein ssc4d
TLR adapter interacting with SLC15A4 on the lysosome cxorf21
Toll-like receptor 3 isoform X2 tir3
Protein NLRC3 nlrc3
NACHT, LRR and PYD domains-containing protein 1 nlrpl
C-type lectin domain family 11 member A cleclla
C-type mannose receptor 2 mrc2
Iron metabolism pathway
Transferrin receptor protein 1 tfrc
Fermitin family homolog 3 fermt3
Ferrochelatase, mitochondrial fech
Iron-sulfur cluster assembly enzyme ISCU, mitochondrial iscu
Cytolic Fe-S cluster assembly factor nubp2 nubp2
Serotransferrin-1 tf
2-oxoglutarate and iron-dependent oxygenase JMJD4 jmjd4
Iron-responsive element-binding protein 2 ireb2
Adrenodoxin, mitochondrial fdx1
NADH dehydrogenase [ubiquinone] iron-sulfur protein 4, mitochondrial ndufs4
Ferritin, middle subunit fm
Ferritin, heavy subunit fthl
Selenium metabolism pathway
Selenoprotein J selenoj
Methanethiol oxidase selenbpl
Thioredoxin reductase-like selenoprotein T1a selenotla
Selenoprotein Pa seppla
Selenocysteine insertion sequence-binding protein 2 secisbp2
Selenocysteine insertion sequence-binding protein 2-like secisbp2l
Type | iodothyronine deiodinase diol
Toxins
Stonustoxin subunit alpha stxa
Neoverrucotoxin subunit alpha ntxa
Anthrax toxin receptor 2 antxr2
DELT A-sagatoxin-Srsla-like srslal
Neoverrucotoxin subunit beta nvtx
Cytolytic toxin-alpha clya
Anthrax toxin receptor 1 antxrl
Stonustoxin subunit beta stnxb
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Innate humoral immunity

BCL2/adenovirus E1B 19 kDa protein-interacting protein 3 bnip3
Mucin-5AC-like mucbac
C-reactive protein crp
Complement C1qg-like protein 2 clqgl2
Serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 7 isoform X1 serpinal
Lysosomal alpha-mannosidase man2bl
NF-kappa-B inhibitor alpha nfkbia
Serine/threonine-protein kinase RIO3 riok3
Interleukin-17 receptor A il17ra TRINITY_DN8545_c0_gL_il [ 72ERA| 5,37E-07 Very low
Cytokine-inducible SH2-containing protein cish
Tumor susceptibility gene 101 protein tsg101
Interferon-related developmental regulator 2 ifrd2
Plasma protease C1 inhibitor serpingl
Mucin 13b, cell surface associated isoform X1 mucl3b
Serine/threonine-protein kinase MARK2 mark2
Macrophage-stimulating protein receptor mstlr
Receptor-type tyrosine-protein phosphatase eta ptprj
Lysosomal alpha-glucosidase gaa
Interferon regulatory factor 8 irf8
Lysine-specific demethylase 5B-B kdm5bb
C-X-C chemokine receptor type 4 cxcrd
Complement factor B cfb
Tumor necrosis factor receptor superfamily member 1A precursor tnfrsfla
Lysosomal protective protein ctsa
Interleukin-1 receptor accessory protein-like 1-A isoform X1 illrapll
Interleukin-6 receptor subunit alpha il6r
Complement C1q subcomponent subunit C clgc
Interferon regulatory factor 2 irf2
Complement C4-B c4b
Tumor necrosis factor alpha-induced protein 2 isoform X1 tnaifp2
Cationic trypsin-like prssl
Tumor necrosis factor receptor superfamily member 11A isoform X1 tnfrsflla
Mucin-2-like muc2]
Tumor necrosis factor, alpha-induced protein 8-like protein 2 A tnfaip812
Chemokine-like receptor 1 cmklrl
Interleukin-1 receptor-associated kinase 3 irak3
Complement C3 c3
C-X-C motif chemokine 20 cxcl20
Complement component C7 c7
Serine/threonine-protein kinase N1 pknl
Complement C4 c4
Interleukin-13 receptor subunit alpha-2 il13ra2
Tumor necrosis factor alpha-induced protein 8-like protein 3 tnfaip8I3
Beta-2-microglobulin b2m
Mucin-2 muc2
ClgB clgb
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Hemoglobin subunit beta-1 hbbl
Interferon-induced GTP-binding protein MxA mx1
Interferon-induced protein with tetratricopeptide repeats 1-like ifitll
Hemoglobin subunit alpha-1 hbal
Serine/threonine-protein kinase TBK1 tbkl
Complement factor D cfd
Beta-galactoside-binding lectin lec-1
Protein S100-Al s100al
Serine/threonine-protein kinase STK11 stk1l
Hemoglobin subunit alpha-2 hba2
Leukotriene A-4 hydrolase Itadh
Sialomucin core protein 24 cd164
Leucine-rich repeats and immunoglobulin-like domains protein 2 Irig2
Protein kinase C delta type prkcd
Bactericidal permeability-increasing protein bpi
Protein kinase C and casein kinase Il substrate protein 3 pacsin3
Serine/threonine-protein phosphatase 6 catalytic subunit pppéc
Nuclear factor NF-kappa-B p105 subunit sh2d7
Tumor suppressor candidate 2 tusc2
Mucosa-associated lymphoid tissue lymphoma translocation protein 1 homolog maltl
C-C motif chemokine 20 ccl20
Lysozyme g lyzg
Tumor necrosis factor ligand superfamily member 12 tnfsf12
Cytokine-inducible SH2-containing protein cish
Lysomal protective protein ctsal
Cbp/p300-interacting transactivator 1 citedl
Influenza virus NS1A-binding protein homolog A ivnslabpa TRINITY_DN1519 c3 g1_il _ 4,37E-05 Very low
Tumor necris factor receptor superfamily member 16 tnrl6
T GF-beta-activated kinase 1 and MAP3K7-binding protein 2 tab2
H-2 class | histocompatibility antigen, K-D alpha chain h2-q9l
Protein kinase C beta type prkcb
Human immunodeficiency virus type | enhancer-binding protein 2 homolog hivep2
Complement C1q tumor necrosis factor-related protein 2 clqtnf2
Lysome-associated membrane glycoprotein 2 lamp2
Serine/threonine-protein kinase D2 prkd2
C-X-C chemokine receptor type 3-2 cxr32
Inhibitor of nuclear factor kappa-B kinase subunit beta ikbkb
Tumor necris factor receptor superfamily member 1A tnfrsfla
IST1 homolog istl
Serine/threonine-protein kinase 17B stk17b
Transforming growth factor beta receptor type 3 tgfbr3
Interleukin-11 receptor subunit alpha-1 illlral
Delta-like protein C dic
Complement C1q tumor necris factor-related protein 1 clqtnf6
Complement component C7 c7
Chemokine (C-X-C motif) ligand 12a (stromal cell-derived factor 1) precursor cxcll2a
Thioredoxin txn
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Hemoglobin subunit alpha hba
TGF-beta receptor type-1 tgfbrl
Leukemia inhibitory factor receptor lifr
Protein kinase C iota type prkci
Inter-alpha-trypsin inhibitor heavy chain H3 itih3
hemoglobin cathodic subunit beta hbb
Interleukin-1 receptor-associated kinase 4 irak4
Interferon regulatory factor 2-binding protein 1 irf2bpl
Interferon alpha/beta receptor 2 ifnar2
Innate cellular immunity

CD226 antigen cd226
Leukocyte elastase inhibitor serpinbl
Leukocyte antigen CD37 cd37
Macrophage colony-stimulating factor 1 receptor 2 csflr
Platelet-derived growth factor receptor alpha pdgfra
Leukocyte surface antigen CD53 cd53
Macrophage colony-stimulating factor 1 receptor 1 csflr
CD63 antigen cd63
CD302 antigen cd302
Macrophage-capping protein capg
CD59 glycoprotein-like cd59
CD151 antigen-like isoform X1 cd151l
CD9 antigen cd9
CD209 antigen-like protein A cd209a
Platelet-derived growth factor receptor beta pdgfrb
Macrophage-expressed gene 1 protein mpegl
Platelet-activating factor acetylhydrolase IB subunit alpha2 pafah1b2
Platelet-activating factor acetylhydrolase 1B subunit alphal pafah1lb3 TRINITY_DN702_c3_g2_il _ 1,99E-07 Very low
Platelet-derived growth factor subunit B grinal
Mast cell tryptase tpsabl
Acquired immunity

H-2 class | histocompatibility antigen, Q10 alpha chain h2-q10
T-cell receptor alpha chain V region CTL-F3 trav29dv5
Butyrophilin subfamily 2 member A2 btn3al
B-cell lymphoma/leukemia 11A bclllb
B-cell receptor CD22-like cd22|
Immunoglobulin kappa light chain igk

g mu chain C region membrane-bound form ighm
Pre-B-cell leukemia transcription factor-interacting protein 1 pbxipl
BOLA class | histocompatibility antigen, alpha chain BL3-7 hla-b
T-cell activation inhibitor, mitochondrial tcaim

g gamma chain C region ighd
Immunoglobulin kappa variable 1-12 igkvl-12
H-2 class Il histocompatibility antigen, E-Q beta chain hb24
HLA class Il histocompatibility antigen, DP alpha 1 chain hla-dpal
CD166 antigen homolog A alcamb
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H-2 class |1 histocompatibility antigen gamma chain hg2a
Immunoglobulin-like domain-containing receptor 2 ildr2
Cytotoxic and regulatory T-cell molecule crtam

T cell receptor beta variable 18 trbv18
Class | histocompatibility antigen, F10 alpha chain mhclufa
Immunoglobulin superfamily containing leucine-rich repeat protein 2 islr2
Nuclear factor of activated T-cells, cytoplasmic 3 nfatc3
Lymphocyte antigen 75 ly75
Nuclear factor of activated T-cells 5 nfatb
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Liver
Gene name Gene symbol Transcript ID Pathogen challenges | Response intensity
logFC | Pvalue 1/ 7og Poly I:C | LPS |PolyI:C
Pathogen recognition receptors
Scavenger receptor class B member 1 scarbl
NACHT, LRR and PYD domains-containing protein 3-like nlrp3
Macrophage mannose receptor 1 mrcl
C-type lectin domain family 4 member E clecde
Scavenger receptor cysteine-rich domain-containing group B protein sscad
TLR adapter interacting with SLC15A4 on the lysosome cxorf2l
Toll-like receptor 3 isoform X2 tir3 TRINITY_DN9523_c0_gl_i5 | NSIMIBERI4| 5,30E-05 X Low
Protein NLRC3 nlrc3
NACHT, LRR and PYD domains-containing protein 1 nirpl
C-type lectin domain family 11 member A cleclla
C-type mannose receptor 2 mrc2
Iron metabolism pathway
Transferrin receptor protein 1 tfrc
Fermitin family homolog 3 fermt3
Ferrochelatase, mitochondrial fech
Iron-sulfur cluster assembly enzyme 1SCU, mitochondrial iscu
Cytolic Fe-S cluster assembly factor nubp2 nubp2
Serotransferrin-1 if TRINITY_DN2643_c0_gl_i6 | N6,20E#18| 3,63E-05 X Low
2-oxoglutarate and iron-dependent oxygenase JMJD4 jmjd4
Iron-responsive element-binding protein 2 ireb2
Adrenodoxin, mitochondrial fdx1 TRINITY_DN2286_c0_gl_i4 4,67E-05 X Low
NADH dehydrogenase [ubiquinone] iron-sulfur protein 4, mitochondrial ndufs4
Ferritin, middle subunit fm TRINITY_DN358_c0_g1 il 4,26E-05 Low
Ferritin, heavy subunit fthl
Selenium metabolism pathway
Selenoprotein J selenoj
Methanethiol oxidase selenbpl
Thioredoxin reductase-like selenoprotein T 1a selenotla
Selenoprotein Pa seppla TRINITY_DN1221 c0_gl_i2 | INGJ00E*I4| 7,44E-08 Low
Selenocysteine insertion sequence-binding protein 2 secisbp2
Selenocysteine insertion sequence-binding protein 2-like secisbp2l
Type | iodothyronine deiodinase diol TRINITY_DN1971 cO gl il 8,56E-05 X Low Low
Toxins
Stonustoxin subunit alpha stxa
Neoverrucotoxin subunit alpha ntxa
Anthrax toxin receptor 2 antxr2
DELT A-sagatoxin-Srsla-like srslal
Neoverrucotoxin subunit beta nvtx
Cytolytic toxin-alpha clya TRINITY_DN4006_c0_gl_i13 |[N2/4BE+14| 3,35E-04 X Low
Anthrax toxin receptor 1 antxrl
Stonustoxin subunit beta stnxb
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Innate humoral immunity

BCL2/adenovirus E1B 19 kDa protein-interacting protein 3 bnip3
Mucin-5AC-like muc5ac
C-reactive protein crp
Complement C1qg-like protein 2 clqgl2
Serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 7 isoform X1 serpinal
Lysosomal alpha-mannosidase man2bl
NF-kappa-B inhibitor alpha nfkbia
Serine/threonine-protein kinase RIO3 riok3
Interleukin-17 receptor A ill7ra
Cytokine-inducible SH2-containing protein cish
Tumor susceptibility gene 101 protein tsg101
Interferon-related developmental regulator 2 ifrd2
Plasma protease C1 inhibitor serpingl
Mucin 13b, cell surface associated isoform X1 mucl3b
Serine/threonine-protein kinase MARK?2 mark?2
Macrophage-stimulating protein receptor mstlr
Receptor-type tyrosine-protein phosphatase eta ptprj
Lysosomal alpha-glucosidase gaa
Interferon regulatory factor 8 irf8
Lysine-specific demethylase 5B-B kdm5bb TRINITY_DN52638_c0_g1 il _ 8,60E-07 Low
C-X-C chemokine receptor type 4 cxcrd
Complement factor B cfb
Tumor necrosis factor receptor superfamily member 1A precursor tnfrsfla
Lysosomal protective protein ctsa
Interleukin-1 receptor accessory protein-like 1-A isoform X1 illrapll
Interleukin-6 receptor subunit alpha il6r
Complement C1q subcomponent subunit C clqgc
Interferon regulatory factor 2 irf2
Complement C4-B c4b
Tumor necrosis factor alpha-induced protein 2 isoform X1 tnaifp2
Cationic trypsin-like prssl TRINITY_DN4090_cO_gl_i1__|I6I46E#44| 3,35E-05 Low
Tumor necrosis factor receptor superfamily member 11A isoform X1 tnfrsflla
Mucin-2-like muc2l
Tumor necrosis factor, alpha-induced protein 8-like protein 2 A tnfaip8I2
Chemokine-like receptor 1 cmklrl
Interleukin-1 receptor-associated kinase 3 irak3
Complement C3 c3
C-X-C motif chemokine 20 cxcl20
Complement component C7 c7
Serine/threonine-protein kKinase N1 pknl
Complement C4 c4
Interleukin-13 receptor subunit alpha-2 il13ra2
Tumor necrosis factor alpha-induced protein 8-like protein 3 tnfaip8I3
Beta-2-microglobulin b2m
Mucin-2 muc2
ClgB clgb
Hemoglobin subunit beta-1 hbb1 TRINITY_DN5602_c0_g2_i1 _|INA25E#44| 9,30E-05 Low Low
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Interferon-induced GTP-binding protein MxA mx1
Interferon-induced protein with tetratricopeptide repeats 1-like ifitll
Hemoglobin subunit alpha-1 hbal TRINITY_DN2526_c0_gl_i1 | INGI05E#I4| 8,06E-06 Low
Serine/threonine-protein kinase TBK1 thk1
Complement factor D cfd
Beta-galactoside-binding lectin lec-1
Protein S100-Al s100al
Serine/threonine-protein kinase STK11 stk11
Hemoglobin subunit alpha-2 hba2
Leukotriene A-4 hydrolase Itadh
Sialomucin core protein 24 cd164
Leucine-rich repeats and immunoglobulin-like domains protein 2 Irig2
Protein kinase C delta type prkecd
Bactericidal permeability-increasing protein bpi
Protein kinase C and casein kinase |1 substrate protein 3 pacsin3
Serine/threonine-protein phosphatase 6 catalytic subunit ppp6c
Nuclear factor NF-kappa-B p105 subunit sh2d7
Tumor suppressor candidate 2 tusc2
Mucosa-associated lymphoid tissue lymphoma translocation protein 1 homolog maltl
C-C motif chemokine 20 ccl20 TRINITY_DN2604_c0_gl il |II7GERI4| 2,20E-05 Low
Lysozyme g lyzg
Tumor necrosis factor ligand superfamily member 12 tnfsfl2
Cytokine-inducible SH2-containing protein cish TRINITY_DN3768 c0_gl_i2 8,05E-06 Low
Lysomal protective protein ctsal
Cbp/p300-interacting transactivator 1 citedl TRINITY_DN3444 c0_g2_i7 1,78E-04 Low
Influenza virus NS1A-binding protein homolog A ivnslabpa
Tumor necris factor receptor superfamily member 16 tnrl6
TGF-beta-activated kinase 1 and MAP3K7-binding protein 2 tab2

H-2 class | histocompatibility antigen, K-D alpha chain h2-g9l
Protein kinase C beta type prkcb
Human immunodeficiency virus type | enhancer-binding protein 2 homolog hivep2
Complement C1q tumor necrosis factor-related protein 2 clqtnf2
Lysome-associated membrane glycoprotein 2 lamp2
Serine/threonine-protein kinase D2 prkd2
C-X-C chemokine receptor type 3-2 cxr32
Inhibitor of nuclear factor kappa-B kinase subunit beta ikbkb
Tumor necris factor receptor superfamily member 1A tnfrsfla
IST1 homolog istl
Serine/threonine-protein kinase 17B stk17b
Transforming growth factor beta receptor type 3 tgfbr3
Interleukin-11 receptor subunit alpha-1 illlral
Delta-like protein C dic
Complement C1q tumor necris factor-related protein 1 clgtnfé
Complement component C7 c7
Chemokine (C-X-C motif) ligand 12a (stromal cell-derived factor 1) precursor cxcll2a
Thioredoxin txn
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Hemoglobin subunit alpha hba TRINITY_DN455_c0_gl_il | INA40E+14| 3,18E-05 Low Low
TGF-beta receptor type-1 tgfbrl
Leukemia inhibitory factor receptor lifr
Protein kinase C iota type prkci
Inter-alpha-trypsin inhibitor heavy chain H3 itih3
hemoglobin cathodic subunit beta hbb
Interleukin-1 receptor-associated kinase 4 irak4
Interferon regulatory factor 2-binding protein 1 irf2bpl
Interferon alpha/beta receptor 2 ifnar2
Innate cellular immunity

CD226 antigen cd226
Leukocyte elastase inhibitor serpinbl
Leukocyte antigen CD37 cd37
Macrophage colony-stimulating factor 1 receptor 2 csflr
Platelet-derived growth factor receptor alpha pdgfra
Leukocyte surface antigen CD53 cd53
Macrophage colony-stimulating factor 1 receptor 1 csflr
CD63 antigen cd63
CD302 antigen cd302
Macrophage-capping protein capg
CD59 glycoprotein-like cd59
CD151 antigen-like isoform X1 cd151l
CD9 antigen cd9 TRINITY_DN1478_c0_gl i8 | IN2IIPE+I4| 4,86E-05 Low
CD209 antigen-like protein A cd209a
Platelet-derived growth factor receptor beta pdgfrb
Macrophage-expressed gene 1 protein mpegl
Platelet-activating factor acetylhydrolase 1B subunit alpha2 pafah1b2
Platelet-activating factor acetylhydrolase 1B subunit alphal pafah1b3
Platelet-derived growth factor subunit B grinal
Mast cell tryptase tpsabl
Acquired immunity

H-2 class | histocompatibility antigen, Q10 alpha chain h2-q10
T-cell receptor alpha chain V region CTL-F3 trav29dvb
Butyrophilin subfamily 2 member A2 btn3al
B-cell lymphoma/leukemia 11A bclllb
B-cell receptor CD22-like cd22l
Immunoglobulin kappa light chain igk

1g mu chain C region membrane-bound form ighm
Pre-B-cell leukemia transcription factor-interacting protein 1 pbxipl
BOLA class | histocompatibility antigen, alpha chain BL3-7 hla-b
T-cell activation inhibitor, mitochondrial tcaim

Ig gamma chain C region ighd
Immunoglobulin kappa variable 1-12 igkvl-12
H-2 class Il histocompatibility antigen, E-Q beta chain hb24
HLA class 11 histocompatibility antigen, DP alpha 1 chain hla-dpal
CD166 antigen homolog A alcamb
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H-2 class 1l histocompatibility antigen gamma chain hg2a
Immunoglobulin-like domain-containing receptor 2 ildr2
Cytotoxic and regulatory T-cell molecule crtam

T cell receptor beta variable 18 trbv18
Class | histocompatibility antigen, F10 alpha chain mhclufa
Immunoglobulin superfamily containing leucine-rich repeat protein 2 islr2
Nuclear factor of activated T-cells, cytoplasmic 3 nfatc3
Lymphocyte antigen 75 ly75
Nuclear factor of activated T-cells 5 nfats
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4.4.7. DEGs Gene Ontology

4.4.7.1. DEGs Gene Ontology of control versus LPS

GO enrichment of the control vs LPS DEGs identified in the skin, duodenum, liver, and
spleen transcriptomes. A summary of only the most enriched GO terms is outlined and a full
description is presented in Supplementary table 4. 6-9 and Supplementary figure 4.2-5.

The duodenum had 70 enriched GO terms in BP, 40 in CC and 28 in MF (FDR < 0.05)
and most were not linked to immune processes (Supplementary table 4.6 A). The biological
processes most affected were linked to the immune system, proteolysis and protein
ubiquitination (Supplementary figure 4.2 A). The CC terms most affected were related to cell
surface, cell membrane and cell nucleus, cytoplasm and cytosol (Supplementary figure 4.2 B)
and the MF terms were linked to exodeoxyribonuclease activity, endopeptidase activity, metal
ion binding, collagen binding, chromatin binding and major histocompatibility complex (MHC)
class Il receptor activity (Supplementary figure 4.2 C). The skin possessed numerous enriched
GO terms linked to the immune response (FDR < 0.001) and included 52 GO terms for BP, 9
terms for CC and 21 for MF (Supplementary table 4.3 A). The enriched BP terms were
principally related to the immune system (Supplementary figure 4.3 A), while the CC GO
terms of skin bore resemblance to the terms identified for the duodenum (Supplementary
figure 4.3 B). For MF, the terms most enriched were signalling receptor activity, protein
binding, DNA and nucleic acid binding, ribosome binding and zinc ion binding
(Supplementary figure 4.3 C).

The enriched GO terms for the spleen were not related to the immune response (FDR <
0.05). 94 GO terms belonged to BP, 35 to CC and 36 to MF (Supplementary table 4.4 A). The
BP terms identified for spleen were also represented for the skin and duodenum
(Supplementary Figure 4.4 A). The CC terms for spleen differed from the skin and duodenum
and were associated with mitochondrion, replication fork, neuronal cell body and the guanyl-
nucleotide exchange factor complex (Supplementary Figure 4B). The MF terms for spleen
were linked to chromatin binding, ATP binding, methyl-CpG binding, chromatin binding and
metal and zinc ions binding (Supplementary figure 4.4 C). The liver DEGs were enriched in
34 GO terms for BP, 28 for CC and 21 for MF, none related to the immune response (FDR <
0.001) (Supplementary table 4.5 A). The BP terms identified for the liver were shared with
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the skin and duodenum (Supplementary figure 4.5 A). The CC terms mapped in the liver
differed from the skin and duodenum and included mitochondria, membrane and plasma
membrane, cytoplasm, extracellular space, cellular surface and protein-complex
(Supplementary figure 4.5 B). The MF terms included selenium binding, metal ion binding,

ribosome binding and ubiquitin binding (Supplementary figure 4.5 C).

4.4.7.2. DEGs Gene Ontology of control versus poly I:C

GO enrichment of the control vs poly I:C DEGs identified in the skin, duodenum, liver,
and spleen transcriptomes. A summary of only the most enriched GO terms is outlined and a

full description is presented in Supplementary table 4. 6-9 and Supplementary figure 4.2-5.

The duodenum DEGs were enriched with 20 BP terms (Supplementary Figure 2D), 11
CC terms and 9 MF terms and most were linked to the immune response (FDR < 0.001)
(Supplementary table 4.6 B). The BP enriched terms were related to the immune system,
defence to gram-positive bacteria and signal transduction (Supplementary figure 4.2 D). The
DEGs enriched CC terms in the duodenum were associated with the extracellular region,
cytoplasm, nucleus, plasma membrane, protein complex and cell (and cell junction)
(Supplementary figure 4.2 E). The DEGs enriched MF terms were RNA binding and activity,
magnesium ion binding, ATP binding, lipid binding and interleukin-1 binding (Supplementary
figure 4.2 F). Skin DEGs were enriched with107 BP terms (Supplementary figure 4.3 D), 56
CC terms and 62 MF terms and most were not immune-related (Supplementary table 4.7 B).
The skin BP terms mostly enriched were associated to metabolic processes, ions transport and
immune defence (Supplementary figure 4.3 D). The skin CC terms included ribosome,
mitochondrial matrix, cytoplasm, extracellular space, nucleus and perikaryon (Supplementary
figure 4.3 E). The skin MF terms included ribosome, protein binding, heme binding, nucleic

acid binding and calcium and metal ions binding (Supplementary figure 4.3 F).

Spleen DEGs were enriched with 181 BP terms, 52 CC terms and 63 MF terms
(Supplementary table 4.8 B). The enriched BP terms were lipid metabolism, gene expression,
cell proliferation and DNA methylation (Supplementary figure 4.4 D). The enriched CC
terms were replication fork, membrane and plasma membrane, cell junction, projection, and

surface, protein-complex (Supplementary figure 4.4 E). Enriched MF terms were chromatin
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binding, metal and zinc ion binding, ATP binding, RNA and DNA binding, poly(A) binding
and interleukin-17 regulator activity (Supplementary figure 4.4 F). The liver DEGs were
represented in 72 enriched BP terms, 36 CC terms and 62 MF terms (Supplementary table 4.9
D). BP terms were associated to the ribosome, fatty acid metabolism, protein ubiquitination and
signal transduction (Supplementary figure 4.5 D). CC terms included cytoplasm, membrane,
respirasome, extracellular space, cell body and retrotransposon nucleocapsid (Supplementary
figure 4.5 E). MF terms included iron ion binding, heme binding, mRNA binding, protein-C
binding, and ubiquitin transferase activity (Supplementary figure 4.5 F).

4.4.8. Enriched KEGG pathways in LPS and Poly I:C tissue transcriptomes

4.4.8.1. DEGs KEGG in control versus LPS

The KEGG pathways of DEGs from control vs LPS comparison were evaluated in the
duodenum (Supplementary Table 10A-B), skin (Supplementary table 4.11 A-B), spleen
(Supplementary table 4.12 A-B) and liver (Supplementary table 4.13 A-B) (FDR < 0.05). In
the duodenum, among the 10 most enriched KEGG pathways were related to cellular and
humoral immune responses from innate and acquired immunity, cell-cell adhesion, and
apoptosis (Figure 4.5 A). The most enriched KEGG pathways in the skin were cellular and
humoral responses from both innate and acquired immunity, cell-cell adhesion, endocytosis,
actin cytoskeleton and several signal transduction pathways (Figure 4.5 C). The most enriched
KEGG pathways in the spleen were lipid and metabolic pathways, peroxisome receptors and
p53 pathways were enriched (Figure 4.5 E) and in the liver were calcium, bicarbonate and
sodium and mineral reabsorption, intracellular cyclic GMP concentration and G-protein

coupled receptors signalling pathways (Figure 4.5 G).

4.4.8.2. DEGs KEGG in control versus Poly I:C

The KEGG pathways of DEGs from control vs poly I:C comparison were evaluated in

the duodenum (Supplementary table 4.10 C-D), skin (Supplementary table 4.11 C-D),
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spleen (Supplementary table 4.12 C-D) and liver (Supplementary table 4.13 C-D) 8h post-
poly I:C immersion (FDR < 0.05). Among the 10 most enriched KEGG pathways) in the
duodenum were carbon and lipid metabolism, mineral absorption, oxidative phosphorylation
and stress, and cell and humoral immune compounds (Figure 4.5 B). In the skin they were
metabolism related to glucose, peroxisome, ribosome, and oxidative phosphorylation (Figure
4.5 D) and in spleen pathogen-recognition receptors and ribosome (Figure 4.5 F). In the liver,
the most enriched pathways were lipid and glucose metabolism, and innate humoral and

acquired cellular compounds (Figure 4.5 H).

Figure 5 (next page). KEGG pathways from the A-B) duodenum, C-D) skin, E-F) spleen and G-
H) liver of control, LPS and Poly I:C treated N. rossii. The DEGs, between control, LPS and control
and Poly I:C, enriched KEGG orthologs were identified as up- (A) and down-regulated (B) in
duodenum, (C) and (D) in skin, (E) and (F) in spleen, (G) and (H) in liver, respectively) (FDR < 0.05).
IgAh indicates immunoglobulin A homologue, Th (T helper), TGF (tumour growth factor), HIF-I
(hypoxia- inducible factor 1), PPAR (peroxisome proliferator-activated receptor), TNF (tumor necrosis
factor).
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4.5. Discussion

Exposure of N. rossii to a bacterial (LPS) or viral (poly I:C) challenge by immersion
provoked a different response at the level of gene expression in the duodenum, skin, spleen,
and liver. Overall, the barrier tissues, such as the skin and duodenum were the most modified
by administration of the immune challenge by immersion and the spleen was the least
responsive. In the LPS challenge, 1827 genes were modified in the skin, 220 in duodenum, 49
in liver and 11 in spleen while in the poly I:C challenge, 195 genes were modified in the skin,
1582 in the duodenum, 131 in liver and 23 in the spleen. There was an interesting divergence
in tissue responsiveness to the immersion challenge with the duodenum more responsive to a
viral proxy and the skin more responsive to a bacterial proxy. In general, the most affected
processes under both challenges were metabolic (e.g. glucose, lipid and energy metabolisms)
and the immune system. In relation to the immune response the main transcriptional
modifications were related to pathogen-recognition receptors (PRRs) namely C-type lectin
receptors (CLRs), RIG-I like receptors (RLRs) and NOD-like receptors (NLRs) and other
humoral and cellular immune-related genes (Figure 6). Significant modifications in gene
transcripts related to iron and selenium ion metabolism is presumably linked to their
involvement in innate immunity against microbial pathogens including bacteria and viruses. A
conserved tissue specific response occurred across N. rossii individuals for both of the
challenges and was linked to transcription factors, ribosome, and metabolic energy production

pathways.

Biochemical indicators and pathogen challenges

In the LPS challenge there was no change in the analysed biochemical parameters. TLR4
a well-known mediator of the response to bacterial LPS in mammals is absent in fish and it
remains unclear in fish the main PRRs for bacterial pathogens are detected (Beutler, 2002; Iliev
et al., 2005; Sepulcre et al., 2009; Zhang et al., 2014). Furthermore, as discussed in chapter 3,
the source of LPS (E. coli O111:B4) and environmental conditions could be determinant for
LPS detection and the whole animal response, since the recognition of LPS by the immune

system of fish may be influenced by its composition in O-antigen polysaccharide, sugar, and
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lipids, which varies according to the gram-negative bacteria species (Garate and Oostenbrink,
2013; Raetz, 1990). Furthermore, the structure of LPS may be modified by environmental
factors such as the temperature (Wu et al., 2013) and this may interfere with fish-bacteria
recognition. However, taking into consideration the route of administration of LPS in the
present study, immersion, which is more like a natural stimulation and the high response of the
skin, the lack of a response in biochemical parameters may be indicative of a highly efficient

barrier response to LPS.

In the case of the poly I:C challenge although studies of the molecular response are
available for a number of different fish, Japanese flounder (Paralichthys olivaceus), Atlantic
salmon (Salmo salar), Chinook salmon (Oncorhynchus tshawytscha) (Jensen et al., 2002;
Lulijwa et al., 2020; Zhou et al., 2014), blood biochemical parameters are less common. In a
study of the chinook salmon intraperitoneal (i.p.) injection of poly I:C provoked an increase in
the haematocrit (Lulijwa et al., 2020), which contrasts with the results of our study where the
haematocrit was depressed. The reason for the different response may be linked to the mode of
exposure (we used immersion) and a species-specific response. Further studies into the
mechanism underpinning the shift in haematocrit during viral infections in fish will contribute
to understanding the causes of the effect. Nonetheless, a modified haematocrit has previously
been observed in humans during viral infections and according to the disease either an increase

or decrease in the red blood cell number may occur (Han et al., 2020).

Transcriptional response to LPS challenge

The LPS immersion treatment provoked changes that were similar across the liver,
duodenum, skin, and spleen, but tissue-specific responses were also observed. The tissue-
specific transcriptional responses were presumably linked to the unique function of each tissue
and modification to maintain homeostasis as well as direct responses to the immune challenge.
This makes identifying changes that result from a modification in tissue physiology to maintain
homeostasis and the tissue-specific immune response challenging. This is exemplified by the
highly modified transcriptional response, for example, in signalling pathways linked to cell
junctions in the skin and is in keeping with its importance as an osmoregulatory tissue but also
as a core multi-functional immune barrier (Ghosh et al., 2020; Jara et al., 1995; Wang et al.,

2019). The specific gene modifications associated with cell junctions in the skin transcriptome
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are in synteny with studies of changes at the level of the gut of immune challenged Danio rerio
(Philip et al., 2017) and Ictalurus punctatus (Santander et al., 2014). Modifications in cell
junctions have been associated with the inflammatory effect of LPS and enhanced leukocyte
extravasation and migration into tissues (Ghosh et al., 2020; Kobielak and Boddupally, 2014;
Rakers et al., 2010).

Recent studies of the tissue transcriptomes of the brown marbled grouper (Epinephelus
fuscoguttatus), goldfish (Carassius auratus), yellowhead catfish (Pelteobagrus fulvidraco),
carp (Schizothorax prenanti), Nile tilapia (Oreochromis niloticus) and Atlantic salmon showed
differences in the humoral and cellular components of the immune system in response to a
challenge using intra-peritoneal injections (Cai et al., 2018; Li et al., 2020c, 20214a; Liu et al.,
2018; Maekawa et al., 2021; Palstra et al., 2018) or immersion (Jiang et al., 2020). Studies in
Atlantic salmon and carp revealed a highly modified transcriptional response of toll-like
receptors, complement proteins and major histocompatibility complex (MHC) I and Il generally
in a single tissue (Li et al., 2020c; Palstra et al., 2018). In the present study, where the challenge
was administered by immersion, the barrier tissues, the duodenum and skin, were highly
responsive but the responsiveness differed with the challenge. Common changes identified
irrespective of the challenge (bacterial or viral) were associated with antigen processing and
presentation, leukocyte migration, E. coli infection, phagosome, IgA homologue production,
while specific transcripts in the duodenum were linked to Th1 and Th2 cell differentiation and
in the skin were transforming growth factor beta (TGF-B) and the T cell receptor signalling
pathway.

In the case of the spleen the most notable changes in transcripts were linked to fatty acid
metabolism and signalling (e.g. PPAR and long-chain-fatty-acid-CoA ligase), which have
previously been reported to have an immunomodulatory function in the sturgeon (Acipenser
dabryanus) (Chen et al., 2019a). A metabolic response at the level of lipids in the spleen has
been reported in fish fed different diets but not for LPS-challenged fish (Robinson et al., 1993;
Stejskal et al., 2016). This may be a common response to a bacterial challenge, since differences
in lipid metabolism have been found in the liver of N. coriiceps (chapter 3), the gilthead
seabream (Sparus aurata) as well as in the liver of mammals like the pig (Sus scrofa) (Liu et
al., 2015) and in the head-kidney cells of the yellow croaker (Larimichthys crocea) challenged
with a bacterial endotoxin LPS (Antonopoulou et al., 2017; Li et al., 2020b). However, other
studies namely in Ctenopharyngodon Idella, Paralychthys olivaceus and Oncorhynchus mykiss

found mostly differences in coagulation and complement cascade pathways of spleen
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transcriptomes challenged with similar bacterial infections, which do not corroborate our
findings (Castro et al., 2019; Dang et al., 2016; Sun et al., 2020).

In the case of the liver challenged with LPS, the transcripts most modified were linked
to ribosome, mineral reabsorption particularly sodium (Na*) and calcium (Ca?*) and cGMP-
PKG signalling. Other studies, performed in N. coriiceps using heat-killed bacteria (HKEB
011:B4) as the challenge, also observed that ribosomes were most modified in GO enrichment
analysis of the liver transcriptome and up-regulation of antigen processing and presentation
pathway and MHC processes was also found (Ahn et al., 2016). A recent study in N. rossii
showed up-regulation of iron-related genes in liver after LPS (E. coli 0111:B4) challenge
similar to what was observed in our liver transcriptome results (Martinez et al., 2020). In a study
performed in Miichthys miiuy, the spleen transcriptome showed modifications in the expression
of several immune genes such as tumor necrosis factor alpha (TNF-a), interleukin 1-beta (IL-
1B) and interferon (IFN)-B(Bi et al., 2018). However, these innate humoral components were

not identified in our liver transcriptome.

Transcriptional response to Poly 1:C challenge

The change in gene transcription induced by immersion exposure to poly I:C were
distinct from the response to LPS in all four tissue transcriptomes generated for N. rossii. The
duodenum was the most highly responsive tissue (1582 DEGS) but even in the less responsive
skin, liver, and spleen the transcriptional response was similar to the response to a virus in
mammals (Arrode-Brusés and Brusés, 2012; Field et al., 2010; Wu et al., 2014). The multi-
tissue transcriptional response to a virus proxy was characterized by an enhanced immune
response in all tissues although the specific gene transcripts modified varied. In the duodenum
complement and phagosomes were highly stimulated, in the spleen PRRs were modified (TLRs,
CLRs and NLRs) and in the liver TNF and Th17 were modified. In other studies of teleost fish
in which exposure to poly I:C was by i.p injection and only a single tissue was analysed, an
enhanced immune response was noted in the grass carp (Ctenopharyngodon Idella), chinook
salmon, Japanese flounder and several other teleosts (Du et al., 2012; Lulijwa et al., 2020;
Reyes-Cerpa et al., 2012; Zhou et al., 2014). Associated with immune activation in poly I:C
treated fish was the activation of metabolic pathways involved in energy and lipid metabolism

and oxidative phosphorylation in the duodenum and liver. Similar observations have also been
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reported in mammals exposed to viruses (Fritsch and Weichhart, 2016; Sumbria et al., 2021).
The metabolic changes in host cells were proposed to be consequence of the biosynthesis of
new copies of the virus since they are metabolically inert. For example, in human cells infected
by Herpes simplex virus (HSV), the tricarboxylic acid cycle (TCA) was up-regulated and this
was linked to the need for TCA to produce the bases necessary for viral genome construction
(Vastag et al., 2011).

Immune gene specific response to LPS

The results of the current study of the response of N. rossii to short-term LPS immersion
revealed that immune-related genes were mainly affected in the physical barriers, the duodenum
and skin. Furthermore, the skin responded more strongly to the bacterial challenge than the
duodenum. This raises interesting questions in relation to partitioning function since the
elevated drinking rates in marine species means exposure to LPS via the gut would occur (Aas
et al., 2017; Egerton et al., 2018; Le et al., 2019). The immune related components in the
duodenum were indicative of a response to LPS as elements of the major histocompatibility
(MCH) system were modified [(e.g., beta(p)-2-microglobulin, MHC Il (gamma chain, DP alpha
1 chain, E-Q beta chain)] along with cytokine-related factors and receptors. In the case of the
skin, which was the most responsive to LPS a broad repertoire of immune-related transcripts
was found including lymphocyte related transcripts, cytokines, cytokine-related and receptor
transcripts as well as complement system related transcripts and for innate humoral-related
proteins (e.g. antitrypsin inhibitor, lysozyme g). A similar response to LPS was identified in
the liver of the phylogenetically related N. coriiceps after an immersion challenge (Ahn et al.,
2016) as well as in other teleosts exposed to LPS by i.p. injection. For example, in the head-
kidney and liver of the grass carp (Liu et al., 2016, 2018), head-kidney of the Atlantic salmon
(Palstraetal., 2018), liver of the channel catfish (Ictalurus punctatus) (Jiang et al., 2020), spleen
of the carp (Li et al., 2020c) and head-kidney and spleen of the Nile tilapia (Maekawa et al.,
2021). In the liver and spleen of N. rossii exposed to LPS by immersion few immune genes
were activated although in the liver selenium-related genes were enriched and have previously
been linked to the immune system in chicken thymus and in liver of transgenic mice expressing
human Seppl (Khoso et al., 2015; Renko et al., 2009).
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Toll-like receptors (TLRs), pathogen-recognition receptors (PRRs) have generally been
targeted for analysis in LPS challenge studies in both mammals and fish including N. coriiceps
(Ahn et al., 2014). In the mammals TLR4 has been directly demonstrated to respond to LPS
(Beutler, 2002), but this receptor is missing from most teleost fish (Palti, 2011), the exception
is the zebrafish, and identification of the TLR in teleost that mediates the response to LPS is
lacking (Zhang et al., 2014). In chapter 2 of this thesis, TLRs were identified and characterized
in Antarctic fish and in chapter 3 and the present study transcriptome analysis failed to identify
strong up-regulation of TLR by LPS either i.p. or by immersion. Instead, NOD receptors, that
mediate the recognition of “non-self” components and have a key role in innate immune defence
(Buchmann, 2014) were significantly modified in the skin and duodenum transcriptomes of N.
rossii 7 days after LPS exposure (chapter 3). Another differentially expressed PRR in the head-
kidney transcriptome of N. coriiceps was macrophage mannose receptor, that recognizes
foreign microorganisms (Apostolopoulos et al., 2001) (chapter 3). The results of the skin
transcriptome of N. rossii, which was highly responsive to immersion exposure to the bacterial
endotoxin LPS, suggests that other PRRs may have an important role in LPS recognition.
Examples of modified PRRs in the N. rossii skin transcriptome included membrane-bound C-
type like receptors (galactase-specific lectin nattectin and c-type lectin domain family 11
member A), RIG-I-like receptors (adiponectin receptor protein 2) and, NACHT, LRR and PYD
domains-containing protein 3 (NLRP3) and NLRP14). The notion that PRRs other than TLRs
may have a primary role in pathogen recognition and activation of the immune response of
teleosts is supported by studies in Atlantic salmon and the barramundi (Lates calcarifer) where
C-type lectin genes were mostly stimulated, and in the Japanese flounder and Mi-iuy croaker
(Miichthys miiuy) where NLRC3 genes and NOD1 genes, respectively were up-regulated (Chu
etal., 2021; Li et al., 2016; Soanes et al., 2004; Zoccola et al., 2017).

The results from the present chapter corroborated the candidate gene study in chapter 2
of the responsiveness of genes of iron metabolism in the head-kidney and liver of N. rossii to
LPS (Martinez et al., 2020). Iron depletion from the circulation is a defense mechanism against
bacterial pathogens that require iron for their survival and replication (Collins, 2008; Johnson
and Wessling-Resnick, 2012; Martinez et al., 2020). The metabolic response under immune
challenge included a change in expression of gene transcripts of iron metabolism in several
tissues in the present study. For example, in the skin DEGs of the iron and selenium metabolism
pathways were identified, (iron-responsive element-binding protein 2 and 2-oxoglutarate and

iron-dependent oxygenase, selenocysteine 2 and selenotransferrin) and in the liver ferritin was
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one of the DEGs. Genes related to iron uptake and metabolism have previously been linked to
bacterial infections in N. coriiceps and N. rossii (Costa et al., 2011; Lange et al., 2001; Martinez
et al., 2017a; Neves et al., 2015, 2017). The confirmation by the tissue transcriptomes of the
results of candidate gene studies of iron metabolism supports the pertinence of understanding
the immune response and substantially expands insights into the overall changes in the iron-
related system under a bacterial or viral challenge.

The representation of selenium-related gene transcripts within the DEGs in the present
study were in line with the observations of a recent study with the Mozambique tilapia
(Oreochromis mossambicus) in which selenium in the diet enhances the anti-bacterial response
against Streptococcus iniae infection (Neamat-Allah et al., 2019). The representation within the
DEGs of LPS challenged N. rossii of gene transcripts related to selenium shows similarities to
the protective effects identified for this metal in mammals (Avery and Hoffmann, 2018;
Hoffmann and Berry, 2008; Huang et al., 2012). In fish the beneficial effects of selenium for
growth, antioxidant defence and the immune system means this micronutrient is frequently
added to feeds as an immunopotentiator similar to Vitamin E (Dixon et al., 1988; Mansour et
al., 2017; Pacitti et al., 2016).

Immune genes specific response to Poly I:C

The results of poly 1:C immersion revealed a higher impact on tissue transcriptomes than LPS
because the number of DEG transcripts was higher except for the skin. However, the duodenum
and skin were the tissues with higher modification as observed against LPS stimuli. In
duodenum both humoral and cellular components were modified, among them, interleukin-1
receptor accessory protein-like 1-A, mucins (5 AC-like, 13b), nuclear factor beta (NF-5)
inhibitor alpha, tumor necrosis factor (TNF), alpha-induced protein 2, alpha-induced protein 3,
alpha-induced protein 8-like, complement (C4, Clqg, C7, C9, factor B, factor D) proteins,
interferon (IFN) regulatory factor 8 and T cell receptors (alpha chain V, alpha chain 2),
immunoglobulin kappa light chain while in skin was identified specifically s-2 microglobulin
from MHC I. These immune markers were also reported in other studies in teleost fish including
in N. coriiceps under similar stimuli (Ahn et al., 2016; Lulijwa et al., 2020; Zhou et al., 2014).
Interestingly, the duodenum (another physical barrier) was the most modified tissue with more
than 1500 DEG transcripts under the poly I:C challenge. Similarly, to the results observed in
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skin against the LPS challenge, CLRs (c-type lectin domain family 13 member A, c-type lectin
family 4 member E) and NLRs (NLRP1, NLRC3) seems to have a key role in poly I:.C
recognition and were also identified in other teleost fish in response to similar viral stimuli
(Alvarez et al., 2017; Ao et al., 2015; Chang et al., 2021; Ojeda et al., 2020; Paria et al., 2016).
A larger number of DEGs related to selenium (methanethiol oxidase, selenoprotein J,
selenoprotein T1a, serotransferrin) and iron (iron-sulfur protein 4, iron-sulfur protein 2,
ferritin heavy subunit, ferrochelatase, ferroxidase, transferrin receptor, iron-sulfur cluster
assembly enzyme, cytosolic iron-sulfur assembly component 2B) metabolic pathways were
identified against poly I:C than against LPS suggesting an important role of these ions in
immune defence against viruses in N. rossii. Unlike with LPS challenge, studies related to iron
-metabolism genes under viral challenge in fish are few but studies linked to the selenium-
related genes had a better knowledge which indicated antiviral properties in fish (Alkie et al.,
2019; Pacitti et al., 2016). The liver is a site of synthesis of complement proteins but they were
not identified in the present study although they had previously been shown to be present in
duodenum (Najafpour et al., 2020). However, humoral trypsin-1 component and the PRRs
NLRC3 and TLR3 were identified as DEGs. A liver TLR3 DEG in N. coriiceps and other
species has been reported as specific to poly I:C recognition (Ahn et al., 2014; Andresen et al.,
2020; Zhou et al., 2014). A DEG that caught our attention was the low spleen interleukin (IL)-
17, a major cytokine signalling family widely studied in mammals but little studied in fish.
However, a recent study in Ctenopharyngodon idella indicate antiviral activity against reovirus
infection in head-kidney (Zhang et al., 2020b). The poly I:C challenge also promoted several
DEG of toxins in duodenum Neoverrucotoxin and Anthrax toxin receptor 2 indicative of a
possible role in immune defence against viruses, although knowledge about these toxins in fish

is absent.

4.6. Conclusion

The present study was the first to compare four tissue transcriptomes under bacterial
LPS and viral poly I:C challenges by immersion in the Antarctic Notothenioid N. rossii. The
results indicated that exposure to bacterial LPS by immersion, a route that simulates better an
infection than other forms of application, provoked the highest transcriptional response in the

skin. In contrast, poly I:C exposure by immersion caused the highest transcriptional response
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in the duodenum, suggesting there has been specialization in the response to pathogens by these

immune barriers.

The transcriptional responses in the skin and duodenum were challenge specific
although some overlap was also observed. For both pathogen challenges, the transcripts that
were modified were related to cell-junctions, humoral immune and cellular immune factors,
and also included iron related metabolism and selenium related metabolism transcripts. In the
case of the viral challenge a shift in metabolic pathways was also observed such as in glucose

metabolism.

The absence of a strong transcriptional response at the level of the liver and spleen in
both the LPS and poly I:C challenge by immersion, could indicated the efficacy of the response
at the level of the two innate immune barriers, skin, and the duodenum. Although further
experiments with live pathogen organisms will be required to confirm the efficacy of the barrier

in a real-life infection.

Of note was the PRR response, which was dominated by NOD-like receptors (NLRS)
and C-type lectin receptors (CLRs), suggesting that in fish these may be important for pathogen
recognition instead of TLRs, which although present in the skin and duodenum were not
significantly modified by any of the challenges (with exception of TLR3). The activation of
PRRs together with DEGs for iron, selenium and toxins indicates their importance in the
response of N. rossii to bacteria and, it seems, particularly viruses. The transcripts linked to
metal metabolism and toxins differed between the skin and duodenum and with the pathogen
challenge and suggests that there may be tissue-specific production and release of toxins in N.

rossii.

We created a N. rossii model that include the most notable changes that occurred in the
four tissue transcriptomes. In duodenum, the PRRs and interferon-regulatory receptor seems to
have a key role against both pathogen challenges while in skin the immune system components
are being essential for defence to LPS and antioxidant and energy processes to poly I:C. The
changes in spleen are mostly related to lipid metabolism in LPS and ribosome in poly I:.C
groups, however the DNA methylation is shared against both pathogens. Lastly, the selenium
metabolism is mostly modified after LPS and protein ubiquitination after poly I:C stimulus,
while in both the ATP energy production is important (Figure 4.6).
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Figure 4.6. N. rossii interactive model of A) duodenum, B) skin, C) spleen and D) liver based on
DEGs between Control versus LPS and Control versus Poly I:C. The up-regulated DEGs are
represented by a red arrow and the down-regulated by a blue arrow, and the size of arrows is related to
the magnitude of response. Interleukin (il), peroxisome proliferator-activated receptor alpha (ppara), C-
reactive protein (crp), complement C1g-like 2 (c1gl2), macrophage (M or MR), Liver X receptor alpha
(LXRa), toll-like receptor 3 (tlr3), receptor (r), nucleotide-binding oligomerization domain, NLR
Family CARD Domain Containing 3 (nlrc3), leucine rich repeat and pyrin domain containing (nlrp),
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nuclear factor (NF), interferons (IFNs), tumour necrosis factors (TNFs), interferon alpha/beta receptor
2 (ifnra2), interferon-induced protein with tetratricopeptide repeats 1-like (ifitll), immunoglobulin (lg),
major histocompatibility complex (MHC), T-cell receptor (TCR), isocitrate dehydrogenase [NADP],
mitochondrial (idh2), tricarboxylic acid cycle (TCA), coenzyme (Co), long-Chain-Fatty-Acid--CoA
Ligase (acshg?2), retinoid X receptor (rxr), DNA (cytosine-5)-methyltransferase 1 (dnmtl), selenoprotein
Pa (seppla), cytochrome P450 2J2 (cyp2j2), ATP synthase subunit O, mitochondrial (atp50), E3
ubiquitin-protein ligase CHFR (E3).

4.7. Supplementary materials

4.7.1. Supplementary tables

Supplementary table 4.1. A) Raw data quality and B) alignment quality of individual samples in
liver, spleen, duodenum, and skin. The samples, raw reads, post QC reads, bases, post QC bases
(assembly input) and total sequences, length, percentage (%) GC, N50, median contig length, average
contig, total assembled bases, total trinity genes and total trinity transcripts (assembly output) were
evaluated for sequencing quality and representativity.

A)
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Before filtering After filtering and assembly
Sample ID Tissue Treatment Total Total reads o o o Median |Average
group sequences Total reads (M) ™) Q20 (%)|Q30 (%)| GC (%) | N50 contig length| contig
Lv_C1 12795792 25.591584 25480382 98.16 94.29
Lv_C2 Control 10647793 21.295586 21190430 98.01 94.00
Lv_C3 11256248 22.512496 22413154 97.87 93.63
Lv L1 9483284 18.966568 18851040 97.16 91.99
Lv L2 Liver LPS 7539990 15.079980 15012036 97.95 93.77 45.63 1865 521 1003.99
Lv_L3 7658561 15.317122 15235728 97.99 93.88
Lv_P1 8318561 16.637122 16556472 97.85 93.53
Lv_P2 Poly I:C 6853356 13.706712 13636292 97.98 93.84
Lv_P3 6574569 13.149138 13084956 97.91 93.68
Sp_C1 6785769 13.571538 13308806 97.70 93.34
Sp_C2 Control 6810468 13.620936 13459164 97.83 93.58
Sp_C3 6778110 13.556220 13271022 97.94 93.83
Sp_L1 8946160 17.892320 17815624 98.06 94.11
Sp_L2 Spleen LPS 6556862 13.113724 12911568 97.70 93.27 45.68 2036 497 1040.39
Sp_L3 7312955 14.625910 14542766 99.43 93.38
Sp_P1 7621861 15.243722 15165208 97.95 93.86
Sp_P2 Poly I:C 6468579 12.937158 12854770 96.91 91.30
Sp_P3 5978245 11.956490 11871188 97.70 93.28
Du_C1 7582524 15.165048 15098926 97.95 93.83
Du_C2 Control 6134510 12.269020 12207098 97.81 93.53
Du_C3 6465593 12.931186 12872148 97.76 93.39
Du_L1 6079943 12.159886 12099394 97.82 93.54
Du_L2 Duodenum LPS 6848938 13.697876 13592776 97.63 93.08 45.16 1665 461 904.31
Du_L3 10338156 20.676312 20562880 97.82 93.52
Du_P1 7725222 15.450444 15374560 97.84 93.58
Du_P2 Poly I:C 8643257 17.286514 17202708 97.71 93.27
Du_P3 9004891 18.009782 17926822 97.88 93.65
Sk_C1 7978045 15.956090 15845548 98.21 94.70
Sk_C2 Control 7898348 15.796696 15704268 98.19 94.62
Sk_C3 8901579 17.803158 17671224 98.10 94.46
Sk_L1 8059046 16.118092 16000620 98.14 94.55
Sk_L2 Skin LPS 4783722 9.567444 9486314 98.09 94.42 44.69 1778 539 985.58
Sk_L3 5605772 11.211544 11064482 97.99 94.23
Sk_P1 8068915 16.137830 16044874 98.12 94.52
Sk_P2 Poly I:C 11503876 23.007752 22745920 98.22 94.68
Sk_P3 7148344 14.296688 14160542 98.01 94.29
B)
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Sample ID Tissue Treatment  Total Paired reads Aligned concordantly 0 times Aligned concordantly 1 time Aligned concordantly > 1 times Total alignment
P group reads  Nr_reads Percentage Nr_reads  Percentage  Nr_reads Percentage  Nr_reads Percentage ratio

Lv C1 12795792 12795792 100% 1271199 9.93% 2248277 17.57% 9276316 72.50% 90.07%
Lv_C2 Control 10647793 10647793 100% 1165188 10.94% 2091045 19.64% 7391560 69.42% 89.06%
Lv_C3 11256248 11256248 100% 1201724 10.68% 2304056 20.47% 7750468 68.85% 89.32%
Lv L1 9483284 9483284 100% 1059877 11.18% 1874613 19.77% 6548794 69.06% 88.82%
Lv_L2 Liver LPS 7539990 7539990 100% 673943 8.94% 1574357 20.88% 5291690 70.18% 91.06%
Lv_L3 7658561 7658561 100% 843942 11.02% 1424723 18.60% 5389896 70.38% 88.98%
Lv_P1 8318561 8318561 100% 731708 8.80% 1740673 20.93% 5846180 70.28% 91.2%
Lv_P2 Poly I:C 6853356 6853356 100% 753549 11% 1350571 19.71% 4749236 69.30% 89%

Lv_P3 6574569 6574569 100% 710313 10.80% 1303382 19.82% 4560874 69.37% 89.2%
Sp_C1 6785769 6785769 100% 1178134 17.36% 1594648 23.50% 4012987 59.14% 82.64%
Sp_C2 Control 6810468 6810468 100% 1102877 16.19% 1880943 27.62% 3826648 56.19% 83.81%
Sp_C3 6778110 6778110 100% 1057936 15.61% 1559025 23% 4161149 61.39% 84.39%
Sp_L1 8946160 8946160 100% 2722838 30.44% 2121740 23.72% 4101582 45.85% 69.56%
Sp_L2 Spleen LPS 6556862 6556862 100% 867224 13.23% 1749759 26.69% 3939879 60.09% 86.77%
Sp_L3 7312955 7312955 100% 1183422 16.18% 1766887 24.16% 4362646 59.66% 83.82%
Sp_P1 7621861 7621861 100% 948167 12.44% 2087289 27.39% 4586405 60.17% 87.56%
Sp_P2 Poly I:C 6468579 6468579 100% 1108316 17.13% 1832275 28.33% 3527988 54.54% 82.87%
Sp_P3 5978245 5978245 100% 1011222 16.92% 1620799 27.11% 3346224 55.97% 83.08%
Du_C1 7582524 7582524 100% 958608 12.64% 2688301 35.45% 3935615 51.90% 87.36%
Du_C2 Control 6134510 6134510 100% 874495 14.26% 2093800 34.13% 3166215 51.61% 85.74%
Du_C3 6465593 6465593 100% 991069 15.33% 2216092 34.28% 3258432 50.40% 84.67%
Du L1 6079943 6079943 100% 898429 14.78% 2093449 34.43% 3088065 50.79% 85.22%
Du_L2 Duodenum LPS 6848938 6848938 100% 1231440 17.98% 2437853 35.59% 3179645 46.43% 82.02%
Du_ L3 10338156 | 10338156 100% 1276120 12.34% 4041754 39.10% 5020282 48.56% 87.66%
Du_P1 7725222 7725222 100% 1337139 17.31% 2773991 35.91% 3614092 46.78% 82.69%
Du_P2 Poly I:C 8643257 8643257 100% 1254933 14.52% 3030024 35.06% 4358300 50.42% 85.48%
Du_P3 9004891 9004891 100% 962034 10.68% 3406057 37.82% 4636800 51.49% 89.32%
Sk_C1 7978045 7978045 100% 1446100 18.13% 3179723 39.86% 3352222 42.02% 81.87%
Sk_C2 Control 7898348 7898348 100% 1260763 15.96% 3196347 40.47% 3441238 43.57% 84.04%
Sk_C3 8901579 8901579 100% 1474909 15.57% 3537251 39.74% 3889419 43.69% 83.43%
Sk_P1 8059046 8059046 100% 978566 12.14% 3077051 38.18% 4003429 49.68% 87.86%
Sk_P2 Skin LPS 4783722 4783722 100% 772789 16.15% 1947808 40.72% 2063125 43.13% 83.85%
Sk_P3 5605772 5605772 100% 874943 15.61% 2214122 39.50% 2516707 44.89% 84.39%
Sk_L1 8068915 8068915 100% 1402099 17.38% 3222481 39.94% 3444335 42.69% 82.62%
Sk_L2 Poly I:C 11503876 | 11503876 100% 1040861 9.05% 5024421 43.68% 5438594 47.28% 90.95%
Sk_L3 7148344 7148344 100% 998757 13.97% 2934295 41.05% 3215292 44.98% 86.03%
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Supplementary table 4.2. DEGs (FDR < 0.05) from duodenum A) up-regulated and B) down-
regulated in the LPS group, and C) up-regulated and D) down-regulated in the poly I:C group.
The DEGs common with skin are indicated with a “@” symbol in LPS and “®” in Poly |:C-treated fish.
For the Poly I:C group, the DEGs common with liver are indicated with a “#” and the DEGs common
with skin and liver are indicated with a “«¢”. Only available on digital format in Annex II because the
table is very extensive.

Supplementary table 4.3. DEGs (FDR < 0.05) from skin A) up-regulated and B) down-regulated
in the LPS group, and C) up-regulated and D) down-regulated in poly 1:C group. The DEGs
common with duodenum are indicated with a “®” symbol and with liver with a “4” in the LPS-treated
fish. For the Poly I:C group, the DEGs common to duodenum are indicated with a “®”, to liver with a
“@” and to duodenum and liver with a “++”.Only available on digital format in Annex II because the
table is very extensive.

Supplementary table 4.4. DEGs (FDR < 0.05) from spleen A) up-regulated and B) down-regulated
in the LPS group, and C) up-regulated and D) down-regulated in poly I:C group.

a)
UniProt
TRINITY contig code log2FC P value FDR KB/ Gene definition Gene symbol Organism
NCBI 1D
TRINITY_DN13998 cl gl il 7,31E+14 7,26E-07 2,55E-03 A7E3W5 Synaptogyrin-2 syngr2 Bos taurus
TRINITY_DN15055_c0 gl il 4,47E+14 1,12E-06 3,26E-03 QIESX4 Nucleolar protein of 40 kDa zcchel? Mus musculus
TRINITY_DN10313 c0_gl_i4 2,70E+13 1,72E-06 4,30E-03 Q5ZJU4 Ubiquitin-related modifier 1 urml Gallus gallus

Membrane-associated guanylate kinase, WW and PDZ domain-

TRINITY_DN12287_c0_gl il 1,80E+14 7,39E-06 1,62E-02 QIWVQ1 o X magi2 Mus musculus
containing protein 2

TRINITY_DN1774 c1 g1 i1 6,61E+14 1,06E-05 2,07E-02 Q92556 Engulfment and cell motility protein 1 elmol Homo sapiens
TRINITY_DN6208 c2_g4 il 1,70E+14 1,63E-05 2,60E-02 060291 E3 ubiquitin-protein ligase MGRN1 mgrnl Homo sapiens
TRINITY_DN21994 c0 g1 i1 6,03E+14 2,61E-05 3,81E-02 014681 Etoposide-induced protein 2.4 homolog ei24 Homo sapiens
TRINITY_DN27364 c0_gl i1 1,12E+14 3,68E-05 4,61E-02 Q7ZYC4 Long-chain-fatty-acid--CoA ligase ACSBG2 acshg2 Xenopus laevis
TRINITY_DN33177_c0 gl il 6,57E+14 3,63E-05 4,61E-02 Q6PHG4 Lipoyl synthase, mitochondrial lias Danio rerio
b)

UniProt

TRINITY contig code log2FC P value FDR KB/ Gene definition Gene symbol Organism

NCBI ID
TRINITY_DN7243 ¢0 g3 il -3,77E+14 6,74E-07 2,55E-03 Q97330 DNA (cytosine-5)-methyltransferase 1 dnmtl Rattus norvegicus
TRINITY_DN9532_¢c0 gl il -6,73E+14 1,60E-05 2,60E-02 014578  Citron Rho-interacting kinase cit Homo sapiens
c)

UniProt

TRINITY contig code log2FC P value FDR KB/ Gene definition Gene symbol Organism
NCBI ID

TRINITY_DN8545_c0 gl il 7,72E+14 5,37E-07 1,48E-03 Q60943 Interleukin-17 receptor A ill7ra Mus musculus
TRINITY_DN2629_c0_gl1_i1 8,03E+13 6,21E-06 1,01E-02 035828 Coronin-7 coro7? Rattus norvegicus
TRINITY_DN53605_c0_gl i1 7,03E+14 ~ 5,90E-06 1,01E-02 QSHYW2 NHS:-like protein 2 nhsl2 Homo sapiens
TRINITY_DN30488_c0_gl i1 1,37E+14 9,04E-06 1,27E-02 FIREV3 Krev interaction trapped protein 1 kritl Danio rerio
TRINITY_DN16904_c0_gl il 2,06E+14 1,16E-05 1,52E-02 Q4TVV3 Probable ATP-dependent RNA helicase DDX46 ddx46 Danio rerio
TRINITY_DN13998 c1 gl il 8,27E+13 1,27E-05 1,56E-02 ATE3WS5 Synaptogyrin-2 syngr2 Bos taurus
TRINITY_DN11454 c1 gl i1 4,61E+14 2,26E-05 2,46E-02 Q9CS84  Neurexin-1 nrxla Mus musculus
TRINITY_DN36415_c0_gl i1 6,48E+14 2,16E-05 2,46E-02 Q96PQ0 VPS10 domain-containing receptor SorCS2 sorc2 Homo sapiens
TRINITY_DN9030_c2_gl1_i1 6,47E+14 4,84E-05 4,13E-02 Q8C2E4 Pentatricopeptide repeat-containing protein 1, mitochondrial ~ ptcdl Mus musculus
TRINITY_DN8371_c0_g1_il 3,13E+14  511E-05 4,18E-02 Q04637 Eukaryotic translation initiation factor 4 gamma 1 eifdgl Homo sapiens
TRINITY_DN54446_c0_gl il 5,49E+14 5,39E-05 4,23E-02 QINU22 Midasin mdnl Homo sapiens
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d)
UniProt
TRINITY contig codes log2FC  Pvalue  FDR KB/ Gene definition Gene symbol Organism
NCBI 1D
TRINITY_DN7243_c0_g3_i1 -4,26E+14 6,32E-08 3,10E-04 Q97330 DNA (cytosine-5)-methyltransferase 1 dnmtl Rattus norvegicus
TRINITY_DN702_c3_g2_i1 -2,26E+13 1,99E-07 7,80E-04 Q61205 Platelet-activating factor acetylhydrolase 1B subunit alphal pafah1b3 Mus musculus
TRINITY_DN28598 _c0_gl il -1,96E+13 6,04E-07 1,48E-03 AOJNWS5 UHRF1-binding protein 1-like uhrflbpll Homo sapiens
TRINITY_DN33319 c0_gl i1 -3,38E+14 6,00E-07 1,48E-03 P47804 RPE-retinal G protein-coupled receptor rgr Homo sapiens
TRINITY_DN30932_c0_gl i1 -5,09E+14 1,54E-06 3,35E-03 QIUHF7 Zinc finger transcription factor Trpsl trpsl Homo sapiens
TRINITY_DN2334 c1 gl il -4,40E+14  2,65E-06 5,20E-03 Q16829 Dual specificity protein phosphatase 7 dusp? Homo sapiens
TRINITY_DN15215 c0 g2 i1 -1,33E+14 7,58E-06 1,14E-02 014776 Transcription elongation regulator 1 tcergl Homo sapiens
TRINITY_DN8851_c0_g1_il -1,17E+14 2,85E-05 2,94E-02 A2AF47  Dedicator of cytokinesis protein 11 dock11 Mus musculus
TRINITY_DN75337_c0_gl_il -2,7TE+14 3,26E-05 3,20E-02 QIWVJI5 Beta-crystallin B1 crybbl Mus musculus
TRINITY_DN8392_c0_g2_i1 -1,05E+12 4,09E-05 3,82E-02 Q5R723 Peptidyl-prolyl cis-trans isomerase E ppie Pongo abelii
TRINITY_DN1519 ¢3_gl_il -1,43E+14 4,37E-05 3,89E-02 Q5RG82 Influenza virus NS1A-binding protein homolog A ivnslabpa Danio rerio
TRINITY_DN36789 c0_gl il -4,23E+14 5,65E-05 4,26E-02 QIESF4 Protein lifeguard 1 grina Mus musculus

Supplementary table 4.5. DEGs (FDR < 0.05) from liver A) up-regulated and B) down-regulated
in the LPS group, and C) up-regulated and D) down-regulated in the poly I:C group. The DEGs
common with skin with a “4” in LPS-treated fish. For Poly I:C group, the DEGs common with
duodenum are indicated with a “#”, with skin are indicated with a “@”’, and with duodenum and skin
with a “«»”. Only available on digital format in Annex Il because the table is very extensive.

Supplementary table 4.6. Enriched GO terms of DEGs from N. rossii duodenum: A) Control
versus LPS and B) Control versus poly I:C groups. FDR < 0.05 for LPS challenge and FDR < 0.001
for Poly I:C challenge). Only available on digital format in Annex Il because the table is very extensive.

Supplementary table 4.7. Enriched GO terms of DEGs from N. rossii skin: A) Control versus LPS
and B) Control versus poly I:C groups. FDR < 0.001. Only available on digital format in Annex Il
because the table is very extensive.

Supplementary table 4.8. Enriched GO terms of DEGs from N. rossii spleen: A) Control versus
LPS and B) Control versus poly I:C groups. FDR < 0.05. Only available on digital format in Annex
Il because the table is very extensive.

Supplementary table 4.9. Enriched GO terms of DEGs from N. rossii liver: A) Control versus LPS
and B) Control versus poly I:C groups. FDR < 0.001. Only available on digital format in Annex Il
because the table is very extensive.

Supplementary table 4.10. KEGG enriched pathways in duodenum after a) LPS (FDR < 0.05) and
poly I:C (FDR < 0.001) challenges. Only available on digital format in Annex Il because the table is
very extensive.

Supplementary table 4.11. KEGG enriched pathways in skin after a) LPS (FDR < 0.05) and poly
I:C (FDR < 0.001) challenges. This is only available on digital format in Annex Il because the table is
very extensive.

Supplementary table 4.12. KEGG enriched pathways in spleen after a) LPS (FDR < 0.05) and poly
I:C (FDR < 0.001) challenges. Only available on digital format in Annex Il because the table is very
extensive.

Supplementary table 4.13. KEGG enriched pathways in liver after a) LPS (FDR < 0.05) and poly
I:C (FDR < 0.001) challenges. Only available on digital format in Annex Il because the table is very
extensive.
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4.7.2. Supplementary figures

Supplementary figure 4.1. Experimental design and samples collected for analysis. Spleen (Sp), Liver (Lv), Duodenum (Du) and Skin (Sk).
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Supplementary figure 4.2. Scatterplots of enriched GO terms in duodenum. DEGs generated
between Control and LPS - (A) BP, B) MF and C) CC) (FDR < 0.05) - and between Control and Poly
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I:C - D) BP, E) MF and F) CC) (FDR < 0.001). The size of plots represents relative abundance (as a
percentage of all DEGs from each category) and the colour gradient represents values of log10 (p-value)
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Supplementary figure 4.3. Scatterplots of enriched GO terms in skin. DEGs generated between
Control and LPS - (A) BP, B) MF and C) CC) (FDR < 0.05) - and between Control and Poly I:C - D)
BP, E) MF and F) CC) (FDR < 0.001). The size of plots represents relative abundance (as a percentage
of all DEGs from each category) and the colour gradient represents values of log10 (p-value).
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Supplementary figure 4.4. Scatterplots of enriched GO terms in spleen. DEGs generated between
Control and LPS - (A) BP, B) MF and C) CC) (FDR < 0.05) - and between Control and Poly I:C - D)
BP, E) MF and F) CC) (FDR < 0.001). The size of plots represents relative abundance (as a percentage
of all DEGs from each category) and the colour gradient represents values of log10 (p-value).
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Supplementary figure 4.5. Scatterplots of enriched GO terms in liver. DEGs generated between
Control and LPS - (A) BP, B) MF and C) CC) (FDR < 0.05) - and between Control and Poly I:C - D)
BP, E) MF and F) CC) (FDR < 0.001). The size of plots represents relative abundance (as a percentage
of all DEGs from each category) and the colour gradient represents values of log10 (p-value).
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5.1. Abstract

The perciform suborder Notothenioidei dominates the fish fauna in the Southern Ocean
constituting 90% of biomass and has developed specific physiological characteristics adapted
to the stable and cold-extreme environment of Antarctica. The gut microbiome protects and
defends against potential pathogens but can also have digestive and nutritional functions, but it
has been little studied among Notothenioids. In the present study, the microbial community of
the skin and gut of the Notothenioids N. coriiceps and N. rossii was established and the impact
of the bacterial endotoxin LPS and temperature on microbial richness was determined using
16S rRNA gene sequencing. As a result, 136,422 sequences were obtained from seawater,
772,334 from 16 fish soon after capture and 2,252,395 from 48 fish maintained in tanks at least
for 3 days. Proteobacteria, Cyanobacteria, Firmicutes, Fusobacteria and Bacteroidetes were
identified as the dominant phyla irrespective of condition, genera such as Allivibrio,
Mycoplasma, Photobacterium and Cetobacerium were responsive to LPS and temperature. The
number of common operational taxonomic units (OTUs) varied from 1 to 1935 in recently
caught fish samples and 1 to 145 in captive fish samples, while the unique OTUs varied from
23 to 998 and 31 to 130, respectively. Overall, our findings indicate that captivity, bacterial
LPS and increased temperature, impact the bacterial community composition in the two tissues
of the two species studied. This study highlights the importance of the environment and

physiology on bacterial microbiota diversity.
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Keywords: microbiome, Antarctic fish, environmental factors, cold-water, mucosa-associated

lymphoid tissues

5.2. Introduction

Microbes have a vital function in all ecosystems. They regulate global biogeochemical
cycles and are crucial for ecosystem stability (Logares et al., 2020). The diversity and
abundance of microbial communities in the aquatic environment depends on abiotic factors
such as temperature, pH, salinity and oxygen (Bierlich et al., 2018; Butt and Volkoff, 2019;
Mayer et al., 2015; Merrifield and Rodiles, 2015) and biotic factors such as food and pollutants
(Kokou et al., 2018; Walburn et al., 2019; Xia et al., 2014). In mammals it is clear that both
innate and acquired immunity are directly linked to commensal bacteria which are important
for host fitness and survival and perturbations in meta-community structure can lead to
pathologies (Logares et al., 2020; Sunagawa et al., 2015). However, meta-analysis of immune
function and microbiome composition, diversity, function, and ecological determinants in

different ecosystems remain a challenge, especially in polar regions.

The teleost fishes possess a complex microbial community (bacteria, viruses, fungi, and
other eukaryotes) originated from the aquatic environment, and immunity is highly associated
to mucosal surfaces (mucosa-associated lymphoid tissues, MALT) where microbes thrive
(Gomez et al., 2013; Rauta et al., 2012). The mucosal surfaces include the skin, gut, and gills
and represent important physical and chemical barriers covered by a mucus layer that contains
cellular and humoral components (Gomez et al., 2013; Rauta et al., 2012). However, in teleosts,
including those important for aquaculture, the microbiome is poorly understood (Llewellyn et
al., 2014; Sunagawa et al., 2015) despite its likely importance in the maintenance of healthy

host physiology and immune processes (Belkaid and Hand, 2014; Llewellyn et al., 2014).

The Southern Ocean is dominated by the perciforms from the suborder Notothenioidei.
These fishes evolved from a common benthic ancestor and radiated in eight different families
over approximately the past 10 million years (Eastman, 2000, 2005). Several morphological
and physiological features that resulted from their adaptation to the Antarctic environment are
shared between the different Notothenioidei family members, such as antifreeze glycoproteins,
the absence of a swim-bladder, the lack of the heat-shock protein response, low bone density
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and higher mitochondrial density. Other family specific adaptations include the lack of
haemoglobin, increased capillary number and increased heart volume in the Channichthyidae
(Auvinet et al., 2020; Matschiner et al., 2015). In contrast, relatively little is known about their
microbial richness and diversity and how this has been modulated by the Southern Ocean
conditions. A recent study identified a common core of bacterial communities dominated by
Actinobacteria, Proteobacteria, Firmicutes, Thermi and Bacteroidetes shared between the gut
microbiomes of different Notothenioidei (C. hamatus, T. bernacchii, G. acuticeps and P.
borchgrevinki) (Song et al., 2016). In the same study, differences in microbial populations
between the gut of Notothenioids that inhabit the surface (between 1-2 m of depth) and deeper
waters (more than 100 m of depth) was found (Song et al., 2016).

The main objective of this study was to understand microbial diversity and abundance
in two Notothenioid species, Notothenia coriiceps which is more sedentary and Notothenia
rossii. Overfishing of N. rossii in the 1970’s led to a population collapse which is now
recovering. Although both species are classified as semipelagic, N. coriiceps prefers coastal
waters while N. rossii is fairly cosmopolitan and moves offshore (Barrera-Oro et al., 2019).
We characterized the microbiome of the skin-associated lymphoid tissue (SALT), and the gut-
associated lymphoid tissue (GALT using 16S rRNA and next-generation sequencing. The
impact of immunostimulation with bacterial lipopolysaccharide (LPS) and temperature

challenge on SALT and GALT microbiota was evaluated in N. rossii only.

5.3. Methods

5.3.1. Fish capture and experiments

N. coriiceps (30.4 + 0.53 cm of length and 384.4 + 20.38 g of weight) and N. rossii (30
*+ 4.2 cm of length and 312 + 124.7 g of weight) were captured by hook-and-line near the
Chinese Great Wall Station in King George Island (GPS coordinates: 62°13'S, 58°58'W), in the
Antarctic Peninsula, during January and February of 2017. Seawater (10 L) for microbiome
analysis was simultaneously collected just below the surface from the same location and taken

to the laboratory where it was filtered (0.2 um pore size, VWR, Portugal) using a vacuum pump.
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Fish were maintained in 200 L plastic containers for a maximum of two hours after
capture with regular water renewal to maintain natural high oxygen and low temperature until
they arrived at the laboratory. At the laboratory 4 individuals (n=4) from each species were
anesthetized with phenoxyethanol (0.02 ml/L, Sigma-Aldrich) measured, weighed, and
sacrificed by cervical section. These fish were designated “wild” and their mucus of SALT and
GALT was collected aseptically and preserved in RNAlater at 4°C for 24 h followed by storage

at -20°C until extraction for microbiome studies.

The remaining N. rossii were placed in 200 L plastic tanks to acclimate for 3-5 days in
a flow-through system fed with continuously pumped ocean seawater at 2°C and were fed daily
with limpets and/or fish muscle. The experiment was setup to test the effect of the
immunostimulant LPS (from E. coli O111:B4, Sigma-Aldrich, Portugal) on the microbiome
and the interactive effect of increased seawater temperature. Two days before the experiment,
fish were measured, weighed, tagged with opercular self-piercing clamp tags and divided into
four groups of fish of similar sizes (n=4 per group). The immune challenge consisted of two
intraperitoneal (i.p.) injections at day 0 and day 2 with either 1) 0.2% (v/w) of 1.1% NaCl
(control group) or 2) 0.2% (v/w) of LPS (1.5mg/ml) dissolved in 1.1% NaCl, to an effective
dose of 3 mg/kg. Both groups were maintained at 2.1 + 0.5 °C. In parallel, two other groups of
control and LPS-challenged fish, previously acclimated to increased temperature (at 1°C/day),
were maintained at 6.0 £ 0.8°C. The tanks were monitored three times a day (7 am, 2 pm and 9
pm). Salinity was 29 + 0.5 ppt and oxygen levels were 10.7 £ 0.4 mg/L and 9.3 £ 0.9 mg/L in
the 2 °C and 6°C groups, respectively. At day 7, fish were anesthetized, sacrificed by cervical
section and disruption of the CNS, and mucus from the SALT and GALT collected aseptically
for microbiome studies. All samples were preserved in RNA later for 24 h at 4°C and stored at
-20°C.

5.3.2. DNA Extraction

Total DNA was extracted from 50 mg of the filtered seawater and mucous collected
from the SALT or GALT using a DNeasy Blood & Tissue kit (Qiagen, Germany), following
the manufacturer’s instructions. Enzyme lysis buffer (20mM Tris-HCI pH 8; 2mM sodium
EDTA, Sigma-Aldrich, Portugal) and lysozyme (40 mg/ml, Biochemica, Spain) was added to
the lysis buffer solution before mechanical lysis of the samples with silica beads (0.1mm,
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Werfen, Spain) in a TissueLyser 11 (Qiagen) for 2 x 5 min, 30 Hz frequency. The DNA pellets
were dissolved in Tris-HCI, pH 8 (Sigma-Aldrich) and stored at -20°C. DNA was quantified at
260 nm and 280 nm using a NanoDrop (ThermoFisher, USA) and the quality was assessed by
electrophoresis on 1% agarose/TAE gel and using Picrogreen QC (ThermoFisher) and a

spectrofluorometer (GeneQuant, TermoFisher).

5.3.3. PCR Amplification and Sequencing

A KAPA HiFi PCR kit (Roche, Switzerland) was used to prepare 48 paired-ended
libraries of the SALT and GALT mucous samples and 1 library of bacterial V3-V4 regions of
the seawater sample. The SALT and GALT mucous samples were sequenced using an lllumina
Miseq v3 platform and the amplicon 16S rRNA and generated paired end reads of 300 base
pairs (bp) in length (Laragen, USA). The water sample was sequenced using an Illumina Miseq
v2 and 16S rRNA Floracheck with paired end reads of 250 bp (Admera, USA). The pass-filter

PE reads per sample was around 50Kk.

5.3.4. Data Analysis and Statistics

The raw FASTQ files were checked for quality using Trimmomatic (Bolger et al., 2014)
and merged by FLASH (Mago¢ and Salzberg, 2011) with the following criteria: (i) the reads
were truncated at any site receiving an average quality score <20 over a 50 bp sliding window,
(ii) overlap sequences > 10 bp with mismatch < 2 bp were merged, (iii) the raw data from each
sample were separated according to their barcodes (exactly matching) and primers (allowing 2
nucleotide mismatches) and (iv) reads containing ambiguous bases were removed. The
operational taxonomic units (OTUs) were classified and clustered with a cut-off of 97%
similarity using UPARSE v. 7.0.1090 that filtered chimeras and simultaneously clustered
OTU's (Edgar, 2013). The taxonomic affiliation of each 16S rRNA sequence was assigned
using the Ribosomal Database Project (RDP) classifier algorithm v. 2.11 (Wang et al., 2007)
against the SILVA ribosomal RNA database (16S_bacteria) (Quast et al., 2013) with a
confidence threshold of 70%. OTU abundance between the two tissues and two species was

compared using a Pearson chi-squared test. A nonparametric Kruskal-Wallis test was used to
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compare the variance of bacterial community samples at the genus level between the two
tissues, different treatments and the two species with a stress threshold value < 0.2 using the
unweighted UniFrac algorithm (Lozupone and Knight, 2005) on the Majorbio Cloud Platform

(www.i-sanger.com). The significance level was set at 5%.

Subsequent analyses of alpha and beta microbial diversity were performed on the
normalized data output and using the Shannon diversity index (Lemos et al., 2011; Magurran,
2004) and the Simpson’s index (Lemos et al., 2011; Simpson, 1949) to estimate diversity, and
the abundance-based coverage estimator (ACE) (Chao and Lee, 1992; Chao and Yang, 1993)
and the Chaol abundance estimator (Chao, 1984) to estimate community richness using Mothur
v1.43.0 (Schloss, 2020; Schloss et al., 2009) hosted on the Majorbio Cloud Platform (www.i-
sanger.com). A Venn Diagram was used to determine the bacterial community groups that are
common and differ between the two fish species and in the different experimental treatments.
A Heatmap was generated to represent the magnitude of the response in bacterial abundance at
a community genus level (OTUs top < 50) using the Majorbio Cloud Platform. Non-metric
multidimensional scaling (NMDS) was performed to represent the original position of different
microbial communities in a multidimensional space and to show the diversity between the
different tissues, species and treatments (LPS and temperature). A stress level < 0.2 indicates a
good representation of samples diversity in reduced dimensions and a stress level > 0.3 indicates

poor representation.

5.4. Results

5.4.1. General features of sample sequences

After quality filtering, a total of 136,442 reads containing 61.3 Mb with an average
contig length of 449 bp were obtained from the seawater sample. For the 16 SALT and GALT
samples of “wild” N. coriiceps and N. rossii, a total of 772,339 reads containing 286.4 Mb with
an average length of 371 bp were obtained. For the 48 SALT and GALT samples of LPS and
temperature treated N. rossii a total of 2,252,395 reads containing 1.037Gb with an average

length of 461 bp were obtained. Overall, the alpha and beta diversity analysis indicated a good
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representation of the richness and bacterial community diversity using a 97% similarity
threshold.

5.4.2. Evaluation of the microbial complexity and microbial composition in two Notothenioids

5.4.2.1. Seawater and “Wild” SALT and GALT

Annotation of the seawater samples revealed a microbiome belonging to one kingdom
with 4 phyla, 5 classes, 14 orders, 18 families, 29 genus, 37 species and 43 OTU. The microbial
complexity of the “wild” SALT and GALT samples was also contained in one kingdom, but
the diversity was higher than seawater, covering 21 phyla, 38 classes, 84 orders, 132 families,
200 genus, 244 species and 5886 OTU (Figure 5.1 A). The seawater sample rarefaction curves
showed a saturation plateau at 100k reads and in the “wild” SALT and GALT samples the
plateau was reached between 15k and 72k reads (Figure 5.1 B). The OTU classification (p <
0.01) revealed that the most represented annotated phyla in seawater were Bacteroidetes (44%),
Proteobacteria, (35%) and Cyanobacteria (20%). In addition, the most abundant annotated

genera were related to Polaribacter_1 (~1%) and Sulfitobacter (1%).
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A) Alpha diversity estimators
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Figure 5.1. Bacterial community A) Alpha diversity and B) rarefaction curves. Bacteria were
collected from seawater, and from gut-associated lymphoid tissue (GALT) and skin-associated
lymphoid tissue (SALT) of recently captured N. coriiceps (Nco) and N. rossii (Nro).

In N. coriiceps, the most abundant phyla in the skin (SALT) and duodenum (GALT)
were Proteobacteria (~1%), Firmicutes (~0.8%) and Cyanobacteria (~0.3%) (Figure 5.2 A).
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Allivibrio (~0.6%) and Mycoplasma (~0.5%) were the most abundant genera with Mycoplasma

mostly present in the SALT (Figure 5.2 B). In N. rossii SALT and GALT, the most represented

phyla were Proteobacteria (~18%), Fusobacteriota (~12%) and Firmicutes (~6%) (Figure 5.2
A) and the genera were Photobacterium (~14%), Cetobacterium (~12%), and Allivibrio (~7%),

with Cetobacterium particularly abundant in GALT (Figure 5.2 B).
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Figure 5.2. Bacterial community diversity - A) phyla and B) genus. Bacteria were collected
from seawater (SW), and from gut-associated lymphoid tissue (GALT) and skin-associated lymphoid
tissue (SALT) of wild N. coriiceps (Nco) and N. rossii (Nro).
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The minimum number of shared bacterial communities between SALT and GALT of
the two fishes and seawater sample is 1 (between seawater and GALT of N. coriiceps) and a
maximum of 1935 (between SALT and GALT of both Notothenioids), and 17 shared bacterial
communities between all (Figure 5.3 A). The SALT and GALT of N. coriiceps and N. rossii,
shared 1275 OTU and 1428 out, respectively (Figure 5.3 A). The microbial composition
between seawater and SALT and GALT from both Notothenioids differed (Pearson’s chi square
test p <0.001, Table 5.1 A). However, similar results were observed between GALT and SALT
in the two fish species, except for Colwellia genus that was significantly increased in SALT of
N. rossii based on Kruskal-Wallis test (p < 0.05, Figure 5.3 B). Overall, there were 23 unique
bacterial communities in seawater, 686 in GALT and 990 in SALT of N. coriiceps while 998
and 868 were observed in GALT and SALT of N. rossii (Figure 5.3 A).

The heatmap clustering analysis confirmed the NMDS grouping and placed the seawater
clearly separately from the fish samples (Figure 5.4 A-B). The GALT and SALT also clustered
together which indicates similar overall bacterial composition with small differences between
the fish individuals (Figure 5.4 A-B).
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Figure 5.3. A) Venn diagram of bacterial community at OTU level and 2) relative abundance of
genera. Bacteria were collected from seawater (SW), gut-associated lymphoid tissue (GALT) and
skin-associated lymphoid tissue (SALT) of N. coriiceps (Nco) and N. rossii (Nro). Numbers on the
right-hand side are probabilities following the Kruskal-Wallis H test and post hoc Dunn.
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A) Community heatmap analysis on Genus level
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Figure 5.4. A) Heatmap and B) NMDS of bacterial community OTUs. Bacterial communities were
collected from seawater (SW), in gut-associated lymphoid tissue (GALT) and skin-associated lymphoid
tissue (SALT) of wild N. coriiceps (Nco) and N. rossii (Nro).

5.4.2.2. Immune and temperature challenged SALT and GALT

The bacterial complexity of the SALT and GALT in fish stimulated with LPS at 2°C
and 6°C belonged to 2 kingdoms and was distributed between 20 phyla, 290 classes, 96 orders,
198 families, 402 genus, 543 species and 896 OTU. The alpha-diversity index at OTU level of
GALT and SALT varied between 20 and 240 in N. coriiceps (Figure 5.5 A) and between 10
and 225 in N. rossii (Figure 5.5 B) indicating species richness of the same order of magnitude
between the two species. The rarefaction curves for SALT and GALT in the Control, LPS and
temperature experiment reached saturation at 12k reads (Figure 5.5 C and 5.5 D).
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Figure 5.5. Bacterial community alpha diversity (A, B) and rarefaction curves (C,D). A-C) GALT
and SALT of control and LPS-treated N. coriiceps; B-D) GALT and SALT of control and LPS-treated
N. rossii at 2°C and 6°C.

5.4.2.3. The N. coriiceps microbiome response to LPS and temperature

For N. coriiceps, in control and LPS-treated GALT at 2°C the most abundant phyla were
Proteobacteria (~68%) and Fusobacteria (~15%) (Figure 6A). The most abundant genera were
Allivibrio (~48%), Photobacterium (~19%) and Cetobacterium (~16%) (Figure 5.6 B). In
SALT of both control and LPS-treated fish, the predominant phyla were Proteobacteria (~77%),
Bacteroidetes (~13%) and Epsilonbacterareota (~4%) (Figure 5.6 A) and the most abundant
genera were Colwellia (~65%), Pseudoalteromonas (~13%) and Moritella (~12%) (Figure 5.6
B). The number of OTU in SALT (608) was higher than GALT (268) and increased in the LPS-
immune challenged SALT (from 280 to 328) and decreased in GALT (from 146 to 122)
(Pearson’s chi square test p < 0.05, Table 5.1 B, Figure 5.7 A). There were statistically
significant differences in genera abundance between SALT and GALT: Allivibrio, Colwellia,
Psychromonas, Pseudoalteromonas, Moritella, unclassified Flavobacteriaceae, Arcobacter,
Tenacibaculum and Vibrio (Kruskal-Wallis H test p < 0.05). The genera Allivibrio and Vibrio
were more abundant in GALT and the others in SALT (Figure 5.7 B). Overall, there were 99
and 10 shared bacterial communities between control and LPS-treated fish in SALT and GALT
of N. coriiceps, respectively. LPS treatment seems to modify microbial composition
particularly in SALT of N. coriiceps (Figure 5.7 A-B).

The heatmap clustering showed distinct microbial compositions between the two
different tissues and grouped more closely GALT control and LPS-treated than SALT in N.
coriiceps (Figure 5.8 A) which is in agreement with the NMDS plot (Figure 5.8 B). These
results indicate that both tissues had specific bacterial communities that clustered separately
and the LPS challenge modified the microbial community of SALT (Figure 5.8 A-B).
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Community barplot analysis
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Figure 5.6. Bacterial community relative abundance. A) phyla and B) genus in GALT and SALT of
control and LPS-treated N. coriiceps.

Table 5.1. Contingency table of bacterial community abundance. A) seawater, gut-associated
lymphoid tissue (GALT) and skin-associated lymphoid tissue (SALT) of wild N. coriiceps (Nco) and
N. rossii (Nro); B) GALT and SALT of control and LPS-treated N. coriiceps; C) SALT of control and
LPS-treated N. rossii at 2°C and 6°C of seawater temperatures; D) GALT of control and LPS-treated N.
rossii at 2°C and 6°C.

a)

Count
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b)

Nro Nro SW Total
SALT 5716 5828 0 11544
GALT 5552 5384 0 10936
SW 0 0 85 85
Total 11268 11212 85 22565
Expected count
SALT 5764,582 5735,933 43,48504 11544
GALT | 5460,973 | 5433,833 | 41,19477 10936
SW 42,44538 | 42,23443 0,320186 85
Total 11268 11212 85 22565
Person Chi Square test
Pvalue 0
Count
CTL LPS Total
SALT 280 328 608
GALT 146 122 268
Total 426 450 876
- Expected count
SALT 295,6712 312,3288 608
GALT ‘130,3288 137,6712 268
Total 426 450 876
Person Chi Square test
Pvalue | 0,021508
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d)

Count

CTL LPS Total
2°C 262 247 509
6°C 138 135 273
Total 400 382 782

Expected count
2°C 371,6992 | 355,3008 509
6°C 308,3008 | 294,6992 273
Total 400 382 782

Person Chi Square test
Pvalue 0,016801 ‘
Count
CTL LPS Total

2°C 350 377 727
6°C 330 273 603
Total 680 650 1330

Expected count
2°C 727
6°C 603
Total 680 650 1330

Person Chi Square test

Pvalue 0,805361 ‘ ‘
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Figure 5.7. A) Venn diagram of bacterial community OUT abundance and B) relative genus
abundance in GALT and SALT of control and LPS-treated N. coriiceps. The * indicates p < 0.05; **

p <0.01; *** p <0.001, Kruskal-Wallis H test.
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A) Community heatmap analysis on Genus level
|

B Nco SALT CTL
B Nco SALT LPS
W Nco_GALT_CTL
B Nco GALT LPS

Tenacibaculum
Roseomonas
Neorickettsia
Adhaeribacter
Devosia

ur _f__Sphingc
Crocinitomix
Bdellovibrio
Thermus
Segetibacter
Longimicrobium
Sphingomonas
Tetragenococcus
Geobacillus
Methylobacterium
Brevundimonas

ur |
Enhydrobacter

Algibacter

Marinomonas

Profundimonas
norank_f__NS9_marine_group
unclassified_f__Rhodobacteraceae
Sulfitobacter
unclassified_f__Rhizobiaceae
Loktanella

Psychrilyobacter

Thalassotalea
norank_o__JGI_0000069-P22
Flavicella

norank_o__Chloroplast

Moritella

Colwellia le+4
Psychromonas

Pseudoalteromonas 1e+3
unclassified_f__Flavobacteriaceae

unclassified_f__Vibrionaceae

unclassified_o__Alteromonadales B 1e+2
Arcobacter

Oleispira -1e+1
Psychrobacter

Photobacterium

unclassified_k__norank_d__Bacteria 1e+0

— [ j— Shewanella

| | e | [ | | | | Aliivibrie Te-1
ey | | |

I Cetobacterium
{1 [ | | I | Mycoplasma
| | | | | | Vibrio
norank_f__Desulfovibrionaceae
Brevinema

B ) stress :0.079
0.5
0.4 @ Nco_SALT CTL
2 A Nco SALT _LPS
0.3 A & Neo_GALT_CTL
1 )4 Nco_GALT_LPS

N
(7]
o}
=
3
Q 3
0.1 A
'y
0.2
0.3 4

-0.4 4 ‘

-0.5 4

T T T T T T
-06 -05 -04 -03 -02 -01

O —fesmccccsnsssnnnnn e m .

01 02 03 04 05 06 07

352



Chapter 5

Figure 5.8 (previous page). A) Heatmap and B) NMDS of bacterial community OTUs in GALT
and SALT of control and LPS-treated N. coriiceps.

5.4.2.4. The N. rossii microbiome response to Ips and temperature

For N. rossii, the Proteobacteria (~71%), Fusobacteria (~16 %) and Bacteroidetes
(~11%) were the dominant phyla of both GALT and SALT (Figure 5.9 A). Moreover,
Allivibrio (~44%), Cetobacterium (~24%) and Photobacterium (~16%) were the most abundant
genera in GALT and Allivibrio (~16%), Colwellia (~13%) and Psychromonas (~1%) the most
abundant in SALT (Figure 5.9 B).
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Community barplot analysis
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Figure 5.9. Bacterial community relative abundance of A) phyla and of B) genus in GALT and
SALT of control and LPS-treated N. rossii at 2°C and 6°C.
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The OTU abundance at 2°C in GALT was lower in the LPS-treated fish (135) than in the
control (247) and the increase in temperature to 6°C reduced the microbial composition both in
control (138) and LPS- treated fish (135) (Figure 5.10 A-B). The genera comparison, between
the two tissues (SALT and GALT) and all treatment groups (control and LPS at both
temperatures), indicate that Colwellia, unclassified Flavobacteriaceae, Psychromonas,
Moritella, Pseudoalteromonas and Psychrobacter were predominantly in SALT irrespective of
the experimental group and Acinetobacter appeared in SALT LPS-treated fish at 6°C (Kruskal-
Wallis H test, p<0.05, Figure 5.10 C). Cetobacterium was abundant in GALT of control fish
at both 2°C and 6°C (p < 0.01); norank Desulfovibrionaceae was more abundant in GALT of
LPS-treated fish at 2°C (p < 0.01); Photobacterium (p <0.05) and Vibrio (p <0.01) were more
abundant in GALT of LPS-treated fish at 6°C and Mycoplasma was more abundant in GALT
of control fish at 2°C (p < 0.001) (Figure 5.10 C).

To evaluate the effect of LPS and temperature on the composition of the bacterial
communities in the two tissues in N. rossii, a Pearson’s chi square test was performed and
showed that only the GALT microbial composition was significantly different between the two
treatment groups and the two temperatures (p < 0.05, Table 5.1 C-D). Overall, unique OTU's
were also observed in each experimental group at both temperatures. The LPS-treated SALT
at 6°C had the lowest OTU number (38) and the LPS-treated SALT at 2°C had the highest
number of OTUs (95). The shared microbial communities varied from 8, between control SALT
at both temperatures and LPS-treated SALT at 6°C, to 145 OTUs between the four experimental
groups, which was indicative of a core microbiome that was stable irrespective of the
experimental challenges (Figure 5.10 A-B). In the GALT, 5 was the lowest number of shared
bacterial communities and corresponded to the control and LPS treatment at 6°C and 56 was
the highest shared number of OTUs between the control and LPS at 2°C, which indicates that
LPS treatment and increased temperature provoked a reduction in the GALT microbial
communities (Figure 5.10 A-B). In the heatmap, two distinct clusters from the different tissues
were observed, which indicates tissue-specificity, although the individual variability in the
microbiomes of different experimental groups meant clustering was not totally driven by
treatment. The SALT microbiome was more divergent between experimental groups than the
GALT (Figure 5.11 A). The NMDS plot showed similar clustering results and so the relative
contribution of LPS and temperature to changes in the microbiome could not be clearly

established for both tissues in N. rossii (Figure 5.11 B).
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Figure 5.10 (next page). A) Venn diagram of bacterial community OTUs and B) relative genus
abundance in GALT and SALT of control and LPS-treated N. rossii at 2°C and 6°C. The * indicates
p<0.05; ** p<0.01; *** p <0.001, Kruskal-Wallis H test and post hoc Dunn.
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A) Community heatmap analysis on Genus level
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Figure 5.11 (previous page). A) Heatmap and B) NMDS of bacterial community at OTU level in
GALT and SALT of control and LPS-treated N. rossii at 2°C and 6°C.

5.5. Discussion

Our study provides the first description and comparisons of the bacterial communities
of two Antarctic Notothenioids species and their modulation by immune challenge and
temperature. The results, which were based on 16S rRNA gene sequencing, revealed reduced
microbial abundance in seawater relative to fish tissues which suggested that other factors, such
as diet and habitat may contribute substantially to the bacterial composition (Parata et al., 2021;
Song et al., 2016; Zhang et al., 2020a). In seawater the predominant bacterial phyla were
Proteobacteria, Cyanobacteria and Bacteroidota (Kim et al., 2019b; Zhang et al., 2020a). At a
genus level, Polaribacter and Sulfitobacter were found but several other unclassified genera
were also present (Grzymski et al., 2012). The Proteobacteria and Bacteroidota are gram-
negative bacteria and include several genera such as Escherichia and Vibrio and Bacillus
subtilis that have a role in nitrogen fixation (Byrd et al., 2020; Liba et al., 2006). In the
Antarctica seawater, most genera of Bacteroidota have not been identified and represent a taxon
with many unidentified strains. Recent studies indicated that 78% of the OTU microbiota in the
Southern Ocean is unique, and some cold-adapted strains identified as prevalent in polar regions
are almost undetectable in temperate seawaters. Moreover, metabolic pathway reconstruction
of these microbial communities suggests high versatility for carbon dioxide (CO3) fixation,
nitrate and sulphate reduction, saccharide and lipid biosynthesis, and the presence of bioactive
molecules with new antimicrobial properties (NUfiez-Montero and Barrientos, 2018; Zhang et
al., 2020a).

The abundance of bacterial communities in the SALT and GALT of wild N. rossii and
N. coriiceps appeared higher than in seawater. The most abundant phylum in both
Notothenioids have not yet been classified and failed to retrieve a hit from public databases, but
the second most abundant phyla belonged to the Proteobacteria that have previously been
identified in the GALT of Antarctic fish (Song et al., 2016) and in Antarctic seawater (Kim et
al., 2019b; Zhang et al., 2020a). In addition, the Fusobacteriota were also abundant in both
tissues of N. rossii and were previously reported in the gut of N. coriiceps and Chaenocephalus
aceratus (Ward et al., 2009). Similar bacterial groups have been identified in the freshwater

cyprinid Cyprinus carpio GALT with Proteobacteria, Bacteroidetes, Firmicutes, Fusobacteria
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and Actinobacteria as the dominant phyla (Eichmiller et al., 2016). At the genus level, most
bacteria were unclassified, however there were evidences that Allivibrio was highly abundant
in both tissues of N. coriiceps and N. rossii, which corroborates observations from previous
studies of the gut in these species (Ward et al., 2009) and suggests conservation of the core
microbiota despite changing environmental conditions and increased incursions of humans into
Antarctica. Cetobacterium were identified for the first time in N. rossii and were abundant in
both the SALT and GALT, although they are generally more common in the gut in other marine
fish (Egerton et al., 2018). Additionally, Colwellia was more abundant in the SALT than GALT
of N. rossii. Several Colwellia strains have been used by the biotechnology industry exploiting
their cold-adapted features and using them as additives in low-temperature food processing, the
detergent industry and the textiles industry (Bruno et al., 2019). The differences between SALT
and GALT from the same species may be explained by the physiology of the tissue, although
physiology studies related to the microbiome are more common with human (Arumugam et al.,
2011; Yatsunenko et al., 2012), while in fish they are scarce specially for skin tissue (Ross et
al., 2019; Sehnal et al., 2021). Physiologically, both SALT and GALT constitute the primary
physical barrier to the external environment, with immune components important to host
defence against foreign microorganisms (Gomez et al., 2013; Salinas, 2015). In fish, the SALT
Is more exposed to unusual environmental conditions providing a barrier to ice propagation (in
freezing waters) and to inward oxygen diffusion (Eastman and Hikida, 1991). Also, fish skin
mucus is nutrient-rich facilitating bacterial growth and the adhesion of higher number of
bacteria (Larsen et al., 2013). GALT plays an important role in feeding, digestion and
absorption of nutrients and acid-base homeostasis (Zhang et al., 2016). A comparison between
fresh and saltwater fish indicated that the gut microbiome reflect the host ecology and
environment (Wong and Rawls, 2012). Studies in Gadus morhua and Pangasius
hypophthalmus suggest that the SALT microbiome composition is strongly influenced by host
species which corroborates our findings in SALT and in GALT (Larsen et al., 2013; Le Nguyen
et al., 2008; Wilson et al., 2008). Overall, these studies indicate that the skin microbiome is
more dependent on the environment and the gut microbiome is more conserved and both are
species-specific which suggest that physiology can be an important factor to microbial

communities diversity although this needs to be clarified (Sylvain et al., 2020).

Comparisons of the bacterial composition between the mucous from N. coriiceps
sampled immediately after capture and the control fish from the experimental challenge
revealed that captivity for only 7 days drastically reduced OTU abundance (from 5000 in wild
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to 300 in captive fish), irrespective of the tissue, and despite the constant supply of fresh sea
water. Similar observations about how captivity affects microbiota diversity and abundance
exist for the Atlantic cod (Lavoie et al., 2018), but also for several terrestrial vertebrates such
as black rhinos (Gibson et al., 2019), and glass lizard (Zhou et al., 2020). Nonetheless, when
the GALT and SALT are compared the former has a higher OTU abundance than the latter in
both the control and LPS-stimulated fish and the genus most abundant was Allivibrio that has
been previously been associated with this species (Ward et al., 2009). The SALT bacterial
community composition was more variable than GALT 7 days after LPS exposure with the
most abundant genera, Colwellia, Psychromonas, Moritella, Arcobacter, Roseomonas and
Tenacibaculum. This could indicate that these genera may also develop pathogenic infections
to the fish causing diseases and mortality as previously reported in other animals (Nowlan et
al., 2020; Ramees et al., 2017; Tunsjg et al., 2007)

For N. rossii at 6°C there was no significant difference in bacterial community
composition of the GALT compared to 2°C. However, exposure to LPS at ambient temperature
(2°C) led to an increase in OTU abundance of one of the unidentified genus related to the
Desulfovibrionaceae. In contrast, the SALT in N. coriiceps responded differently to
temperature and LPS and seemed to be more susceptible to both factors with a decrease in
Arcobacter and Tenacibaculum. These two genera have not previously been identified in
Antarctic fish, although Arcobacter were reported in the microbiota associated with Antarctic
krill (Clarke et al., 2019). Furthermore, in the microbiota of N. rossii SALT Photobacterium
was more susceptible to LPS treatment and its abundance was significantly reduced, while
Pseudoalteromonas in control fish and Moritella in both control and LPS-treated fish increased
in abundance with temperature. These three genera were previously reported in the microbiota
of the GALT of wild Antarctic fish (Gallet et al., 2019; Giordano et al., 2012; Xu et al., 2003),

but the role in immune defence and their function remains to be clarified.

In summary, using metagenomics approaches this study uncovered unique bacterial
communities in Antarctic seawater, and in the GALT and SALT of two Notothenioids, N.
coriiceps and N. rossii. The results indicated that the cold and temperature stable Antarctic
environment has shaped the microbiota of the two Notothenioids. Furthermore, the bacterial
community compositions between the two species diverged despite living in similar habitat but

with lifestyle specificities of the adult populations.
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5.6. Conclusion

Overall, the present study revealed modulation of the microbiota in the GALT and SALT
by stressors like confinement, exposure to LPS endotoxin and increased seawater temperatures.
Furthermore, the response of the GALT and SALT to the stressors was tissue specific and varied
by species indicating that caution is needed when generalizing about the effects of stressors on
fish microbiota. The two Notothenioids studied inhabit similar Antarctic regions at depths lower
than 200 m with similar dietary habits but different food preferences at the adult stage although
is essentially based on krill, especially Euphasia superba, amphipods and small fish (namely
Pleuragramma Antarcticum) in both Notothenioids (La Mesa et al., 2004; McBride et al.,
2014). Divergence in the microbiota and its response to stressors in the two Notothenioids may
be evidence supporting the importance of host-microbiota cross-talk and our results suggest
that this may vary by species. The significant effect of confinement on the microbiota of N.
coriiceps and N. rossii despite a continuous supply of seawater from the environment hints at
the importance of the diet, fish physiology and possibly other as yet unidentified factors on the
SALT and GALT microbiome. Further studies will be required to better comprehend the factors
shaping the microbiota of fish and also the role of bacterial communities of the SALT and

GALT in shaping fish immunity.
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6.1 General discussion

In fish the innate immune system is the main defence mechanism against pathogens and
is of fundamental importance since they are permanently exposed to aquatic pathogens as well
as other harmful agents in the environment. Innate immunity was the first defence system to
evolve and provides a rapid and non-specific response to protect animals against pathogens and
consists of physical barriers, together with humoral and cellular defence mechanisms (Smith et
al., 2019; Uribe et al., 2011). Teleost fish are the most specious and successful group of
vertebrates with species living and adapted to a wide range of aquatic environments and to
diverse water microbiomes which are likely to have played a modulatory role in the
development of their immune defence. Available studies of immunity in teleost fish have mostly
used molecules extracted from pathogens (e.g. E. coli LPS, to mimic bacteria), heat killed
bacteria or synthetic compounds (e.g. Poly I:C, agonist of a viral challenge) to stimulate the
immune system and characterize the humoral and cellular response (Alkie et al., 2019; Jiang et
al., 2020; Li et al., 2020a; Lulijwa et al., 2020; MacKenzie et al., 2006, 2008; Watzke et al.,
2007; Zhou et al., 2014; Zoccola et al., 2017).

The Notothenioids are a class of teleost fish that inhabit the cold and freezing waters of
the Antarctic region. To survive under such extreme environmental conditions during their
radiation these fish underwent extreme morphological and physiological adaptations, but the
impact of this on the immune system is currently poorly understood. This thesis aimed to
understand if unique innovations occurred in the immune system of the Antarctic
Notothenioids when they radiated (over 10 — 20 million years ago) and adapted to the Antarctic.
In the experimental analysis | focussed on two phylogenetically proximate species, the black
rockcod (N. coriiceps) and the marbled rockcod (N. rossii) and transcriptomes and microbiomes
of innate immune barriers were analysed and compared with non-Antarctic teleosts under
control and immune challenged conditions. The specific systems studied were candidate genes
linked to iron metabolism (chapter 2.1), a gene family of the innate immune system, important
for pathogen recognition, the toll-like receptor (TLR) family (chapter 2.2) and the multi-
immune tissue response in N. coriiceps and N. rossii exposed to multiple stressors including a
pathogen challenge (chapter 3 and chapter 4) as well as the environmental microbiome and its

involvement in innate immune defence in Notothenioids (chapter 5).

366



Chapter 6

The following sections discusses the main outcomes of this PhD thesis.

6.1.1. Iron deprivation defence mechanism in Notothenioids

Iron is an important metal for growth and survival of bacteria. In the rockcods several
iron-related genes were studied that are involved in the defence response. In non-Antarctic fish
exposed to LPS, changes in iron-related gene expression have been linked to iron deficiency,
which directly impacts bacterial growth and metabolism (Martinez et al., 2017b; Neves et al.,
2009, 2015, 2017). Since in Antarctic seawater, iron is frequently a limiting metal in the
environment (Wu et al., 2019), | wanted to test if an adaptive change in iron metabolism
occurred and influenced the evolution of the iron-based immune response in Antarctic fish. In
this thesis | showed that both Notothenioids responded to LPS in a way similar to non-Antarctic
fish and the modifications in the expression of iron-related genes was indicative of modified
cellular iron homeostasis in the liver and head-kidney (chapter 2.1).

The response to LPS of N. coriiceps was of higher magnitude than N. rossii in head-
kidney and liver when genes that contribute to intracellular accumulation of iron and inhibition
of extracellular export (Fm, Fp, Tf, TFRC1, Hamp2) were evaluated (chapter 2.1). Physiological
differences between N. coriiceps and N. rossii may explain the divergence in their
responsiveness to LPS and a similar trend was also observed for other genes studied in this
thesis. The differences in gene responsiveness may be linked to evolutionary pressures caused
by habitat and dietary preferences of N. coriiceps and N. rossii (Cali et al., 2017; Ferreira et al.,
2017; Klein et al., 2017a). As far as | am aware this is the first evidence of a conserved
transcriptional response of iron-related genes to LPS exposure in Notothenioids. However, the
factors explaining the differing magnitude of the response between N. coriiceps and N. rossii
remains to be established as does a more detailed consideration of the consequence for the
homeostasis of metals in blood and other systems of the duration and route of exposure to the

immune challenge.

6.1.2. Peculiarities of the immune system in adaptation to cold
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The TIr genes are conserved and phylogenetically ancient PRRs across vertebrates and
have previously been described in some Notothenioids, including N. coriiceps, as innate
immune receptors that recognize and are stimulated by heat killed E. coli (Ahn et al., 2014,
2016). In chapter 2.2 the Tlr repertoire was comprehensively explored in N. coriiceps, N. rossii
as well as five other Notothenioid species. Tlr number across teleost fishes including the
Notothenioids was variable and in N. coriiceps and N. rossii 15 and 12 Tlr, respectively were
identified while in the other Notothenioids 10 to 15 TIr were found. Tlrs in all the Notothenoids
analysed had representatives in each of the Tlr superfamilies 1, 3, 5, 7 and 11. The difference
in the total number of Tlrs detected in the Notothenioid species analysed was due to gene
duplication or gene loss. In our extended comparison, Tlrs were identified for the first time in
N. rossii and homologues of the teleost tlr2b, tlrl3 and tlr25, were identified in N. coriiceps

and the tlr family repertoire was revised.

Comparative genomics of Tlr in Notothenioids and other teleost and non-teleost fish
revealed that gene number was similar. This indicated that the recent radiation of the
Notothenioids in a cold-stable environment did not significantly affect tlr gene number or
representation in the main gene families, which is similar to what has been observed for other
gene families such as antifreeze glycoproteins and zona pellucida proteins (Chen et al., 1997b,
2008; Kim et al., 2019a). However, it was demonstrated for the first time that some TIrs in
teleosts were under positive selection and in the Notothenoids TIr5, TIr8, TIr13, TIr22 and TIr23
underwent positive selection. The region most affected was the pathogen recognition domain
suggesting that pressure from the unique microbiota of the Antarctic may have driven this

change (chapter 2.2).

The Notothenioid species in which the Tlr repertoire was most different were D.
mawsoni where gene deletions occurred and G. acuticeps in which Tlr21 was duplicated. A
reduction in Tlr gene number was also identified in flatfish that had fewer Tlrs than other
teleosts (Shi et al., 2018; Takano et al., 2011). Our results contrast with those reported for other
cold-water fish such as the cod (Gadus morhua) from Arctic waters where extreme cold was
proposed to have fuelled a large tir gene family expansion (Solbakken et al., 2016). Gene family
expansion was not observed in Notothenioid species and instead gene number was generally
conserved, although positive selection and codon usage bias led to modifications in the LRR
motifs of TIr5, TIr8, TIrl3, TIr22 and TIr23 suggesting modifications in pathogen recognition.
In the future it will be of interest to determine if this is an adaptation to the unique Antarctic

marine microbiota.
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Through the transcriptome analysis in chapter 3, candidate TIr receptors (TIr5, TIr21
and TIr22) present in the head-kidney and intestine were analysed by qPCR after LPS exposure
for 8h and 24h of N. rossii in ambient (2°C) and increased (6°C) seawater temperatures. No
significant modifications of the candidate Tlrs were observed, although in other non-Antarctic
teleosts under LPS stimulation modifications in Tlr expression have been reported (Li et al.,
2017; Meijer et al., 2004; Palti, 2011; Qiu et al., 2019; Tsujita et al., 2004). The absence of a
response to LPS by N. rossii was unexpected but may be explained by a diversity of factors
including the source of LPS (from human dwelling bacteria), changes in LPS structure under
extreme cold, the route of administration (I.P.) or concentration or duration of exposure. In a
previous study on N. coriiceps exposed to LPS a transcriptional response of several tlrs was
observed and presumably differences in experimental procedures explain the conflicting
observations in the present study (Ahn et al., 2014). Nonetheless, the increase in plasma
lysozyme in N. rossii in seawater at 2°C after LPS exposure in the present study is indicative of
a PRR triggered response as was previously reported in Atlantic salmon (S. salar) (Nya and
Austin, 2010).

In summary, the stable-cold environmental conditions in Antarctica and the recent radiation of
the Notothenioids did not significantly influence TIr gene number. However, positive selection
in the PRR domain, which is important for pathogen recognition in the Notothenioids is
indicative of an adaptation to the unique Antarctic microbiota and of species-specific

adaptations to their ecological niches.

In chapter 3, we used NGS to determine for the first time the transcriptome of the main
hematopoietic tissues, the head-kidney and two mucosa-associated lymphoid tissues, the skin
and intestine (duodenum region) in N. coriiceps. The transcriptome response of the head-
kidney, skin and duodenum after 7 days of LPS (E. coli O111:B4, I.P.) administered i.p. was
also determined. Tissue specific molecular signatures linked to the LPS challenge were
established for the first time in the three tissues. The large datasets generated will be made
publicly available and contribute significantly to improve molecular tools and knowledge about
this species. The analysis of five individual transcriptomes per treatment group gave a robust

analytical outcome (FDR < 0.05) and was complemented with plasma biochemical parameters.

A relatively low number of DEGs (< 300) were identified after the LPS challenge and
were poorly enriched in immune genes. Instead, genes related to energy metabolism, energy

production and mitochondria were most evident. Furthermore, very few DEGs were identified
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in skin, which was poorly responsive to LPS the DEGs were mainly associated with
mitochondrial function and ROS. The poor response to LPS conflicts with the outcome of a
similar previous study also in N. coriiceps (Ahn et al., 2016) which analysed the liver after 12
hi.p. LPS and of studies in non-Antarctic teleosts that showed increased expression of immune
related genes namely tlrs, c-type lectin receptors, complement, MHC | and I, coagulation
cascade, lysozyme and other cytokines and chemokines (Cai et al., 2018; Li et al., 2020b; Liu
et al., 2018; Maekawa et al., 2021; Palstra et al., 2018; Zoccola et al., 2017) (chapter 3). The
reason for this discrepancy was unclear but may be explained by the type of LPS used (as

discussed later).

A shift in transcripts related to energy metabolism has previously been reported in the
head kidney of rainbow trout (O. mykiss) after LPS (i.p..) exposure (E. coli O26:B6)
(MacKenzie et al., 2008). The modification of mitochondrial-related gene transcripts among
the DEGs was more specific to N. coriiceps and it remains to be established if this is a specific
adaptive response linked to the higher mitochondrial density that exists in Antarctic fish
(O’Brien and Sidell, 2000). The DEGs related to the immune system, included nlrc3, which has
previously been associated with antibacterial defence in teleosts such as in Miichthys miiuy,
Paralichthys olivaceus and Cirrhinus mrigala (Chu et al., 2021; Li et al., 2015; Park et al.,
2012; Swain et al., 2013). The chemokines such as interleukins and PRRs (nlrp3) down-
regulated in the duodenum of N. coriiceps were shown to be linked to cytokine processing and
secretion in Danio rerio (Li et al., 2020a). The immune-related processes enriched in the skin
in the present study were interleukins and antigen processing and presentation and have
previously been reported in the liver of N. coriiceps exposed for 12h to heat-killed E. coli
bacteria (HKEB O11:B4) (Ahn et al., 2016).

Overall, LPS induced a relatively small response in N. coriiceps in our study, which was
also reflected by the absence of a response in plasma lysozyme and antiproteases. The general
absence of a systemic response was consistent with the results of chapter 2.1 and chapter 2.2.
Interestingly, the Tlr transcripts although present in the transcriptome were not represented
among the DEGs identified, consistent with the results of chapter 2.2 where LPS did not
significantly modify tlr expression. Possible factors that may explain the low immune response
in N. coriiceps may be linked to the origin of the LPS (it was obtained from bacteria adapted to
humans), a change in its structure caused by the low temperature and possibly route, dose, and
duration of administration. Temperature is known to modify LPS structure (Chattopadhyay,

2006; Kumar et al., 2002; Wu et al., 2013) and the low water temperatures used in the study
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may have interfered with the recognition by PRRs (including TIrs) and consequently immune
system activation (Akira et al., 2006).

In chapter 4, a NGS sequencing approach was also used to generate for the first-time
transcriptomes of duodenum, skin, spleen, and liver in N. rossii 8h after a challenge using a
proxy for bacteria (LPS) and virus (poly I:C) at 2°C. Since, the sequenced genome of N. rossii
is not publicly available an annotation strategy based on mapping of the transcripts to the
genomes of other Antarctic Nototheniids was followed and resulted in approximately 70%
annotated transcripts. Although 4 samples per treatment and tissue were collected, quality
control issues meant that only three individuals per treatment group were considered in the
analysis. Plasma biochemical parameters (n = 6 fish, lysozyme, antitrypsin, cortisol, plasma
protein and haematocrit) were analysed to obtain an insight into the physiological status of the
fish. The LPS and the poly I:C treatments provoked a tissue-specific response, and the skin and
duodenum were the most responsive (more than 1500 DEGs/tissue). An unexpected
observation was the strong gene transcript response of the skin to LPS and of the duodenum to

poly I:C suggesting specialization in the protective role of these two immune barriers.

In both pathogen challenges GO and KEGG enrichment analysis identified changes in
the core tissue transcriptome linked to energy metabolism and tissue specific changes linked to
metabolic pathways namely lipid and glucose metabolism. Immune system processes were well
represented among the DEGs and were predominantly up-regulated and involved humoral and
cellular components many of which were of innate immunity. In the LPS challenge DEGs of
the immune system included lysozyme g, MHC | and Il, antitrypsin, chemokines type 1 and 4,
IL-11, macrophages, B and T cells and a similar response was reported in an N. coriiceps liver
transcriptome (Ahn et al., 2016) as well as in yellowhead catfish (Liu et al., 2016, 2018),
Atlantic salmon (Palstra et al., 2018), channel catfish (Jiang et al., 2020), carp (S. prenanti, (Li
etal., 2020c) and Nile tilapia (Maekawa et al., 2021). The immune related genes identified with
poly I:.C challenge included, IFN, IL-1, MHC I, several proteins of the complement system (C4,
Clq, C7, C9, factor B, factor D) and immunoglobulins and this response was similar to that
reported in other teleosts and in N. coriiceps under similar stimuli (Ahn et al., 2016; Lulijwa et
al., 2020; Zhou et al., 2014).

Interestingly, a clear separation of response between the skin and duodenum revealed
tissue-specificity and the recruitment of a different suite of immune genes was observed

depending on the challenge, bacterial or viral. The skin was most responsive to a bacterial LPS
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challenge and the duodenum to viral poly: IC. However, both tissues responded by increasing
cell junction adherence and reinforcing the barrier and make it more impermeable to the
perceived pathogens. This presumably explains the lower response of the liver and spleen to
both challenges and suggests the immune barrier function of skin and duodenum was highly

effective.

The search for PRR among the DEGs of the duodenum and skin revealed that Tlrs were
absent. These results contrast with previous findings in N. coriiceps and other teleosts (Ahn et
al., 2014; Li et al., 2020c; Liu et al., 2016) and suggest that TLRs may be less important for
LPS recognition than other factors. The results of chapters 3 and 4 suggest that in N. coriiceps
(chapter 3) and N. rossii (chapter 4) PRRs such as NLRs, CLRs and RLRs, that have so far been
poorly studied in fish, may have an important role, since they unlike Tlrs, they were upregulated
in response to treatments . The role of these PRRs in pathogen recognition is unlikely to be a
specialization of Antarctic fish, since they also responded to LPS stimulation in other teleosts -
, C-type lectin genes in the Atlantic salmon and barramundi, NLRC3 genes in the olive flounder
and NOD1 genes in Miiuy croaker (Chu et al., 2021; Li et al., 2016; Soanes et al., 2004; Zoccola
et al., 2017). The absence of Tlrs represented in the DEGs in N. rossii stimulated with LPS is
consistent with the results of chapter 2.2 and chapter 3 where tlr genes were also unresponsive
to LPS exposure. Similar PRRs were identified in the duodenum in poly I:C treated fish.
However, a response of TLRs was elicited by poly I:C exposure and tlr3 was modified in liver
of N. rossii, which is coherent with the results of previous studies in which poly I:C modified
tlr3 in N. coriiceps liver and in several other teleosts (Ahn et al., 2014; Andresen et al., 2020;
Zhou et al., 2014).

Poly I:C challenge also stimulated iron-related genes and this is an aspect that merits
further study, since this response has been associated with LPS challenge in other teleosts
(Costa et al., 2011; Lange et al., 2001; Martinez et al., 2017a; Neves et al., 2015, 2017).

LPS exposure did not cause a change in plasma biochemical parameters but poly I.C
decreased antiproteases and the haematocrit revealing it caused a systemic response. The
plasma biochemical changes in N. rossii exposed to poly I:C do not corroborate those

previously reported in Chinook salmon (Lulijwa et al., 2020).

Overall, the transcriptome results brought new insights into the responsiveness of N.
rossii to LPS and the robustness of the results was supported by their consistency with the

results of chapter 2.1 (iron-related genes) and chapter 2.2 (absence of tlr response) as well as
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work published by other authors. Similarities were found with the transcriptome generated for
the skin, duodenum, and head-kidney of N. coriiceps, namely related to energy metabolism and
energy production (Chapter 3) under LPS challenge. Furthermore, a novel observation resulting
from this work was the likely importance of the less known PRRs (NLRs, CLRs and RLRs)
and the selenium ion genes in LPS and poly I:C recognition in N. rossii.

The partitioning of genes that responded to LPS or poly I:C was unexpected, and a clear
division of the immune defence components identified in skin and duodenum was observed. In
the skin, which was most modified by LPS challenge, several humoral factors were identified
including C-reactive protein, lysozyme g, C1q, trypsin, mucin 2-like, bactericidal permeability-
increasing protein, interleukin 11 receptor, chemokines like receptor 1 and type 3-2, TNF, TGF-
S, and cellular components such as leukocytes, CD9, CD59, CD151, CD209, platelet-activating
factors and mast cells. A number of gene transcripts associated with acquired immunity and
more specifically B and T cells, were identified. The transcriptional response to a viral poly I:C
challenge included genes of the complement proteins, cytokine inducing SH2, interferons,
mucin 2, sialomucin, protein kinase C, chemokines 12A, 20 and receptor type 4, MHC I and 11,
leukocytes, macrophages, CD63 and CD302. Several immunoglobulin (lg) genes were
identified particularly in the duodenum in response to a poly I:C challenge, which was
surprising since extracellular antigens are normally considered to activate B lymphocytes and
stimulate secretion of Igs. Further investigation of the acquired immune response in the future

should provide new insights into the teleost acquired response.

6.1.3. Microbiota adaptation to the cold

The present thesis provides the first comparison between bacterial communities of two
mucosa-associated lymphoid tissues, SALT and GALT, from recently captured N. coriiceps
and N. rossii, and in N. rossii after a short period of captivity, under stimulation by bacterial
endotoxin and under a thermal challenge (chapter 5). The 16s rRNA sequencing approach (V3-
V4 region) was applied to identify bacterial communities in surface seawater and tissues
samples from the two Notothenioids and revealed unique and shared bacterial communities
between the tissues, species, and seawater. The failure to specifically identity several bacterial
communities was indicative of the uniqueness of the, yet little studied, Antarctic microbiota.

The predominant phylum identified in seawater and fish was Proteobacteria, but the bacterial
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richness fish tissues was higher (more than 5000 OTU) than seawater (approximately 85 OTU),
which suggests the physiology of the fish and environmental factors may have a strong
contribution in shaping the microbiome (Bottos et al., 2020). The Proteobacteria is a major
phylum of gram-negative bacteria and have frequently been found in Antarctic environments
(Di Lorenzo et al., 2020). It is known that the gram-negative Antarctic bacteria have developed
strategies to flourish under extreme cold (Tribelli and Lopez, 2018). Also, it had been described
that these bacteria modify the structure of their LPS especially lipid A to improve fluidity and
allow protein flexibility, which is important for function (Di Lorenzo et al., 2020). Consistent
with previous studies, members of the Allivibrio genus were abundant in both skin and gut of
the two Notothenioids studied (Ward et al., 2009). However, two novel observations in N.
rossii, were i) the abundance of Cetobacterium in the skin and gut, which had not previously
been reported in Antarctic fish but it is common in the gut of marine teleosts (Egerton et al.,
2018) and ii) the higher abundance of Colwellia in the skin than in the gut. This genus has been
well studied in the context of the enzymes they produce with high thermal tolerance and makes
them of considerable interest for industry (used in detergent, textile, paper, and food industries).
However, the genus is not well studied due to their limited representation in microbiota so far
(Bruno et al., 2019). The contribution of this bacteria to skin function will be an interesting

future avenue of research.

Significant changes in bacterial richness were observed in fish kept in tanks with a flow
through system, compared to “wild” (i.e., immediately after capture) although Proteobacteria
remained predominant. In captivity the diet was restricted compared to the fish in the wild,
which could be a reason for a change in the microbiome, particularly in the GALT because of

its role in digestion.

After LPS stimulation of the GALT and SALT, bacterial richness was only found to
vary in the SALT. This response was particularly intriguing considering that this was a tissue
that had a high transcriptional response to LPS by immersion in N. rossii (chapter 4). It is
therefore possible that the change in bacterial richness in SALT is linked to the significant

modifications in the immune activity of the tissue.

In contrast, a rise in seawater temperature from 2 °C to 6°C caused an increase in
bacterial richness in both the SALT and GALT of N. rossii. The study revealed a hitherto
unidentified richness in the bacterial communities of Antarctic fish with Psychromonas,

Moritella, Arcobacter, Roseomonas and Tenacibaculum represented, while previously only
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Psychromonas and Moritella had been reported (Song et al., 2016; Ward et al., 2009). Overall,
the results indicate that increases in temperature in the context of climate change is likely to
cause a significant modification in the microbiota of the GALT and SALT of N. rossii with as

yet unknown consequences.

6.2 Conclusion and future perspectives

Our initial hypothesis was to assess if the evolution of the immune system was shaped
by the unique environmental conditions of Antarctica, and we showed specific evolution of the
TIr gene family in the Antarctic fishes. Also, the transcriptional response of N. coriiceps and N.
rossii provide new insights that have an immunological significance with broad functions in the
two Notothenioids, indicating that NLR, CLR and RLR PRRs, toxins and selenium-related
genes may have a key role in bacterial and viral recognition and antimicrobial properties
defence. In addition, there was a clear evidence of skin and duodenum function as immune
barriers with specific immune responses to bacterial and viral challenges. In addition, it was
possible to show common immune defence mechanisms to other teleosts, namely the iron
deprivation after bacterial endotoxin exposure. Divergence was observed in the immune
responses of the two Notothenioids, and this will form the basis of future studies to further

dissect out immune system evolution and defence mechanisms.

Overall, our findings indicate species and tissues-specificity of microbiota as well as

susceptibilities to LPS and increased seawater temperature as summarized in Table 6.1.

Table 6.1. Comparative analysis of the immune response of N. coriiceps and N. rossii. The arrows
indicate the genes or groups of genes linked to specific processes. Some of the DEGs are identified and
their expression (up- or down-regulated) is indicated. Fe indicates iron and Se indicates selenium genes.
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Comparative immune
response results

N. coriiceps

N. rossii

-

Other teleosts

Iron-immune related genes
In head-kidney {(Hk) and

A ithi (L, Hi)
A o iHky A (L, Hk)

AN feh (HK)
A i (He) A cp (L, Hi)

Induce

family evolution and LPS I.p.
stimuli

{8 and 24 hours)

@TLRS 5F: tirs, Hr55
OTLR? SF: Hr7, tirH, Hre
@TLR11 5F: tirl 3, Ordl, tird2,
tir23
LPS I.p. not performed

®TLRS SF: Hrs

OTLR7 5F: tir7, tir, lire
OTLRLL 5F: tir21, Ord2, tir23
1‘ lysozyme (24h)

= effects on gene expression

liver {Lv) after LPS i.p. A (L, Hi) A o (Hk) hypoferraemic responses
ALy, HE) A e ()
(7 days) AN tfr (Hi) A hpd (L)
_ OTLRL SF: tirl, Hr2, Hri4/18 |@TLRL SF: tird, tie2, iri4/18 Induce several TLRs gene
Toll-like receptors genes  (@TLUR3 SF: 63 ®TLRZ SF: Hr3 expression from the 5 families

(TLR1, TLR3, TLRS, TLR7 and
TLR11}

Increase the lysozyme and the
antiprotease activities

W PRRs (NLR, MCR) Increase gene expression:

C-type lectin receptors,
ILs, TGFs, MHC I and II,

Head-kidney, skin {Sk)

and dundenum (Du) 1‘ energy metabolism

transcriptomes , , Mot analyzed
after LPS I.p. n mitochondrial polarization globulin, respiratory burst,
'1" protein ubiguitination metabolic scope, cortisol and
(7 days} = effects on plasma enzymes antioxidant responses

A Fe genes (LPS, Foly 1:C)
M Se genes (LPS, Poly 1:C)
A WLR, CLR, ALR

(LPS, Poly 1:C)
‘r toxing (LPS, Poly 1:0)

A bz (Paly 1:0)

Increase gene expression:
TLR3 and other TLRs,
ILs, TGFs, IFMs, complement,
MHC T and II, coagulation
cascade, Igs, B and T cells,
innate cells,
iron-related metabolism

Skin, ducdenum, spleen (Sp)
and liver transcriptomes
after LPS and Poly I:C
immersion

Mot performed

(& and 24 hours)

"Wild": predominance of
urnidentified phyla

Identified phyla:

Protecbacteria and Cyanobacteria
Allivibrio, Colwellla, Cetobactenum
[SALT, GALT)

"Wild": predominance of
unidentified phyla
Identified phyla:
Proteabacteria and Cyanobacteria
Ailwibrio genus (SALT, GALT)

"Wild": predominance of
Protecbacteria, Firmicutes and
Actinobacteria from seawater

fish. The genera are too

SALT and GALT microbiomes
in "wild® and after LPS I.p.
and increased [G°C)

temperature ALps: Psychromanas, CTL: Pseudoalteromanas, variable acrass species.
Moritella, Arobacter, Arcobacter (SALT 2/69C)
(7 days) Roseomonas, Poorly explored under LPS

1'LP5: Photobacterium, and increased temperature

Catobacterivm, Vibrio
{GALT &69C)

Tenacibacwlum (SALT)

1‘ LPS: Allivibwio [GALT)

This study also draws attention to the importance of LPS source. Despite commonly
used in experiments with teleosts and mammals, the LPS sold commercially may not be
adequate to use in fish living at low temperature in Antarctica. Further investigations are

needed to clarify this issue.

The lack of a genome for N. rossii and the incomplete genome for N. coriiceps (rough
draft genome released in 2014) limited the depth of analysis. This is compounded by the very

limited conditions to do experiments in Antarctica.

It will be important to carry out pathogenicity studies in Antarctic fish and relate to
global warming conditions. Better knowledge of the Southern Ocean microbiota (bacteria,
viruses, parasites) is needed, covering different geographical scales and organisms to better
comprehend their interaction and potential functions in host immune defence. In addition,

several scientific questions remain open: Are toxins, selenium and PRRs instead of well-
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described Tlrs as highly expressed against LPS, unique immune system innovations of these
Notothenioids compared to other teleosts? Which other immune genes beyond the TLRs were
modified under selective pressure of cold temperatures? Which are the common and species-
specific bacterial microbiota, if at all, important for Notothenioid immune system defence and
their specific role? Are the Notothenioids capable to adapt and survive in longer exposure

(months and/or years) to increased seawater temperatures?
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