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Resumo

A superordem dos Notothenioidei inclui o maior numero de representantes the peixes 6sseos
na plataforma continental da Antartida. As condicdes abidticas e bidticas que dominam nesta
regido do mundo levaram a radiagdo e a especiacdo desta ordem. As baixas temperaturas que
se deram durante o periodo do Eoceno Tardio levaram a flutuagdo da superficie ocupada pela
calota glaciar no Oceano Antartico o que levou a uma reducdo do habitat disponivel na
plataforma continental. Por sua vez, a falta de habitat foi seguida por um declinio nas espécies
de peixes dsseos € a uma alteracdo na relacdo predador-presa o que permitiu dispersdo e
diversificacdo das espécies que se adaptaram ao novo meio ambiente. H4 25 milhdes de anos
as condi¢des ambientais tornaram-se mais estaveis criando um ambiente dominado por dguas
frias, ricas em oxygénio e nutrientes o que promoveu a adaptagdo radiativa dos Notothenoids.
Os novos nichos ecoldgicos associados a condi¢des ambientais estdveis providenciaram aos
Notothenoids os requisitos para se tornarem a ordem de peixes 6sseos domiante na plataforma
continental da Antartida. Um dos pontos de interesse por esta ordem de peixes 6sseos deve-se
ao facto de ainda ndo se perceber qual serd o impacto do aquecimento global nestas espécies.
As diversas adaptagdes presentes nas varias espécies desta ordem também representam um
fator de peso no que leva ao seu interesse cientifico. Estas vao desde elevada densidade de
mitocondrias e maior dimensdo do miocardio, a perda de resposta das proteinas de choque
térmico, perda de hemoglobina, a evolucdo de proteinas anticongelantes - as adaptacdes
observadas indicam qudo bem se deu a adpatacdo desta ordem a um ambiente extremo.
Entretanto, ja foram desenvolvidos trabalhos que evidenciam que o sistema imune destas
espécies também foi sujeito a adaptacdes promovidas pelo meio ambiente da Antartida. De
modo geral, o sistema imune permite aos organismos superar perturbagdes que vao ao encontro
da sua homeostase. O estudo do sistema imune em vertebrados, como os peixes, pode revelar
aspetos importantes para o entendimento da evolugdo do sistema imune em vertebrados mais
complexos. O objetivo deste trabalho ¢ de estudar a evolugdo de genes que se enquadram no
sistema imune de trés espécies de peixes 0sseos da regido Antartida, Eleginops maclovinus que
reside na regido sub-polar da Antartida e duas espécies cuja a distribui¢do ¢ limitada ao oceano
da Antartida pela corrente circumpolar, Notothenia coriiceps e Dissostichus mawsoni. Para tal,
foram escolhidas cinco familias de genes que se relacionam com o sistema imune, estas foram
os toll-like receptors (TLR), immunoglobulin superfamily (1gSf), phosphoinositide-3-kinase
(PIK3), AKT/protein kinase B (AKT3) e as semaphorins (Sema). Os genomas e transcriptomas
de 8 espécies de peixes foram obtidos de bases de dados de livre acesso enquanto os genomas

e transcriptomas das espécies da Antartida foram proporcionados pelo laboratério do Professor
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LiangBiao Chen da Shanghai Ocean University. Depois de identificadas as sequéncias
proteicas destas familias no peixe modelo Danio rerio, procedeu-se a uma pesquisa de
similaridade por BLAST entre estas tltimas e os transcriptomas das restantes espécies de forma
a identificar as sequéncias potencialmente homologas. Estas sequéncias por sua vez foram
filtradas de modo a somente reter, para cada familia, as sequéncias que apresentavam um racio
de identidade desejado. Apdés um alinhamento multiplo de sequéncias (MSA), foram
escolhidos para cada uma das familias o melhor modelo evolutivo. Com os MSA de amino
acidos foi possivel construir para cada familia uma arvore filogenética na qual foi possivel
identificar genes ortdlogos. Com os genes ortdlogos foi possivel construir uma arvore
filogenética de espécies. De seguida, os MSA de amino acidos foram convertidos para
alinhamentos de coddes para permitir a estimacdo da taxa de substituicdo de nucledtidos nas
arvores filogenéticas das espécies, que ¢ dada por w= dN/dS onde dN equivale a taxa de
substitui¢do ndo-sinénima e dS a taxa de substituicdo sinébnima. Com o valor de dS foi entdo
possivel resolver a equacdo 7=Ks/2r, em que T representa o tempo de divergéncia a ser
calculado, Ks ¢ taxa de substitui¢do sinéonima e » ¢ a taxa de substitui¢do estimada obtida da
bibliografia. Os resultados relativos ao numero de sequéncias e a analise filogenética
permitiram identificar variabilidade no ntimero de genes encontrados em cada espécie tal como
também foi possivel observar que, quando presentes, os ortdlogos das 11 espécies formavam
uma arvore filogenética distincta. Estas observacdes levaram a estipular, tanto para os
Notothenoids como para os restantes taxa analisados, que estas familias de genes se enquadram
num processo evolutivo denomiado de processo de nascimento e morte. As estimagdes dos
tempos de divergéncia, obtidos nos nds para cada familia de genes que representada num maior
nimero de espécies resultaram em tempos de divergéncia similares ou superiores as estimativas
dadas pelos registos fosseis. Por sua vez, os nds que apresentavam um menor numero de
epécies, indicaram tempos de divergéncia mais recentes do que os registos fosseis. As cinco
familias de genes nos Nototheniidae indicaram tempos de divergéncia recentes desde 7.1
milhdes de anos (m.y.a) para Sema, 6.2 m.y.a para AKT3, 4.3 m.y.a para IgSf, 4 m.y.a para
PIK3 e 2.5 m.y.a para TLR. As diferengas obtidas entre os tempos de divergéncia das cinco
familias de genes revelam uma possivel relevancia perante a adaptagdo dos Nototheniidae ao
ambiente antartico, pois as familias de genes que apresentam func¢des mais diversas também
apresentam tempos de divergéncia mais antigos (Sema, AKT3, PIK3, IgSf) do que as familias
de genes com fungdes somente immunologicas (TLR). Finalmente, foi possivel observar que
estes tempos de divergéncia incluem-se dentro das estimativas cronoldgicas dadas para um

fendmeno climatérico conhecido como transicao climatérica do mioceno médio (MMCT) que
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ocurreu entre os 25-5 m.y.a. Esta correlagdo levou a considerar que as adaptacdes do sistema

imune dos nototheniidae sejam subsequentes ao MMCT.

Palavras-chave: Peixes da Antartida, adaptacdo, genes da imunidade, familias de genes,

fiolgenia.
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Abstract

The Notothenioidei suborder has the largest representation of teleost fish in the Antarctic
continental shelf. Their speciation and adaptive radiation was the result of particular abiotic
and biotic conditions in the Southern Ocean. During the Late Eocene the cooler temperatures
enlarged the ice cover leading to the loss of shelf habitat. This loss of natural environment
resulted in a decline of fish diversity followed by the radiation and diversification of those who
could adapt to the new conditions. Since then, the stable environment that has governed the
Southern Ocean for the last 25 million years promoted the adaption of Notothenoids to cold,
oxygen rich waters, allowing them to become the main teleost suborder in the Antarctic shelf
habitats. Furthermore, previous work has shown that in Notothenoids immune related genes
have undergone adaptations due to their exposure to the environmental conditions of the
Antarctic Ocean. Their immune related adaptations give us the opportunity to study the
phylogenetic diversification among Notothenioids and other teleosts that adapted to different
environments. We studied the evolution of five immune related gene families in eight non-
Antarctic vertebrates and three notothenoids, Eleginops maclovinus, Notothenia coriiceps and
Dissostichus mawsoni, through phylogenetic analysis and divergence times estimation using
nucleic and protein sequences. Genes for five different gene families were obtained from the
genome and transcriptome of the investigated species. A possible birth-and-death process may
have been identified for the five immune gene families. Furthermore, the divergence times
estimated for the nototheniidae indicate that after the Middle Miocene climatic transition, those
species relied on the gene families that presented a broader range of functions for their adaption

to the Antarctic environment.

Keywords: Antarctic fish, adaptation, immune genes, gene families, phylogeny.
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1. Introduction

1.1 The Antarctic Ocean

The Antarctic or Southern Ocean has been a cold and stable environment for the last 20
million years (Dayton et al., 1994) when the land bridges between East Antarctica and
Australia (Tasmanian gateway) around 35.5 m.y.a (Stickley et al., 2004) and between South
America and the Antarctic Peninsula (Drake Passage) were interrupted allowing the circulation
of a circumpolar current, the Antarctic circumpolar current (ACC) ( Lyle et al., 2007; Pfuhl &
McCave, 2005).These events were caused by the displacement of tectonic plates, isolating the
Antarctic continent and altering the atmospheric circulation leading to a cooling of this region
(Cristini et al., 2012) . The currently extended ice-sheet cover that expands over the Southern
Ocean is believed to have started during the Eocene-Oligocene transition period when the low
pCO: and the cooling of Antarctic sea water gave rise to a global “Ice-house” state (Sijp et al.,
2014) (Fig.1.1). Not only did this global cooling and expanding ice-sheet shaped the landscape
of the southern pole, it has also changed the subaquatic landscape by occupying a great extent
of the continental shelf (Clarke et al., 2004). During the last glacial maxima the ice sheet
extension reached as far as the continental shelf (MacKintosh et al., 2011).

The ACC is the major current of the Antarctic Ocean and the largest of the earth
(Mintenbeck, 2017) with current speeds of 173 Sv (1 Sv equals 10°m? s7!) (Donohue e al.,
2016) flowing from west to east connecting the various ocean basins while distributing heat
and nutrients (Hassold ez al., 2009), acting as a boundary between the adjacent oceans and the
Antarctic Ocean (Orsi et al., 1995). The Antarctic ocean is characterized by oxygen rich waters
(Lu et al., 2016) with high nutrient concentrations (Dayton et al., 1994). The water temperature
around the Antarctic continent is permanently low varying between +2°C and -2°C
(Mintenbeck, 2017). During the polar summer when the poles have a continuous solar exposure
the increasing temperature of sea surface stratifies the water column reduces the mixed layer
depth and stimulates the phytoplankton bloom (Llort ef al., 2015) which is one of the main
starting points of the food web of this region (Constable et al., 2014).
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Figure 1.1: Representation of the Southern Ocean with minimum and maximum extent of sea
ice and the Southern Boundary of the Antarctic Circumpolar Current, and the 1000 m countour.
Adapted from Constable et al., (2014).

The ongoing increase in greenhouse gases due to anthropic activity is causing a global
warming that is threatening the south pole by increasing the sea water temperature, melting the
ice cover, and increasing stratification (Gupta et al., 2009). As a result, the ACC could start to
slow down enhancing the mixing of the warmer waters of the adjacent oceans and increasing
even more the sea water temperature of the Antarctic Ocean (Rusell et al., 2006). When looking
at the future of the Antarctic continent under the scope of global warming one is compelled to
think about the ecosystem that was established under unchanging stable conditions for the last

20 million years which included the endemic Notothenoid teleosts.

1.2 Fish Immunology

The first evidence of an early immune system is attributed to the phagocytic activity of
unicellular amebae comparable to the phagocytic activity of macrophages in higher organisms
(Desjardins et al., 2005). Nevertheless, a necessary ability to eliminate intruders or pathogens
is the recognition of the self and non-self (Cooper, 2010). The non-specific innate immune
system developed receptors (e.g toll-like receptors) that could identify features that were
preserved on microbial pathogens like glycolipids of the cell-membrane and nucleic acids

(Iwasaki & Medzhitov, 2015; Janeway, 1989; Takeda et al., 2003). To these toll-like receptors



has also been attributed an important role in acquired immune defences since they activate
antigen specific T cells (Fearon & Locksley, 1996Schnare et al., 2001). It is to note that the
bases of modern immunology reside in the phagocytosis theory presented by Metchnikoff who
did his findings on starfish larvae (Tauber, 1992). Fish are considered an essential link to the
study of the evolution of the vertebrate immune system because of their basal position and
because they have the greatest number of species (Ahn ef al., 2016). The innate immune system
is essential for fishes since they are exposed to the aquatic environment from early
developmental stages (Rombout ez al., 2005). Besides, fish represent a significant contribution
for the spread of the adaptive immunity in vertebrates since the adaptive immune system has
its origin in primitive jawless fish (Litman et al.,2010).

The immune system allows animals to cope with everyday disturbances like injuries
due to predation or infections by pathogens so as to maintain their homeostasis (Buchmann,
2014). Basically, when infected, the animal’s immune system acts as a feedback mechanism to
the non-self pathogen by producing defenses that will eliminate the intruder. As to better
conceptualize the immune system and understand what are the processes involved in the
different immune responses, the immune system was artificially divided into two components

the innate and the adaptive immunity (Schultz & Grieder, 1987) (Fig.1.2).
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Figure 1.2: Representation of the two components of the immune system with the innate
immunity represented in boldface. The innate system recognizes the pathogens and indicates
to the adaptive system which are the complementary anitgens (From Fearon & Locksley
(1996)).

They differ in their origin and function where the innate immunity relies on non-specific germ
line encoded receptor proteins and the adaptive immunity relies on gene recombinations (V(D)J
recombination) that produce specific antigen-receptors on the surface of B and T cells that
allows them to recognize a large number of antigens (Thompson, 1995). Phylogenetically the

innate immune system predates the adaptive immunity since it can be found in all multicellular



organisms whereas the adaptive immunity is only found in vertebrates (Janeway & Medzhitov,
2002). Furthermore, the study of teleost immunity can provide interesting knowledge about the
possibilities that immune related genes could be responsible for the diversification of species
(Eizaguirre et al., 2009). For example, the cold adapted Atlantic cod (Gadus morhua) presents
an interesting case study where immune related genes are thought to have brought forth
speciation. Interestingly this species has lost the major histocompatibility complex (MHC)
which is a key feature of the adaptive immune system (Star ef al., 2011). The loss of MHC II
genes triggered the compensatory expansion of MHC I gene complex but authors did not clarify
which one arose first and if they were related. More recently, Malmstrem et al., (2016) tried to
unravel the relationship and order in which these events occurred so as to understand the role
of immune related genes on speciation. As it turns out, the MHC II gene loss predates the MHC
I gene expansion which could have triggered the gene expansion of MHC I genes, highlighting

the role of MHC genes in teleost diversification.

1.3 The immune system of Antarctic fish

The Notothenoids are the most abundant and diverse teleost group in Antarctic waters
and are a good example of a specific adaptive radiation known as species flock (Eastman &
McCune, 2000). Notothenoids are mostly benthic fish specifically due to their lack of swim
bladder but some species like D. mawsoni have developed a nearly pelagic lifestyle by reducing
the density of their skeleton and by enhancing fat deposits (Eastman & Devries, (1981),
Eastman, (2000)). Other adaptations that have contributed for their success in the extreme cold
environment range from higher mitochondria density (O’Brien & Mueller, 2010), loss of the
heat shock proteins response (Hofmann et al., 2000), increased myocardium (Johnston et al.,
1983), loss of haemoglobin (Ruud, 1954) and evolution of anti-freeze proteins (Deng et al.,
2010). The evolution of anti-freeze proteins was a fundamental part of their success in the
southern Ocean (Montgomery & Clements, 2000). In Notothenoids two kinds of antifreeze
molecules can be found, the antifreeze glycoproteins and the antifreeze proteins (Evans &
DeVries, 2017). Chen et al., (1997) found that an antifreeze glycoprotein gene evolved from a
pancreatic enzyme gene. In addition, Deng et al. (2010) also hinted that the origin of antifreeze
proteins is linked to the neofunctionalization of an old sialic acid synthase gene. The work of
Chen et al, (2008) that focused on the transcriptomic and genomic evolution of the
Notothenoid fish revealed an up-regulation of innate immunity related genes that are suggested
to be responsible for the prevention of oxidative stress due to high oxygen exposure in these
fish. Similarly, Bilyk & Cheng (2013) also pointed to the enhanced over expression of genes

related to innate immune response in the Notothenoid P.borchgrevinki. Additionally, when



exposed to a different pathogen agonist, bacterial or viral, N.coriiceps presented different
immune responses (Ahn et al., 2016). While when exposed to bacterial pathogen, the immune
response was based on antigen presentation, during a viral contamination the immune response
induced the tumor necrosis factor (TNF) pathway. Ota et al.,( 2003) showed in two
Notothenoid species that an immunoglobulin gene (IgM) had undergone adaptive selection to
prevent protein disfunction due to the cold environment or degradation by coevolving parasites.
All these specific adaptations of the immune system in Notothenoids allow us to study and

finally understand their diversification in a such extreme environment.

1.4 Fish genome evolution

Although the term “fish” doesn’t refer to a monophyletic group in the tree of life it is
widely used and refers mostly to the water dwelling animals belonging to the teleosts
(coelacanth, lungfish, ray-finned fish), chondrichthyes (sharks, rays, chimeras) and jawless
craniates (lampreys, hagfish) (Nelson, 2006). From those, the ray-finned fish or
actinopterygian account for 95% of the fish species and represent half of the known species of
vertebrates (Volff, 2005). The increasing availability of whole-genome sequencing has
provided the evidence that vertebrates have gone through a series of whole-genome duplication
(WGD) events (Dehal & Boore, 2005; Putnam et al., 2008). In comparison with invertebrates,
the genomes of vertebrates present a higher number of genes in each gene family (Meyer &
Van de Peer, 2005). Common to all vertebrates are two episodes of whole genome duplication
(1R and 2R) which are thought to have occurred at the earlier stages of their evolution (Dehal
& Boore, 2005) whereas teleosts have undergone another specific whole genome duplication
(3R) ( Van de Peer et al, 2003; Meyer & Van de Peer, 2005) between 225 and 333 million
years ago ( Hurley et al., 2007; Near et al., 2012) (Figure 1.3).
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Figure 1.3: Species tree showing major vertebrate groups and their evolutionary relationship
with the 3 rounds of whole genome duplication. 1R and 2R corresponds to the two whole
genome replications in the vertebrate stem. 3R corresponds to the whole genome replication
specific to teleost fish. Adapted from (OIST).




After genome duplication the resulting pairs of genes (paralogs) can have different fates.
Immediately after duplication the daughter genes present similar functions, lessening the
selective constrains to keep both of the duplicates resulting in the loss of one duplicate (non-
functionalization), the gain of a new function by one of the paralogs (neo-functionalization),
or each of the duplicated genes keeps a different subfunction of the ancestral gene that is
complementary to the other duplicate and together work as one (subfunctionalization) and
dosage selection where the duplicated changes are both kept presenting only few changes
(Glasauer & Neuhauss, 2014). Although the teleost specific WGD cannot be considered as
wholly responsible for the great diversity of fish (Hurley et al., 2007; Santini et al., 2009),
authors have concluded that once a WGD has occurred it laid the foundations for posterior
diversification (Berthelot ez al., 2014; Glasauer & Neuhauss, 2014).

1.5 Gene families

One of the first authors to classify genes into families was Tomoko Ohta, defined as “a
group of genes or nucleotide sequences with the following characteristics: multiplicity, close
linkage, sequence homology, and related or overlapping functions” (Ohta, 1980). In 2008, Ohta
(Ohta, 2008) additionally differentiated the gene families in multigene families, which are
groups of genes with sequence homology and related overlapping functions, and the
superfamilies, which are groups of proteins or genes of common origin with nonoverlapping
functions. Gene families are seen as a valuable characteristic to the organization of the genome
presenting varying degrees of complexity and number of genes (Ohta, 2008). The organization
of genes into gene families has been useful for the creation of databases that order the
nucleotide or amino acid sequences into gene families such as Pfam (Finn et al., 2018), Uniprot
(Chen et al., 2017) and InteproScan (Mitchell et al., 2018).

Several sequence-based methods, that can be grouped into three categories, have been
developed to identify members of a gene family (Frech & Chen, 2010). The first method groups
genes into gene families by searching for similarities in sequence domains and motifs and is
useful to identify gene function (Frech & Chen, 2010) as seen in the Pfam database (Finn et
al., 2018). The second method groups gene families by pairwise comparison of protein
sequences using clustering techniques (Bernardes et al, 2015). The third method is the
construction of a phylogenetic tree which is implemented when the scope of the research is
focused on the evolutionary history of a gene family (Song et al., 2017).

As presented by Hood et al., (1975), evolution is thought to act in concert through whole

gene families not only in individual genes. By studying whole gene families, researchers were



able to identify their role in diversification of several species. Ramasamy et al., (2016)
hypothesized that a change in the chemical-ecological environment caused the duplication of
an olfactory gene family that led to the adaptation of Drosophila suzukii to the new conditions.
Cortesi et al., (2015) proposed that gene loss, pseudogenization, and gene duplication in the
opsin gene family led to adaptation of percomorph fish to the diverse light conditions at which
they are found today. These authors pointed out to the relevance that comparative studies of

gene family to unravel their evolution, could finally lead to a better conception of speciation.

1.5.1 Toll-Like Receptors

The toll-like receptors (TLRs) comprise the largest family of the pattern recognition
receptors (PRRs) which recognize pathogen associated molecular patterns (PAMPs) (Takeuchi
& Akira, 2010). Their contribution to the immune system is significant since their correct
recognition of the PAMP’s initiates an adequate immune response (Kawai & Akira, 2010).
TLRs are transmembrane proteins with the an extracellular domain composed of leucine-rich
repeats (LRR) responsible for the recognition of the PAMPs, the transmembrane helical
structure and the intracellular part known as the toll-interleukin receptor which mediates the
signal transition for the immune response (Gay & Gangloff, 2007). TLRs play a pivotal role
between innate and adaptive immune system (Werling et al., 2009). As part of the PRRs they
are an integral part of the innate immune response (Kawai & Akira, 2010) and they are also
responsible for the activation of adaptive immune responses by triggering the release of T-cell
stimulators (Schnare et al., 2001).

In general, the number of genes belonging to the TLR gene family may vary, with
mammals counting with 10-13 functional TLRs (Kawai & Akira, 2010) comprising TLR1-13
(Solbakken et al., 2016) and bony fish with up to 17 (Rebl et al., 2010) which may additionally
include TLR14-26 (Solbakken et al., 2016). From the fish species where TLRs have been
identified, zebrafish has 17 (Meijer et al., 2004), pufferfish 11 (Oshiumi et al., 2003) and cod
9 (Solbakken et al., 2016). All the TLR genes are regrouped into six bigger families, 7LR1,
TLR3, TLR4, TLRS5, TLR7 and TLRI1 that are usually represented in different species by at
least one ortholog (Roach et al., 2005).

1.5.2  The Immunoglobulin superfamily

Genes encoding at least one immunoglobulin (Ig) domain are classified into the
immunoglobulin superfamily and their proteins are relevant for the identification and

elimination of exogenous entities (Garver et al., 2008). The structure of the Ig domain with its



stable structure but high variability in amino acid sequence is essential for the function of those
proteins giving them a high degree of diversity (Halaby & Mornon, 1998).

Their diversity and their occurrence in a high number of taxa have made these proteins
one of the largest families (Natarajan et al, 2015). The members of the immunoglobulin
superfamily (IgSf) considered to be relevant to the immune response are identified by shared
structural features that can be differentiated by function and size into two categories, a variable-
domain (V-domain) and a constant-domain (C-domain) (Natarajan et al., 2015). The different
members of the IgSf present a broad variety of functions such as muscle proteins, surface
antigen receptors, co-receptors of the immune system and cell ligand molecules (Natarajan et
al., 2015). Two of the most prominent IgSf-subfamilies are the T-cell receptors that act as
antigen receptors and the antigen presenting molecules such as the MHC, Class I and II
(Lefranc, 2014).

1.5.3  Semaphorins

The semaphorin family has more than 30 representatives divided into eight subfamilies
and can be found in invertebrates (Classes 1 and 2), vertebrates (Classes 3 to 7) as well as in
viruses (Class V) (Fig. 1.4). (Goodman et al., 1999). They can be secreted or membrane-bound
and are differentiated through sequence similarity and structural variation (Kikutani et al.,
2007), having in common a sema domain relevant for the binding of specific receptors, a PSI
domain (plexins, semaphorins, and integrins) and a terminal domain C (Janssen et al., 2010;

Liu et al., 2010; Nogi et al., 2010).
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Members of the semaphorin family (Sema) are involved in several biological processes such
as immune, vascular development, endocrine system, cell migration, nervous system (Gu &
Giraudo, 2013; Messina & Giacobini, 2013; Sun et al, 2017). Several classes of the
semaphorin family have been found to play a role in the immune regulation of some organisms.
In class 4, Sema4D is highly expressed in resting T-cells of lymphoid organs such as lymph
nodes, spleen and thymus (Kumanogoh & Kikutani, 2003) and is coupled to the regulation of
B-cells (Kumanogoh et al., 2000) whereas Sema4A is expressed in spleen, bone-marrow,
dendritic cells and B cells and is involved in T-cell activation and proliferation (Kumanogoh
et al., 2002; Ito & Kumanogoh, 2016). In class 3, Sema3A and Sema3E have been associated
with the regulation of immune cell trafficking (Choi et al., 2008; Takamatsu et al., 2010). Of
further interest is Sema7A which is expressed in CD4+, CD8+ thymocytes and on activated T-
cells (Mine ef al., 2000) and has been found to be involved in inflammatory immune response
through stimulation of the production of macrophages and of cytokines in those macrophages

and monocytes (Suzuki et al., 2007; Kang et al., 2014).

1.5.4 PIK3-AKT3

Phosphoinositide-3 kinase (PI3K or PIK3) are a family of lipid kinases present in all
cells, producing phosphoinositides responsible for signalling pathways in several metabolic
processes (Okkenhaug, 2013), including immune genes, as shown in the KEGG (Kyoto
Encyclopedia of Genes and Genomes) annotated pathway (Fig.1.5). As mentioned in the
extensive reviews of Koyasu (2003) and Okkenhaug & Vanhaesebroeck (2003) they are
responsible for the regulation of TLRs, in lymphocyte development and in B- and T-cell
regulation. Therefore, the PI3K-AKT-signaling pathway play an important role in the function
of immune cells (Okkenhaug & Vanhaesebroeck, 2003). The 7LR2 and TLR4 are a type of
germline-encoded PRR important for transmembrane signalling pathways with a significant
contribution to the immune system, since they enable the latter to recognize pathogenic
particles initiating an adequate immune response (Kawai & Akira, 2010). Specifically, 7LR4
are specialized in bacterial lipopolysaccharide recognition (Kawasaki & Kawai, 2014) whereas
TLR?2 recognize a large array of microbial components including of parasitical, viral, fungal
and bacterial origins (Akira, et al., 2006). Troutman et al., (2012) supported that the interaction
of TLR in the PI3K-AKT-signaling pathway is essential for the correct course of an immune-
response. Moreover, as illustrated in Fig.1.5, AKT or protein kinase B is a key mediator in the
PI3K-AKT-signaling pathway ensuring the proceeding of many of the metabolic steps (Lawlor
& Alessi, 2001). The activity of the AKT protein is enhanced by its phosphorylation through
the binding with a phosphoinositide (Li ef al., 2002). This phosphorylation is the beginning of



a cascade of phosphorylation of other proteins to regulate several metabolic ways in the cell

(Lin et al., 2009).
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Figure 1.5: Representations of the PIK3-ATK-Signaling Pathway. The orange circles indicate
the reviewed immune related genes. Adapted from Kanehisa et al., (2016).

1.6 Homology

Richard Owen coined in 1843 for the first time the term homology as “the same organ
in different animals under every variety of form and function” (Owen, 1848). At that time Owen
didn’t consider the source of this similarity and referred to it manly in relation to structures that
were located in the same position in different organisms (Hall, 2013). It was only after the
publication by Charles Darwin’s of the Origin of Species (1859) and the postulation of the
Theory of Evolution, which stated that all organisms descend from one common ancestor, that
Ray Lankester (Lankester, 1870) introduced the notion that the similarity between structures

was due to their shared ancestry.
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Homology can be referred to as the similarity between two characters sharing a common
ancestor and can be applied to different contexts such as structural, like the homology between
tetrapod limbs (Amaral & Schneider, 2018), developmental as in the similarities between the
processes that gave origin to a feature (Hall, 2013) and genetical as is the case between
nucleotide sequences in DNA or amino acid sequences in proteins (Pearson, 2013).

It was Fitch (1970), based on the similarity concept of Owen, that applied the term
homology to define homologous sequences as two or more sequences that present a high degree
of similarity between them indicating a recent common ancestor. He also provided more
specification by differentiating these homologous sequences as being orthologous or
paralogous. As defined by Fitch (1970), when homologs originate due to a speciation event
that occurred to the last common ancestor, they are called orthologs, whereas if two
homologous sequences originate due to gene duplication then they are called paralogs. In most
cases orthologues share similar functions and paralogs tend to diversify and specialize hence
acquiring new functions (Koonin, 2005). Paralogs can subsequently be divided into two other
subcategories based on the time of the duplication event. Paralogous sequences that arise from
a lineage-specific duplication after a speciation event are termed as in-paralogs whereas if the
duplication precedes the speciation event they are called out-paralogs (Koonin, 2005). The
above mentioned distinctions have to be kept in mind for the downstream analysis of the
phylogenetic trees, since it provides the means to understand if the relationships in the
phylogenetic tree are due to speciation or duplication events (Salemi & Vandamme, 2003). As
presented in (Pearson, 2013) the most used methodology to find homologous sequences is by
applying a similarity search algorithm such as BLAST (Altschul et al. , 1990) that allows a
rapid sequence similarity comparison between a reference species and a target species. A
valuable strength of a sequence similarity search tools, are the statistics that are given for each
match providing a mean to find the matches that are significantly similar, thus more likely to
be homologous (Pearson, 2013). The Expect value (E) estimates the number of BLAST hits,
presenting a similar score, which could occur by chance (Korf ef al., 2003). A small E-value
tells us that the possibility of a BLAST hit resulting from chance are low, thus we can deduce
that this match is probably due to a high degree of similarity between the two sequences. By
applying a threshold based on the E-value it is easier to define which are the best alignments
that should be kept for a specific investigation. Depending on the research one has to pay
attention to the nature of the sequences that have to be aligned. To detect homology on a closer
time range a DNA:DNA alignment might be satisfactory since the evolutionary look-back that
the DNA provides doesn’t extent further than 400 million years (Pearson, 2013). On the other
hand, protein:protein alignments provide a more distant evolutionary look-back that can date

to a last common ancestor shared 2.5 billion years ago (Pearson, 2013). Due to this difference,



the threshold E-value set between DNA:DNA alignments and protein:protein alignments has
to differ (Pearson, 2013). A threshold of <0.001 is generally enough to assume that
protein:protein alignments are homologous whereas for DNA:DNA alignments the value has
to go as far as <10”-10 to assume homology (Pearson, 2013). Another way to look for possible
homology between matched sequences is to check the percentage of shared identity (Pearson,
2013). This value represents the percentage of identical residues that are located in same
position between two given sequences (amino acid or nucleotides) (Pearson, 2013; Fassler &
Cooper, 2011). A minimum threshold of 30% identity can be considered sufficient to look for

homologous sequences, when coupled with an appropriate E-value.

1.7 Sequence alignment and model selection

Multiple sequence alignments (MSA) are relevant in genomic and evolutionary studies,
as they compare several protein or nucleotide sequences and identify their shared identical
regions or homologous regions (Nuin ef al., 2006). A MSA is built on a sequential pairwise
alignment where the order of the sequences is given by a phylogenetic tree (Edgar & Batzoglou,
2006). A MSA organizes the sequences in a matrix where each row represents a sequence and
each column indicates homologous sites where insertions or deletions are denoted by gaps
(Elias, 2006). With the identification of such homologous regions it is possible to deduce the
function, the structure and the phylogeny between a set of sequences (Elias, 2006) .

A phylogenetic analysis has to go through statistical inferences to be validated (Posada
& Buckley, 2004; Kelchner & Thomas, 2007), hence the need for a model that best fits the
replacement rate of the amino acids or the substitution rate of nucleic acids (Posada & Crandall,
2001). These models provide a mean to estimate the probabilities of the different changes that
could occur to a nucleotide or amino acid along the phylogeny (Posada & Crandall, 2001).
These changes can be modelled with different methods ranging from distance methods to
maximum likelihood, or maximum parsimony with each one presenting their own set of
parameters and differing in their degree of complexity (Posada & Crandall, 2001).To assess
the reliability and choose the best fitting model a statistical test can to be carried out that will
compare all the available models that are given for a data set by means of the Akaike
information criterion (AIC) (Akaike, 1974) and Bayesian information criterion (BIC)
(Schwarz, 1978; Posada & Crandall, 2001).
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1.8 Phylogenetic trees

In a phylogenetic analysis, a phylogenetic tree provides a mean to identify the
evolutionary relationship between organisms (Vandamme, 2003). Such a tree is composed of
nodes and branches where each node represents a unit (species or sequence) and each node is
connected to another by only one branch where the pattern obtained by the branching is called
the topology (Vandamme, 2003). The specific case of the terminal nodes or branch tips are
termed as OTU (operational terminal units) which are the units for the construction of the tree
(Vandamme, 2003). A phylogenetic tree may be unrooted, where a common ancestor isn’t
specified or rooted where one of the OTU is set as an outgroup to the other units of the tree,
who then build the ingroup, resulting in an root node that represents the common ancestor to
the ingroup and the outgroup (Vandamme, 2003; Horner & Pesole, 2004). Several methods,
each presenting its sets of algorithms and assumptions, have been implemented to depict
phylogenetic trees. These different types of approaches can be divided into two categories
based on the method used to construct the tree, character-based or the distance based methods
(Horner & Pesole, 2004). The distance based methods such as Neighbour-Joining or UPGMA
rely on a matrix that compares the pairwise distances between the sequences and groups, or
clusters the sequences by their level of similarity (Baldauf, 2003; Horner & Pesole, 2004). The
character based methods such as Maximum-Likelihood, Maximum-Parsimony and Bayesian
method compare the aligned sequences by looking for character substitution, where each
position of the alignment is considered a character and the amino acid or nucleotide at this
position is the state, to find the tree that best fits a given model of substitution (Vandamme,
2003; Horner & Pesole, 2004). Both kinds of methods have advantages and disadvantages; the
distance based are faster to construct yielding only tree topology whereas the character-based
can retrace the evolution of a specific site which in turn requires longer computational times
(Baldauf, 2003). The choice of which method to use depends on the focus of the study but
authors may consider comparing the trees obtained with different methods to confirm the
phylogeny (Baldauf, 2003). Once a phylogenetic tree is built it is necessary to measure how
accurate the dataset supports the tree (Baldauf, 2003; Horner & Pesole, 2004). Nowadays
multiple methods can be used to estimate the reliability of a tree such as likelihood-based test,
internal branch lengths, and bootstrapping (Z. Yang, 2014). The most commonly used is the
bootstrap method where trees are randomly rebuild based on different subsamples of the
original dataset and where the number of times a specific tree is built in each one of those
subsamples is calculated (Baldauf, 2003; Horner & Pesole, 2004).



1.9 Nucleotide substitution and Divergence Time

A widespread method to analyse the evolutionary pressure exerted on protein-coding
genes is the estimation of the ratio of non-synonymous (dN) to synonymous substitutions (dS)
®=dN/dS between a given set of sequences in a phylogeny (Mugal et al., 2014). By calculating
this ratio one can infer the type and the strength of selective pressure, where ®>1 indicates
positive selection, w=1 indicates neutral evolution and ®<I indicates purifying selection
(Gharib & Robinson-Rechavi, 2013). The differences between the sequences are due to
changes caused by mutations in the DNA (Loewe & Hill, 2010). Such a mutation can result in
the insertion or deletion of nucleotides in the DNA sequence or the replacement of a nucleotide
with another nucleotide called a substitution (Li & Graur, 2002). In case of a substitution there
are two possible outcomes; a transversion where a pyrimidine changes to a purine or vice-
versa, and a transition where a pyrimidine changes to a pyrimidine or a purine to a purine (Li
& Graur, 2002). The effect of the substitution on the translation of the codon into a protein can
be synonymous, there is no effect on the translation, or non-synonymous where an amino acid
is translated into a different amino acid (Li & Graur, 2002). The outcome of a mutation that
occurred in a single organism depends on the evolutionary processes acting on the population
(natural selection and genetic drift) which may spread the mutation through all the organisms
leading to the fixation of the mutation in the population or it may lead to the loss of the mutation
(Jeffares et al., 2015). Depending on how it affects the fitness of an organism a mutation can
either be advantageous by increasing fitness, deleterious by decreasing fitness or neutral when
the effects of the mutation are so small that they don’t affect selection (Loewe & Hill, 2010).
Non-synonymous substitutions are usually linked to negative changes to the structure and
function of proteins consequently they are deleterious while synonymous substitutions, as they
don’t change the amino acids, are neutral (Jeffares et al., 2015). Their neutral nature makes the
synonymous substitutions less prone to selective pressure leading them to accumulate with a
linear rate which in turn can be used as an approximation to estimate the relative divergence
time between two sequences (Huerta-Cepas & Gabaldon, 2011). Common limitations to
synonymous substitution rates as estimates of the divergence time are associated to the species
used for the analysis since too closely related species will not provide enough differences to
show any significant changes in divergence time and too distantly related species will have had
time to accumulate several mutations on the same site causing what is called mutational
saturation (Wilke et al., 2009). Nevertheless, the estimation of the divergence time between a
set of sequences may be obtained from the number of synonymous substitutions seen between

them as those are a result of the elapsed time since they separated from their last common
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ancestor ( Wilke et al., 2009; Huerta-Cepas & Gabaldon, 2011). This approach is based on the
assumptions of a molecular clock which considers that evolution takes place at a constant rate

throughout lineages and that mutations are mostly neutral (Wilke ef al., 2009).
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2. Objectives

The evolutionary study of whole gene families may be a valuable tool to understand
how a given species adapted to its environment. This may be achieved through a phylogenetic
analysis of gene and species phylogenies, and estimation of the genes divergence times. This
work aims to study the evolution of five immune related gene families, in one Sub-Antarctic
and two Antarctic teleosts, Elegeniops maclovinus, Notothenia coriiceps and Dissostichus

mawsoni, respectively, by:

1) Identifying which was the evolutionary process that acted on the five gene families of

the three target species through phylogenetic analysis.
2) Estimating the divergence time of five immune related gene families to understand if

those estimations correlate to the adaptive radiation of notothenioids into the Antarctic

Ocean.
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3. Material and Methods

3.1 Fish species selection

The reference species used are one Sarcopterygian species the coelacanth (Latimeria
chalumnae) and ten Actinopterygii, zebrafish (Danio rerio), Nile tilapia (Oreochromis
niloticus); sea bass (Dicentrarchus labrax); stickleback (Gasterosteus aculeatus); medaka
(Oryzias latipes); cod (Gadus morhua); bullhead notothen (Notothenia coriisceps); patagonian
blenny (Eleginops macluvinus), antarctic toothfish (Dissostichus mawsoni) and spotted gar
(Lepisosteus oculatus) These fish species have been chosen because a large amount of
sequence data available that enable comparative studies of vertebrate evolution (Braasch et al.,
2015; Xiao et al., 2015). The target species are two Antarctic species Notothenia coriiceps and

Dissostichus mawsoni and one Subantarctic specie Eleginops maclovinus.

3.2 Sequence retrieval

The genome (coding sequences) and transcriptome of the eleven species were retrieved
from the National Center for Biotechnology Information (NCBI) database using BLAST that
functions as a search program that allows a rapid sequence similarity comparison between a
reference species and a target species (Altschul et al., 1990) or from the Ensembl genome
database project. The genome (coding sequences) and transcriptome FASTA files of the
majority of the species where retrieved from the ENSEMBL database (Zerbino et al., 2018) or
from the Reference sequence (RefSeq) database of NCBI (O’Leary et al., 2016) using the
biomartr R package (Drost & Paszkowski, 2017) in Rstudio (Racine, 2012). The package script
provided was used without alterations except for the species name and directory specification.
For further information about the retrieved genomes see Table SI.1. The genome (coding
sequences) and transcriptome of Eleginops maclovinus, Notohenia coriiceps and Dissostichus
mawsoni were sequenced and assembled (unpublished data) by a team of researchers from
Shanghai Ocean University and provided by Professor Liangbiao Chen. With the help of an in-
house script the query sequences of each gene family were retrieved from their respective
transcriptome file.

Specifically, terms representing each family were introduced into the script that
searched through the transcriptome FASTA file to retrieve the protein sequences whose
headers included the terminology used. A gene family was considered a set of genes that
presented an identical gene symbol or gene description, and as exemplified in the script 1 (S

Scriptl) each gene family was extracted based on those criteria. Once the transcript sequences
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of the desired gene families were retrieved, another script (S Script 2) was run to keep only
the longest isoforms, and the resulting sequences, the candidate sequences, were kept for the
downstream analysis. As presented in table 2.1 this process resulted in a varied number of
sequences depending on the gene family, ranging from a minimum of 22 sequences for the

AKT3 gene family to a maximum of 172 sequences for the semaphorin gene family.

3.3 Homology

The search for homologous sequences was performed using BLAST on a local server
between the before mentioned candidate sequences of D. rerio and all the other reference
species as well as target species based on an in-house script. The first step used BLASTP with
an Expect value (e-value) threshold of le-5 followed by filtering so as to only keep the
sequences that presented an identity ratio higher than 0.1. The final procedure comprises
several sorting steps and an additional filtering of the retained sequences by applying another

minimum identity ratio cut-off value of 0.3.

3.4 Sequence alignment and model selection

A combined file for each gene family containing the homologous sequences between
the eleven species was created to proceed for a multiple sequence alignment generated using
MUSCLE (v3.8.425) (Edgar, 2004). Once the homologous sequences aligned, the best amino
acids replacement models were selected for each gene family with ModelTest-NG (v.0.1.0)
(Posada & Crandall, 1998) based on Akaike information criteria (AIC) and Bayesian
information criteria (BIC) (Table 2.1). The model selection was carried out against 114 protein
replacement models. For the five gene families both AIC and BIC indicate the same model
result. The amino acid alignments obtained with the above mentioned methodology were then
submitted to the PAL2NAL (Suyama et al.,, 2006) to be converted to codon alignments for

further estimation of nucleotide substitution rate and divergence time analysis.

Table 2.1 Number of sequences retrieved for the five gene families. The model with the highest
score was selected for the construction of the ML-Gene trees.

BIC AIC
Sequences  Sites Patterns| Model Score Weight Model Score Weight
TLR 124 4565 2207 | VI+G+F 354792.308 1 VT+G+F  353089.372 1
AKT3 22 1039 587 JTT+G  17381.6187  0.7453 JTT+G  17173.8862  0.6766
PIK3 154 3697 2390 | VI+G+F 327696.886 1 VT+G+F  325684.931 1
Igsf 94 3289 3014 | VT+G+F 250629.314 1 VT+G+F  249379.155 1
Sema 172 1733 1508 [JTT+I+G+F 243052.849  0.8916 [JTT+I+G+F 241077.194  0.9921
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TLR
AKT3
PIK3
Igsf
Sema

The same procedure as the one mentioned above was applied to the orthologous sequences
obtained for each of the gene families for the construction of the alignment of the species
phylogenies. The best fitting model for each of the species phylogenies is presented in table
2.2.

Table 2.2 Number of sequences retrieved for 3 concatenated supergenes PIK3, IgSf, Sema
and for 2 single gene orthologous sequence TLR and AKT3. The model with the highest score

was selected for the construction of the ML-Species trees.

BIC AIC
Sequences  Sites  Patterns Model Score Weight Model Score Weight
11 989 737 JTT+I+G4 25314.9991 0.9927 JTT+I+G4+F 25144.1749  0.9982
11 510 217 JTT-DCMUT+HI+G4  6448.6407 0.5191 JTT-DCMUT+HI+G4 6359.718 0.5046
11 3005 1648 JTT+H+G4+F 53708.1844  0.9911 JTT+I+G4+F 53467.8631  0.9986
11 2800 1585 JTT+I+G4 51232.046 0.9964 JTTHI+G4+F 51025.7785  0.9683
11 3443 1944 JTT+I+G4 54604.8443  0.9896 JTTHI+G4+F 54406.752 0.7743

3.5 Phylogenetic analysis

3.5.1 Gene Trees

To understand the evolutionary history of the genes, five gene trees, one for each gene
family of toll-like receptors (7LR), immunoglobulin superfamily (/gSf), phosphatidylinositol-
4,5-bisphosphate 3-kinase (PIK3), AKT serine/threonine kinase 3 (AK73), semaphorins
(Sema), were constructed based on the aligned amino acid sequences of the 11 fish species
Notothenia coriiceps (Ncc), Eleginops maclovinus (Ema), Dissostichus mawsoni (Dma),
Dicentrarchus labrax (Dla), Danio rerio (Dre), Lepisosteus oculatus (Loc), Oreochromis
niloticus (Oni), Oryzias latipes (Ola), Gadus morhua (Gmo), Gasterosteus aculeatus (Gac) and
Latimeria chalumnae (Lch). The sequence alignments and the gene family phylogenies were
inferred by the Maximum-Likelihood method using RaxML v0.5.1 Beta (Kozlov et al., 2018)
selecting the corresponding model as shown in table 2.1, with a 1000 bootstrap estimates on

the online CIPRES server (Miller et al., 2010).

3.5.2 Species Trees

Based on subfamily trees that presented all the eleven orthologous sequences, five ML-
Tree species trees, one for each subfamily were build. The evolution of the five gene families
was mapped on a species tree based on concatenated orthologous amino acid sequences of the

eleven studied species. In each gene family tree, the subfamilies that presented all the eleven
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studied species with a reliable topology were selected to proceed to the concatenation of the
orthologous sequences. The concatenated sequences were then aligned using MUSCLE
(v3.8.425) (Edgar, 2004). The sequence alignments and the species phylogenies were inferred
by Maximum-Likelihood method in RaxML v0.5.1 Beta (Kozlov et al., 2018) selecting the
corresponding model as shown in table 2.2, with 1000 bootstraps on the online available
CIPRES server (Miller et al., 2010).

3.6 Nucleotide substitution rate (w = dN/dS)

The orthologous coding sequences obtained with PAL2NAL were concatenated before
proceeding to the dN/dS estimation. The nucleotides substitution rate (@), the non-synonymous
substitution rate (dN) and the synonymous substitution rate (dS) were then estimated using
CODEML (PAML 4 package (Z. Yang, 2007)) based on a “free-model” (model= 1, runmode=
-2), which performs a pairwise analysis and allows branch-specific values for @, dN and dS. A

threshold to filter out the nodes presenting dS saturation was set at dS < 4.

3.7 Divergence time

Divergence time between gene families and species were calculated based on the
synonymous substitution rate of the CODEML analysis. As presented by Wang et al., (2015)
the equation 7=Ks/2r can be applied to calculate the divergence time, where 7'is the divergence
time to the most recent common ancestor, obtained from the Timetree database (Hedges et al.,
2006), Ks is the synonymous substitution rate recovered from the CODEML analysis and r is
the estimated substitution rate given as mutations per site per year which has to be calculated
by a prior conversion of the equation » = (Ks/T)/2. In this study the number of genes retrieved
is not enough to obtain a reliable estimated substitution rate and the value obtained by Wang
et al., (2015) was used. In their case they calculated the estimated substitution rate by using a
calibration point set at the divergence time between D. rerio (205—255 Mya), retrieved from
the TimeTree database (Hedges et al., 2006), and five other species (O. latipes, G. aculteatus,
Takifugu rubripes, Tetraodon nigroviridis and G. morhua). From those six species five were
studied in this thesis. With this method the authors obtained a substitution rate of 5.7 — 6.4 %

107. This same substitution rate was then used here to estimate the divergence times.
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3.8 Fossil and biogeographic node ages estimates

Neopterygii MRCA L. oculatus, D. rerio - Broughton et al., 2013 used the fossil record

of the oldest extinct "semionotiform" Acentrophorus varians to infer the minimum node age
for neopterygii at 260 m.y.a. The authors inferred a maximum node age of 386-375 m.y.a from
two of the oldest stem-group actinopterans (Hurley et al. 2007).

Teleostei MRCA D.rerio (Otocephala), G.morhua (Acanthomorphata) - Benton et

al., (2015) inferred a minimum age of divergence between Otocephala and Euteleostei of 150
m.y.a with the age estimate of an early Orthogonikleithridae, Leptolepides haerteisi, based on
the specimens retrieved by Arratia (1996) who identified it as part of the Euteleostei. To infer
the maximum bound for the node age of Cupeocephala Benton et al., (2015) estimated that the
origin of crown Clupeocephala can be retraced to a time period that doesn’t exceed the base of
the Ladinian age which is 242 m.y.a. Based on this information a maximum age node for
Teleostei of 242 m.y.a and a minimum age node of 150 m.y.a was set for this study.
Acanthomorphata MRCA G.morhua (Gadiformes), Percomorpha: Alfaro et al,
(2009) and Chen et al, (2014) used the oldest fossil otoliths studied for the genus

“Acanthomorphorum” estimated at 124-122 m.y.a, considered the first representative of the

acanthomorphata (Nolf, 2004). Chen et al., (2014) used this fossil record as a constraint for
their molecular estimation of the appearance of Acanthomorphs and obtained a time interval
of 136-166 m.y.a. The minimum node age could be set between 83 m.y.a and 96.9 m.y.a the
former retrieved from the oldest fossil record found for Gadiformes and Zeiformes (Cretazeus
rinaldii) (Chen et al., 2014) and the latter found for the oldest fossil record for Percomorphs
(Matschiner et al, 2011). Based on this information a maximum age node for Acanthomorpha
of 150 m.y.a and a minimum age node of 96 m.y.a was set for this study.

Percomorpha MRCA Ovalentaria, Percomorpharia (=Eupercaria): The estimation of

Percomorpha node age is derived from the interpretations of the fossil records presented in
Matschiner et al, (2011) Benton et al., (2015) and the references therein. A maximum node age
may be set at 150.9-96.9 m.y.a corresponding to the age of the strata, where the fossil remnants
of the oldest percomorph were found (Chen et al., 1998 in Matschiner et al, 2011). Benton et
al., (2015) identified a minimum age estimate between Tetradodontiformes, a clade belonging
to the Percomorpharia, and Ovalentaria of 69.71 m.y.a. The authors estimated this period based
on the age of the layer from which the fossil of, Cretatriacanthus guidotti the youngest known
tetradodontiform, was obtained. Based on this information a maximum age node for

Percomorpha of 120 m.y.a and a minimum age node of 69 m.y.a was set for this study.
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Perciformes: Betancur-R et al. (2013) pointed out to the necessity of clarifying the
group Perciformes since as they stated in their work this group was for long considered as “the
waste basket” in the teleost phylogeny including most of the modern teleost species but for
which the monophyly was not established. They were able to identify Perciformes as a single
monophyletic group containing a maximum of 71 families which diversified around 100 m.y.a.

Notothenioidei E. maclovinus, Nototheniidae: The first identified fossil belonging to

the notothenoids is the one of Proeleginops grandeastmanorum described by Balushkin (1994),
dating back to the late Eocene (~40m.y.a) during the La Meseta Formation on Seymour Island.
Until now it was the only fossil record used as the calibration point for the radiation of
notothenoids in the Antarctic Ocean (Near, 2004; Prisco et al., 2007). Recently the fossil of
Mesetaichthys jerzmanskae which is 10 m.y.a younger than P. grandeastmanorum, found by
Balushkin (1994), has been described as a close relative to the Nototheniidae genus
Dissostichus (Bienkowska-Wasiluk et al., 2013). Both M. jerzmanskae and P.
grandeastmanorum could be used for the calibration of the Notothenioidei (Sub-Antarctic and
Antarcitc species) clade. A maximum node age was set at 40 m.y.a corresponding to the first
fossil record of suborder Notothenioidei and the minimum node age was set at 30 m.y.a with
appearance of the first identified Nototheniidae M.jerzmanskae.

Nototheniidae N. corriceps, D. mawsoni: The maximum node limit for the Nototheniidae

family was set at 30 m.y.a. which was obtained from the first fossil record of the closest relative
to this family M. jerzmanskae (Bienkowska-Wasiluk et al., 2013). The radiation of the
Nototheniidae in the Antarctic Ocean after the onset of the ACC which happened 20 m.y.a was

used as the lower node limit.
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4. Results

4.1 Sequence retrieval

The methodologies applied allowed retrieval of a variable number of genes and protein

transcripts for each gene family in each of the species (Figure 3.1). Since the sequences

retrieved from D. rerio were used as query for the search of homologs in the other species, the

number of genes identified in those species was expected be lower than in D. rerio. The number

of isoforms can be found in Table SI.2.

TLR AKT3 PIK3 Igsf Sema

— A/, ; VI T
Nototheniidae Notothenia corficeps ‘ 10

Notothenioidel — Dissostichus mawsoni ‘p‘ 9

1 Eleginops maclovinus «1 10

Perciformes | Gusterosteus aculeatus m—

—— Dicentrarchus labrax @ 13
Perc h
CICOMOPR, | Oreochromis niloticus M 1

o -
Acanthomorphata Oryzias latipes Q’:é‘ 10
Teleostet 4’*‘.‘1
—@ Gadus morhua o 6
Neopterygii ) .
— Danio rerio o 19

Lepisosteus oculatus W 1"

<

-
Latimeria chalumnae *

12

2

2

12
16
13
14
15
16
15
12
18
15

14

9
9

10
10

13
15
15
16
15
18
18
17
19
13

12

Figure 4.1: Cladogram of the used species with the number of genes retrieved in each gene
family (TLR, AKT3, PIK3, IgSf, Sema). The black dot (®) indicates the teleost whole genome
duplication. These numbers do not include the number of duplicates. The Accession numbers
of each gene is given in Table S1.3 and the corresponding. References for the species images (
Lecointre, 2004; Cada, 2005; Hillewaert, 2005; Strauss, 2006; Praxaysombath, 2008;
Shandikov, 2013; O’Brien, 2011; smerikal, 2011; Ueda, 2013 ; Tamaki & Maeda, 2016a ,

2016b)
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Members for all the six TLR subfamilies were found in all species. In general, the TLR family
had a higher variability in the number of retrieved genes between species than any other of the
remaining families. The species with the lowest number of TLR genes was G. morhua with
only 6 genes and the one with highest number, 19 TLR genes was D. rerio followed by D.
labrax with 13 genes. Three of the TLR genes were only found in D. rerio (tlr20.4, tir4al,
tlr4bb) and two were only found between D. rerio and either L.oculatus (tlr19) or L.chalumnae
(tlr4ba).

N. coriiceps and G. morhua were both lacking the tlr8b gene. The Notothenioidei were
missing t/r22 which was otherwise present from the Neopterygii on. D. mawsoni was the only
member of the Percomorphs missing the #/r21 gene. E. maclivaus and D. mawsoni were both
lacking t/ri8. The only TLR gene present in all the species was #/r3. The AKT3 was the
smallest represented gene family with only 2 genes AK73a and AKT3b. Although AKT3 had a
small number of genes this number is conserved throughout all the species. The highest number
of genes for the PIK3 family was found in D. rerio with a total of 18 genes, whereas the smallest
number was found in G. morhua and N. coriiceps with twelve genes each. The pik3r3a was
only found in D. rerio and L. chalumnae. The Nototheniidae were missing three PIK3 genes
(pik3c2b, pik3rd4, pik3r6b) whereas N. coriiceps was lacking two (pik3c2a, pik3cb) that were
present in the other Notothenioidei. The IgSf presented a maximum of 10 genes in D. rerio and
a minimum of 6 genes in L. chalumnae. The Notothenioidei share the same number of IgSf
genes with E. maclovinus and D. mawsoni, both lacking IgSfi, whereas N. coriiceps was the
only member of the Percomorphs missing /gSf5a. The gene family containing the highest
number of genes was the semaphorin family with 19 genes found in D. rerio, however, those
genes belonged either to sema4 or sema3. L. chalumnae had the smallest number of semaphorin
genes counting a total of 12 genes. In the semaphorin family the Notothenioidei lacked 3
identical genes with sema4bb, sema3gb and sema3fa missing. It should be noted that sema4bb
and sema3gb were only present from the Neopterygii to the Percamorpha. In contrast, sema3fa

was already present in G. aculeatus.

4.2 Phylogenetic analysis

4.2.1 Gene family Trees

In 4 out of the 5 gene family trees all the subfamilies that had a sequence for all the 11
investigated species, could be considered orthologs as they regrouped into their specific subtree
(Ohta, 2008). A total of 10 subfamilies were found throughout the 5 gene families that
comprised all the orthologous sequences. All the nodes had a strong bootstrap support with

values comprised between 73 and 100 except for pik3cd for the Nototheniidae (bootsrap value



= 54) and the pik3c3 for the Notothenioidei (bootsrap value = 64). From the 10 subfamilies,
akt3a was the only one presenting a different configuration. The other 9 subfamilies presented
a similar tree configuration consisting of L. chalumnae as the root species followed by the same
order of nodes, Neopterygian, Teleosts, Percomorpha, Perciformes and ending with the crown
node of Notothenioidei which also included the Nototheniidae.

The TLR family was built with 124 sequences and presented the longest amino-acid
sequences after alignment with a total of 4565 sites. Only the #/r3 gene subfamily presented 11
orthologous sequences. The AKT3 family contained the smallest number of sequences with
only 22 sequences and had the shortest alignment from the five studied gene families with only
1039 sites. Both genes retrieved as members of the AKT3 family did not form a distinct pattern
between the two subfamilies and only akt3a had all of the 11 orthologous sequences. Even
though this subfamily did not regroup into a specific subfamily tree it was retained so as to
continue the downstream analysis with 5 gene families. The PIK3 family comprised 154
sequences and had an alignment with a total length of 3697 sites. Three subfamilies pik3cg,
pik3c3 and pik3cd presented 11 orthologous sequences. The IgSf gene tree was built with 94
sequences with an alignment of containing 3289 sites. As in PIK3, 2 subfamilies /gSf3 and
IgSf8 had all the 11 orthologous sequences. Lastly, the semaphorin gene tree with its 172
sequences counted the highest number of sequences but the alignment with a total of 1733
sites, only surpassed AKT3. The Sema family counted 3 subfamilies that totaled all 11

orthologous sequences of sema3b, sema3bl and sema3c.
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Figure 4.2: Phylogenetic Maximum-Likelihood gene tree for Toll-Like Receptor family
of Notothenia coriiceps (Ncc), Eleginops maclovinus (Ema), Dissostichus mawsoni (Dma),
Dicentrarchus labrax (Dla), Danio rerio (Dre), Lepisosteus oculatus (Loc), Oreochromis
niloticus (Oni), Oryzias latipes (Ola), Gadus morhua (Gmo), Gasterosteus aculeatus (Gac)
and Latimeria chalumnae (Lch). The tree was generated by RaxML (v0.5.1 Beta) with 1000
bootstrap estimates and a VT+G+F substitution model. The bootstrap values are given in italic

next to the nodes. The green highlighted #/3 subtree represents the only subtree composed by
all the orthologs.
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Figure 4.3: Phylogenetic Maximum-Likelihood gene tree for AKT serine/threonine
kinase 3 family of Notothenia coriiceps (Ncc), Eleginops maclovinus (Ema), Dissostichus
mawsoni (Dma), Dicentrarchus labrax (Dla), Danio rerio (Dre), Lepisosteus oculatus (Loc),
Oreochromis niloticus (Oni), Oryzias latipes (Ola), Gadus morhua (Gmo), Gasterosteus
aculeatus (Gac) and Latimeria chalumnae (Lch). The tree was generated by RaxML (v0.5.1
Beta) with 1000 bootstrap estimates and a JTT+G substitution model. The bootstrap values are

given in italic next to the nodes.
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Figure 4.4: Phylogenetic Maximum-Likelihood gene tree for Phosphatidylinositol 3-
kinase of Notothenia coriiceps (Ncc), Eleginops maclovinus (Ema), Dissostichus mawsoni
(Dma), Dicentrarchus labrax (Dla), Danio rerio (Dre), Lepisosteus oculatus (Loc),
Oreochromis niloticus (Oni), Oryzias latipes (Ola), Gadus morhua (Gmo), Gasterosteus
aculeatus (Gac) and Latimeria chalumnae (Lch). The tree was generated by RaxML (v0.5.1
Beta) with 1000 bootstrap estimates and a VT+G+F substitution model. The bootstrap values
are given in italic next to the nodes. The subfamilies containing the eleven orthologs pik3c3,
pik3cd and pik3cg are highlighted in respectively green, orange and blue.
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Figure 4.5: Phylogenetic Maximum-Likelihood gene tree for Immunoglobulin
Superfamily between Notothenia coriiceps (Ncc), Eleginops maclovinus (Ema),
Dissostichus mawsoni (Dma), Dicentrarchus labrax (Dla), Danio rerio (Dre), Lepisosteus
oculatus (Loc), Oreochromis niloticus (Oni), Oryzias latipes (Ola), Gadus morhua (Gmo),
Gasterosteus aculeatus (Gac) and Latimeria chalumnae (Lch). The tree was generated by
RaxML (v0.5.1 Beta) with 1000 bootstrap estimates and a VT+G+F substitution model. The
bootstrap values are given in italic next to the nodes. The subfamilies containing the eleven

orthologs /gSf3 and /gSf8 are highlighted in orange and blue respectively.
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Figure 4.6: Phylogenetic Maximum-Likelihood gene tree for Semaphorin family of
Notothenia coriiceps (Ncc), Eleginops maclovinus (Ema), Dissostichus mawsoni (Dma),
Dicentrarchus labrax (Dla), Danio rerio (Dre), Lepisosteus oculatus (Loc), Oreochromis
niloticus (Oni), Oryzias latipes (Ola), Gadus morhua (Gmo), Gasterosteus aculeatus (Gac)
and Latimeria chalumnae (Lch). The tree was generated by RaxML (v0.5.1 Beta) with 1000
bootstrap estimates and a JTT+I+G+F substitution model. The bootstrap values are given in
italic next to the nodes. The subfamilies containing the eleven orthologs sema3b, sema3bl and
sema3c are highlighted in respectively green, orange and blue.
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4.2.2 Species Trees

For each species tree, only those gene subfamilies represented in all 11 species were
kept for further analysis. This step reduced considerably the number of genes used in the study.
Specifically, Sema and PIK3 had 3 and IgSf had 2 subfamilies with 11 orthologous sequences
each, this accounted for a total of 33 sequences for Sema and PIK3 and 22 for IgSf. For each
gene family, those sequences were then concatenated into one supersequence per species
yielding a total of eleven supersequences for the construction of the species tree. The TLR and
AKT3 species tree were built only on 11 un-concatenated sequences since each counted one
subfamily with eleven orthologs. The aim of this method was to identify how the species would
cluster for each one of the gene families and to confirm if the topologies would be identical for
the five gene families. This should allow to infer if the gene families are under selective
pressure.

In the species phylogenies obtained for TLR, PIK3, IgSf and Sema the Neopterygii,
Teleostei, Acanthomorphata, Notothenioidei and Nototheniidae nodes were conserved and
were highly supported with bootstrap values of 100. The Percomorpha and Perciformes nodes
were conserved in the TLR, IgSf and Sema species phylogeny ranging from minimum
bootstrap values of 56 and 68 found in the IgSf and Sema Perciformes respectively and
bootstrap values of 100 for all the Percomorpha nodes. The PIK3 species phylogeny had a
minor difference with the above-mentioned species phylogenies by excluding D. labrax from
the Perciformes. The AKT3 species phylogeny was characterized as the most irregular
phylogeny when compared with the others. For the AKT3 species phylogeny the
Notothenioidei was supported by 59 bootstrap values whereas Nototheniidae was supported by
80 bootstraps. The Teleostei were divided into two distinct clades with no confirmed
phylogenies. One of the clades was composed of four of the five Perciformes and included G.
morhua as a sixth member. D. labrax was integrated into the second clade with D. rerio, O.

latipes and O. niloticus.
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Figure 4.7: Phylogenetic Maximum-Likelihood tree for Toll-Like Receptor based on 11
1:1 orthologous protein sequences from eleven studied fish, showing the relationships
between Notothenioidei (V. coriiceps, E. maclovinus, D. mawsoni) and other fish species.
The tree was generated by RaxML (v0.5.1 Beta) with an VT+G+F substitution model. The
actinopterygian L. chalumnae was used as outgroup. The bootstrap values are given in italic
next to the nodes.
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Figure 4.8: Phylogenetic Maximum-Likelihood tree for AKT serine/threonine kinase 3
based on 11 1:1 orthologous protein sequences from eleven studied fish, showing the
relationships between Notothenioidei (V. coriiceps, E. maclovinus, D. mawsoni) and other
fish species. The tree was generated by RaxML (v0.5.1 Beta) with an VT+G+F substitution

model. The actinopterygian L. chalumnae was set as outgroup. The bootstrap values are given
in italic next to the nodes.
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Figure 4.9: Phylogenetic Maximum-Likelihood tree for Phosphatidylinositol 3-kinase
based on 33 1:1 orthologous protein sequences from eleven studied fish, showing the
relationships between Notothenioidei (V. coriiceps, E. maclovinus, D. mawsoni) and other
fish species. The tree was generated by RaxML (v0.5.1 Beta) with an VT+G+F substitution
model. The actinopterygian L. chalumnae was used as outgroup. The bootstrap values are given
in italic next to the nodes.
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Figure 4.10: Phylogenetic Maximum-Likelihood tree for Immunoglobulin Superfamily
based on 33 1:1 orthologous protein sequences from eleven studied fish, showing the
relationships between Notothenioidei (V. coriiceps, E. maclovinus, D. mawsoni) and other
fish species. The tree was generated by RaxML (v0.5.1 Beta) with an VT+G+F substitution
model. The actinopterygian L. chalumnae was used as outgroup. The bootstrap values are given
in italic next to the nodes.
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Figure 4.11: Phylogenetic Maximum-Likelihood tree for Semaphorin based on 33 1:1
orthologous protein sequences from eleven studied fish, showing the relationships
between Notothenioidei (V. coriiceps, E. maclovinus, D. mawsoni) and other fish species.
The tree was generated by RaxML (v0.5.1 Beta) with an VT+G+F substitution model. The
actinopterygian L. chalumnae was used as outgroup. The bootstrap values are given in italic

next to the nodes.
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4.3 Divergence time estimate

Even though some discrepancies were observed between the gene families phylogenies,
the same node order containing the same species as depicted in the cladogram of Figure 3.12,
was kept for comparison. The differences in divergence time between the nodes should permit
an overview of the evolution of the five gene families through the phylogeny and confirm if
they are similar. The missing gene families in the individual nodes weren’t caused by missing
values but were caused by the threshold set for this specific analysis which eliminated all the
pairwise values of synonymous substitution rate which yielded a value higher than four. For
this same reason was L. chalumnae excluded from this analysis.

After the Acanthomorphata all nodes included divergence time estimates for the studied
gene families. The Neopterygii node was only represented by the Semaphorin gene family
whereas the Teleostei node was missing the TLR family. In Teleostei the mean age estimates
with a 95% confidence interval of AKT3, PIK3 and IgSf are inside the age estimate obtained
by the fossil record. For Acanthomorphata only TLR and AKT3 are comprised in the limits of
the fossil record whereas the remaining gene families lie outside the upper limit of the fossil
record. Percomorpha had their divergence time estimate for the five gene families inside the
boundaries set by the fossil record. For Perciformes, Notothenioidei and Notothenoiidae the
divergence time estimates of the five gene families are outside the lower limit of the fossil
record.

Specifically for the Notothenoiidae, N. coriiceps and D. mawsoni, the divergence time
estimates obtained for each gene family had noticeable variances with estimates varying
between a maximum of 7.11 m.y.a for the semaphorin family followed by AKT3 with 6.17
mya, and PIK3 and IgSf, respectively, with 4 m.y.a and 4.43 m.y.a, to a minimum of 2.49 m.y.a
for TLR (Table 3.2). The divergence time estimates from the Notothenoiidae to E. maclovinus
yielded similar age estimates for TLR, PIK3 and IgSf whereas for Sema and AKT3, those
estimates varied. The divergence time estimate for AKT3 between N. coriiceps and E.
maclovinus was 11.54 m.y.a, whereas between D. mawsoni and E. maclovinus was 14.1 m.y.a..
With Sema these comparisons yielded, respectively, 14.12 m.y.a and 18.95 m.y.a (Table 3.2).
In four of the five gene families, divergence times estimated between the tree Notothenioidei
and their most recent common ancestors, the perciform G. aculetaus, yielded comparable
results while the mean IgSf divergence time estimates indicated older divergence times than
the others (Table SL.5).
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Figure 4.12: Divergence time estimates in millions of years for seven nodes, calculated
with the synonymous substitution rate obtained for the five gene families, Toll-Like
receptor (pink), AKT serine/threonine kinase 3 (red), Phosphatidylinositol 3-kinase
(green), Immunoglobulin Superfamily (olive) and Semaphorins (blue) and fossil
representation of the studied fish phylogeny. The circles represent the mean estimated
divergence times and the whiskers mark the upper and lower limit of the 95% confidence
interval for the age estimates. The gray boxes represent age estimate for the appearance of the
node which were assigned with the fossil information retrieved from the literature (Materials
and Methods). The mean values with their confidence intervals may be found in Table SI.5.



Table 3.1: Pairwise synonymous substitution value (dS-value) and the calculated divergence
time (million years ago) from one-to-one concatenated genes between, N. coriicpes (Ncc), D.
mawsoni (Dma), E. maclovinus (Ema) and G. aculeatus (Gac), using the estimated substitution

rate at 5.7 x 10” mutations per site per year.

Species Pairwise dS-value Estimated Divergence Time (m.y.a)

TLR AKT3 PIK3 IgSf Sema | TLR AKT3 PIK3 IgSf Sema

Gac vs. Ncc | 0.57 0.48 0.55 0.80 0.65 | 504 422 480 699 572
Gac vs. Dma | 0.56 0.46 0.53 0.78 0.57 | 49.1 40.7 46.6 68.1 49.6
Gac vs. Ema | 0.58 0.51 049 088 0.62 | 51.0 445 427 775 539
Ema vs. Ncc | 0.16 0.16 0.19 020 0.22 | 143 14.1 169 179 189
Emavs.Dma| 0.16 0.13 0.18 0.18 0.16 | 14.1 11.5 162 162 14.1
Ncc vs. Dma | 0.03 0.07 0.05 0.05 0.08 2.5 6.2 4.0 4.3 7.1

5. Discussion

In the present study, the number of genes for each species, the gene and species tree
phylogenies and the clustering of orthologous genes allowed to idenfy a birth-and-death
process for the five gene families in the investigated species. The divergence times estimated
for the five gene families appeared to be dependend on the number of species used. The nodes
containing more species yielded older divergence times whereas a reduced number of species
yielded younger divergence times. Also, when looking specifically at the nototheniidae it
appearded that the divergence time estimates were depended on gene functions. Furthermore,
the recent divergence time estimates obtained for the five gene families in nototheniidae,
seemed to indicate that the adaptation of the immune system in those species followed the

Middle Miocene climatic transition.

5.1 Sequence retrieval & Phylogenetic analysis

Immune-related gene families have been shown to evolve in accordance to a process
called birth-and-death (Nei et al., 1997; Piontkivska & Nei, 2003). The birth-and-death process
stipulates that the gene diversity seen between species is caused by species-specific genomic
events like gene duplications resulting in genes that are maintained in the genome and others
who become non-functional due to mutations or are lost (Nei & Rooney, 2005). Annilo et al.,
(2006) established that the ATP-Binding cassette (ABC) multigene family, which encodes for
transporter proteins, had a birth-and-death scenario due to the numerous gene losses and

duplications found in sea squirt, zebrafish and chicken. Salaneck et al., (2008) arrived at a



similar conclusion for the neuropeptide Y receptor (NPYR) gene family in which seven
members which originated in jawed vertebrates, were subsequently lost in teleost and mammals
whereas in basal actinopterygian they were kept. Pinhal ef al., 2011 has shown that in a fresh
water stingray, the 5s rDNA gene family did not evolve under a concerted model as previously
assumed for this gene family but that 5s rDNA duplicates have arisen by genome duplications
and that purifying selection under birth-and-death evolution determined if they were kept or
lost. Recently, Solbakken et al. (2016) identified in codfish an expansion of the TLR gene
family following the loss of MHC II genes and concluded that this occurrence represented a
birth-and-death scenario.

While the number of TLR genes may vary between species, it is now established to a
certain degree that teleost fish have 20 TLR members (Rauta et al., 2014). The difference
between the total number of TLR found in D. rerio and other teleosts with O. niloticus and L.
chalumnae both presenting the second highest count of TLR genes, is most probably due to D.
rerio specific duplications (Palti, 2011; Rauta et al., 2014). In this study, a maximum of 19
TLR genes have been found in D. rerio which is in concordance with the literature (Jault et al.,
2004). The TLR members could be classified into the six known TLR gene families (Fig3.2)
(Roach et al., 2005). The TLR1 family was represented by TLR-1, 2 and 18 but did not form
a monophyletic group. The TLR4 family regrouped into one well supported clade, presenting
three paralogs (TLR4al, TLR4ba, TLR4bb) identified in D. rerio and with only ortholog
TLR4ba present in L. oculatus. For TLRS, two paralogs (TLR5a, TLR5b) were found and their
clade was supported. TLR19 was found only in D. rerio and L. chalumnae. TLR2(0 with its four
duplications and TLR21-22 belong to the TLR11 family and formed a monophyletic clade. The
TLR3 gene was the only one who had an orthologous gene in all the species studied, which
formed a monophyletic group supported by a high bootstrap value. The function of the TLR3
gene is to recognize double-stranded RNA (Roach ef al., 2005) and might explain why it was
kept in all the species. It has been found that in several teleost infected by dsRNA viruses 7LR3
expression increased (Su et al., 2008; Sahoo et al, 2015). Also, when exposed to Gram-
negative bacteria up regulation of 7LR3 expression was observed in zebrafish (Phelan ef al.,
2005), catfish (Bilodeau & Waldbieser, 2005) and catfish hybrids (Bilodeau et al., 2006).

The immunoglobulin superfamily counts a large number of genes with various
functions, grouped in several gene families (Ohta, 2008) and the method applied to retrieve the
query genes yielded a vast number of different gene families in the different species (data not
shown). The analysis found two gene families which had homologs in the eleven species
investigated. These gene families were the immunoglobulin superfamily and the semaphorins.
These results may be of use for the identification of at least one of those gene families as an

integral part of the immune system. The first family retrieved belonging to the
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immunoglobulins was the Immunoglobulin Superfamliy. The two genes selected for the IgSf
species phylogeny were /gSf3, relevant for neuronal formation (Usardi ef al., 2017) and 1gSf8
(EWI-2) (Usardi et al., 2017) responsible for recognition of viruses (Gordon-Alonso et al.,
2012). In the immunoglobulin superfamily, the grouping of the Sema3 and Sema4 sub-families
among the IgSf in this study was due to the similarity of their immunoglobulin-like domain
(Garver et al., 2008; Messina & Giacobini, 2013). As indicated in the Introduction, the number
of immune related studies integrating the semaphorin family is scarce.

Of the five vertebrate semaphorin subfamilies (Goodman et al., 1999), Sema3 and
Sema4 are considered as immune semaphorins (Kikutani ez al., 2007). Both subfamilies were
greatly duplicated with 12 paralogs of Sema3 and 7 paralogs of Ssema4 (Table S7.2). These
two subfamilies where distinctly separated into two well supported major trees (Fig.3.5). From
all the five studied gene families the semaphorin gene family was represented with eight out of
19 genes, the highest count of conserved genes in the phylogeny. Nevertheless, from those
eight only three regrouped into bootstrap supported clades (Sema3b, Sema3bl, Sema3c).
Sema3c has been identified to mitigate cancer cell migration (Herman & Meadows, 2007)
whereas Sema3b suppress cell growth and induces apoptosis in cancer cells (Potiron et al.,
2009). Other semaphorin genes retrieved in this study where identified to have more evident
role in the immune system. Even though they did not form bootstrap supported clades their
presence is nonetheless relevant. Such genes were Sema3a, which takes part in immune cell
migrations (Takamatsu et al., 2010), Sema4a which improves T-cell activation (Kumanogoh
et al., 2002) and Sema4b which is expressed in T- and B-cells and regulates the interaction
between T-cells and basophils (Nakagawa et al., 2011). Altogether there were 11 orthologs,
indicating their relevance for the immune system. Interestingly, the number of Sema genes in
N. coriiceps is the same as in L. oculatus (Table S1.2) who diverged before the TSWGD. And
although the missing genes are not the same, one is tempted to suggest that the loss of some of
those genes in N. coriiceps was due to its adaptation to the Antarctic environment. Those points
may favor this gene family to be considered as a candidate for future immune related studies.

As observed for the previously discussed gene families, the PIK3 gene family had
variable gene loss and duplications. In the 18 PIK3 genes found in D. rerio all belonged either
to PIK3a, c, i, r. Pik3a and PIK3i had one member whereas PIK3c an PIK3r had each eight
paralogs (Table S7.2). The genes that belong to the PIK3 family can be regrouped into four
classes, class IA comprising PIK3c-a, b, d and r1-r3, class IB with PIK3r-5, 6a, 6b and PIK3cg,
class Il with PIK3c2-a, b, g, class Il with PIK3-c3 and r4 (Li et al., 2016; Okkenhaug, 2013).
Except for PIK3apl and PIK3ip] all the retrieved PIK3 sequences could be classified into one
of the 4 classes. The genes selected to build the species phylogeny belonged to three of the four

PIK3 gene classes, with class A involved in antigen signaling (Okkenhaug & Vanhaesebroeck,

41



2003) represented by PIK3cd, class IB responsible for natural killer cells cytokine production
(Orr et al., 2009) represented by PIK3cg and class III who regulates the autophagosome
activation pathway (Orhon et al., 2015) represented by PIK3c3. It should be noted that the total
count of PIK3 genes was identical in G. morhua and N. coriiceps and that both only had one
class II gene, PIK3c2a in G. morhua and PIK3c2g in N. coriiceps, respectively. Considering
the apparent loss of the class IA PIK3r3a gene in the Acanthomorphs, both species also lack
an additional class TA gene.

AKT3 had two genes which are part of the protein kinase B (PKB) family. This family
is composed of three conserved isoforms PKBa (AKT1), PKBf (AKT2) and or PKBy (AKT3)
(Schultze et al., 2011). Although the AKT3 gene family contained the lowest number of genes,
the two genes present were highly conserved in all the studied species. This could be because
of the essential role of AKT3 as mediator in the PIK3-AKT3 signalling pathway (Manning &
Cantley, 2007) and the selective pressure to maintain the signalling cascade. Corroborating
this, Schultze et al., 2011 stated that all the AKT isoforms present a high degree of sequence
conservation of their phosphorylation sites and that AKT substrates act simultaneously on
several cellular functions (Manning & Cantley, 2007). Furthermore, the inaptitude to resolve
the AKT3 gene family into two distinct subfamilies (Fig. 3.2) probably also results from the
sequence conservation and similarity observed in the AKT/protein kinase B. The species
phylogeny obtained with AK73a (Fig.3.7) presented an atypical topology, regrouping G.
morhua in a distinct clade with the perciform G. aculeatus and the Notothenioidei. Most of the
investigations on AKT revealed that even though the isoforms have similar broad functions
there is evidence that each one carries specific functions which are crucial for the cell survival
and physiology (Manning & Cantley, 2007). This could indicate that the grouping of the
Notothenioidei with G. morhua could to a certain degree be due to the similar environmental
conditions to which they are exposed, raising the possibility this gene may be crucial for the
survival in cold environments.

We had considered including the MHC class II in this study, but the analysis turned out
to be incompatible with the aims of the research. Specifically, the MHC class II gene family
was considered to be relevant in the process of adaptation of the cod fish to the arctic
environment (Malmstrem et al., 2016). However, homology searches between D. rerio and the
ten other investigated species showed an increased number of lost homologous sequences,
which could not solely be caused by gene loss. This analysis implies that the evolutionary study
of the number of genes, their respective copy number and duplications, retrieved for the five
gene families should be taken with caution since the methodology applied may have biased the

results, since this method did not allow us to identify the expanded MHC I reported by
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Malmstrem et al., (2016) for G. morhua . Also, the query sequences for the homology searches
used in this study were retrieved from D. rerio and therefore the comparison of the number of
obtained genes for each gene and species is based on the similarity to those available from D.
rerio.

The points discussed above which are, 1) that a variety of gain, and loss of genes can
be identified in the different species, 2) the phylogenetic trees based on orthologous genes fit
well with the accepted species phylogeny and, 3) in the five gene trees orthologous genes
cluster together, allow us to understand how the five gene families evolved. The results are in
agreement with what can be observed in gene families that are under birth-and-death
regulation: 1) an increase in number of gene losses and/or expansion and 2), unlike what is
stated in the birth-and-death opposing concerted evolution model of gene families, orthologs
of those genes form inter species instead of intra species clusters (Nei et al.,, 1997). This is
valid not only for the Notothenoidei which is the aim of this study, but can be seen as a general

evolutionary process taking place in the five studied gene families.

5.2 Divergence time analysis

The divergence time estimates did not present a pattern between the different nodes,
which points to a node specific immune gene usage which in turn could depend of the various
adaptations present in the different species contained in the node. A significant caveat in the
estimation of the immune gene families divergence time in this study was the reduced number
of genes and species used. Near ef al., (2012) demonstrated in their study, which estimated the
divergence time of teleosts using multiple nuclear genes sequences, that when comparing with
previously published studies using a single nuclear gene, the former presented age estimates
similar to the fossil record whereas the latter underestimated the species divergence times. The
number of species used in each node can also alter the divergence time estimation as verified
by Schulte (2013) who concluded that the node ages from a South American lizard clade
yielded younger estimates for under sampled nodes when compared to nodes with a higher
number of taxa. In this study the number of genes used in each gene family did not seem to
have a noticeable influence on the divergence time estimates. If this would be the case, then
AKT3 and TLR had to generate the lowest divergence times in each node since both were
estimated with only one orthologous gene each, while Sema and PIK3 were expected to have
higher estimates since they had the highest number of concatenated orthologous sequences.
While the number of genes does not offer a convincing explanation for the variation of the
intra-nodal divergence time estimates the number of species used in each node may be the

reason for this variation as discussed in the following paragraphs.
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The nodes containing the highest numbers of species, Neopterygii, Teleostei,
Acanthomorpha and Percomorpha yielded divergence times for each gene (Table S1.5) closer
to the estimates given by the fossil record. It should be noted that by coincidence those are also
the nodes where the fossil record spans a longer period of time. The apparent discrepancy
between the fossil records and the divergence time obtained for the five Perciformes genes
(Fig.3.12) could have resulted from an incomplete species sampling for this node.

Compared to the 182 species Betancur-R et al. (2013) identified in Perciformes which
enabled them to estimate a divergence time of 100 m.y.a for this family, the five perciform
species used here may not have been enough to achieve an acceptable time resolution. In our
work, apart from the three Notothenioidiei, only G. aculeatus and D. labrax were included in
the Perciformes. Additionally, both species diverged only recently in the order Perciformes
with fossil record for G. aculetaus only dating back to a maximum of 13. m.y.a (Bell ef al.,
2009) whereas the Moronidae subfamily to which D. /labrax belongs, are thought to have
emerged around 25 m.y.a (Meynard et al., 2012).

Similar to the Perciformes, the difference between the fossil record and the gene family
divergence time estimates of the Notothenioidei and Nototheniidae (Fig.3.12), was due to the
underrepresentation in the number of species included in those nodes. The current estimate of
Notothenioidei species is 322 (Joseph, 2005). Using a larger set of Antarctic species Near et
al., (2012) estimated a divergence time of 34.6 m.y.a and 50.6 m.y.a. between Notothenioidei
and Nototheniidae. In our study the Nototheioidei node included only 3 species, E. maclovinus
and two Nototheniidae (N. coriiceps and D. mawsoni). E. maclovinus the sole member of the
Eleginopsidae and three other non-Antarctic notothenoid families are thought to have diverged
early in the Notothenioidei phylogeny (Papetti ef al., 2016). Near et al., (2015), stipulated that
E. maclovinus emerged in the Weddellian Province of East Gondwana where the seas were
predominantly shallow, and the water temperatures were cool to temperate. The absence of
AFGP in E. maclovinus further supports an early separation of this species from the other
Antarctic notothenoids since the AFGPs are thought to have emerged in Antarctic notothenoids
after the onset of the ACC (Cheng et al., 2003). This could explain why the divergence time of
the gene families did not indicate the same pattern between Notothenioidei and Nototheniidae
(Fig 3.2) since their MRCA was not exposed to the same environmental pressures. Hence, the
different divergence times estimated for the five gene families seem to have been conditioned
by the adaption of Nototheniidae to the Antarctic because unlike the Nototehnioidei ancestor
the Notothenoiidae ancestor most probably diverged into similar conditions to the ones seen
today in the Antarctic Ocean.

Supporting this notion are the estimates for the radiation of the AFGP bearing

Nototheniidae, including the Notothenoid and Dissostichus families, into the Antarctic ocean
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which are comprised in a range of 25-5 m.y.a. Near (2004) by applying a molecular clock based
on notothenoid partial gene mtDna, estimated that the radiation of AFGP bearing Antarctic
Notothenoids occurred at the Oligocene-Miocene boundary around 24 + 0.5 m.y.a.. Bargelloni
& Lecointre (1998) also used mitochondrial DNA to estimate Antarctic Notothenoids radiation
but yielded slightly different results inferring a range of 16-10 m.y.a.

Using notothenioid specific morphological characteristics, adaptations and a time
calibrated phylogeny based on 49 species Colombo et al., (2015) obtained an estimate of 13.4
m.y.a for the adaptive radiation of notothenioid. Interestingly, Chen et al. (1997), estimated the
divergence time between N. coriiceps and D. mawsoni based on the differences of the AFGP
gene sequences of 14-5 m.y.a. Shevenell ef al., (2004) determined for the Southern Ocean that
the range between 14.2-13.8 m.y.a known as the Middle Miocene climatic transition (MMCT)
was marked by environmental changes of the Southern Ocean with repeated fluctuations of
sea-ice cover and the consequential drop of seawater temperature to polar norms. Near ef al.,
(2012, stipulated that these changes could have had to a lesser extent effects on the adaptation
of Antarctic notothenioids.

Furthermore, the semaphorins yielded the oldest divergence time estimate (7 m.y.a.) in
Nototheniidae followed closely by AKT3 (6.17 m.y.a). PIK3 and IgSf yielded similar
divergence times of 4 m.y.a and 4.2 m.y.a respectively. As for AKT3 and Sema those gene
families present several other functions apart from their implication in the immune system. The
PIK3/AKT-pathway is essential for cell growth, survival and regulation of the cytoskeleton
(Downward, 2004) whereas proteins encoded by the IgSf have functions such as muscle
proteins, kinases and molecules with leucin-rich repeats (Natarajan et al., 2015). The youngest
divergence time estimated for a gene in Nototheniidae was the TLR gene (2.49 m.y.a) which
was based on the single orthologous sequence of 7LR3. In contrast to the other genes analyzed
here, TLR3 seems to present an exclusive immune related function. Roach et al., (2005)
stipulated that due to their importance in dsSRNA recognition 7LR3 is under selective pressure
to keep that specific function intact.

In summary, 1) the number of species used in each node influences the estimation of
the gene divergence times, 2) the divergence time of the five genes in Notothenioidei and
Nototheniidae is more recent than estimates from the fossil record and the literature, 3) the
function of the individual genes (degree of conservation) helped to identify the pattern of gene
divergence time in Nototheniidae. These observations also highlight the fact that the estimation
of the divergence time is conditioned by a number of factors. Nevertheless, it is possible to
hypothesize that during their adaptation to the Antarctic environment the Nototheniidae relied
on genes with primarily vital metabolical cell functions, which are directly or indirectly

relevant to the immune system. Finally, the recent divergence time estimates obtained for the
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five gene families in nototheniidae, seemed to indicate that the adaptation of the immune

system in those species followed the MMCT.
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7 Supplementary information

Table S1.1: Collections of sequence data for 8 of the species studied

Genebuild
Download Assembly name/ Assembly last geneset Genebuild initial
Organism name Database date (2018) Biosample date update Assembly accession release date

Latimeria chalumnae ensembl Wed Mar 28 LatChal 2011-09 2012-11 GCA _000225785.1 2011-10
Lepisosteus oculatus ensembl Mon Apr 2 LepOcul 2011-12 2016-10 GCA _000242695.1 2013-12
Danio rerio ensembl Mon Mar 12 GRCz10 2014-09 2017-06 GCA_000002035.3 2015-05
Gadus morhua ensembl Wed Mar 28 gadMorl 2010-01 2011-08 N/A 2011-08
Oreochromis niloticus ensembl Sun Mar 11 Orenill.0 2011-01 2016-10 GCA _000188235.1 2012-03
Oryzias latipes ensembl Sun Mar 11 HdrR 2005-10 2013-04 N/A 2006-10

Dicentrarchus labrax http://seabass.mpipz.mpg.de WedMar28 dicLab v1.0c 2012-06 2015-05 N/A N/A

Gasterosteus aculeatus ensembl Wed Mar 28 BROADSI1 2006-02 2010-05 N/A 2006-08



Table S1.2: Comparison of gene copy numbers for the five gene families among, Notothenia coriiceps, Eleginops maclovinus, Dissostichus mawsoni,

Dicentrarchus labrax, Danio rerio, Lepisosteus oculatus, Oreochromis niloticus, Oryzias latipes, Gadus morhua, Gasterosteus aculeatus and Latimeria

chalumnae.

Gene Latimeria Lepisosteus Dan.io Gadus Ory.zias Oref)ch.romis Dicentrarchus Gasterosteus Eleginf)ps Dissostichfts Noto't.henia
chalumnae  oculatus rerio morhua latipes niloticus labrax aculeatus  maclovinus  mawsoni coriiceps

Toll-Like
receptor
tirl 1 1 2 N/A 1 1 1 1 1 1 1
tr2 1 1 2 N/A 1 1 1 1 1 1 N/A
tir3 1 1 1 1 1 1 1 1 1 1 1
tlrdal N/A N/A 2 N/A N/A N/A N/A N/A N/A N/A N/A
tlr4ba N/A 1 2 N/A N/A N/A N/A N/A N/A N/A N/A
tlr4bb N/A N/A 1 N/A N/A N/A N/A N/A N/A N/A N/A
tlra 1 1 3 N/A 1 1 1 N/A 1 1 1
tr5b 1 1 2 N/A 1 1 1 1 N/A 1
tr7 N/A 1 2 2 1 2 2 2 2 2 2
tir8b 1 2 1 N/A 1 1 1 1 N/A N/A 1
tr9 1 1 1 5 1 1 1 1 1 N/A 1
tri8 1 1 3 1 1 1 1 1 N/A N/A 1
tri9 1 N/A 2 N/A N/A N/A N/A N/A N/A N/A N/A
tr20a/tlr20.1 1 N/A 2 N/A N/A 1 N/A 1 1 N/A
tr20b/tlr20.2 1 N/A 2 N/A N/A 1 N/A N/A 1 1 1
tr20c/tir20.3 1 N/A 2 N/A N/A N/A 1 N/A 2 1 N/A
tr20d/tlr20.4 N/A N/A 2 N/A N/A N/A N/A N/A N/A N/A N/A
tr21 N/A N/A 1 1 1 1 1 1 1 N/A 1
tr22 N/A 1 1 1 N/A 1 1 1 N/A N/A N/A
Phosphatidyl
-inositol
3-kinase



Gene Latimeria Lepisosteus Danio Gadus Oryzias Oreochromis Dicentrarchus Gasterosteus Eleginops Dissostichus Notothenia
chalumnae  oculatus rerio morhua latipes niloticus labrax aculeatus  maclovinus  mawsoni coriiceps
pik3apl 1 1 2 1 1 1 1 1 1 1 1
pik3c2a 1 1 2 1 1 1 1 1 1 1 N/A
pik3c2b 1 1 1 N/A 1 1 1 N/A N/A 1 N/A
pik3c2g 1 N/A 1 N/A 1 1 1 N/A 1 1 1
pik3c3 1 1 3 1 1 1 1 1 1 1 1
pik3ca 2 2 2 3 2 3 3 3 2 2 2
pik3ch 1 1 2 1 1 1 1 1 1 1 N/A
pik3cd 1 1 1 1 1 1 1 1 1 1 1
pik3cg 1 1 1 1 1 1 1 1 1 1 1
pik3ipl 1 1 1 1 1 1 N/A 1 1 N/A 1
pik3rl 1 1 3 2 2 2 1 2 2 1 1
pik3r2 N/A 1 3 N/A N/A N/A 1 1 1 1 1
pik3r3a 1 N/A 3 N/A N/A N/A N/A N/A N/A N/A N/A
pik3r3b N/A 1 2 1 1 2 1 2 1 1 1
pik3rd 1 1 2 1 1 1 1 1 N/A 1
pik3r5 1 1 1 1 2 2 1 2 1 1 1
pik3réa N/A 1 1 N/A 1 1 1 N/A N/A 1 1
pik3r6b N/A N/A 2 N/A N/A 1 N/A 1 N/A 1 N/A
Immunoglobulin
Superfamily
igsf3 1 1 1 1 1 1 1 1 1 1 1
igsf5a 1 1 1 N/A 1 1 1 1 1 1 N/A
igsf5b N/A N/A 1 1 N/A 1 1 1 1 1 1
igsf8 1 1 1 1 1 1 1 1 1 1 1
igsfa N/A N/A 1 N/A 1 1 1 N/A 1 1 1
igsf9b N/A 1 1 N/A 1 1 1 N/A 1 1 1
igsf9ba N/A 1 1 1 1 1 1 1 1 1 1



Gene Latimeria Lepisosteus Danio Gadus Oryzias Oreochromis Dicentrarchus Gasterosteus Eleginops Dissostichus Notothenia
chalumnae  oculatus rerio morhua latipes niloticus labrax aculeatus  maclovinus  mawsoni coriiceps
igsf9bb 1 1 1 1 1 1 1 1 1 2 1
igsfl 1 1 1 1 1 1 1 1 N/A N/A 1
igsfll 1 1 1 1 1 1 1 1 1 1 1
Semaphorins
sema3aa N/A N/A 1 N/A 1 1 N/A N/A N/A 1 1
sema3ab 1 1 1 2 1 1 2 2 2 1 1
sema3b 1 1 1 1 1 1 1 1 1 1 1
sema3bl 1 1 1 1 1 1 1 1 1 1 1
sema3c 1 1 1 1 1 1 1 1 1 1 N/A
sema3d 2 2 1 1 2 2 2 1 1 1 1
sema3e 1 1 1 1 1 1 1 1 1 N/A 1
sema3fa N/A N/A 1 1 N/A 1 N/A 1 N/A N/A N/A
sema3fb 1 1 1 1 1 2 1 2 2 1
sema3ga N/A N/A 1 1 1 1 1 1 1 1
sema3gb N/A 1 1 1 1 N/A N/A N/A N/A N/A N/A
sema3h 1 N/A 1 1 1 1 1 1 1 1 1
semadaa 1 1 1 1 1 1 1 1 1 1 1
semadab N/A 1 1 1 1 1 1 1 1 1
sema4ba 1 1 1 2 2 2 2 2 1 2 1
sema4bb N/A N/A 1 N/A 1 1 N/A N/A N/A N/A N/A
sema4c 1 1 1 1 1 1 1 1 1 1 1
semadga N/A N/A 1 1 1 1 1 1 1 1 1
semadgb 1 1 1 1 1 1 1 1 1 1 1
AKT serine/
threonine
kinase 3



Latimeria Lepisosteus Danio Gadus Oryzias Oreochromis Dicentrarchus Gasterosteus Eleginops Dissostichus Notothenia

Gene chalumnae  oculatus rerio morhua latipes niloticus labrax aculeatus  maclovinus  mawsoni coriiceps
akt3a 3 3 2 3 5 4 3 3 1 2 3
akt3b 1 1 1 1 1 1 2 2 1 1 1




Table S$1.3: Gene accession number for the longest sequence obtained for each species.

Eleginop Nototh
Latimeria Lepisosteus . , Gadus Oryzias Oreochromi  Dicentrarchus Gasterosteus s Dissostichus enia
Gene Danio rerio . o . . ..
chalumnae oculatus morhua latipes s niloticus labrax aculeatus maclovin mawsoni coriice
us ps
Toll-Like
receptor
ENSLACG ENSLOCG0000 ENSDARGOO ENSORLGO NC_031966. dicLabl gene ENSGACG000 evm.mod D1§s0stlchus_maws genel2
tirl 000000100 0012910 1 000100649 1 N/A 0000004420. | models DLAg 000179581 el.scaffol  oni GLEAN_ 1000 281
38.1 ’ ’ 1 n_ 00109390 1 ' d273.16 3375
ENSLACG ENSORLGO ENSONIGO dicLabl gene evm.mod Dissostichus_maws
thr2 000000125 EN:&%SZC(})OIO 00 %I(\)Ig (]))3‘;‘55(;050 N/A 0000002540. 0000014114. models DLAg EI(\)IS 51256(9}010 0 el.scaffol  oni GLEAN_ 1000 N/A
90.1 ’ ) 2 1 n 00214290 1 ) d1613.5 2497
ENSGM . . .
ENSLACG ENSLOCG0000 ENSDARGO0  OG0000 ENSORLGO ENSONIGO dicLabl gene ENSGACG000 evm.mod D1§s0stlchus_maws genel4
tir3 000000114 00138261 000016065.10 0000786 0000008184. 0000010172. models DLAg 00016874 1 el.scaffol  oni GLEAN 1002 033
10.1 ’ ’ 1 ' 1 1 n_ 00183840 1 ' d69.39 1765
ENSDARGO00
tlr4al N/A N/A 0000756714 N/A N/A N/A N/A N/A N/A N/A N/A
ENSLOCG0000 ENSDARGO00
tir4ba N/A 0003751.1 000019742.9 N/A N/A N/A N/A N/A N/A N/A N/A
ENSDARGO00
tir4bb N/A N/A 000022048 5 N/A N/A N/A N/A N/A N/A N/A N/A
ENSLACG ENSORLGO ENSONIGO dicLabl gene evm.mod Dissostichus_maws
tlrsa 000000003 EN(;Q’OLI(Q((;O((})OIOOO %ﬁg&iﬁg? N/A  0000016221. 0000001333. models DLAg N/A el.scaffol  oni GLEAN 1000 gesnzells
52.1 ’ ’ 1 1 n_00066790 1 d229.27 9026
ENSLACG b1 00G0000  ENSDARGO0 NC 019882, DNSONIGO dicLabl_gene  p\g 54 oo Dissostichus_maws >,
tirsh 000000153 0018000 1 000052322 8 N/A ) 0000001333. models DLAg 00004381 .1 N/A oni_ GLEAN 1001 462
79.1 ‘ ‘ 1 n_00069890 1 ' 4118
ENSGM . . .
ENSONIGO dicLabl gene evm.mod  Dissostichus_maws
iar7 N/A N/A %ﬁggﬁg? Ooo(g;) ?gg N/A 0000016050. models DLAg EI(;Igg?OCSC(i)OIO O Clscaffol oni GLEAN 1001 gerllffo
: ' 1 n 00139190 1 ' d71.45 7339

1



Eleginop Nototh
Latimeria Lepisosteus . , Gadus Oryzias Oreochromi  Dicentrarchus Gasterosteus s Dissostichus enia
Gene Danio rerio . o . . ..
chalumnae oculatus morhua latipes s niloticus labrax aculeatus maclovin mawsoni coriice
us ps
ENSLACG ENSORLGO ENSONIGO dicLabl gene
{r8b 000000162 TNSLOCGO000  ENSDARGOO /) 500014255, 0000019220, models DLAg ~ ToGACGO00 )\ N/A gene90
0009982.1 000073675.3 00003992.1 16
40.1 1 1 n 00051580 1
ENSDARGO00
tr9a N/A N/A 000044490.7 N/A N/A N/A N/A N/A N/A N/A N/A
ENSGM
tr9b N/A N/A N/A ©G0000 N/A N/A N/A N/A N/A N/A N/A
0003222.
1
ENSGM
thr9c N/A N/A N/A ©G0000 N/A N/A N/A N/A N/A N/A N/A
0003269.
1
ENSGM
thr9d N/A N/A N/A (%(1}?322 N/A N/A N/A N/A N/A N/A N/A
1
ENSGM
tlr9e N/A N/A N/A (%(1}?322 N/A N/A N/A N/A N/A N/A N/A
1
ENSLACG ENSGM ENSORLGO ENSONIGO dicLabl gene
iarl8 000000176  TNSLOCGO000  ENSDARGOO — OGO000 55415704 0000006684,  models _DgLA ENSGACGO00 )\ N/A genes7
g 0007992.1 000040249.8  0003793. ’ ’ = £ 00001745.1 62
99.1 1 1 1 n_00055750 1
ENSLACG dicLabl gene evm.mod Dissostichus_maws
thr2 0"]/ 1r20- 000000010 N/A %zrg(l))ggéaécgozo N/A N/A N/A models DLAg N/A elscaffol  oni GLEAN 1000  N/A
78.1 ’ n_00100740 1 d147.1 0475
ENSLACG ENSONIGO evm.mod Dissostichus_maws
r206/4r20: 600000010 N/A ENSDARGOO N/A 0000011671 N/A N/A clscaffol oni GLEAN 1000 €077
2 73 000094411.2 | 41495.1 T 0764 86



Eleginop Nototh
Latimeria Lepisosteus . , Gadus Oryzias Oreochromi  Dicentrarchus Gasterosteus s Dissostichus enia
Gene Danio rerio . o . . . ..
chalumnae oculatus morhua latipes s niloticus labrax aculeatus maclovin mawsoni coriice
us ps
ENSLACG dicLabl gene evm.mod Dissostichus_maws
thr2 003””2 0 000000026 N/A %ﬁg&?iﬁof N/A N/A N/A models DLAg N/A elscaffol oni GLEAN 1001  N/A
57.1 ’ n_ 00100740 1 d364.21 8235
evm.mod
tr20d/tlr20. N/A N/A ENSDARGOO N/A N/A N/A N/A el.scaffol N/A N/A
4 000088701.3
d364.22
ENSGM .
ENSORLGO ENSONIGO dicLabl gene evm.mod
21 N/A N/A %ﬁgg‘g&gof Ooo?gggg 0000013437.  0000020525. models DLAg Eﬁg(%‘g‘z’cgofo el.scaffol N/A gesnle9“
’ ) ' 1 1 n_00058280 1 ' d93.53
ENSGM .
ENSONIGO dicLabl gene
ENSLOCG0000 ENSDARGO00  OG0000 = ENSGACG000
thr22 N/A 0018316.1 000104045.1 0010841, N/A 0000006496. models DLAg 00005449, 1 N/A N/A N/A
1 1 n_00078370 1
Phosphatid
-ylinositol
3-kinase
ENSLACG ENSGM ENSORLGO ENSONIGO dicLabl gene evm.mod Dissostichus_maws
. ENSLOCG0000 ENSDARGO0  OG0000 -5 ENSGACG000 ’ . = genel3
pik3apl 000000089 00115981 0000782854 0006202 0000014121.  0000010335. models DLAg 00003216.1 el.scaffol  oni GLEAN_ 1000 203
15.1 ' ' 1 ' 1 1 n_00010760 1 ' d9.22 7944
ENSLACG ENSGM ENSONIGO dicLabl gene evm.mod Dissostichus_maws
pik3c2a 000000170 EN:&)CZ)SSOIO 00 %I(\)Ig (]))618251(1}060 (%(1}823 ? 101155105  0000015560. models__DLAg EI(\)IS (%27%(;010 0 el.scaffol oni_GLEAN__IOOI N/A
40.2 ’ ’ 1 ' 1 n_ 00171600 1 ' d1027.4 1998
ENSLACG ENSORLGO ENSONIGO dicLabl gene Dissostichus_maws
pik3c2b 000000174 EN:&S?O(;OIO 00 %I(\)Ig (]%2;{2(7}030 N/A 0000010776.  0000000290. models DLAg N/A N/A oni_GLEAN 1000 N/A
07.1 ' ' 1 1 n 00214900 1 1230
ENSLACG ENSONIGO dicLabl gene evm.mod Dissostichus_maws
pik3c2g 000000040 N/A %1(\)15(1))93;)(3}020 N/A 105354205  0000008497. models DLAg N/A el.scaffol  oni GLEAN 1000 genf”
21.1 ’ 1 n 00169860 1 d120.12 5289



Eleginop Nototh
Latimeria Lepisosteus . . Gadus Oryzias Oreochromi  Dicentrarchus Gasterosteus s Dissostichus enia
Gene Danio rerio . o . . . ..
chalumnae oculatus morhua latipes s niloticus labrax aculeatus maclovin mawsoni coriice
_ us ps
ENSLACG ENSGM o\ GORLGO  ENSONIGO  dicLabl_gen vm.mod  Dissostichus_ma
) ENSLOCG0000 ENSDARG00 ~ 0G0000 CLAbI_ENC  pNSGACGooo YO SSOSUCHUS_THAWS o el
pik3e3 000000160 "t 0000548290 0017662, 0000007721, 0000012919, models DLAg /"3 -\ " elscaffol  oni GLEAN_1000 555
70.1 : : o 1 1 n 00144560 1 ' d232.8 5899
ENSLACG ENSGM o\ iGORLGO  ENSONIGO  dicLabl_gen vm.mod  Dissostichus_ma
) ENSLOCG0000 ENSDARG00 ~ 0G0000 CLAbI_ENC  pNSGACGooo YO SSOSUCIUS_TAWS = o hed]
pik3ca 000000118 0001119.1 0000754564 0003009 0000008938.  0000008379. models DLAg 00001192.1 el.scaffol oni GLEAN 1000 394
88.1 : : L 1 1 n_ 00003050 1 ' d47.51 1047
ENSLACG ENSGM o\ GORLGO  ENSONIGO  dicLabl d Dissostich
. ENSLOCG0000 ENSDARGO0  0G0000 CLabl_BeNe - pnsGAcGooo V™M 1SS0STICAUS_Maws
pik3cb 000000131 000441 1 0000752534 0013906 0000015529, 0000007924, models DLAg =~ /s " " elscaffol  oni GLEAN 1000 N/A
75.1 : : L 1 1 n_ 00029270 1 ' d469.11 9163
ENSLACG ENSGM o\ GORLGO  ENSONIGO — dicLabl_gen vm.mod  Dissostichus_ma
) ENSLOCG0000 ENSDARG00 ~ 0G0000 CLAbI_ENC  pNSGACGooo YO SSOSUCHUS_THAWS o nel7
pik3ed 000000089 0000032500 0000722, 0000005422, 0000002388, models DLAg L= R elscaffol  oni GLEAN 1001 #50
00.1 : : L 1 1 n 00132120 1 ' d115.59 3699
ENSLACG ENSGM o\ GORLGO  ENSONIGO  dicLabl_gen vm.mod  Dissostichus_ma
) ENSLOCG0000 ENSDARG00  0G0000 CLAbI_ENC  pNSGACGooo YO SSOSUCHUS_THAWS o ne27
pik3cg 000000069 o 0000177578 0000314, 0000009458, 0000011855, models DLAg 50 B elscaffol — oni GLEAN 1002 #502
86.1 : : o 1 1 n_ 00206460 1 ' d646.15 0819
ENSGM
in] ]S(Ijos(’)%‘gl%? ENSLOCG0000 ENSDARGO0  0G0000 g&%&%ﬁ; &ﬁgg@;ﬁg N/A ENSGACG000 ZIV‘;;?E)‘} N/A genel |
PP 0004841.1 000003281.6  0011675. : : 00008705.1 ; 466
45.1 | 1 1 d101.61
ENSLACG ENSGM o\ GORLGO  ENSONIGO  dicLabl_gen vm.mod  Dissostichus_ma
. ENSLOCG0000 ENSDARGO0  0G0000 CLabl_BeNe - pnsGAcGooo V™M SSOSUCHUS_MAWS =4 0ne20
pik3rl 000000136 0 0000385248 0003321 0000002670. 0000001749, models DLAg o' OR T elscaffol  oni GLEAN 1001 #2077
26.2 : : - 1 1 n_ 00081990 1 ' d1025.5 2840
dicLabl gene evm.mod Dissostichus_maws
pik3r2 N/A ENSOLO?SCSOIOOO 5&%?3}25?? N/A N/A N/A models DLAg Elgg(%gzcocli()f)o el.scaffol  oni GLEAN 1002 gegg“
: ' n_ 00003950 1 ' d25.18 1203



Eleginop Nototh
Latimeria Lepisosteus . . Gadus Oryzias Oreochromi  Dicentrarchus Gasterosteus s Dissostichus enia
Gene Danio rerio . o . . ..
chalumnae oculatus morhua latipes s niloticus labrax aculeatus maclovin mawsoni coriice
- us ps
ENSLACG
pik3r3a 000000076 N/A ENSDARGO0 N/A N/A N/A N/A N/A N/A N/A N/A
781 000103038.1
ENSGM ENSORLGO ENSONIGO dicLabl gen vm.mod  Dissostichus_ma
pik3r3b N/A ENSLOCG0000  ENSDARGOO — OGO000 5765013341 0000007853 mgdels _Dng:Aeg ENSGACG000 21 sc.afg)l onSiS(gL](i::IiI_ 10(V)V1S genel8
0005759.1 000034409.6 000(;803. ) ) n_001475130_1 00005180.1 469,11 T 059 971
ENSLACG ENSGM ENSONIGO dicLabl gene Dissostichus_maws
. ENSLOCG0000 ENSDARGO0  OG0000 = ENSGACG000 . =
pik3rd 000000103 00016221 0000604696 0003459, 101173091  0000002040. models DLAg 000029771 N/A oni GLEAN 1000 N/A
58.1 1 1 n 00215370 1 1744
ENSLACG ENSGM ENSORLGO ENSONIGO dicLabl gen vm.mod Di tichus ma
. ENSLOCG0000 ENSDARGO0  0G0000 CLabl_BeNe - pnsGAcGooo V™M SSOSUCHUS_MAWS =4 0ne24
pik3rs 000000038 0013254 1 000102762.1 0017849 0000003122.  0000008249. models DLAg 00006852, 1 el.scaffol  oni GLEAN_1002 931
00.1 ’ ) 1 ) 1 1 n 00180100 1 ) d46.46 1904
ENSORLGO ENSONIGO dicLabl gene Dissostichus_maws
pik3r6a N/A EN(;Q’OLI(;;S;OIOOO %2153)‘8;(6}010 N/A  0000003102. 0000018161. models DLAg N/A N/A  oni GLEAN 1002 ge9r126924
’ ) 1 1 n_00180090 1 1903
ENSONIGO Dissostichus_maws
. ENSDARGO00 ENSGACG000 . =
pik3r6b N/A N/A 0000911403 N/A N/A 00000?8242. N/A 00006848.1 N/A Om_GL;)?;\I_lOOI N/A
Immuno
-globulin
Superfamil
y
ENSLACG ENSGM ENSORLGO ENSONIGO dicLabl gen vm.mod Di tichus_ma
. ENSLOCG0000 ENSDARGO0  0G0000 CLabl_BeNe - pnsGacGooo V™M SSOSUCHUS_MAWS =4 one27
igsf3 000000136 0011156.1 0000770023 0000627 0000017870. 0000016010. models DLAg 00003812.1 el.scaffol  oni GLEAN_1001 465
43.2 ’ ’ 1 ' 1 1 n_00051750 1 ' d54.55 5527
ENSLACG ENSORLGO dicLabl gene evm.mod Dissostichus_maws
igsfSa 000000014 XP—0151196887' %ﬁg&?&g? N/A 0000018654. XP—(6)3524546 models DLAg EI(\)IS(%SICSCSOIO 0 el.scaffol  oni GLEAN_1001 N/A
89.1 ’ 1 ' n_00039170 1 ' d20.65 3291
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Eleginop Nototh
Gene Latimeria Lepisosteus Danio rerio Gadus Oryzias Oreochromi  Dicentrarchus Gasterosteus s Dissostichus enia
chalumnae oculatus morhua latipes s niloticus labrax aculeatus maclovin mawsoni coriice
_ us ps
ENSGM . . .
dicLabl gene evm.mod Dissostichus_maws
igsfsb N/A N/A %1(\)13(1))91855(3}020 (%(337038 N/A XP_0054746 models_ DLAg Elgg(%‘ggcoiolo O elscaffol oni GLEAN 1001 ge;;”
’ 1 ' 14.1 n_00030580 1 ' d160.31 3064
ENSLACG ENSGM ENSORLGO ENSONIGO dicLabl gene evm.mod Dissostichus_maws
. ENSLOCG0000 ENSDARGO0  OG0000 -5 ENSGACG000 ’ . = gene27
igsf8 000000150 0005749 1 0000384676 0001253 0000005224.  0000005111. models DLAg 000066331 el.scaffol  oni GLEAN_ 1001 045
60.1 ' ' 1 ' 1 1 n_ 00095260 1 ) d23.15 9441
ENSONIGO dicLabl gene evm.mod Dissostichus_maws
igsfa N/A N/A %2155‘2563040 N/A XP—% 114776 0000013054. models DLAg N/A el.scaffol  oni GLEAN 1001 g%n;sls
’ ’ 1 n_00086800 1 dg78.1 3587
ENSORLGO ENSONIGO dicLabl gene evm.mod Dissostichus_maws
igsf9b N/A EN(;Q’OLI(zgg)lOOO 5&%?&%??8 N/A  0000012192. 0000010698. models DLAg N/A el.scaffol  oni GLEAN 1002 g%n96522
: ' 1 1 n 00115840 1 d202.15 0178
ENSGM ENSORLGO ENSONIGO dicLabl gene evm.mod Dissostichus_maws
igsf9ba N/A N/A %ﬁggﬁgg? 0%?8222 0000005174.  0000011122. models DLAg Elggg&cgoloo el.scaffol  oni GLEAN 1001 ger11§70
) 1 ) 1 1 n_00033960 1 ' d102.21 0237
ENSLACG ENSGM ENSONIGO dicLabl gene evm.mod  Dissostichus_maws
. ENSLOCG0000 ENSDARGOO OG0000 XP 0238180 -5 ENSGACG000 ’ . = genesS4
igsf9bb 000000048 0004847 1 0000694675 0011998 711 0000015795. models DLAg 00020185.1 el.scaffol oni GLEAN 1000 28
83.1 ’ ’ ) ' ' 1 n_00038810 1 ' d20.20 1500
ENSLACG ENSGM ENSORLGO ENSONIGO dicLabl gene
igsf10 000000092 ~P-015216099. ENSDARGOO - OGO000 57505965 0000003578.  models _DgLA ENSGACGO00 )\ N/A genels
8% 1 000077497.4  0013742. ’ ’ = £ 00010238.1 396
76.1 1 1 1 n 00033430 1
ENSLACG ENSGM ENSORLGO ENSONIGO dicLabl gene evm.mod Dissostichus_maws
. ENSLOCG0000 ENSDARGO0  OG0000 ¢ -5 ENSGACG000 ’ . = gene80
igsfll 000000075 00026621 0000172179 0013368 0000013761. 0000016695. models DLAg 00006157.1 el.scaffol  oni GLEAN_1001 51
75.1 ’ ’ ) ' 1 1 n_00029830 1 ' d32.70 9777
Semaphori

ns
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Eleginop Nototh
Latimeria Lepisosteus . . Gadus Oryzias Oreochromi  Dicentrarchus Gasterosteus s Dissostichus enia
Gene Danio rerio . o . . . ..
chalumnae oculatus morhua latipes s niloticus labrax aculeatus maclovin mawsoni coriice
_ _ us ps
ENSORLGO ENSONIGO Dissostichus_maws
sema3aa N/A N/A ENSDARGOO 0,0 6000015034, 0000011531, N/A N/A N/A  oni GLEAN 1001 &eneld
000019235.10 | X el 947
ENSLACG ENSGM o\ GORLGO  ENSONIGO  dicLabl_gen vm.mod  Dissostichus_ma
ENSLOCG0000 ENSDARGO0  0G0000 CLabl_BeNe - pnsGAcGooo V™M SSOSUCHUS_MAWS =4 onel16
sema3ab 000000138 0016397.1 0000422107 0018773 0000009475. 0000014966. models DLAg 00012703.1 el.scaffol oni GLEAN 1000 003
66.1 : : L 1 1 n_ 00167340 1 ' d13.66 6936
ENSLACG ENSGM o\ GORLGO  ENSONIGO — dicLabl_gen vm.mod  Dissostichus_ma
ENSLOCG0000 ENSDARGO0  0G0000 CLabl_BeNe - pnsGAcGooo V™M SSOSUCHUS_MAWS o ene21
sema3b 000000162 " 1o 00001167211 0017230, 0000003270, 0000001792, models DLAg o ovee” 00" elscaffol  oni GLEAN_1001 &7
1.1 : ' o 1 1 n_00133350_1 ' d16.38 0796
ENSLACG ENSGM o\ GORLGO  ENSONIGO — dicLabl_gen vm.mod  Dissostichus_ma
ENSLOCG0000 ENSDARGO0  0G0000 CLabl_BeNe - pnsGAcGooo V™M SSOSUCHUS_MAWS o ene21
sema3bl 000000153 7 2T 00000756011 0016820, 0000003333, 0000001819 models DLAg o ovee OF " elscaffol  oni GLEAN 1001 #77
21.1 : ' L 1 1 n_00133330_1 ' d16.39 0797
ENSLACG ENSGM o\ GORLGO  ENSONIGO  dicLabl_gen vm.mod  Dissostichus_ma
ENSLOCG0000 ENSDARG00  0G0000 CLabl_BeNCe - pnsGAcGooo V™M SSOSUCHUS_MAWS =4 ene10
semae 000000082 T 1 O 0000343008 0011606 0000016082, 0000000089, models DLAg "o R elscaffol — oni GLEAN 1001 #70
48.1 : : R 1 1 n_ 00209160 1 ' d21.60 6199
ENSLACG ENSGM o\ GORLGO  ENSONIGO  dicLabl_gen vm.mod  Dissostichus_ma
ENSLOCG0000 ENSDARGO0  0G0000 CLabl_BeNe - pnsGacGooo V™M SSOSUCHUS_MAWS o onel16
sema3d 000000052 T i 00001736010 00103g7 0000002866, 0000004442, models DLAg (/oo "0 elscaffol  oni GLEAN_1000 &/
73.1 : ' o 1 1 n_00167350_1 ' d83.41 6937
ENSLACG ENSGM o\ GORLGO  ENSONIGO  dicLabl_gen vm.mod
ENSLOCG0000 ENSDARGO0  0G0000 CLabl_BeNCe - pnsGacGooo V™M genel6
semade 000000158 T 1l 0000365716 0019371 0000009509. 0000014961. models DLAg (-0 R el.scaffol N/A 004
36.1 : : o 1 1 n_00167330_1 ' d83.39
ENSGM
ENSONIGO
ENSDARG00  0G0000 ENSGACG000
sema3fa N/A N/A 00001116310 0016462, N/A 0000004064. N/A 00010605.1 N/A N/A N/A

1

1
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Eleginop Nototh
Latimeria Lepisosteus . . Gadus Oryzias Oreochromi  Dicentrarchus Gasterosteus s Dissostichus enia
Gene Danio rerio . o . . . ..
chalumnae oculatus morhua latipes s niloticus labrax aculeatus maclovin mawsoni coriice
_ us ps
ENSLACG ENSGM ENSORLGO ENSONIGO dicLabl gen evm.mod Dissostichus maws
ENSLOCG0000 ENSDARGO0  0G0000 CLabI_BENC  ENSGACG000 : : — genel9
sema3fb 000000051 0010911 1 0000553737 0002430 0000014370. 0000020280. models DLAg 000119891 el.scaffol  oni GLEAN_1000 956
25.1 ) ’ 1 ' 1 1 n_00089240 1 ’ d188.46 8090
ENSGM ENSORLGO ENSONIGO dicLabl gene evm.mod Dissostichus maws
sema3ga N/A N/A ]?)I(\)IS(BS;CS}OSO (%(1}32%) 0000014173. 0000016871. models__DLAg EI(\)IS(%;ZCZCQOIO 0 el.scaffol oni_GLEAN__IOOO N/A
’ 1 ) 1 1 n 00127620 1 ) d1552.1 5944
ENSGM
ENSLOCGO0000 ENSDARGO0 OGO0000 XP 0114757
sema3gh N/A 0014436.1 000013607.9  0001255. 70.1 N/A NA NA NA N/A NA
1
ENSLACG ENSGM ENSORLGO ENSONIGO dicLabl gene evm.mod Dissostichus_maws
sema3h 000000180 N/A %1(\)15(%?1(6}050 (%(nggg 0000002802. 0000001675. models DLAg Elgg(%?ggc;()f)o el.scaffol  oni GLEAN 1001 geg? ?
34.1 ’ 1 ' 1 1 n_ 00133580 1 ’ dl6.14 0776
ENSLACG ENSGM ENSORLGO ENSONIGO dicLabl gene evm.mod Dissostichus maws
ENSLOCGO0000 ENSDARGO00 OGO0000 ¢ & ENSGACG000 ’ . = gene29
semadaa 000000138 0006579 1 0000771034 0012258 0000016896.  0000002132. models DLAg 000153261 el.scaffol  oni GLEAN_1000 77
12.1 ) ’ ) ' 1 1 n_00083690 1 ’ dg8.27 1854
ENSGM . . .
ENSONIGO dicLabl gene evm.mod Dissostichus_maws
wnodch A ENSLOCGOOOD ENSDARG0 OGO0 XPOZSISS gouilinis  moqs Biag ENSCACCH0 TR UEENIRTUS
: : o ' 1 n 00197820 1 ' d360.2 5076
ENSLACG ENSGM ENSORLGO ENSONIGO dicLabl gen evm.mod Dissostichus maws
ENSLOCG0000 ENSDARGO0  0G0000 CLabI_BENC  ENSGACG000 : : — gene24
semadba 000000180 0014333 1 0000744145 0013124 0000008247. 0000002592. models DLAg 00010807.1 el.scaffol  oni GLEAN_1001 172
85.2 ’ ’ | ’ 1 1 n_ 00156190 1 ’ d248.5 5343
ENSONIGO
ENSDARGO00 XP 0114911
sema4bb N/A N/A 0000761045 N/A 381 0000002563. N/A N/A N/A N/A N/A

1
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Eleginop Nototh
Latimeria Lepisosteus . , Gadus Oryzias Oreochromi  Dicentrarchus Gasterosteus s Dissostichus enia
Gene Danio rerio . o . . . ..
chalumnae oculatus morhua latipes s niloticus labrax aculeatus maclovin mawsoni coriice
— us ps
ENSLACG ENSGM ENSORLGO ENSONIGO dicLabl gene evm.mod Dissostichus_maws
ENSLOCG0000 ENSDARGO00  OG0000 = ENSGACG000 . = genel0
semadc 000000022 0015594 1 0000796114 0008050 0000015302. 0000015832. models DLAg 000130621 el.scaffol  oni GLEAN 1001 355
82.1 ’ ’ 1 ' 1 1 n_ 00123460 1 ' ds504.5 6674
ENSDARGO0 ](E)I\(I}%g(l)\g ENSORLGO ENSONIGO dicLabl gene ENSGACG000 evm.mod Dissostichus_maws 50
semadga N/A N/A 0000765956 0013766, 0000007299, 0000018453, models DLAg (" =" " clscaffol  oni GLEAN 1002 gegg
’ | ' 1 1 n_00013790 1 ' d72.40 0493
ENSLACG ENSGM ENSORLGO ENSONIGO dicLabl gene evm.mod Dissostichus_maws
ENSLOCG0000 ENSDARGO00  OG0000 = ENSGACG000 . = genell
semadgb 000000064 00126361 0000881432 0009878 0000011518.  0000007902. models DLAg 000034931 el.scaffol  oni GLEAN 1001 901
11.1 ’ ’ 1 ' 1 1 n_ 00104470 1 ' d225.9 6615
AKT
serine/threo
-nine
kinase 3
ENSLACG ENSGM ENSORLGO ENSONIGO dicLabl gene evm.mod Dissostichus_maws
ENSLOCG0000 ENSDARGO0O0  OG0000 = ENSGACG000 . = genel0
akt3a 000000044 0012762.1 000104810.1 0001153 0000004813.  0000000863. models DLAg 00006296.1 el.scaffol  oni GLEAN 1001 538
47.1 ’ ’ ) ' 1 1 n_00015480 1 ' d32.53 9793
ENSLACG ENSGM ENSORLGO ENSONIGO dicLabl gene evm.mod Dissostichus_maws
ENSLOCG0000 ENSDARGO0O0  OG0000 = ENSGACG000 . = gene25
akt3b 000000035 0005077.1 0000872052 0004973 0000001445. 0000000038. models DLAg 00019752.1 el.scaffol oni GLEAN 1000 711
68.1 ’ ’ ' 1 1 n_00038440 1 ' d1716.2 3410

1
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Table SI1.4: Results of the pairwise Codeml analysis. Non-synonymous substitution (dn),
synonymous substitution (dS), their ratio (dn/ds) and the calculated divergence time (million years)
from one-to-one concatenated genes between, ten of the investigated species with the gene name
and the corresponding node given, using the estimated substitution rate of 5.7 x 10” mutations per

site per year.

Divergence

Node Gene  Species 1 Species 2 dnds dn ds Time
Neopterygii Sema  L.oculatus D.labrax  0.0489 0.1413 2.8927 253.75
Neopterygii Sema  L.oculatus ~ D.mawsoni 0.0419 0.1305 3.1149 273.24
Neopterygii Sema  L.oculatus D.rerio 0.044 0.1622 3.6906 323.74
Neopterygii Sema  L.oculatus O.niloticus  0.0386 0.1376 3.5666 312.86
Neopterygii Sema  L.oculatus G.morhua  0.0415 0.1437 3.4621 303.69
Neopterygii Sema  L.oculatus  E.maclovinus 0.0378 0.1357 3.593 315.18
Neopterygii Sema  L.oculatus  G.aculeatus 0.0353 0.1282 3.6321 318.61
Acanthomorphata AKT3  G.morhua D.mawsoni  0.0218 0.0257 1.1751 103.08
Acanthomorphata AKT3  G.morhua  G.aculeatus 0.0228 0.0266 1.1659 102.27
Acanthomorphata AKT3  G.morhua N.coriiceps  0.0278 0.0337 1.2095 106.10
Acanthomorphata AKT3  G.morhua  E.maclovinus 0.0192 0.025 1.3011 114.13
Acanthomorphata Igsf  G.morhua  G.aculeatus 0.0377 0.082 2.1781 191.06
Acanthomorphata Igsf  G.morhua D.labrax  0.0324 0.0778 2.399 210.44
Acanthomorphata Igsf  G.morhua O.niloticus  0.0358 0.0963 2.6932 236.25
Acanthomorphata Igsf  G.morhua D.mawsoni  0.0312 0.0852 2.7297 239.45
Acanthomorphata Igsf — G.morhua  E.maclovinus 0.0289 0.0881 3.0455 267.15
Acanthomorphata Igsf  G.morhua N.coriiceps  0.0282 0.0898 3.1809 279.03
Acanthomorphata Igsf  G.morhua O.latipes  0.0325 0.1114 3.4284 300.74
Acanthomorphata PIK3  G.morhua D.mawsoni  0.0561 0.1162 2.0708 181.65
Acanthomorphata PIK3  G.morhua N.coriiceps  0.055 0.1161 2.1121 185.27
Acanthomorphata PIK3  G.morhua  G.aculeatus 0.0492 0.1106 2.2477 197.17
Acanthomorphata PIK3  G.morhua D.labrax  0.0436 0.1045 2.3982 210.37
Acanthomorphata PIK3  G.morhua O.niloticus ~ 0.0459 0.1115 2.4285 213.03
Acanthomorphata PIK3  G.morhua  E.maclovinus 0.0445 0.1154 2.5967 227.78
Acanthomorphata PIK3  G.morhua O.latipes ~ 0.0343 0.125 3.6459 319.82
Acanthomorphata Sema  G.morhua D.labrax  0.0383 0.0785 2.0515 179.96
Acanthomorphata Sema  G.morhua D.mawsoni  0.0353 0.0729 2.0647 181.11
Acanthomorphata Sema  G.morhua  E.maclovinus 0.033 0.0782 2.3682 207.74
Acanthomorphata Sema  G.morhua  G.aculeatus 0.0389 0.0728 1.872 164.21
Acanthomorphata Sema  G.morhua O.niloticus ~ 0.0289 0.0735 2.5384 222.67
Acanthomorphata Sema  G.morhua N.coriiceps  0.0362 0.0929 2.5652 225.02
Acanthomorphata Sema  G.morhua O.latipes ~ 0.0345 0.0897 2.5998 228.05
Acanthomorphata TLR  G.morhua D.labrax  0.1988 0.2722 1.3688 120.07
Acanthomorphata TLR  G.morhua  E.maclovinus 0.2013 0.3009 1.495 131.14
Acanthomorphata TLR  G.morhua D.mawsoni  0.182  0.295 1.6208 142.18
Acanthomorphata TLR  G.morhua N.coriiceps  0.1756 0.2981 1.6975 148.90
Acanthomorphata TLR  G.morhua  G.aculeatus 0.1507 0.26  1.7257 151.38
Acanthomorphata TLR  G.morhua O.latipes  0.1583 0.3222 2.0353 178.54



Divergence

Node Gene  Species 1 Species 2 dnds dn ds Time
Acanthomorphata TLR  G.morhua O.niloticus ~ 0.1334 0.2736 2.0508 179.89
Teleostei AKT3 D.rerio D.labrax  0.0114 0.0185 1.6232 142.39
Teleostei AKT3 D.rerio O.latipes  0.0183 0.0329 1.7982 157.74
Teleostei AKT3 D.rerio O.niloticus  0.0185 0.034 1.8393 161.34
Teleostei Igsf D.rerio N.coriiceps  0.0715 0.1414 1.9766 173.39
Teleostei Igsf D.rerio D.mawsoni  0.0663 0.1351 2.0394 178.89
Teleostei Igsf D.rerio E.maclovinus 0.0613 0.1362 2.2213 194.85
Teleostei Igsf D.rerio D.labrax  0.0548 0.1285 2.3435 205.57
Teleostei Igsf D.rerio O.niloticus  0.0576 0.1478 2.5664 225.12
Teleostei Igsf D.rerio G.aculeatus 0.0436 0.1355 3.1044 272.32
Teleostei Igsf D.rerio O.latipes  0.0474 0.1604 3.3854 296.96
Teleostei PIK3 D.rerio D.labrax  0.0457 0.1181 2.5858 226.82
Teleostei PIK3 D.rerio O.niloticus  0.0475 0.1258 2.6473 232.22
Teleostei PIK3 D.rerio E.maclovinus 0.0463 0.123  2.656 232.98
Teleostei PIK3 D.rerio O.latipes  0.0471 0.1383 2.9378 257.70
Teleostei PIK3 D.rerio G.aculeatus 0.0418 0.1256 3.001 263.25
Teleostei PIK3 D.rerio D.mawsoni  0.0425 0.1285 3.0254 265.39
Teleostei PIK3 D.rerio N.coriiceps 0.0415 0.1294 3.1136 273.12
Teleostei Sema D.rerio D.labrax  0.0543 0.1519 2.7972 245.37
Teleostei Sema D.rerio E.maclovinus 0.0509 0.1485 2.92 256.14
Teleostei Sema D.rerio D.mawsoni  0.0453 0.1425 3.1471 276.06
Teleostei Sema D.rerio O.latipes  0.0488 0.1589 3.2524 285.30
Teleostei Sema D.rerio O.niloticus ~ 0.0395 0.1456 3.6841 323.17
Teleostei Sema D.rerio N.coriiceps  0.0451 0.1676 3.7181 326.15
Teleostei Sema D.rerio G.aculeatus 0.0364 0.1419 3.9007 342.17
Percomorpha  AKT3  O.niloticus D.labrax  0.0551 0.0251 0.4555 39.96
Percomorpha  AKT3  O.latipes D.labrax  0.0338 0.0252 0.746 65.44
Percomorpha  AKT3  O.niloticus O.latipes  0.0324 0.0263 0.8129 71.31
Percomorpha Igst  O.niloticus O.latipes  0.0916 0.0803 0.8766 76.89
Percomorpha Igsf  O.niloticus D.labrax  0.0949 0.0482 0.5076 44.53
Percomorpha Igsf  O.niloticus ~ D.mawsoni  0.1012 0.0598 0.5914 51.88
Percomorpha Igst  O.niloticus  N.coriiceps 0.1102 0.0659 0.5981 52.46
Percomorpha Igsf  O.niloticus  E.maclovinus 0.0994 0.0596 0.6001 52.64
Percomorpha Igst  O.niloticus  G.aculeatus 0.0618 0.0568 0.9193 80.64
Percomorpha Igsf O.latipes D.labrax 0.077 0.0663 0.861 75.53
Percomorpha Igsf O.latipes D.mawsoni  0.0833 0.0784 0.9408 82.53
Percomorpha Igsf O.latipes N.coriiceps  0.09 0.0861 0.9561 83.87
Percomorpha Igsf O.latipes  E.maclovinus 0.078 0.0799 1.0243 89.85
Percomorpha Igsf O.latipes G.aculeatus  0.0576 0.0787 1.3672 119.93
Percomorpha  PIK3  O.niloticus  G.aculeatus 0.0912 0.0568 0.623 54.65
Percomorpha  PIK3  O.niloticus O.latipes  0.0712  0.07 0.9831 86.24
Percomorpha  PIK3  O.niloticus D.labrax  0.0798 0.0409 0.5134 45.04
Percomorpha  PIK3  O.niloticus  E.maclovinus 0.0898 0.0547 0.6093 53.45
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Divergence

Node Gene  Species 1 Species 2 dnds dn ds Time
Percomorpha  PIK3  O.niloticus ~ D.mawsoni  0.086 0.0583 0.6779 59.46
Percomorpha  PIK3  O.niloticus  N.coriiceps  0.0854 0.0584 0.6831 59.92
Percomorpha  PIK3 O.latipes D.labrax  0.0673 0.0631 0.9376 82.25
Percomorpha  PIK3 O.latipes  E.maclovinus 0.0708 0.0733 1.035 90.79
Percomorpha  PIK3 O.latipes G.aculeatus 0.0738 0.0774 1.0483 91.96
Percomorpha  PIK3 O.latipes D.mawsoni  0.0725 0.0765 1.0552 92.56
Percomorpha  PIK3 O.latipes N.coriiceps  0.0699 0.0765 1.0946 96.02
Percomorpha  Sema  O.niloticus D.labrax  0.0726 0.0351 0.4834 42.40
Percomorpha  Sema  O.niloticus ~ D.mawsoni  0.0668 0.0365 0.5466 47.95
Percomorpha  Sema  O.niloticus  E.maclovinus 0.0729 0.0416 0.5705 50.04
Percomorpha  Sema  O.niloticus ~ N.coriiceps  0.0973 0.0608 0.6246 54.79
Percomorpha  Sema  O.niloticus  G.aculeatus 0.0529 0.0418 0.7904 69.33
Percomorpha  Sema  O.niloticus O.latipes  0.0624 0.0522 0.8367 73.39
Percomorpha  Sema  O.latipes D.labrax  0.0701 0.0539 0.7691 67.46
Percomorpha  Sema  O.latipes  E.maclovinus 0.0626 0.0517 0.8259 72.45
Percomorpha  Sema  O.latipes D.mawsoni  0.0599 0.052 0.8679 76.13
Percomorpha  Sema  O.latipes N.coriiceps 0.0809 0.0766 0.9473 83.10
Percomorpha  Sema  O.latipes G.aculeatus  0.0545 0.0562 1.0322 90.54
Percomorpha  TLR O.latipes D.labrax  0.2033 0.216 1.0623 93.18
Percomorpha ~ TLR O.latipes D.mawsoni 02116 0.2345 1.1085 97.24
Percomorpha ~ TLR O.latipes N.coriiceps 02174 0.2421 1.1134 97.67
Percomorpha  TLR O.latipes  E.maclovinus 0.2052 0.2309 1.1249 98.68
Percomorpha ~ TLR O.latipes G.aculeatus  0.155 0.2291 1.4781 129.66
Percomorpha ~ TLR  O.niloticus O.latipes  0.2161 0.2231 1.0323 90.55
Percomorpha ~ TLR  O.niloticus D.labrax  0.3533 0.1695 0.4797 42.08
Percomorpha ~ TLR  O.niloticus ~ D.mawsoni  0.3053 0.1914 0.6267 54.97
Percomorpha ~ TLR  O.niloticus ~ N.coriiceps  0.3139 0.1987 0.6329 55.52
Percomorpha ~ TLR  O.niloticus  E.maclovinus 0.3055 0.1961 0.6419 56.31
Percomorpha ~ TLR  O.niloticus  G.aculeatus 0.2338 0.1878 0.8033 70.46

Perciformes =~ AKT3 G.aculeatus  D.mawsoni 0.0132 0.0061 0.4634 40.65
Perciformes =~ AKT3 G.aculeatus  N.coriiceps 0.0297 0.0143 0.4807 42.17
Perciformes ~ AKT3 G.aculeatus E.maclovinus 0.0142 0.0072 0.5073 44.50
Perciformes Igsf D.labrax G.aculeatus 0.0544 0.0415 0.7621 66.85
Perciformes Igsf D.labrax D.mawsoni  0.0905 0.0363 0.4012 35.19
Perciformes Igsf D.labrax N.coriiceps  0.1063 0.0446 0.419 36.75
Perciformes Igsf D.labrax  E.maclovinus 0.0877 0.0383 0.4364 38.28
Perciformes Igst  G.aculeatus  D.mawsoni 0.0598 0.0464 0.7768 68.14
Perciformes Igst  G.aculeatus  N.coriiceps  0.068 0.0542 0.797 69.91
Perciformes Igst  G.aculeatus E.maclovinus 0.0524 0.0463 0.8834 77.49
Perciformes PIK3 D.labrax G.aculeatus  0.0983 0.0429 0.4361 38.25
Perciformes PIK3 D.labrax  E.maclovinus 0.0951 0.0388 0.4085 35.83
Perciformes PIK3 D.labrax D.mawsoni  0.0945 0.0419 0.4434 38.89
Perciformes PIK3 D.labrax N.coriiceps  0.0941 0.0425 0.4515 39.61
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Divergence

Node Gene  Species 1 Species 2 dnds dn ds Time
Perciformes PIK3  G.aculeatus E.maclovinus 0.0921 0.0448 0.4863 42.66
Perciformes PIK3  G.aculeatus  D.mawsoni 0.0911 0.0484 0.531 46.58
Perciformes PIK3  G.aculeatus  N.coriiceps  0.087 0.0475 0.5466 47.95
Perciformes Sema  D.labrax  E.maclovinus 0.0916 0.0355 0.3871 33.96
Perciformes Sema  D.labrax N.coriiceps  0.1358 0.0557 0.4101 35.97
Perciformes Sema  D.labrax D.mawsoni  0.0908 0.0314 0.3455 30.31
Perciformes Sema  D.labrax G.aculeatus  0.0741 0.0378 0.51 44.74
Perciformes Sema G.aculeatus  D.mawsoni 0.0497 0.0281 0.5659 49.64
Perciformes Sema G.aculeatus E.maclovinus 0.0555 0.0342 0.6152 53.96
Perciformes Sema G.aculeatus  N.coriiceps 0.0803 0.0524 0.6523 57.22
Perciformes TLR D.labrax D.mawsoni  0.4301 0.1512 0.3514 30.82
Perciformes TLR D.labrax N.coriiceps 0.4279 0.1564 0.3654 32.05
Perciformes TLR D.labrax  E.maclovinus 0.401 0.1502 0.3745 32.85
Perciformes TLR D.labrax G.aculeatus 0.2812 0.135 0.48 42.11
Perciformes TLR  G.aculeatus  D.mawsoni 02717 0.1522 0.5602 49.14
Perciformes TLR  G.aculeatus  N.coriiceps 02717 0.1561 0.5745 50.39
Perciformes TLR  G.aculeatus E.maclovinus 0.2626 0.1527 0.5816 51.02

Notothenioidei AKT3 E.maclovinus D.mawsoni 0.0241 0.0032 0.1316 11.54
Notothenioidei AKT3 E.maclovinus N.coriiceps 0.0726 0.0117 0.1607 14.10
Notothenioidei  Igsf E.maclovinus  D.mawsoni  0.0932 0.0172 0.1843 16.17
Notothenioidei  Igsf E.maclovinus  N.coriiceps  0.1239 0.0253 0.2044 17.93
Notothenioidei PIK3 E.maclovinus D.mawsoni 0.1175 0.0216 0.1842 16.16
Notothenioidei PIK3 E.maclovinus  N.coriiceps 0.1026 0.0198 0.1927 16.90
Notothenioidei Sema E.maclovinus D.mawsoni 0.0948 0.0153 0.161 14.12
Notothenioidei Sema E.maclovinus N.coriiceps 0.1816 0.0392 0.2157 18.92
Notothenioidei TLR E.maclovinus D.mawsoni  0.3028 0.0487 0.1608 14.11
Notothenioidei TLR E.maclovinus  N.coriiceps  0.3405 0.0554 0.1626 14.26
Nototheniidae = AKT3 N.coriiceps  D.mawsoni  0.1166 0.0082 0.0703 6.17
Nototheniidae ~ Igsf  N.coriiceps ~ D.mawsoni  0.2413 0.0119 0.0492 4.32
Nototheniidae ~ PIK3  N.coriiceps  D.mawsoni  0.1886 0.0086 0.0456 4.00
Nototheniidae ~ Sema  N.coriiceps ~ D.mawsoni ~ 0.34  0.0275 0.081 7.11
Nototheniidae =~ TLR  N.coriiceps ~ D.mawsoni  1.0631 0.0302 0.0284 2.49
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Table S1.5: Mean divergence time estimates, upper and lower confidence limits in millions of
years for seven nodes, calculated for the five gene families, Toll-Like receptor (TLR), AKT
serine/threonine kinase 3 (AKT3), Phosphatidylinositol 3-kinase (PIK3), Immunoglobulin
Superfamily (Igsf) and Semaphorins (Sema).

Upper confidence Lower confidence
Node Gene Mean limit limit
Neopterygii Sema 300.15 314.78 285.52
Acanthomorphata AKT3 106.39 110.59 102.20
Acanthomorphata  Igsf  246.30 267.73 224.87
Acanthomorphata PIK3 219.30 245.47 193.12
Acanthomorphata Sema 201.25 215.60 186.90
Acanthomorphata TLR  150.30 162.75 137.85
Teleostei AKT3 153.82 163.27 144.37
Teleostei Igst 221.02 247.21 194.82
Teleostei PIK3 250.21 260.71 239.71
Teleostei Sema 293.48 314.23 272.72
Percomorpha ~ AKT3 58.90 74.54 43.26
Percomorpha Igsf  73.70 83.25 64.16
Percomorpha PIK3  73.85 82.17 65.53
Percomorpha Sema  66.15 72.81 59.48
Percomorpha TLR  80.57 92.04 69.11
Perciformes AKT3 42.44 44.26 40.62
Perciformes Igst  56.09 66.31 45.87
Perciformes PIK3 41.40 43.89 38.90
Perciformes Sema 43.69 49.50 37.87
Perciformes TLR  41.20 46.29 36.10
Notothenioidei ~AKT3 12.82 15.17 10.48
Notothenioidei Igsf  17.05 18.67 15.43
Notothenioidei ~ PIK3  16.53 17.22 15.85
Notothenioidei ~ Sema  16.52 20.93 12.11
Notothenioidei TLR  14.18 14.33 14.04
Nototheniidae ~ AKT3  6.17 6.17 6.17
Nototheniidae Igsf  4.32 4.32 4.32
Nototheniidae PIK3  4.00 4.00 4.00
Nototheniidae Sema  7.11 7.11 7.11
Nototheniidae TLR  2.49 2.49 2.49
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Script 1
from Bio import SeqlO

import re

seqin = open()

TLRout = open("', 'w')
PIK3out = open("','w")
AKT3out = open("', 'w')
MHCout = open("", 'w')
Igout = open("','w")

record -
re.findall(r" (>.+\n[ABCDEFGHIJKLMNOPQRSTUVWXYZ\n]+)" seqin.read())

for seq in record|:]:
seq2 = seq.split(""\n"")
seqid = seq2[0]
sequence = """ join(seq2[1:])
print(seqid)
print(sequence)
if "tlr" in seq.split("\n"")[0].lower() or "toll-like receptor' in seq.split('""\n"")[0].lower():
if not "related" in seq.split(""\n"")[0].lower():
# print(seq.split("\n")[0].lower())

TLRout.write(seqid + "\n' + sequence + "\n")

if "pik3" in seq.split("\n")[0].lower() or 'phosphatidylinositol 3-kinase" in
seq.split("\n"")[
0].lower() or "phosphoinositide 3-kinase'" in seq.split(""\n"")[0].lower():
if not "related" in seq.split(""\n"")[0].lower():
# print(seq.split("\n")[0].lower())

PIK3out.write(seqid + "\n' + sequence + "\n")

if "akt3" in seq.split(“\n”")[0].lower() or "RAC-gamma" in seq.split(
"\n")[0] or "v-akt murine thymoma viral oncogene homolog 3" in
seq.split("\n")[0]:
if not "related" in seq.split('""\n")[0]:
# print(seq.split("\n")[0].lower())

AKT3out.write(seqid + "\n' + sequence + "\n')

if "mhe" in seq.split("\n")[0].lower() or '"major histocompatibility complex" in
seq.split("\n'")[0].lower():
if not (""vmhe" in seq.split(""\n"")[0].lower() or "ventricular myosin heavy chain-like"
in seq.split(""\n"")[0].lower()):
if not "related" in seq.split(""\n"")[0].lower():
# print(seq.split("\n")[0].lower())

MHCout.write(seqid + "\n' + sequence + "\n')



if "immunoglobulin" in seq.split(""\n")[0].lower():
if not "related" in seq.split(""\n"")[0].lower():
Igout.write(seqid + "\n' + sequence + "\n')

Script 2

from Bio import SeqlO
import re
import os,csv

#iHFirst concatenate all the fasta files of the various genes into one file for each species
DreDir= ()

list_of files=[DreDir + fasta for fasta in os.listdir(DreDir) if
fasta.endswith(" Dre Ensembl.fa") ]

with open('Prot Comb Dre.fasta', 'w') as w_file:
for filen in list of files:
with open(filen, 'rU') as o_file:
seq_records = SeqlO.parse(o_file, 'fasta')
for seq record in seq_records:
w_file.write(">"+ str(seq_record.description) + "\n"+str(seq_record.seq)+"\n")
#SeqlO.write(seq _records, w_file, 'fasta’)

#iHt From here starts the real cleaning of the fasta file

seqin = open(*’)
fin = re.findall(r'(>.+\n.+\n)', seqin.read())

### Create empty Dictionary

d={}

#itHt Start of iteration

for records in fin:
record = records.split("\n')
seqid = record[0]
sequence = record[1]

#iHt Next genlD and length are added to dictionary
gene = str(re.search(r'gene:(\w+\..-\w+)',seqid).group(1))
seqlen = len(sequence)

putindict = [seqid,str(seqlen),sequence]
if not gene in d:
d[gene] = putindict
else:
if int(d[gene][1]) < seqlen:
d[gene] = putindict

print(len(d))
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fout = open('Trscript_Dre.fa','w")
for seq in d:

x = d[seq][0]+"\n'+d[seq][2]+"\n'
fout.write(x)

#itHt Delete similar gene symbols#itt

seqin = open(*’)
fin = re.findall(r'(>.+\n.+\n)', seqin.read())

###t Create empty Dictionary

d={}

#iHt Start of iteration

for records in fin:
record = records.split("\n')
seqid = record[0]
sequence = record[1]

#iHt Next genlD and length are added to dictionary
gene = str(re.search(r'gene _symbol:([\s\S]+) \[',seqid).group(1))
seqlen = len(sequence)

putindict = [seqid,str(seqlen),sequence]
if not gene in d:
d[gene] = putindict
else:
if int(d[gene][1]) < seqlen:
d[gene] = putindict

print(len(d))
fout = open('Proteome_Dre.fa','w")
for seq in d:

x = d[seq][0]+"\n'+d[seq][2]+"\n'
fout.write(x)
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