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Abstract

Mammalian TNFR1 and TNFR2 bind TMRnd TN, and provide key communication signals to a
variety of cell types during development and immuasponses that are crucial for cell survival,
proliferation and apoptosis. In teleost fish TNBE absent but TN&has been expanded by the third
whole genome duplication (3R WGD) and again by aM®BD in some lineages, leading to the four
TNFa paralogues known in salmonids. Two paraloguesémh of TNFR1 and TNFR2 have been
cloned in rainbow trout in this study and are pnése other salmonid genomes. Whilst the TNFR2
paralogues were generated via the 4R salmonid WIBEDTNFR1 paralogues arose from a local en
bloc duplication. Functional diversification of TRFparalogues was evidenced by differential gene
expression and modulation, upstream ATGs affectiagslation, ATTTA motifs in the 3-UTR
regulating mRNA stability, and post-translationabdification by N-glycosylation. Trout TNFR are
highly expressed in immune tissues/organs, and ¢iftsies, in a gene- and tissue-specific manner.
Furthermore, their expression is differentially miaded by PAMPs and cytokines in a cell type- and
stimulant-specific manner. Such findings suggesinaportant role of the TNF/TNFR axis in the
immune response and other physiological processéshi.
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1. Introduction

Tumor necrosis factor (TNF) receptor-1 (TNFR1) ardFR2 are members of the TNF receptor
superfamily (TNFRSF) that bind both TdRnd TN, which belong to TNF superfamily (TNFSF).
The TNFSF and TNFRSF provide key communicationaigbetween a variety of cell types during
development and immune responses, and have beelicated in many inflammatory and
autoimmune diseases (Dostert et al., 2019). In hgpE© TNFSF ligands and 29 TNFRSF receptors

have been characterised to date (Collette etGd3)2

The TNFSF members, such as TiNfaka “TNFSF2"), are type Il transmembrane (TM)tpios but
can be secreted upon proteolytic cleavage by metatleases or furin proteases (Magis et al., 2010).
All family members possess a TNF homology domaiHRJ in the C terminal extracellular region
that assemble into a non-covalent trimer essefurasignalling by TNFSF members (Banner et al.,
1993). Both membrane and soluble ToN&re bioactive through binding to TNFR1 and TNFRA a
play an important role in immune responses, inflatiom, cell proliferation, differentiation, necresi
and apoptosis. TNF(aka “Lymphotoxine or LTa” and “TNFSF1”) is the closest family member of
TNFa in mammals. It can be secreted as a soluble han@tiand binds to TNFR1 and TNFR2 with
high affinity (Koroleva et al., 2018).

The TNFRSF receptors, such as TNFR1 (aka “TNFRSFBAY TNFR2 (aka “TNFRSF1B”) are
type | TM receptors. The common feature of TNFRSRhie presence of relatively short (30-40
residues) cysteine-rich domains (CRD) located & ¢htodomain, which are involved in interaction
with the THD of TNFSF ligands (Dostert et al., 2D1%he extracellular regions of TNFR1 and
TNFR2 are structurally highly homologous and ineubur CRDs, each of which contains six
cysteines. There is no significant homology in ithteacellular region between TNFR1 and TNFR2,
indicating that these receptors activate distinghaing pathways (Puimege et al., 2014). TNFR1
contains a death domain (DD) in the cytoplasmiltteit recruits the TNFR1-associated DD protein
(TRADD) and promotes cell death and inflammation. dontrast, TNFR2 does not have an
intracellular DD and instead recruits the TNFR-atsed factor (TRAF) 1 and TRAF2 proteins and
favours cellular survival and tissue regeneratidolifrook et al., 2019). Although both TMFand
TNFB can bind and signal through TNFR1 and TNFR2, kraakmouse mutants for each ligand
have different phenotypes, partially due to difféi@ expression of the ligands (Etemadi et al13)0
TNFa is mainly produced by activated monocytes/macrgphabut can also be produced by mast
cells, T and B lymphocytes, natural killer (NK) lselneutrophils, endothelial cells, smooth and
cardiac muscle cells, fibroblasts and osteoclagtiereas TN is secreted by activated T cells and
resting B cells (Bradley, 2008).



The receptors of TNF are also differentially expegs and modulated. TNFR1 is ubiquitously
expressed on nearly all cells in the body and tlmenpter of TNFR1 is active constitutively. The
expression of TNFR2, on the other hand, is indecdmd expressed exclusively in immune cells,
endothelial cells and some neuronal populationsnige et al., 2014; Yang et al., 2018). The
expression levels of TNFR proteins can be regulbjedytokines, such as interferons (IFN) and TNF
itself (Aggarwal et al., 1985; Tsujimoto et al.,889 Bloksma et al., 1983). Consequently, the
activation from TNFR1 is responsible for a largember of inflammatory responses classically
attributed to TNEk, although TNFR2 signalling has been reported tarigortant for proliferation of

lymphoid cells and may be the preferential recefiiomembrane TNé& (Grell et al., 1995).

The TNFSF/TNFRSF have a deep evolutionary origat finecedes the appearance of vertebrates and
the adaptive immune system (Wiens and Glenney,)20hky have been discovered in invertebrates
including porifera (Pozzolini et al., 2016), molkkss(De Zoysa et al., 2009), crustaceans (Mekeada et
2010; Wang et al. 2012) and insects (Kauppila.e803), and expanded in vertebrates (Quistad and
Traylor-Knowles, 2016). Genes coding for TNFSF mersbhave also been studied in various fish
species (Glenney and Wiens, 2007). BN#as one of the first cytokines characterized witikleosts,
initially isolated from Japanese floundearalichthys olivaceus (Hirono et al., 2000) and rainbow
trout Oncorhynchus mykiss (Laing et al., 2001). Since then, it has beentifled in a wide range of
fish species. However, no orthologues of mammalidfp has been identified in teleosts (Secombes
et al., 2016; Maeda et al., 2018). Interestinghyg TNFa genes have been found in many teleost fish,
eg. in bluefin tunarhunnus orientalis (Kadowaki et al., 2009), orange-spotted groupginepheus
coioides (Lam et al., 2011), zebrafigbanio rerio and medak®ryzas latipes (Kinoshita et al., 2014),
goldfish Carassius carassius (Kajungiro et al.,2015) and meaghegyrosomus regius (Milne et al.,
2017), with even more TNFgenes identified in common ca@yprinus carpio L. (Savan and Sakai,
2004) and salmonids (Hong et al., 2013). The pgtads reside in syntenically conserved regions on
different chromosomes indicating they arose fromW&ents known to have happened at the base
of the teleosts (3R WGD) and again in the cypramd salmonid lineages (4R WGD) (Kinoshita et al.,
2014; Berthelot et al., 2014; Xu et al., 2014).

In comparison, the receptors for TNFSF are lessvknim fish. Only a single TNFR1 and TNFR2
have been isolated in species such as Japaneseldlowgoldfish and zebrafish (Park et al., 2003;
Eimon et al., 2006; Grayfer and Belosevic, 200%)e Tapanese flounder TNFR1 and TNFR2 share
35-40% identities to their mammalian counterpaRark et al., 2003). The flounder TNFR1 was
constitutively expressed in most organs whilst Th&-R2 gene was constitutively expressed in only
immune organs (kidney, spleen and gills). In periph blood lymphocytes flounder TNFR1 and
TNFR2 were differentially modulated by pathogenocaststed molecular patterns (PAMPs) and
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activated by concanavalin A and phorbol myristatetate (Park et al., 2003). In goldfish monocytes
IFNy upregulated the expression of both TNFR1 and TNFR2reas TNé& up-regulated TNFR2 but
down-regulated TNFR1 (Grayfer and Belosevic, 200ilst the bioactivity of TNE has been

described in rainbow trout (Hong et &0,13), the receptors for TNEhave still to be characterised

in salmonids.

In this study, two paralogues sharing high aa itdefior TNFR1 and two for TNFR2 have been
characterised in rainbow trout. Whilst the TNFR2ab@gues arose from the salmonid 4R WGD, the
TNFR1 paralogues were generated by a leadloc duplication. Their expression was comparatively
examined by real-time PCR and it was found thaptr@logues are differentially expressedivo in
tissues from healthy fish and vitro in cell lines stimulated with PAMPs (LPS and pti¢) and
recombinant cytokines (IFNand TNFe).



2. Methods and M aterials

2.1. Fish

Rainbow trout Oncorhynchus mykiss), weighing approximately 100 g, were purchasethftbe Mill

of Elrich Trout Fishery (Aberdeenshire, UK) and mained in 1-m-diameter aerated fibreglass tanks
supplied with a continuous flow of recirculatingshwater at 15 + 1 °C. Fish were fed twice daily on
standard commercial pellets (EWOS), and maintam&diescribed previously (Wangkahart et al.,
2019).

2.2 Cloning of trout TNF receptors.

The cloning of TNFR was performed in 2013 when abmenid genomic resource was available.
Blast (the basic local alignment search tool, Altdcet al., 1990) search was performed at NCBI
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) using maadian TNFR1 and TNFR2 protein sequences, and
resulted in the identification of candidate ESTs T0NFR1A (EZ763921), TNFR1B (EZ776440),
TNFR2A (EZ832094) and TNFR2B (BX870761). Primersafle 1) were designed within the 5'-
untranslated region (UTR) of these ESTs and use@fBRACE as described previously (Wang and
Secombes, 2003; Wang et al., 2008), using 3'-RA€&ly cDNA samples prepared from head
kidney macrophages. The cloning, sequencing andeiprsequence analysis was as described
previously (Hong et al.,, 2013; Wang et al., 20IBhe programs used included Clustal Omega
(Sievers et al., 2011) for multiple sequence alignthnMatGAT program (V2.02, Campanella et al.,
2003) for global sequence comparisons, SMART7 (hietwet al., 2012) for domain prediction,
MEGA7 (Kumar et al., 2016) for phylogenetic treealgsis and Genomicus (Louis et al., 2013) for

synteny analysis.

2.3 RT-gPCR analysis of gene expression

The primers (Table 1) for real time PCR quantifimatof gene expression were designed so that at
least one primer crossed an intron to prevent dicggiion of genomic DNA. A serially diluted
common reference containing equal molar amountguofied PCR products of trout TNFR1 and
TNFR2 genes and the house-keeping gene &Rfvas used for quantification throughout. The real-
time PCR quantification was as described previqusrformed using a Lightcycler 480 system
(Roche) (Wang et al., 2011a).

24 Tissuedistribution of trout TNFR1 and TNFR2 transcripts

Six healthy rainbow trout (~ 100 g) were killed aselventeen tissues (blood, gills, thymus, scales,
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skin, muscle, adipose tissue, liver, spleen, gohedd kidney, caudal kidney, intestine, heart fitad,
adipose fin, and brain) were collected and homagehin TRI reagent (Sigma, UK). The RNA
preparation and cDNA synthesis were as describedqursly (Wang et al., 2011a). The expression
level of each gene in different tissues was nomadlito the expression of Ele-And expressed as

arbitrary units.

2.5. Modulation of expression of TNFR1 and 2 in four trout cell lines.

Four trout cell lines, a mononuclear/macrophage-kiell line RTS-11 from spleen (Ganassin and
Bols, 1998), an epithelial cell line from liver (geet al., 1993), and fibroid cell lines RTG-2 from
gonad (Wolf and Quimby, 1962) and RTGill from gi{schirmer et al., 1998) were used in this study.
The cell culture conditions were as describe prestio(Wang et al. 2011b). All cells were passaged 1
day before stimulation in L-15 medium (Invitrogesujpplemented with 10% FCS and antibiotics (100
units/ml penicillin, 100 pg/ml streptomycin) at ancentration of 3-5xTells/ml. The cells were
stimulated by direct addition of stimulants thatrevedissolved in cell culture medium. Three
stimulants,E. coli LPS (25ug/ml, from strain 055:B5, Sigma), polyinosinic:pojidylic acid (poly
I:C, 50 ug/ml, Sigma), recombinant interferon (IFN)20 ng/ml, Wang et al., 2011b) or medium
alone as control, were used and the cells incubfated, 8 and 24 h. The concentrations chosen for
each stimulant were deemed optimal from previoudiss (Wang et al. 2011b). RTS-11 cells were
also stimulated with 10 ng/ml of recombinant Td$HHong et al., 2013) for 4, 8, 24, 48 and 72 h or
storage buffer as a control. Four replicates (flagks of cells) were used for each treatment, tith
treatments terminated by dissolving the cells inl T@agent (Sigma). The real-time RT-gPCR
guantification of gene expression was as above. folte change was calculated as the average

expression level of stimulated samples dividednay of the time matched controls.

2.7. Statistical analysis

Real-time PCR data were analysed using the SP3&tiS&s package 24.0 (SPSS Inc., Chicago,
lllinois) as described previously (Wang et al., 281 One way-analysis of variance (ANOVA) and
the LSD post hoc test were used to analyze exprestita in Figs. 8-10, with P <0.05 between
treatment and control groups considered significdmice tissue expression consisted of sample sets

from six individual fish, a Paired-Sample T-testsvegoplied (Fig. 6).



3. Results

3.1 Cloning and sequence analysis of trout TNFR1 and TNFR2 par alogues

The cDNA sequences of the two TNFR1 paralogues,RINFand TNFR1b, are 3072 and 2688 bp
and encode for 403 and 397 aa, respectivElys( S1-2, Table 2). There are two upstream ATGS in
the 5-UTR, and mRNA instability motifs (ATTTA, Jof TNFR1a and 4 for TNFR1b) in the 3'-UTR
suggesting that they may be subject to post-trgptgmmal and translational regulation. The predicte
aa sequences of both cDNA sequences have a sigpatlg, an extracellular region containing 4
CRDs each with six conserved cysteine residuedjaldmain, and an intracellular DD domain. All
these characteristics are well conserved acrossRINFRolecules from other fish species (Atlantic
salmon, northern pike, channel catfish and Japdifmssder) and mammals (humans and miéeg.(

1). There are two potential N-glycosylation siteegamt in trout TNFR1a and only one in TNFR1b
that were conserved in salmon counterparts. Thedite was found in CRD1 of salmonids TNFR1s
that was also found in mammalian TNFR1s. The aoditerof salmonid TNFR1 was in CRD4 with an
N-glycosylation site also found in pike and catfishihe same domair-{g. 1). The major difference
between fish and mammalian TNFR1 was an insertiotow complexity region rich in P/S/T

residues between the TM and DD domsa(Fig. 1).

The cDNA sequences of the two trout TNFR2 paralegli®lFR2a and TNFR2b, are 1814 and 2403
bp that encode for 455 and 463 aa, respectils(S3-4, Table 2). There are 2 ATTTA motifs in
the 3-UTR of TNFR2b but none in TNFR2a. The preglicaa sequences of both cDNA sequences
have a signal peptide, an extracellular regionaiomg 4 CRDs, a TM domain, and an intracellular
domain. CRD1-3 possess six cysteine residues b4GRly four. All these characteristics are well
conserved across TNFR2 molecules from other figtisg and mammal$iQg. 2). There are three
potential N-glycosylation sites present in troutHRRa and two in TNFR2b. The first site was found
in CRD1 of trout TNFR2 that was conserved in salmi?FR2b, as well as flounder and tilapia
TNFR2. The other trout sites were in CRD4 witheatst one N-glycosylation site also found in other
vertebrate TNFR2 molecules in the same domain éxxadmon TNFR2bKig. 2).

The predicted aa sequences of the two trout TNFR&lgpgues share 80.2% aa identifyalfle 2).
The trout and salmon orthologues shared highedeatities (ie. 85.5% for TNFR1a and 93.0% for
TNFR1b) than paralogues between and within spé¢i@8-82.4%). All salmonid TNFR1 molecules
shared similar aa identities/similarities to TNFRAm other fish species and mammalsaljle S1).
The translation of the two trout TNFR2 paraloguears 63.6% aa identityl ble 2). The trout and
salmon orthologues again shared higher aa identitee 91.2% for TNFR2a and 87.2% for TNFR2b)

than paralogues between and within species (59844 All salmonid TNFR2 molecules shared
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similar aa identities/similarities to TNFR2 fronhet fish species and mammalable S2).

3.2 Bioinformatics analysis of TNFR1 and TNFR2

To confirm the membership of the trout genes cldnddis study in the TNFRSF, a phylogenetic tree
was constructed using amino acid multiple alignmenit vertebrate TNFR1, TNFR2, and other
closely related tetrapod TNFRSF members (TNFR3,05and 14) sharing similar domain structure
(Magis et al., 2012). Trout TNFR1 and TNFR2 groupeith their counterparts from other fish
species and tetrapods with high bootstrap supp&fo(for TNFR1 and 96% for TNFR2) and these
clades were separated from other closely relatedFR®F membersFHg. 3), confirming their
identities. The topology of salmonid TNFR1 and pile close relative of salmonids before the
salmonid 4R WGD) TNFR1 represents a classicaltopelogy recapturing true species relationships
after a WGD (Macqueen and Johnston, 2014). The csatinand pike TNFR2 also form an
independent clade but with pike TNFR2 set betwedmanid TNFR2a and TNFR2[Fi@. 3). In both

cases it is possible to suggest that the salmarialggues arose from the salmonid 4R WGD.

To further confirm their identities, we performedsgnteny analysis with the Genomicus program
using medaka TNFR1 and TNFR2 as references. Batbbrate TNFR1 and TNFR2 loci were well
conserved in medaka, tetraodon, zebrafish, chidkemans and mice as showrFig. S5, suggesting

a true orthologous relationship.

The pike and salmonid genomes are not well anrbiatthe current Genomicus database. Therefore,
we performed a manual synteny analysis with infdiomaextracted from the updated genomic
sequences from NCBI. Pike TNFR1 was found in lirkggoup (LG)20, and both trout TNFR1a and
TNFR1b on Ch3FKig. 4A). Most of the genes in the pike TNFR1 locus wenenfl present in trout
with a block of genes (dedd2 to TNFR1) duplicatégheently in trout Ch3. The duplicated blocs
retained most gene present in pike and have arti@uli CD27 gene in both bloc&if. 4A),
suggesting this gene was present before the endolplecation. Similarly, the salmon TNFR1a and
TNFR1b were also found in the syntenic region o2 QWC_027301), suggesting that the salmonid

TNFR1 paralogues arose from a local en bloc dujica

Pike TNFR2 was found in LG17, and trout TNFR2a @ahdFR2b in Ch17 and Ch7, respectively. The
TNFR2 loci on pike LG17, trout Ch1l7 and Ch7 werdlwenserved Eig. 4B). Similarly, salmon

TNFR2a and TNFR2b were also found in a syntenidoregpn Ch12 (NC_027311) and Ch22
(NC_027321), respectively. These syntenic relatippss confirm that the salmonid TNFR2

paralogues indeed arose from the salmonid 4R WGD.



3.3 Gene organization analysisof TNFR1 and TNFR2

Both TNFR1 and TNFR2 in humans and chicken hav@ axbn/9 intron gene organization with all
10 exons coding, and identical intron phadesg.(5). Both trout TNFR1 paralogues, and flounder
TNFR1 also have a 10 exon/9 intron structure. H@rgethere is 1 non-coding exon in the 5-UTR
and only 9 coding exon§ig. 5A). Fish TNFR1 genes has a large exon 8 that isvabpuit to exons 7
and 8 in human and chicken TNFR1 possibly causedtbgn insertion in tetrapods or intron lose in
fish. The human TNFR1 gene has a large exon 9 dbatributes to the insertion of the low
complexity region between TM and DD domains in TiéFR1 multiple alignmentKig. 1). Fish
TNFR2 genes had a similar gene organization todhtgtrapods but again had one less coding exon.
The coding region of the last exon in fish was déasmd equivalent to that of exons 9 and 10 in

tetrapods, possibly caused by intron insertioreirapods or intron lose in fiski@. 5B).

3.4. Tissuedistribution of the expression of trout TNFR1 and TNFR2 transcripts

Constitutive expression of the four TNF receptonege was detectable in all seventeen tissues
examined [Fig. 6). The highest expression of TNFR1a was in spleehlawest in liver. The highest
expression of TNFR1b was also found in spleen dsasenheart, and the lowest in liver and tail fins
(Fig. 6). The spleen, gills, brain, adipose tissue aridited expressed higher levels of TNFR1a than
TNFR1b. In contrast, heart, muscle and blood exaesigher levels of TNFR1b than TNFREag(

6).

The highest expression of TNFR2a was in spleerhaad, and the lowest in liver, tail fins and seale
The highest expression of TNFR2b was also foungpleen and heart, in addition to caudal kidney,
and the lowest in blood. The two TNFR2 paraloguesewdifferentially expression in all the tissues

except for gills, brain, adipose tissue, scalesskinl (Fig. 6).

Overall, trout TNF receptor genes were differehtiakpressed in a tissue-dependent manner, and the
expression of TNFR1 genes was higher than thalNéfR2 genes in all tissues tested, by greater than
ten-fold in most cases. The immune tissues, egesplgills and head kidney, are among those that
highly expressed all the receptors. The high-levgiression of TNFR2 paralogues in non-immune

tissues/organs, including heart, caudal kidneyadand muscle was also noteworthy.

3.5. Differential expression of trout TNFR1 and TNFR2 paraloguesin four cell lines
The TNF receptor gene were also found differentialkpression in trout cell linesig. S6). The
expression of TNFR1 paralogues was higher thanah@NFR2 paralogues in all the four cell lines
studied. The macrophage-like cell line RTS-11 esped the highest levels of all the receptéig. (
S6).
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3.6. Modulation of the expression of TNFR1 and TNFR2 paraloguesin four trout cdl lines.

In epithelial cell lines RTL and RTGill, the expsésn of TNFR1 paralogues was high constitutively
but was refractory to stimulation with LPS, polZland IFN (Fig. 7). TNFR2a expression was up-
regulated by IFM from 4 h to 24 h, and by polyl:C from 8 h to 24t was refractory to LPS.
Meanwhile, TNFR2b expression was upregulated owlpdly I:C in RTGill cells at 24 h, but down-
regulated by IFM in RTL at 24 h Fig. 7). In the fibroblast like RTG-2 cells, IRNup-regulated
TNFR1a and TNFR1b expression at 4h and 8 h, andRPdFexpression from 4 h to 24 h, but
decreased TNFR2b expression at 24 h. Poly l:Cwgsegulated TNFR1a and TNFR1b expression at
8 h only, and TNFR2a expression at 8h and 24 hhbdtno effects on TNFR2b expression. LPS
moderately up-regulated TNFR2a expression at 4t in&d no effects on the expression of other TNF
receptor genes in this cell lin€ig. 7). In RTS-11 cells, IFN rapidly up-regulated TNFR1a and
TNFR1b expression at 4 h, and TNFR2a expression #b to 24 h, but decreased the expression of
TNFR1 paralogues at 24 h, and had no effect on TFeXpression. Poly I:C up-regulated TNFR2b
expression at 4 h only and had no effects on thgession of other genes. LPS increased the
expression of TNFR1b and TNFR2b at 4 h only andrwdffects on the expression of TNFR1a and
TNFR2a Fig. 7).

In conclusion, the expression of TNF receptor getess be modulated in a cell line-, gene- and
stimulant-dependent manner. TNFR1 paralogues aghlyhiexpressed constitutively but less
responsive to stimulation (less than 10-fold inseja In contrast, TNFR2a expression was low
constitutively but highly inducible. IFNis a potent stimulant of TNFR expression with daginetics

of induction compared to poly I:C. LPS only had arieffects on TNFR expressioRig. 7).

3.7. Modulation of the expression of TNFR1 and TNFR2 paralogues by recombinant TNFa

RTS-11 cells express the highest level of TNFR1 BN#R2 genes and are known to be responsive
to TNFu stimulation (Hong et al., 2013). Therefore, werakeed the receptor expression after TNF
treatment of RTS-11 cells over a time course from ® 72 h. Significant up-regulation of gene
expression was seen with TNFR1a from 8-48 h, TNF&14 h, 24 h and 48h, and TNFR2a from 4-

48 h Fig. 8). The up-regulated expression was absent by TAIRR2b expression was refractory at

all time-points Fig. 8).
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4, Discussion

In this study, two highly identical paralogues dIHR1 and TNFR2 have been cloned in rainbow
trout. Their identities were confirmed in termstbé characteristic domain structure of the protein
encoded, by phylogenetic tree analysis, and byeatead synteny. Many highly identical immune
genes, eg. TNk IL-1p, IL-12 family members and SOCS gene family membars present in
salmonids that originate from the salmonid 4R WG@&or{g et al., 2013; Husain et al., 2014; Wang
and Husain, 2014; Wang et al., 2019). This als@agpto be the case for the two TNFR2 paralogues.
However, to our surprise, the two trout TNFR1 pagaks arose from a local en bloc duplication that
has also happened in other salmonids such as #tlaatmon. The salmonid en bloc duplicated
TNFR1 paralogues share higher identities at theeprdevel (eg. 80.2% in trout) compared to the 4R
WGD originated TNFR2 paralogues (eg. 63.6% in {roUhis reveals that both duplicated TNFR2
loci were retained after the 4R WGD but one copythef duplicated TNFR1 locus was lost. The
retained TNFR1 copy later duplicated en bloc imaoestral salmonid. The mechanisms driving this
en bloc gene duplication and retention is unknowhdould be due to gene balance, whereby genes
in the same complex pathway are preferentially etaitned after WGDs to avoid architectural
disruption or metabolic imbalance (Pires and Cgn2dt6). Two types of TNE the ligand binding
TNFR1 and TNFR2, are present in 3R teleosts, agsetlivere duplicated again by the salmonid 4R
WGD and retained as four paralogues in salmonidsngHet al., 2013; and unpublished data).
Mammalian TNF (including TN& and TNBB) signal through TNFR1 to promote mainly
inflammation and apoptosis, whilst TNFR2 signaliagtivates the pro-survival PI3K-Akt/PKB
pathway and sustains regulatory T cell functiongetti et al., 2018). Dysfunction of either TNF,
TNFR1 or TNFR2 hampers immune defence or promatBammatory and autoimmune diseases
(Puimege et al., 2014; Yang et al., 2018). The lec buplication of TNFR1 in salmonids may
represent a kind of convergent evolutionary medranio produce multiple copies of TNFR1 to
balance the multiple copies of TdRnd TNFR2 generated by WGD.

Gene duplication is a major driver of functionalefigence. The duplicated genes are preserved
through functional diversification: neofunctionaion, subfunctionalization, or both (Teufel et al.
2019). The functional divergence can be embodieclimnges in the promoter that regulate the
expression, or changes with effects on regulatibrpast-transcriptional, translational and post-
translational levels, and changes in the proteigusece that directly affect its function. The
regulation of mRNA stability is important for thertrol of gene expression. AU rich elements, such
as AUUUA motifs (ATTTA in cDNA sequence) are impamt cis-acting sequences in the 3'-UTRs of

MRNAs encoding cytokines and other transiently exped genes that promote mRNA degradation
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(Mino and Takeuchi, 2018). Four ATTTA motifs aregent in the 3'-UTR of TNFR1b but only two
in TNFR1a and TNFR2b, with none in TNFR2a. Thedfedinces may suggest that the TNFR1 and
TNFR2 paralogues differ in post-transcriptionaluiagjon.

Translation initiation is the rate-limiting step MRNA translation and is central to translational
regulation. Upstream ATG/open reading frames (UQRF¢he 5-UTR are regulatory elements that
modulate the translation initiation rate of the adstveam ORF by sequestering ribosomes (Zhang et
al., 2019). Two upstream ATG are present in TNFRlogues and one in TNFR2b, suggesting that
trout TNFR genes may subject to translational remor.

N-Glycosylation is a co- and post-translational miodtion that is critical for the regulation ofeh
biophysical properties and biological activitiesdierse proteins (Zacchi et al., 2016). Mammalian
TNFR1 can be modified by N-glycosylation that cofadilitate its capability of binding to TNFand
signalling (Han et al., 2015). 1-3 potential N-gigglation sites are found mainly present in CRD1
and CRD4 in different trout TNFR molecules. Althbutpe implication of N-glycosylation remains to
be determined in fish, the different potential ofghcosylation of TNFR1 and TNFR2 paralogues

may suggest divergence of post-translational reéiguala

Another interesting finding in this study is thdfelience of gene organisation between tetrapod and
teleost TNFR1 and TNFR2 orthologues. Teleost fisliFR1 genes have an extra exon in the 5’UTR.
In addition, both teleost TNFR1 and TNFR2 posseass fewer coding exon than their tetrapod
orthologues and a large coding exon/region thattguto two exons in tetrapods. Whether this
change was due to intron loss in teleosts or inimeartion in tetrapods is not possible to answamnf

this study. Exon insertion in the 5-UTR may brimgxtra control elements such as upstream
ATG/ORFs, as seen with the two trout TNFR1 paradsguhat may impacton translation regulation
(Zhang et al., 2019). Introns provide selectiveaadages to eukaryotic cells, such as regulating gen
expression, alternative splicing and nonsense-rtemtlidecay, controlling mRNA transportation and
chromatin assembly (Jo and Choi, 2015). Gene esioresinalysis of paralogues revealed that those
with structural change showed large differencesaifwlv correlation coefficient between paralogues
(Wang et al., 2019). Thus, change of exon/intronegerganisation might have an impact on gene

expression and function

At the transcript level, expression of four trollHR genes is detectable in all the tissues analysed
(from healthy fish) and in cell lines, albeit afféient levels, suggesting a ubiquitous naturehefrt
expression in rainbow trout. The protein expres¢evels remain to be determined when isoform-

specific antibodies are available in the futuree Elxpression of TNFR1 paralogues is higher than tha
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of the TNFR2 paralogues in most tissues and aadksli in accord with the ubiquitous expression of
TNFR1 and more limited expression of TNFR2 seemammals (Yang et al., 2018). However, the
paralogues are differentially expressed in a tisand cell line-specific manner, suggesting funaio

diversification.

The expression of TNFR1 and TNFR2 paralogues ik imgimmune organs, such as spleen, head
kidney and gills in rainbow trout, as seen in Jasanflounder (Park et al., 2003), suggesting
important roles in the fish immune response asammals (Puimege et al., 2014). Their expression
is low in liver, especially for TNFR1 paraloguesvér is an important immune organ involved in
acute phase reactions, that under stress and iorfecproduces large quantities of inflammatory
substances including TNF (Khansari et al., 2018 bw levels of expression of TNFR1 paralogues
in resident liver cells may prevent excessive TNFEjhaling leading to inflammatory shock and
apoptosis. The high level expression of TNFR1 aN&R2 in muscle may reflect the direct action of
TNFa on skeletal muscle shown in mammals (Li, 2003) iandhinbow trout (Vraskou et al., 2011).
Another interesting observation is the high levgiression of the TNFR2 paralogues in non-immune
organs including heart, caudal kidney, muscle amuad. TNF binding to TNFR2 activates KB-
and PI3/Akt pathways that maintain survival andagrte proliferation (Yang et al., 2018), suggesting
an important role of the TNF/TNFR2 axis in thesgamrs.

Trout TNF receptors can be modulated in a gendt,line- and stimulant-dependent manner. In
general, the expression of TNFR1 paralogues is enigtonstitutively but less responsive to
stimulation with PAMPs and recombinant cytokinesrtifNFR2 paralogues, especially for TNFR2a,
in the four cell lines tested. The cell type-departdnodulation of TNF receptor expression may be
of relevance in terms of curbing inflammatory sign@ keep a balance between survival and death
signals. It is known that TRiNexpression can be induced in these cell lines®$,Lpoly I:C, IFN
and TNF, and is highly inducean vivo by bacterial and viral infection (Hong et al., 201The
expression of TNFR1 paralogues was refractoryitousation in the epithelial-like RTL and RTGiIll
cells. In contrast, TNFR2a is highly induced byyh&@ and IFN. In RTG-2 and RTS-11 cells,
TNFR1 paralogues can be up-regulated but to a l@xéent and more transiently compared to
TNFR2a. The preferential up-regulation of TNFR2reggion may enhance survival and proliferation

to maintain an intact epithelium and help tissysaneafter an insult.

It seems that IFiNis a potent inducer of trout TNF receptor expr@ssas seen in carp (Grayfer and
Belosevic, 2009) and mammals (Aggarwal et al., 198bijimoto et al., 1986). Poly I:C can also up-
regulate TNFR expression especially for TNFR2, h&®S has only minor effects. The poor

responsiveness to LPS in trout cells may be dubddoss of TLR4 in the genome, as seen in most
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fish species, and even when present (as in zehyafises not appear to bind LPS (Sepulcre et al.,
2009). The expression of trout TNFR1a, TNFR1b aN&R2a can be up-regulated by TiNiR RTS-

11 cells but TNFR2b was refractory. Interestinglgldfish TNFo up-regulates TNFR2 expression but
down-regulates TNFR1 expression in monocytes (Graghd Belosevic, 2009). Whether this
inconsistency is due to species-specific regulatiorto cell type/developmental stage differences

remains to be determined.

Conclusion: Two paralogues of TNFR1 and TNFR2 are presergaimonids. Whilst the TNFR2
paralogues were generated via the 4R salmonid WBEDTNFR1 paralogues arose from a local en
bloc duplication. Functional diversification of TRFparalogues was evidenced by differential gene
expression and modulation, upstream ATGs affectragslation, ATTTA motifs in the 3-UTR
regulating mRNA stability, and post-translationabdification by N-glycosylation. Teleost and
tetrapod TNFR1 and TNFR2 orthologues differ in xdron organization. Trout TNF receptors are
highly expressed in immune tissues/organs, andhierdissues in a gene- and tissue-specific manner.
Their expression can be differentially modulated R&MPs and cytokines in a cell type- and
stimulant-specific manner, suggesting an importamhe of the TNF/TNFR axis in the immune

response and other physiological processes in fish.
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Figurelegend

Fig. 1. Multiple alignment of rainbow trout TNFR1 paralogues with TNFR1 molecules from
other fish and mammalian species. The multiple alignment was produced using Clustaie@a, and
conserved amino acids were shaded using BOXSHACE2(. The signal peptide, the four cysteine
rich domains (CRD1-4), the transmembrane domainthaddeath domain are indicated above the
alignment. The aa sequence of the signal peptidetramsmembrane domain are in green, and the
conserved cysteine residues in the CRD domaingaed. Potential N-glycosylation sites in CRD1
and CRD4 are highlighted in blue.

Fig. 2. Multiple alignment of rainbow trout TNFR2 paralogues with TNFR2 molecules from
other fish and mammalian species. The multiple alignment was produced using Clustaie@a, and
conserved amino acids were shaded using BOXSHACE2(N. The signal peptide, the four cysteine
rich domains (CRD1-4) and the transmembrane doraggnindicated above the alignment. The aa
sequence of the signal peptide and transmembrameidare in green, and the conserved cysteine
residues in the CRD domains are in red. Potentiglydosylation sites in CRD1 and CRD4 are
highlighted in blue.

Fig. 3 A unrooted phylogenetic tree of selected vertebrate TNFRSF members. The phylogenetic

tree was constructed using amino acid multiplenatignts of TNFR1, TNFR2, and other closely
related TNFRSF members (TNFR3,5,10,14) from selestertebrates, and the neighbour-joining
method within the MEGA7.0 program. The evolutionaligtances were computed using the JTT
matrix-based method with all ambiguous positionwiaeed for each sequence pair. Node values
represent percent bootstrap confidence derived 6800 replications. The accession number for
each sequence is given after the species and ni@leames. The trout molecules cloned in this study

are highlighted in red and grouping of TNFRSF merslaee indicated on the right.

Fig. 4. The TNFR1 (A) and TNFR2 (B) loci of rainbow trout and pike. The information was
extracted from genomic DNA sequences at NCBI umd@esession numbers NC_025987 (pike
TNFR1), NC035079 (trout TNFR1la and TNFR1b), NC_@b%pike TNFR2), NC035093 (trout
TNFR2a) and NC035083 (trout TNFR2D).

Fig. 5. Comparison of gene organisation of the TNFR1 (A) and TNFR2 (B) in rainbow trout,
flounder, humans and chicken. Boxes represent exons, and lines between exonssegrintrons.
The white and black boxes represent non-codingaamiho acid (aa) coding regions, respectively.
The sizes (bp) of each exon are numbered in theddkhe gene organization of the rainbow trout
TNFR1 and 2 genes was predicted using the Spliggram based on the sequence information from

Table 1 and Figs. S1-S4 in Supplementary MateriEt® accession numbers for other genes are
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XM_020093063/NW_017859661 (flounder TNFR1), ABOSDANW 017859683 (flounder TNFR2),
ENSG00000067182 (human TNFR1), ENSG00000028137 gdhum TNFR2),
ENSGALG00000039461 (chicken TNFR1) and ENSGALGO@BEA#213 (chicken TNFR2). The
TNFR protein domains (SP=signal peptide, TM=tramsim@ne domain) and corresponding coding

exon regions are indicated.

Fig. 6. Transcript expression of rainbow trout TNFR1 and TNFR2 paralogues in tissues. The
expression level was determined by RT-gPCR in 4sués from six healthy fish. The transcript level
was calculated using a serial dilution of refereniteat contained equal molar amounts of the probes
for each gene, then normalized against the exjpressiel of EF-& and presented as the average +
SEM. The connected bars indicate significant défifees in expression levels of paralogues (p < 0.05,

paired samples T test).

Fig. 7. Modulation of the expression of TNFR1 (A, C, E and G) and 2 (B, D, F and H)
paralogues in four cell lines by PAMPs and IFNy. Four trout cell lines, RTL, RTG-2, RTGill and
RTS-11 cells were stimulated with LPS (2&/ml), poly I:C (25ug/ml) and recombinant IFN(10
ng/ml) for 4, 8 and 24 h. The expression of TNFepors was quantified as in Fig. 6, and presented
as the mean (+SEM, N=4) fold change calculatedhbyatverage expression level of treated samples
divided by that of time-matched controls. The fgkatsignificance of a LSD post hoc test after a
significant one-way ANOVA between the stimulated dime-matched controls is shown above the
bars as * p< 0.05, *p< 0.01 and *** p< 0.001.

Fig. 8. Modulation of the expression of TNFR1 and TNFR2 paralogues in RTS-11 by TNFa.
RTS-11 cells were stimulated with 10 ng/ml recomabinTNFa3 for 4-72 h. The expression of TNF
receptors was quantified as in Fig. 6, and predgesstieche mean (+SEM, N=4) fold change calculated
by the average expression level of treated sangliléded by that of time-matched controls. The
relative significance of a LSD post hoc test aftersignificant one-way ANOVA between the
stimulated and time-matched controls is shown altgebars as * g 0.05, *p < 0.01 and *** p<
0.001.
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Table 1. Primers used for 3'-RACE and real-time PCRanalysis of gene expression

Gene Primer namg Sequence (5’ to 3’) Application
TNFR1la TNFR1laF1 CGCGATTTAATACCCTGGCGTA 3-RACE
TNFR1laF2 GGTGACTCGACTGCATCGCC 3'-RACE
TNFR1laF CACATCCCACTCCCAATGGC Real-time PCR
TNFR1aR CCTCTTGGATCAGCCTCCGAGT Real-time PCR
TNFR1b TNFR1bF1 | ACTTAACACCCTGGCTTCTCTTGG 3’-RACE
TNFR1bF2 | TTTGGAGACTCGACTGCATCACT 3-RACE
TNFR1bF GCACAGATCCCACTCCCAAACCT Real-time PCR
TNFR1bR CCTCTTGGATCAGCCTCCGAGT Real-time PCR
TNFR2a TNFR2aF1 GACTTTTCTCAAGATCTTAAAGGGGCA 3-RAE
TNFR2aF2 CAAGATCTTAAAGGGGCAATAATAATTGT | 3-RACE
TNFR2aF GGAAATTGGGAGGCCATTAAATTTGATA Real-time PCR
TNFR2aR GACTAGATGGCAAGGGACTGGTAGG Real-time PCR
TNFR2b TNFR2bF1 | GCAAAGACGCCCTCAGTTTCC 3'-RACE
TNFR2bF2 | GGTTTCAGTATGGACTTTTTCGCAAT 3'-RACE
TNFR2bF GGAAAGGAGGCCATTAAATGTCTGC Real-time PCR
TNFR2bR CAGATGTCAGAGGGCTGGTGGA Real-time PCR
EF-lo EF-loF CAAGGATATCCGTCGTGGCA Real-time PCR
EF-laR ACAGCGAAACGACCAAGAGG Real-time PCR




Table 2. Summary of sequence features of rainbow trout TNFR1 and TNFR2 paralogues

Gene TNFR1a TNFR1b TNFR2a TNFR2b
cDNA sequence
GenBank ID HE717002 HE717003 HE717004 HE717005
Length (bp) 3027 2688 1814 2403
Upstream ATG 2 2 0 1
ATTTA motif 1 4 0 2
Genomic sequence
Chromosome Ch3 Ch3 Ch17 Ch7
GenBank ID NC_035079 NC_035079 NC_035093 NC_035083
Length (bp) 12,367 9,901 24,309 7,461
Number of exons 10 10 9 9
Number of introns 9 9 8 8
Protein sequence
Full length (aa) 403 397 455 463
Signal peptide 28 31 25 25
Mature peptide 375 366 430 438
TM region 217-241 215-239 249-272 281-304
N-glycosylation sites 2 1 3 2
Amino acid identity
Trout TNFR1a 100 80.2 21.5 20.2
Salmon TNFR1a 85.5 82.4 21.9 21.2
Trout TNFR1b 80.2 100 21.5 194
Salmon TNFR1b 79.8 93.0 21.2 20.8
Pike TNFR1 54.1 57.8 22.2 21.2
Human TNFR1 26.8 26.2 22.0 21.9
Chicken TNFR1 26.7 28.4 20.0 19.3
Trout TNFR2a 21.7 21.5 100 63.6
Salmon TNFR2a 221 21.5 91.2 64.4
Trout TNFR2b 19.5 19.7 63.6 100
Salmon TNFR2b 21.7 213 59.6 87.2
Pike TNFR2 18.5 20.2 46.2 45.9
Human TNFR2 20.4 23.0 28.6 30.1
ChickenTNFR2 22.7 23.6 29.9 27.6
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Signal peptide CRD1

<

< > ————
DV- - LRGKWKEKCT LNVCALLT LOWSVDP- ¢ SPLVPPLPTTQEFQCLEGSHYHT- - ANGTCCRKCHEGFM. KEHCTKNGDNSL CVHOQEGRTYLEKSN
NDV- - LRGKVKEKCI LNVCALLVLOWSVDP- - - - - YLLAPPPEGSQUPDGSHYHN- - ANGT CCRKCHEGFKL KEHCTKDGENSQCVPCEEGRTYREKSN
NDV- - LRGKVKEKCI LNVCAL LVLCVSVDPSLS- APPPPDRTREL QCLEGSHYRT- - ANGTCCRKCHEGFKL KEDCTKEGE- SQCEPCKEGRTYLERSN
MDV- - LRGKVKEKCI LNVCTLLLLCWSVDLSLS- PPPPLDRTQEL QCLEGSHYRN- - ANGTCCRKCHEGFKL KKDCTKEGE- SQCEPCKEGKTYLERSN
MAV- - LKGKVWKEKNI FI VSTLLLMOWSVGLS- - - APPPSN- RTHSQOQEGSHYLS- - KEGLOOGKCHQGFRLVKDCSVDNGNAECKPCSSG: TYRESSN
VESRHHTGKVKKI CAPCI LFLLTVLRQCDA- - - - TEGHKNFNNTGSCLEN- EYLH- - GE- FOCDKCPPGFKL TRKCKGSGLRSECVKCSPG- SYQDNWN
VEEAGHRGRRNKKAPVGT- TLLLMOM VPTLAI S- - - - - QPLVKPTCSPE- EYST- - DKGI CCNKCSPGYKLVEKCNAI GHRSKCAPCLPG- GFMDQLN
MEGOGLQRTGNKKACVG - FLLLMCTVL- - YA- - - - - - AQEPNQVKCPTG- DYLS- - KNNI CCNKCNPGYKL VKECL VAGHRSNCTSCPED- QYMDQI N
MGLSTVPDLLLPLVLL- - - ELLVG YPSGVI GLVPHLGDREKRDSVCPQG- KYI HPQNNSI CCTKCHKGT YL YNDCPGPGQDTDORECESG- SFTASEN
MGLPTVPGLLLSLVLL- - - ALLM3 HPSGVTGLVPSLGDREKRDSLCPQG: KYVHSKNNSI OCTKCHKGT YLVSDCPSPGRDTVCRECEKG: TFTASQN

CRD2 CRD3 CRD4
YAKNCLRCTLG- - VDNEEVFSPCKKSKNT\’CR&KKGFYQ\JRI NSGT! RECLTCKTCIEPGERETQDCKEESDT\kZEaZDFYFRDKKSNKTCLSCKLCELTA
YVKTCLRCTLGC- - VDNEEEESPCKKSSNTL CRCKKGFYKNRI NSETRECL SCKTCGPGERETQPCTQESDTVCECKDF YFRDKKNNKTCLPCQ CELTA
YAKNCLRCTRCD- VDNEEEVSPCKKSRNTVCRCI EGFYKKRI DSVTRECL RCKTCGPGERETQPCTPESDTVCECKGF- - RNKKNNRNCL PCONCR- SA
YAKNCLRCTRC- - DDNEEEVSPCKKSRNTVCRCI EGFYKKRI DSVTRECL RCKTCGPGERETQPCTPERDTVCECVDF- - RNQKNNRNCL PCONCR- SA
AFRNCDSCRKC- - VENEEVVSL CNRSRNQVCRCQT GFYLRKI DSETRECTSCETCGSGERVTQECTPESNTVCECSI FHYRDQWNKRTCL SCKNCT- ST
HFQNCFSCRTCNPASNEI EL AECTHMQDRKCGCKQGFYQEVLDDI TMSCVPCRKCGVGEMETRSCNGQWNTECECKYNHYRVAK- - RI CAQCTNG- - SS
FYPNCKSCRI CRASKHEHTLTKCVSKONTI CECDSGYYRFHI DSQAYECRKCAQCAPDEKEKONCTPLKNTVCECKENYYRVK- - - NKCEPCKSG- - TT
YNPNCFRCKVCKRRKHEVEESSCKRDKNTVCVCEAGYYKSEI DPTAFECL KCSKCRPDEKVKQQCTRDTNTVCVCKDGHYREK- - - NTCKPCEGC- - SV
HL RHCL SCSKCRKEMGQVE! SSCTVDRDTVCGCRKNQYRHYWSENL FQCFNCSL CLNGT- VHL SCQEKONTVCTCHAGFFLRE- - - NECVSCSNCKKSL
YLRQCL SCKTCRKEMSQVEI SPCQADKDTVCGCKENQFQRYL SETHFQCVDCSPCENGT - VTI PCKETQNTVCNCHAGFFL RE- - - SECVPCSHCKKNE

> Transmembrane domain
DOQQECS- - SGTHPTPNGDGKSEDTGY- - - - PYLLAAESCVCLLLLVWG NOVLVIRRKRKGSNSFPSAEI TSQVSETSTRRLI Q- - < - = <= <= - - -
DCQQECS- - SGTHPTPNGVAKPEDTGADVWSPYL LAL SVCVCVLLLVWWGE MBVLVVRRKPKGSSSFPSAEI TSQGSETSTRRLI Q == - == === = - - -
DCQQECA- - SGTDPTP- - - - KPTDTGAGVWSPYL LAAFGCVCVWLLVWME MBVLVVRRKPKGSSSFLSAEl TSQGSEKSTRRLI Q - === === == - - -
DOQQECA- - SGTDPTP- - - - KPEDTGAGVWSPYL LAAFGCVCVWLLVWME MBVLVVRRKPKGSNSFLSAEl TSQGSEKSTRRLI Q- - = = = === = = - - -
DCRQECHQ ELATPST- - - - VGVSQPSNTSTTVLLLVFGOGEVFLLVWVM LACVWFWRV- KGLSSFPSDEVI SQGT- KSTQKLI Q- == = = === = = - - -
KCSDLCT- - HGVKTTP- - - - PSHPKSGYPLQTI WWLVWCLCLVI GLPCI VSLYKG KHWKK- - RK- - - QNQYSQSS- ESHDPEKQ - GKETHKG- - - -
ECEHYCSGSSMNTKAP- - - - DTGKE- - - - FLTNI | AGVWSVALLLLGLVALI THLVTKRSI K- - KKLVKPSHHDDSPDPCELI LCS- - == = == = = = - - -
ECSHLCE- - AVTTKRP- - - - EPRDD- - - - LMVAI VA- | SAVGWMVALGVLVTHVFTKRFI K- - KKMPSLTSQPTDI SI SERLFVH- - - - = = = = = = - - -
ECTKLCL- - - - P- Q E- NVKGTEDSGTTVLLPLVI - - FFGLCLLSLLFI GLMYRYQRWKSKL- YSI VOGKSTPEKEGEL EGTTTKPLAPNPSFSPTPGE
ECMKLCL- - - - PPPLA- NVTNPQDSGTAVLLPLVI - - LLGLCLLSFI FI SLMCRYPRWRPEV- YSI | CRDPVPVKE- EKAGKPLTP- APSPAFSPTSGFE

P Death domain
------------------------------------------- EDPENVLNQCI PSCSPVCECEQEPL RKLPDCVPKE! KI SELI YSVLDQVPTRHVKE
------------------------------------------- EDPENVLNQSI PSYSPVCESEQEPLSTLPDCVPKE! KI SEL| YSVLDQVPPRHVKE
------------------------------------------- EASENVLNQSI P- - - - VCECEQEL L SKLPDCVPKEI KI SEL| YSVLDQVPLRRVKE
------------------------------------------- EDPENVLNQSI PSYSPVCESEQEPLRKLPACVPKEI KI SEL| YSVLDQVPLRRVKE
------------------------------------------- GQHG\VFI PTDLSSASVCE- - RELLSKLPDCVPKEI KI SDFI YSVLEQVPPRRVKE
------------------------------------------- VQSKDDVSRLLPV- - - - - - - - - QPDPVLPDCI PREI KTHEFVYLVLEI VPVSRFKE
----------------------------------------- SEECSENSNVETTPN- SPVSE- - - QQPSNLPDCVPLEI KI TDLI YSVLELVPALQVKQ
------------------------------------------- EESSESQVESVPQ SPVEE- - - QGQPNLPDCVPLEI RI PDLI YTVLDLVPVWRVKE
TPTLGFS- - - - PVPSSTFTSSSTYTPGDCPNFAAPRREVAPPYQGADP! LATALAS- DPl PNPL QKWEDSAHKPQSL DTDDPATL YAVWENVPPL RWKE
NPTLGFSTPGFSSPVSSTPI SPI FGPSNW HEMPPVSEVWPT- QGADPLL YESLCS- VPAPTSVQKVWEDSAH PQRPDNADLAI L YAVWDGVPPARVKE

Death domain _
LVRSLGVSDI VI ERAENDHL RDTKEAQYQVL RVWAKGSAQ- - - - GGGEVLARPL L YHL L DKL RDMDL GGTAEELETKYGDQ - - - - - - - - - - 403
LVRSLGVSDI VI ERAENDHL RDTKEAQYQVL RVWAKGNAQ - - - GGGEVLARPLL YHLL DKL RDVDLGGTAEELETKYRDQ: - - - - - - - - - - 404
LVRSLGVSDI VI ERAENDHL RDTKEAQYQVL RVWAKGSAQ - - - GGGEVLARPLL YHLL DKL RDVDLGGTAEELETKYGDQ- - - - - - - - - - - 397
LVRSLGVSDI VI ERAENDHL RDTKEAQYQVL RVWAKGNAQ - - - GGGGVLARPLL YHLL DKL RDVDL GGTAEELETKYGDQ- - - - - - - - - - - 400
LVRSLGVSDRVI ELAENDYL RDTKEAQYQVLKFWACGGSQ - - - GRGGLL TLHLLHDLL VKL RNVEL GGAAEELETI YGDYSEXK- - - - - - - 400
LVRRLNVSEQDI GRAERDN- RAFADAQYQVLMAWWDSGTR- - - - GGKSI LPHSLFQECVDRLKDWNLTACAES| EDKYA- - - - - - - - - - - - - 387
LVRTLGVRDTEI EQAEL DH RFCKEAHYQMWL RLWAEKVSRADGGGESGL L HL SLL QEL L DKLRTMRLGGVAEELETKYS| Q - - - - - - - - - - 393
LVRSLGVRDTVI EQAEMDH- RQCREAQYQML RVWAESGSHAAGGGRGDM. HL SLVKEL L DKLRQVHL GGTAEELETKYG H- - - - - - - - - - - 385
FVRRLGL SDHEI DRLEL QNGRCLREAQYSMLATWRRRTPR- - - - - - - - - - REATLELLGRVLRDVDLLGCLEDI EEALCGPAALPPAPSLLR 455

FMRFMGELSEHEI ERL EMONGRCLREAQYSM_LEAVWRRRTPR- - - - - - - - - - HEDTLEVVG.VLSKMNLAGCLENI LEALRNPAP- SSTTRLPR 454
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Signa peptide CRD1 .

=)\ AN TVYTLPYTPDSAETCRNKTAEYYNTLI NLCCSKCAPGTRLKNECSTTSDTVCEPCPSGQYSGT
M LNTVSG FTVRI LLAI TVQPVEN- - - - - - - - - - TVYTLPYTPDSADACRNKI AEYYNTPRNL CCSKCAPGTRQKNECSTTSDTVCEPCPRGQYSGN
M LRTVSGVLTVRI FLAI WQPVEN- - - - - - - - - - MVYTLPYTPDSDGSCRNKTAEYYNPDVNL CCSKCT SGTRRKVVCSST SDTACEPCPSDQYSGT
M LRTVSGVLTVRI FLAI \VQPVENMHFM/PSSL QVYTL PYAPDSDGSCHNKTAEYYNAEVNL CCSKCTSGTRRKDL CSSTSDTACEPCPRGQYSGT
- - - M\WVGLRCLI LGWASLAKA: - - - - - - - - - - - KSYSLPY- - EI NGACRDRSTEYKVKS- - FCCSKCKPGTRKERDCT STEDTVCVPCPDGMYSEN
----- MKEl RALLLLLCVRTTTA: - - - - - - - - = - - - - - - - - YRLDSDGKCHNSTTEYREQD- - L CCKKCPPGQRLI QKCSDATESVCKQUDSGQYMEK
----- MGDLFVLLLLLSVQTTKA: - - - - - - = - = - = - - - - - - - - NSHES| CNENT- EYLKDGT DL CCKKCQPGYHL GEHCSENKETVCEPCKSNTYLEN
----- MKDMLLLLFLLCAQTI KVCS- - - - - - - - - - - - - - TPYK- SENGQCHNDT- EYMDSG- - LCCTKCRPGYRRGT SCTETTDTVCTPCPPDQYQEN
MAPVAVWAAL AVGLELWAAAHA: - - - - - - - - - LPAQVAFTPYAPEPGSTCRLR: - EYYDQTAQVCCSKCSPGQHAKVIFCTKTSDTVCDSCEDSTYTQL
MAPAALWAL VFEL QLWATGHT- - - - - - - - - - VPAQUWLTPYKPEPGYECQ SQ- EYYDRKAQVOCCAKCPPGQYVKHFCNKTSDTVCADCEASMYTQV

CRD2 L CRD3 . o«
FNYFTKCFRC- PKCSEDKGL QYAQDCSSTTKTQUMOQTGKFC! M- EQHPN- CKECGSY THOQPGHGVAI EGT- - - - - - - - TDSDVNCAPCPNGTFSDQ
FNYFPKCFRC- PKCSEDKGL QYAQNCSSTTKTQCMOQTGVFC! M- EQHPN- CEECVSYTHOQPGHGVAI EGT- - - - - - - - TDSDVNCAPCPDGTFSDQ
FNYFPKCFRC- PKCSADKGL KYVQKCSSTTKTQCACQTGMYCI L- DQHPD- CKECSSYTYCKPGHGVSVEGT- - - - - - - - AESDVECASCPNGTFSDQ
FNYFAKCFRC- PKCSADKGL KYVQKCSSTTKTQCACQTGMYCVL- NQHPD- CEECANL TYCKPGYGVSVEGTI AGQEAGTAESDVECASCPDGTFSDQ
MNYYPNCFSC- TRCYEDKGMQYAKQCTRVSDAVCVCKPGWC! HSDDSPS- CTSCQKHRPCI PGKGAI SPGT- - - - - - - - ATENVKCAVCPEGTYSNE
WKYAQKCL SC- NKCKSNKGL QYAQRCSSTTRTGCVCKPGMYCI MDFDNPY- CAECRNYSQCRAGYGVSLPGK- - - - - - - - ANSDVKCEL CPDGVFSNT
WNYAQNCFSC- KI CNPRKLLRYEQNCTL TKNAVCVCEPETFCAI - LLKPE- CSACKRYRKCPPGQGVSVQGT- - - - - - - - PSSDVKCQKCPNGTFSSI
FNYYPNCATC- QKCREEKGL QYAQSCSSTTPSKCI CRPGRYC! MEYDDPY- CSDCRKYKQCRPGTGVTAKGT- - - - - - - - PSSDVKCKPCPEGTFSDK
VWRMW/PECL SCGSRCSSDQ- - VETQACTREQNRI CTCRPGAYCAL - SKQEG- CRL CAPLRKCRPGFGVARPGT - - - - - - - - ETSDVWCKPCAPGTFSNT
VWNQFRTCLSCSSSCTTDQ - VEI RACTKQONRVCACEAGRYCAL - KTHSGSCRQUMRL SKCGPGFGVASSRA: - - - - - - - PNG\VL CKACAPGTFSDT

CRD4
HSYTQT CQHHTDCVSQRRGVLTYGNT TSNA\?OG— ---PKVR- - - - - - PPTRPPTTI PTSGTGHTTPSLQNLHI - - - - == - - oo oo oo - -
HSYTQTCOHHTDCVSQRRSVLTYGNTTSNAVCG - - - PKVR- - - - - - - - - - PPTSPPTRI PTSGTGHTTPSLQSLHT- - - = - === c - o e oo e oo
HSYTQ CQHHTDCVSQGRDVQTYGTATTDAVCG- - - - PKVNGRLVSI LQTTTPPSPPTTMPPSVKEHT TSSL QSMDVBTVPTTLGSKLTSSPS- - - DP
YSYTQ CQHHTDCL SQGRDVLTYGTATTDAVCG: - - - PKVNGRLVSI LQTTTPPSPPTTMPPSGKGHT TSSLQSMDTSTVPTTRGSKLTSSPS- - - DP

TS- TKPCLPHTRCDLYCRSVLVRGTATTDTVCG - - - PVLST- - - - - VPSRVTTCPLTI MPKTSSSPTEPSTM - - - PPFLTSYSTSQSLF- - - - - - -
SSNTETCRPHTDC- - HGKAVWRKGNTTSDTVCEEGVAPSSL- - - - - - - FQDTTKGPHPG LFSTPRTI RSTVSATPDATL SVSASVSDEVF- - - - - TH
SSNSEKCKPHTDC- - KGRALVKKGDAI SDNI CEDEA- PKPL- - - - - - - KRATPRAPWI VLTSTEANNPGTTI DFTTTRGVKGFTQTSNTFVSFESSS
TSSTDPCQPHTDC- - NGRAVLRKGNTTSDTVCE- - - - PYST- - - - - - - ADNHKKGVGTTPSTSTTTVAPSSGSTAPLRSTAQS! SVSEESS- - - - - TY
TSSTDI CRPHQ C- - - - NWWAI PGNASMDAVCT- - - - STSP-- - - - - - - - TRSMAPGAVHL PQPVSTRSQHTQPTPEPSTAPSTSFLLPMG: - - - - - -
TSSTDVCRPHR! G- - - - S| LAl PGNASTDAVCA- - - - PESP- - - - - - - - - TLSAl PRTLYVSQPEPTRSQPLDQEPGPSQTPS- - | LTSLG - - - - - -
Transmembrane domain
------ GaKSPGEDLRIVSGVT GOV GOVI LLLI T GTVI Y~ - - KKAFI GSRLVSS| EDRNGNVEAI KFDSDGPMVL- QNSSFI TSYREQQQCL MEKGN
------ EGKSPGFDLRI VSGVI GGVI GGVI LLLI | GTI | Y- - - KKVFTGSRLVSSTEDNHGNCEAI KFDSDGPML- QNSSFI TSYQEQQQCLLGKGN
LVI APNEEKSPGVDLW VWGAI GGVM - - FLLLI | GTI I Y- - - KKAFTKFI RVSSTEDI NG - = = = = = = == === o e mmm oo o - KEAI KCLLGKGD
RVI APTEEKSPG NLW VAGAI GGAM - - FLLLI VGTVI Y- - - KKAFTNFI RVSSTEDI NGNSE- - = = = = = === === oo e oo - - KEAI KCLLGKGD
PVYSP- - - RPPDRFI ALWFGLPVAAL- - LWLLI ATFCl G- - HRKALAKPAVHEGVEAGQS- - - - = = == === = = = - - LNSVHLSS- PTEKEGLLAD- -

Tl KSPPPYKPPGGS- - LAA- | | AGYMA LLFI AVI LVFLC- - KAVRSKDVPTFQPKVDANGNCESDDKQ TQSHLEETQLI SFTVTSPEQQSLLDKAG
STKSPHTTKQPDI KP- WI ASSWG FFLLLTFVSLLFFY- - - KRRRTDSAKL HPKVDANGNCENGGKI VORHEVERQKMGL - - - - TSEQQCLLGKSE
LI TSRVT- QQPDSKYWVI | | ASVTGFLI | Tl PLLI LFLLCYY- QKI CKKDTASL SPKVDANGNCETADEKYTGKTQLSLFKVA- - - - SQENECLLEKGE

- - PSPPAEGST- GDFALPVGLI VGVTALGLLI | GYWNCVI MTQV- - KKKPLCLQREAKVPHL PADKARGT Q- - - = - = - - = - = - - - - GPEQQHLLI TAP
-- STPI | EQSTKGA SLPI GLI VGVTSLGLLM.GLUNCI | LVQ - RKKKPSCLQRDAKVPHVPDEKSQDAV- - - - - - - - - - - - - - - GLEQQHLLTTAP
------- CSNPSQAENQQDTRRTWY- S- - - - - - - ECSNSLEQLS- - - - - | GPLQSTPPQSST- - QPSPQPTSPQPTSPLPSSPLVNVNI TVNYPVT- -
------- CSNPSQAENQQDTRRTWY- S- - - - - - - GCSNSLEQLS- - - - - | GPLQSTPPQPST- - QPSPQPTSPQPTSPLPSSPLVNVNI TVNYPVA- -
------- CSNVGQAETQQDAVKTWEGS- - - - - - - GCSNSLEGLS- - - - - | CPVQSTLPQPSI - - LASTPQPSPQSTSPLTSVPLVNVNI TVTYPUN- -
------- CSNVGQAETQQDAI KTWBGS- - - - - - - GCSNSLDALS- - - - - | SPVQSTI PQPSI - - LASTPQPSPQSTSPLASVPLVNVNI TVTYPUN- -
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Figure 6

Expression relative to EF-1¢ (x1,000,000)
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Figure7
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Figure 8
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Highlights

Two paralogues for each of TNFR1 and TNFR2 are present in salmonids.

2. TNFR2 paraogues arose from the 4R WGD but TNFR1 paralogues arose from an en bloc
duplication.
Teleost and tetrapod TNFR1 and TNFR2 orthologues differ in exon/intron structure.
Trout TNF receptors are ubiquitously expressed with high level expression in immune organs.
Trout TNF receptors can be differentially modulated by PAMPs and cytokines.



