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Abstract

The resolution of the gar genome affords an opportunity to examine the diversification and
functional specialization of immune effector molecules at a distant and potentially informative
point in phylogenetic development. Although innate immunity is affected by a particularly large
number of different families of molecules, the focus here is to provide detailed characterization of
several families of innate receptors that are encoded in large multigene families, for which
orthologous forms can be identified in other species of bony fish but not in other vertebrate groups
as well as those for which orthologs are present in other vertebrate species. The results indicate
that whereas teleost fish and the gar, as a holostean reference species, share gene families thought
previously to be restricted to the teleost fish, the manner in which the members of the multigene
families of innate immune receptors have undergone diversification is different in these two major
phylogenetic radiations. It appears that both the total genome duplication and different patterns of
genetic selection have influenced the derivation and stabilization of innate immune genes in a
substantial manner during the course of vertebrate evolution.
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INTRODUCTION

It has been suggested that the high level of diversity between innate immune receptor genes
from different species reflects that evolutionary history of pathogen exposures for that
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species’ lineage (Jack, 2015). In addition, the co-evolution with commensal bacteria has
likely further refined the host’s innate immune system (Thaiss et al., 2016). As the genomes
of more diverse animals are reported, it has become clear that many species possess immune
system strategies that differ dramatically from mammalian species (Buonocore and Gerdol,
2016). The merits of novel immune strategies include strong selection pressures which can
influence rates of speciation and animal diversification (Malmstrem et al., 2016). Ray-finned
fish (Actinopterygii) comprise the largest group of vertebrate species with over 30,000
members (Eschmeyer et al., 2016) and nearly all of these (>99.8%) are teleost fishes (Nelson
et al., 2016) which include model organisms, such as zebrafish (Danio rerio) and Japanese
medaka (Oryzias latipes) and agriculturally important species (e.g. carps, catfish and
salmonids). Genomic analyses have revealed variation in the sequence and numbers of
innate immune receptors in diverse teleost species with much of this diversity arising from
recent gene birth and death events within multiple multigene families of innate immune
receptors (Malmstrgm et al., 2016; Wecisel and Yoder, 2016).

The diversification of immune-related genes can be accelerated through gene duplication
(gene birth) events followed by species-specific adaptations. Whole genome duplications
(WGD) provide a massive number of genes the freedom to evolve. The fate of duplicated
genes may be neofunctionalization, (the acquisition of new functions), subfunctionalization,
(all functions of the original gene are maintained, but divided between the gene copies) or
nonfunctionalization (accumulation of deleterious mutations resulting in gene death)
(Kuraku and Meyer, 2010). Two rounds of early vertebrate genome duplication (VGD1 and
VGD?2) (Dehal and Boore, 2005) and a subsequent teleost genome duplication (TGD)
(Amores et al., 1998; Taylor et al., 2003; Glasauer and Neuhauss, 2014) has likely
contributed to the great diversity of innate immune receptors present in teleosts (Malmstrgm
et al., 2016; Wcisel and Yoder, 2016). In addition to the TGD, certain teleost lineages (e.g.
salmonids, carps and suckers) have experienced additional, more recent WGD events
(Pasquier et al., 2016).

Recently, the genome of spotted gar (Lepisosteus oculatus) (hereafter gar), a ray-finned fish
but a holostean outgroup to the TGD, was analyzed and reported (Braasch et al., 2016). It
was demonstrated that gar has the ability to bridge the gap between teleost and mammalian
genomes, facilitating cross-species comparisons and illuminating hidden orthologies. The
gar genome, when compared to teleosts, is considered slowly evolving thus, it has preserved
a more ancient genome structure. This permits a unique perspective into the evolution of
vertebrate immunity and the impact TGD may have had on immune-related loci.

Here, we offer a detailed description of multiple families of innate immune receptors
encoded by gar including toll-like receptors (TLRs) and families of fish-specific
immunoglobulin (Ig) domain containing innate immune receptors (I1IRs) (Fig. 1). We
demonstrate that while many gar TLR genes share more sequence similarities with TLRs
encoded by teleost fish (eg, zebrafish), their genomic organization often resembles that of
human TLRs. We characterize gar sequences that encode inhibitory and activating forms of
novel immune-type receptors (NITRs), which are predicted to function as natural killer cell
receptors (Yoder and Litman, 2011). We identify gar sequences that encode diverse
immunoglobulin domain containing proteins (DICPs), and demonstrate their linkage to
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major histocompatibility complex (MHC) sequences in cyprinids (zebrafish),
Lepisosteiformes (gar), and Latimeria (coelacanth, a lobe-finned fish that branched from
ray-finned fishes 450 mya and shares a common ancestor more recently with mammals than
teleosts). The failure to identify orthologs of specific tetrapod innate immune receptors,
indicates that, although gar is an outgroup to the TGD, its innate immune receptor repertoire
more closely resembles that of teleosts than tetrapods. We have integrated these observations
into an updated view of the evolutionary origins of these families of innate immune
receptors.

Genes initially were identified by searching Ensembl’s database (release 79) of zebrafish
and human TLRs, NITRs, and DICPs genes for gar orthologs identified by the Ensembl’s
annotation and Gene Orthology/Paralogy pipeline (Vilella et al., 2009; Aken et al., 2016).
For NITRs and DICPs, the surrounding genomic loci of the gar genome (LepOcul) also was
searched with tBLASTN using both zebrafish and gar NITR/DICP protein sequences for the
presence of genes missed by prediction models (Altschul et al., 1990; Camacho et al., 2009).
Syntenic comparisons were performed using Genomicus v84.01 (Louis et al., 2015).
Multiple sequence alignments were performed with Clustal Omega (Sievers et al., 2011).
Phylogenetic analyses were performed in MEGA7 (Kumar et al., 2016). Neighbor-joining
trees were constructed using JTT matrix-based method to compute evolution distance, with
pairwise deletion of ambiguous positions and 2000 bootstrap replicates (Saitou and Nei,
1987; Jones et al., 1992). Protein domains were identified using SMART (Letunic et al.,
2015).

RESULTS AND DISCUSSION

Gar TLRs share evolutionary histories of both humans and zebrafish

The family of toll-like receptors (TLRs), which are present in vertebrates and invertebrates,
recognize a variety of pathogen associated molecular patterns (PAMPs) providing one of the
initial immune responses to infection (Aderem and Ulevitch, 2000). The TLR family
includes ten receptors in humans (TLR1-TLR10) and twelve in mice (TLR1-TLR13, lacks
TLR10). Teleost genomes can encode more than twenty TLR genes (Quiniou et al., 2013)
which may reflect neofunctionalizaton after the TGD. For example, zebrafish and channel
catfish (/ctalurus punctatus) contain duplicate copies of genes encoding TLR4, TLR5 and
TLR8 and at least six other “non-mammalian” TLR genes (Jault et al., 2004; Palti, 2011;
Quiniou et al., 2013; Kanwal et al., 2014). Vertebrate TLRs can be organized into six
subfamilies based on amino acid sequence similarities: TLR1, TLR3, TLR4, TLR5, TLR7
and TLR11, each of which can contain multiple members (e.g., TLR7, TLR8 and TLR9 are
all part of the TLR7 subfamily) (Roach et al., 2005).

TLRs recognize a variety of PAMPs through an N-terminal ectodomain consisting of
numerous leucine-rich repeats (LRR) (Fig. 1). The number of LRRs varies between TLR
members and assigning TLR gene homology across species based on LRR sequence alone
can be difficult, due to the variable length of extensions within LRR motifs (Matsushima et
al., 2005, 2007). Usually, cysteine clusters cap the N-terminal side of the LRRs and flank the
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C-terminal side and are termed LRRNT and LRRCT, respectively and are thought to
stabilize the hydrophobic LRRs (Gay and Gangloff, 2007).

TLRs are type | transmembrane proteins and are expressed either on the cell surface or on
endosomes. The cytoplasmic C-terminal region contains a TOLL/IL1 receptor (TIR) domain
(Fig. 1). Upon ligand recognition, TLRs recruit cytoplasmic adapter molecules such as
MyD88, MAL, TRIF, TRAM and SARM in order to initiate an immune response (reviewed
in (Kawai and Akira, 2006). While the N-terminal LRR-containing regions are highly
variable between species, the TIR domain is highly conserved and amenable to phylogenetic
analyses (Beutler and Rehli, 2002; Jault et al., 2004; Quiniou et al., 2013; Boudinot et al.,
2014a).

Ensembl’s annotation and Gene Orthology/Paralogy pipeline (Vilella et al., 2009) predicts
seventeen TLR-related genes within the gar genome (Table 1). Thirteen of these seventeen
gar sequences were annotated using zebrafish TLRs as reference, while four gar TLR
sequences remain uncharacterized [t/r(a), tIr(b), tir(c), tir(d)]. Based on phylogenetic
analysis of TIR domains (Fig. 2), we confirmed all but one of the annotations and account
for the remaining uncharacterized TLRs utilizing West Indian Ocean coelacanth (Latimeria
chalumnae) and channel catfish reference sequences. We find that representative members of
all six TLR subfamilies are encoded in the gar genome. Here, we illustrate the genomic
context of gar TLRs, infer syntenic relationships between human and zebrafish using gar as
a reference, and make predictions of the evolutionary histories of these gene families.

TLR1 subfamily—Members of TLR1 subfamily bind a range of ligands which often
originate from bacteria (reviewed in Gay and Gangloff, 2007). For example, mammalian
TLR2 is able to heterodimerize with TLR1 in order to recognize triacyl lipopeptides
originating from mycobacteria whereas TLR2/TLR6 heterodimers recognize diacylated
lipopeptides (Takeuchi et al., 2002). Similar to vertebrates, teleost TLR1 and TLR1
subfamily members often lack the LRRNT flanking sequence (Zhang et al., 2014). This
absence of LRRNT is thought to be an important feature allowing mammalian TLR1 and
TLR2 molecules to dimerize and suggests that TLR1/TLR2 heterodimers might also occur
in fish (Quiniou et al., 2013).

The TLR1 subfamily has been described as containing more species-specific adaptations
than any other TLR subfamily (Roach et al., 2005). Seven gar genes were determined to
belong to the TLR1 family based on the phylogenetic analysis of their TIR domains (Table
1, Figure 2). Gar t/r1 displays some synteny to zebrafish #/rZ, however there is no evidence
for conserved synteny with humans nor any other non-fish species (Table 1). The four gar
TLRs which were not given an Ensembl annotation are likely due to gar- or fish-specific
adaptations as comparisons with zebrafish and humans revealed only weak synteny
(Supplementary Material Fig. S1 and Table S1). Although gar t/r(a)
(ENSLOCG000000017625) groups out with a coelacanth TLR gene, it is unlikely either
function as receptors given the arrangement of detected protein domains (TIR/TM/TM,
Table 1). Through phylogenetic analyses of the TIR domains (Fig. 2), two additional un-
annotated gar TLRs [#/r(@/ENSLOCG00000016891 and #/r(b)ENSLOCG00000017911]
appear related to TLR25, which was first identified in catfish but determined to also be
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present in adrianichthyids, cichlids, cyprinids and plecoglossids suggesting its presence early
in fish evolution (Quiniou et al., 2013). Gar #/r(b) shares significant synteny with tilapia
TLR25 (not shown). Interestingly, the tilapia TLR25, ENSONIG00000014149, which is
encoded on an unplaced scaffold in the latest Orenil1.1 genome assembly (Brawand et al.,
2014), is considered synonymous with the gene name TLR1. TLR25 sequences from tilapia,
catfish and gar [#/r(a) and tr(b)] lack the LRRNT domain which may allow for the
dimerization with TLR2, increasing the repertoire of ligand specificities. Together, this
suggests that TLR25 resulted from a gene duplication event of TLR1 loci. Its presence in
gar, a much more basal species, suggests that a TLR1 duplication and subsequent divergence
may have predated the TGD, which may explain why so many TLR1 subfamily members
are observed in teleosts (Fig. 2). Gar also encodes #/r(c) (ENSLOCG00000017732) that
clusters very tightly with both coelacanth and elephant shark (Callorhinchus milii) TLR27
(Boudinot et al., 2014b; Wang et al., 2015). TLR10 was estimated to have diverged from its
TLR1-like precursor ~300 million years ago (mya), nearly 150 million years after the
divergence of ray-finned fishes (Beutler and Rehli, 2002). In agreement with this, gar and
teleosts genomes do not encode orthologs of TLR10. Likewise, TLR6 is thought to have
emerged 130 mya and thus is also absent from fish genomes.

TLR3 subfamily—It has been demonstrated that both mammalian and teleost TLR3
proteins are able to recognize and respond to dsRNA, the genetic material of many viruses,
to induce the expression of type | interferons (Roach et al., 2005; Huang et al., 2011,
Samanta et al., 2013). Phylogenetic analyses places gar #/73 (ENSLOCG00000013826) in a
group with teleosts (Fig. 2), however it shares an almost equivalent amount of synteny with
human 7LR3loci (Table 1, Supplementary Material Fig. S1). Although it is tempting to
predict that gar TIr3 is also able to recognize and respond to dsSRNA, caution should be used
when generalizing the function of TLRs across species. For example, sea cucumber TLR3
(Apostichopus japonicus) is transcriptionally upregulated following exposure to bacterial
PAMPs, suggesting a dual or alternative role of TLR3 (Lu et al., 2013). Many differences in
TLR response to PAMPs are observed across species, and is well illustrated in the case of
TLRA4.

TLR4 subfamily—Mammalian TLR4, in conjunction with myeloid differentiation protein
2 (MD-2), initiates an immune response against lipopolysaccharide (LPS), the major cell
wall component of Gram-negative bacteria (Beutler, 2000). Additionally, LPS-binding
protein (LBP) and CD14 aid in separating LPS aggregates and delivering LPS to the TLR4/
MD-2 complex (Wright et al., 1990; Beutler, 2000; Su et al., 2000; Kim et al., 2005).
Prolonged activation of TLR4 can lead to endotoxic shock, a situation which can be fatal to
the host and is characterized by the overproduction of cytokines such as tumor necrosis
factor-a (TNFa) and interleukin-6 (IL-6) (Morrison and Ryan, 1987). Fish and amphibians
display notable resistance to LPS-induced endotoxic shock when compared to mammals
(Berczi and Bereznai, 1966). Beutler and Rehli (2002) suggested that LPS sensing by TLR4
may be a unique adaptation to mammals as TLR4 was not found in the available fish
genomes. Following the completion of a quality draft of the zebrafish genome, Jault et al
(2004) determined zebrafish contains 19 putative TLR variants including two copies of
TLR4 (tIr4aand tir4b), although accessory proteins LBP, MD-2 and CD14 remain absent.
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Although zebrafish Tlrda and Tlr4b do not recognize LPS, over-expression of zebrafish
TIrdb TIR domain negatively regulates NF-kB activation (Sepulcre et al., 2009; Sullivan et
al., 2009). As morpholino knockdowns of t/r4a, tIr4b and myd88in zebrafish was not
sufficient to disrupt the response to LPS, Sepulcre et al (2009) concluded that LPS sensing
in zebrafish occurs independently of TLR4/MY D88 pathway.

Gar encodes a TLR4 ortholog (ENSLOCG00000003751), however it shares minimal
synteny with humans and none with zebrafish (Table 1, Supplementary Material Fig. S1 and
Table S1). The predicted protein sequence of gar TlIr4 lacks a TIR domain while the
ectodomain displays a high degree of sequence divergence from other TLR4 genes (less than
31% identical to humans). Accessory proteins MD-2 and CD14 are not readily discernible in
gar although LBP was identified (ENSLOCG00000006358). Therefore, we predict that LPS
sensing by gar TIr4 is unable to activate an immune response through either the MyD88-
dependent pathway nor the TRIF-related adapter molecule (TRAM) signaling pathway as
observed in mammals (Miggin and Neill). TLR4 likely diverged from a TLR2/TLR4
precursor around the time of the emergence of vertebrate, approximately 500 mya (Beutler
and Rehli, 2002). The absence of TLR4 from coelacanth, and lack of TIr4 TIR domain and
accessory proteins in gar suggest that TLR4 function was dispensable in fish or that LPS
sensing by TLR4 may be a mammalian innovation (Boudinot et al., 2014a).

TLR5 subfamily—Both mammalian and teleost TLR5 recognize bacterial flagellum
(Mufioz et al., 2013). In some teleosts, such as rainbow trout (Oncorhynchus mykiss) and
gilthead seabream (Sparus aurata), two TLR5S genes have been described: one encodes a
membrane-bound TLR5M and the other encodes a soluble TLR5S which lacks the TIR
domain necessary for classical TLR signaling. Even in the absence of a TIR domain, TLR5S
is believed to enhance the immune response in rainbow trout (Tsujita et al., 2004). However,
in gilthead seabream, it was observed that the binding of TLR5S to flagellum blocks
TLR5M activation and therefore down-regulates the immune response (Mufioz et al., 2013).
Coelacanth also are found to encode TLR5S and TLR5M (Boudinot et al., 2014b); however,
since TLRS5S lacks a TIR domain, orthology to teleost TLR5S was not examined.
Nonetheless, the presence of TLR5S in coelacanth indicates an ancient origin for this
sequence.

In other teleost species, such as Atlantic cod (Gadus morhua), TLRS genes have been lost
altogether. Atlantic cod has many immune system abnormalities including the apparent loss
of MHC class Il and large expansion of MHC class | molecules (Star et al., 2011; Buonocore
and Gerdol, 2016). The single copy of gar #/r5encodes a transmembrane domain and TIR
domain and is therefore most similar to TLR5M. TLR5S was not detected in gar, and may
be restricted to certain teleost species. Adjacent genomic regions of 7LAR5 remain highly
conserved among human, gar, and zebrafish (Supplementary Material Fig. S1 and Table S1).

TLR7 subfamily—Mammalian members of the TLR7 subfamily recognize nucleic acid
motifs, however it is not known if the ligands are conserved in fish (Rauta et al., 2014). The
TLR7 subfamily, which includes TLR7, TLR8 and TLR9, may have arisen prior to the rise
of vertebrates, some 500 million years ago and is therefore found throughout vertebrate taxa
(Beutler and Rehli, 2002). Gar t/r7, tir8aand t/r8b are found in tandem on LG14 in the same
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basic organization as observed in humans (Supplementary Material Fig. S1). While zebrafish
tlr7and t/r8are encoded in tandem on chromosome 9, zebrafish #r8bis encoded on
chromosome 10. This may be reflective of a single gene transposition as syntenic genes
surrounding zebrafish #/r8bare not observed (Supplementary Material Table S1). Duplicated
copies of TLR9 are found on distinct loci on gar LG5 (Table 1). Gar TLR9 genes have
diverged significantly and are only approximately 40% identical to each other. An expansion
of TLR9 genes has been observed in Atlantic cod, which may be a compensatory adaptation
in response to the loss of TLR5 and MHC class Il sequences (Star and Jentoft, 2012). While
gar does encode TLR5 and MHC class Il sequences, an expansion of TLR9 may be
advantageous for some fish lineages.

TLR11 subfamily—The TLR11 subfamily includes TLR11, TLR12, TLR13 and many
others that may be species-specific. Humans lack a functional TLR11 ortholog whereas
other vertebrate species have many TLR11 members. For example, TLR21 is common to
birds, amphibians and fish but absent from humans. The ligands for most TLR11 subfamily
members remain unknown; however, it has been determined that mouse TLR11 and TLR12
recognize ligands originating from protozoan parasites while TLR21 from chicken and
zebrafish recognizes CpG DNA common to bacteria (Keestra et al., 2010; Yeh et al., 2013a;
Zhang et al., 2014) and TLR22 in pufferfish ( 7akifugu rubripes) recognizes dsRNA (Matsuo
et al., 2008). There are a number of fish-specific TLRs which belong to the TLR11
subfamily (e.g., catfish TLR26). The gar genome encodes two TLR11 subfamily members:
t/r19 (ENSLOCG00000015687) and #/r21 (ENSLOCG00000018318), neither of which share
synteny with zebrafish nor humans (Table 1). Gar #/r19is highly diverged and is supported
by low (34%) bootstrap values (Fig. 2). Therefore, this gene may represent a gar-specific
adaptation and we recommend it remain classified as novel (Table 1).

As mentioned above, zebrafish TIr21 is functionally similar to mammalian TLR9 in that it
recognizes CpG DNA, although the specific CpG sequences recognized differ significantly
between the two types of receptors (Yeh et al., 2013b; Zhang et al., 2014). Interestingly, gar
tIr21 appears to share an evolutionary history with the TLR11 subfamily, instead of the
TLR7 subfamily that might be expected based on shared functions with TLR9 (Fig. 2).
While the functions of gar TLR genes have not yet been determined, it is an interesting
observation that gar possess two divergent copies of TLR9 as well as a TLR21. This may
indicate that gar has a heightened response to CpG and is able to recognize different CpG
DNA motifs.

“Teleost-Specific” Innate Immune Receptors Are Present In Gar

Although TLRs are ubiquitous throughout the vertebrate kingdom and represent an ancient
mechanism of innate immunity (Beutler and Rehli, 2002; Roach et al., 2005; Rauta et al.,
2014), natural killer receptor (NKR) gene families have been described as recently and
rapidly evolving (Manser et al., 2015; Carrillo-Bustamante et al., 2016). The recent
evolution of NKRs has led to many species-specific adaptations. For example, in humans the
killer cell immunoglobulin like receptor (KIR) gene family encodes activating and inhibitory
NKRs that bind MHC class | or MHC class I-like molecules to differentiate between normal
cells (“self”) and infected or transformed cells (“non-self”) (Jamil and Khakoo, 2011;
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Guethlein et al., 2015). Engagement of activating KIRs can result in the direct killing of
target (‘non-self”) cells. In contrast, mice utilize the C-type lectin family of Ly49 NKRs to
differentiate between “self” and “non-self” (Rahim and Makrigiannis, 2015). While fish
species do not encode genetic orthologs of either the KIR or Ly49 families, it has been
hypothesized that the NITR family, which belongs to the larger IR group of receptors and
has been well described in teleosts, may function as NKRs in fish (Yoder, 2009; Yoder and
Litman, 2011). Teleost NITRs are similar in structure to mammalian KIRs and when
recombinant activating or inhibitory NITRs are expressed on human cells they can initiate
NKR signaling pathways (Yoder et al., 2001; Wei et al., 2007). In addition to NITRs, teleost
genomes encode other families of I1IRs that are similar in structure to NITRs such as:
DICPs; polymeric immunoglobulin receptor-like proteins (PIGRLS); leukocyte immune-type
receptors (LITRs); and novel immunoglobulin-like transcripts (NILTs) (Wcisel and Yoder,
2016).

Teleost I1IR gene families encode membrane bound and secreted proteins which possess one
or more extracellular Ig-domains that are predicted to bind undefined ligands (Fig 1).
Membrane bound I11Rs typically possess activating or inhibitory signaling motifs.
Activating 11IRs may possess a cytoplasmic immunoreceptor tyrosine-based activation motif
(ITAM: YxxI/Lx(6-12) YxxI/L) or a charged residue within the transmembrane domain
which permits the association with an adaptor protein, such as DAP12 that possesses a
cytoplasmic ITAM. Inhibitory 11IRs possess one or more immunoreceptor tyrosine-based
inhibition motifs (ITIM: S/I/V/LxYxxI/VIL). ITIM signaling opposes ITAM signaling and
the balance between these signals can determine the activation state of an immune cell
(Barrow and Trowsdale, 2006).

Although genomic DICP sequences have been reported from the coelacanth (Boudinot et al.,
2014a), NITRs, PIGRLs, LITRs and NILTs have previously been reported only in select
teleost genomes (Wecisel and Yoder, 2016). Here, we investigated the gar genome for
homologs of these gene families. We predict that gar encodes multiple inhibitory NITRs and
a single activating NITR gene. We describe several DICP sequences from gar and
substantiate the claim that DICPs are present in coelacanth. Lastly, we report that the
putative single copy pigrgene in gar (ENSLOCG00000012073) did not undergo an
expansion of PIGR-like genes as reported in certain teleost species (Kortum et al., 2014). We
are currently unable to identify conclusive homologues of teleost NILTs or LITRs in gar (see
below).

We also investigated the gar genome for homologs of a number of mammalian 11IR gene
families. Human CD300s, orthologus to CMRFs in model species such mice, are a Il1IR
family comprised of 8-10 members, although many more CD300-like genes exist (reviewed
in (Borrego, 2013). Ensembl identifies three potential orthologs to human CD300 on gar
LG3. CD300s share many sequence similarities to teleost NILTs, which have only been
described in species which did not have genomic resources at the time (Stet et al., 2005;
Kock and Fischer, 2008; @stergaard et al., 2009; Ostergaard et al., 2010). Synteny was not
observed between gar and any mammalian or teleost model in which NILTs have been
described. Therefore, it is not clear at this time if these 11IR-like genes on gar LG3 are
CD300s or NILTs. FcR-like molecules, which are found in mammals and teleost fish, are
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readily identifiable in gar (e.g. ENSLOCG00000009857, ENSLOCG00000009867,
ENSLOCG00000009848, ENSLOCG00000000344, ENSLOCG00000000699,
ENSLOCG00000000629) and dispersed throughout the gar genome (LG3, LG5 and one
unplaced scaffold). As mentioned above, it is unclear if definitive orthologs of the teleost
LITR gene family, a subset of which are markers for cytotoxic T cells (Taylor et al., 2016),
are present in gar. Transcripts encoding inhibitory and activating LITRs have been described
extensively in catfish (Stafford et al., 2006, 2007) and LITR Ig domains can be identified in
the zebrafish genome (Rodriguez-Nunez et al., 2014). BLAST searches of the gar genome
with catfish LITR sequences as queries identify multiple sequences annotated as FcR-like.
The sequence similarity between LITR Ig domains and those of FcRs (as well as FcR-like,
KIR, LILR and NKp46) has been reported (Stafford et al., 2006) and confounds the ability
to definitively identify LITRs in gar. Further, the limited information on the genomic
organization and syntenic relationships of teleost LITR gene cluster(s) currently prohibits
the characterization of these genes in gar. Gar orthologs to human KIRs, Ly49s, NKp44,
NKp46, and LILRs were not detected in our analyses.

Novel Immune Type Receptors (NITRs)—Teleost NITRs are expressed by
lymphocytes (Yoder et al., 2010), function in allorecognition (Cannon et al., 2008) and,
when expressed as recombinant proteins on mammalian cells, can influence NK cell
function (Yoder et al., 2001; Wei et al., 2007). These features have led to their description as
putative “functional orthologs” of mammalian NK receptors (Yoder and Litman, 2011).
NITRs commonly possess two extracellular Ig-domains: one of the variable (V) type and
one of the intermediate (1) type (Yoder, 2009). NITR V domains are highly similar to V
domains encoded by immunoglobulin and T-cell receptor genes. A defining feature of NITR
I domains is the presence of six cysteines which may influence the folding of this domain
via intramolecular disulfide bonds. NITRs with a single Ig domain (V or I) have been
reported. We previously identified 15 NITR sequences from gar that are encoded at two
distinct genomic regions (Braasch et al., 2016). Here we provide an in-depth analyses of
these sequences and identify additional gar NITR sequences. In total, we have identified
seventeen gar ENSEMBL sequences that possess V and/or | domains that can be classified
as NITRs (Figure 3). Thirteen sequences possess V and | domains, one lacks a V domain
and three lack an | domain: these observations suggest that the presence of a V and an |
domain is an ancient feature of NITRs. The original description of teleost NITRs noted the
presence of sequences similar to joining (J) segments (FGXGTxLxV/L) that contribute to
immunoglobulin (antibody) and T-cell receptor diversity via V(D)J recombination (Strong et
al., 1999). Teleost NITR J segments are germline joined within the same exon as the V and |
domains resulting in V-J or 1-J sequences with no evidence for recombination. Most gar
NITRs possess V-J and I-J sequences suggesting that this sequence organization precedes
the divergence of teleosts from other ray-finned fish (Fig. 3). In addition, gar NITR genes
encode V-J and 1-J domains in adjacent exons which reflects the exon organization in
zebrafish. This suggests that the organization of V-J-1-J in a single exon, which is observed
in southern pufferfish (Sphoeroides nephelus) NITRs and in some Japanese medaka and
European sea bass (Dicentrarchus labrax) NITRs, is a derived feature in these species
(Strong et al., 1999; Desai et al., 2008; Ferraresso et al., 2009).
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Most teleost NITRs encode a transmembrane domain although some are secreted.
Membrane bound NITRs can be classified as activating, inhibitory or functionally
ambiguous (Fig. 1; Yoder, 2009). Inhibitory NITRs encode ITIMs in their cytoplasmic tail.
Activating NITRs possess an intramembranous charged residue which promotes the
association with an activating adapter protein (Wei et al., 2007). Based on these features,
fourteen of the gar NITR sequences are predicted to encode membrane proteins and, of
these, ten are predicted to function as inhibitory NITRs, one is predicted to function as an
activating NITR, and three lack these signaling motifs and are classified as functionally
ambiguous (Fig. 3). Based on studies with an activating teleost NITR (Wei et al., 2007), we
predict that the putative activating gar NITR with a positively charged arginine in the
transmembrane domain (ENSLOCG00000008529), will associate with and signal via the
adaptor protein, DAP12 (ENSLOCGO00000003818). Three gar NITR sequences do not
possess a transmembrane domain and are predicted to encode secreted proteins, although it
is possible that there are errors in the ENSEMBL predictions.

In order to investigate possible conserved synteny between the gar NITR loci and the human
and zebrafish genomes, gar NITRs were placed in genomic context (Fig. 4). Twelve NITRs
are clustered on LG14 and five are present on unplaced scaffold JH591499.1. Only NITR
sequences were identified on scaffold JH591499.1 providing no strategy for investigating
conserved synteny. In contrast, gar sequences positioned within or adjacent to NITR clusters
on LG14 can be identified, and include a single copy gene that encodes a secreted Ig domain
and multiple G-coupled protein receptors including olfactory receptors. The secreted Ig
domain encoded by this single copy gene (ENSLOCG00000011074) is more similar to
members of the B7 family of proteins than it is to teleost NITRs. BLASTp searches of the
human and zebrafish protein databases using this sequence as a query, identifies B7-H4
[encoded by the V-set domain-containing T-cell activation inhibitor 1-like (VTCNI) gene] as
the most similar protein in both human and zebrafish; however, the gar vicni gene has been
placed on LG17 suggesting that this single copy gene encodes a gar-specific B7 protein.
Orthologs of the olfactory receptors adjacent to the gar NITRs map to a region of human
chromosome 12 which lacks sequences with identifiable similarity to NITRs. Although a
number of olfactory receptor genes are linked to the T-cell receptor (TCR) alpha/delta locus,
which undergoes V(D)J recombination, in human and mouse (Lane et al., 2002), the gar
TCR alpha/delta locus is on LG24 (Braasch et al., 2016). Additional efforts to identify
conserved synteny between NITRs and the human genome were unsuccessful as Genomicus
and Ensembl indicate that NITRs have no mammalian homolog. Additionally, the genomic
regions of gar that encode NITRs were compared to the genomic regions of teleosts that
encode NITRs and no evidence for conserved synteny was apparent (not shown). Despite the
lack of identifiable conserved synteny between NITR loci of gar and teleosts, their sequence
conservation and presence of key NITR features provide compelling evidence that these
regions of the gar genome encode homologs of teleost NITRs.

In order to examine the diversity of gar NITRs and compare them to teleost NITRs, one-to-
one sequence comparisons were completed using 16 gar NITRs, 37 zebrafish NITRs, 44
Japanese medaka NITRs and 24 southern pufferfish NITRs and represented as a heatmap
(Fig 5). This analysis utilized NITR V domains as they are highly variable and amenable to
phylogenetic analyses. NITRs within each teleost species have been classified into
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subgroups, with the V domains with each subgroup sharing >70% sequence identity. For
example, the 39 described zebrafish NITR genes are grouped into 14 subfamilies (named
NITR1 through NITR14) (Yoder et al., 2008). The observation that any single NITR gene
within a select species is more likely to be more similar to any other NITR within the same
species, than to any NITR from a different species, demonstrates that there are no one-to-one
NITR orthologs between teleosts and suggests lineage-specific gene birth and death events
(Desai et al., 2008; Ferraresso et al., 2009; Yoder, 2009). In addition, the presence of NITR
subgroups likely reflects recent gene duplications that differ between species. In contrast,
gar NITR genes appear to be evolving more slowly. The 16 identified gar NITR V domains
are all less than 70% identical to each other, however, the identity between a few pairs of gar
NITRs approach 70% (Fig. 5). Although it is clear that the gar NITR genes have not
undergone a large degree of diversifying selection, it could be stated that gar encodes three
two-member subfamilies and eleven single copy NITRs. However, we propose defining gar
NITRs as single copy genes based on the observation that the putative NITR gene
duplication events (generating possible subfamilies) in gar are more ancient than those
observed in teleost NITR subfamilies (Braasch et al., 2016).

Diverse Immunoglobulin Domain-containing Proteins (DICPs)—Definitive DICPs
have been identified in cyprinid fishes: zebrafish, grass carp (Ctengpharyngodon idells) and
common carp (Cyprinus carpio) (Rodriguez-Nunez et al., 2016). A number of DICPs share
many similarities to members of the mammalian CD300 family including the same basic
protein structure (Fig. 1) and the ability to bind lipids (Haire et al., 2012). Each DICP
possesses one or more extracellular Ig domains and two types of of Ig domains have been
described, D1 and D2. A defining feature of both 1g domains is the presence of four cysteine
residues that likely influence their folding via intramolecular disulfide bonds (Wcisel and
Yoder, 2016). Secreted and membrane bound DICPs have been described from zebrafish. As
described for NITRs (above), membrane bound DICPs include putative activating (identified
by an intramembranous charged residue), inhibitory (identified by cytoplasmic ITIM), and
functionally ambiguous forms (Fig. 1) (Wcisel and Yoder, 2016). Although DICP-like
sequences have been identified in Atlantic salmon (Sa/lmo salar), pufferfish ( 7akifugu
rubripesand Tetraodon nigroviridis), and Nile tilapia (Oreochromis niloticus), which belong
to the Salmonidae, Tetraodontidae, and Cichlidae families (Haire et al., 2012), it is unknown
if they share a common evolutionary origin. DICP-like sequences recently were reported
from coelacanth (Boudinot et al., 2014a).

Here we identify two gar homologs of teleost DICPs on LG29 (ENSLOCG00000000745)
and on unplaced scaffold JH591438 (ENSLOCG00000000830). Both of these DICP
sequences are predicted to encode two Ig domains (D1 and D2) with no additional
identifiable features. Using the predicted protein sequences from these gene models as
tBLASTN queries against the spotted gar genome, we identified eight additional 1g domains
on LG29 and scaffold JH591438 (Fig 6). These gar DICP Ig domains include six D1
domains and four D2 domains (Fig. 7). An alignment of gar DICP Ig domains with
sequences from zebrafish, carps, salmon, pufferfish, tilapia and coelacanth reveals that each
species, except coelacanth, possesses at least one DICP Ig domain with all conserved
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cysteines (Fig. 6). It will be of interest to determine if these gar and coelacanth genomic
sequences encode inhibitory and activating DICPs as described in zebrafish.

The identification of DICP sequences in gar and coelacanth indicates that DICPs are more
ancient than NITRs. Two partial DICP D2 domain sequences (Fig. 6) were identified within
the same unplaced scaffold (JH130480.1) of the coelacanth genome (Boudinot et al., 2014a).
Although the coelacanth D2 domains lack one of the four conserved cysteines, we identify
evidence for conserved synteny which suggests that coelacanth, gar, and zebrafish DICP
sequences share a genetic ancestry (Fig. 8). The zebrafish DICP gene cluster present on
chromosome 3 is adjacent to MHC class | genes (Haire et al., 2012; Rodriguez-Nunez et al.,
2016). Similarly, one of the coelacanth DICP sequences also is adjacent to MHC class |
sequences (Fig. 8). Although neither of the gar DICP clusters is found to be linked to MHC
class I sequences, this may be due to the incomplete assembly of the gar genome. For
example, a gar MHC class I sequence was identified in the NCBI genomic Sequence Read
Archive (SRA: SRX090800) that was omitted from the final genomic assembly (Grimholt et
al., 2015). Indeed, Braasch et al (2016) reported several gar MHC class | transcripts of the
MHC class | Z and P lineages that did not map to the reference genome. These MHC class |
lineages were previously thought to be restricted to teleost genomes (Dirscherl and Yoder,
2014; Dirscherl et al., 2014). Although DICP sequences are most similar to mammalian
CD300 sequences, our analyses of the genomic region containing gar DICP sequences
revealed no synteny with the human CD300 gene cluster on chromosome 17. Nevertheless,
there is evidence linking gar DICPs to coelacanth DICPs - the DICP sequences on gar
scaffold JH591438.1 and one of the coelacanth DICP sequences are both linked to the ddah2?
(dimethylarginine dimethylaminohydrolase 2) gene (Fig. 8). Interestingly, DDAHZ2is
encoded within the human MHC locus on chromosome 6 (Flajnik and Kasahara, 2001).
These observations support the model that zebrafish, gar and coelacanth DICP sequences
share an evolutionary origin within the proto-MHC.

CONCLUSIONS

Multiple teleost species are being employed as model species for human diseases (Schartl,
2014); however, as seen here, the genomes of these species can be quite diverse from each
other as well as from human. It is likely that the TGD combined with more recent lineage-
specific expansions and diversification of a range of innate immune receptor gene families
are responsible, at least in part, for these differences, especially in the molecular mediators
of the immune system. Here, we have shown that although gar did not undergo the TGD, gar
nonetheless possess a heightened repertoire of TLRs similar to teleosts. The gar genome also
encodes NITRs and DICPs - two multigene families previously believed restricted to teleost
species. This suggests that both NITRs and DICPs are characteristics of innate immunity
that existed prior to the TGD. The evolutionary context of these gene families with respect to
vertebrate evolution are summarized in Figure 9. As NITRs are absent in coelacanth, but
present in gar and teleosts, we have placed their birth after the split of ray-finned fishes from
lobe-finned fishes. As DICPs are present in teleost, gar and coelacanth, they have been
placed in a more basal position on Figure 9. The “arms race” between host and pathogen as
well as co-evolution between commensal microorganisms and host has likely shaped the
genomic repertoire of immune response genes. The environment inhabited by fish ensures
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intimate interactions with microorganisms and may explain the expansions of some of these
immune gene families. IR families often have few activating receptors but many inhibitory
receptors; the ectodomains are often highly similar, but amino acid sequence differences
may have evolved to tolerate the presence of certain ligands (e.g. commensal bacteria). The
sequencing of additional fish genomes will likely reshape our view on the evolutionary
history of some of these genes. For instance, TLR27 has been identified in coelacanth, gar,
and elephant shark (Wang et al., 2015), but not yet described in teleost: therefore, we have
TLR27 lost in teleost, but it may be identified in select teleost lineages at a later date. It
should be kept in mind that sequence similarity does not always reflect functional similarity.
For example, TLRs in Drosophila melanogaster and Caenorhabditis elegans play critical
roles in embryonic development as well as immune function (Leulier and Lemaitre, 2008).
Therefore, functional assignment of orthologous genes may require further experimental
investigations.

The gar genome has afforded a unique look into what may be an ancestral precursor of
several immune gene families. Gar DICP and NITR genes have not undergone the large
expansion and diversification observed in teleosts. In the case of immune genes, different
gene families may substitute another gene family if they can function similarly. Perhaps the
most famous example are mouse Ly49 and human KIRs. Therefore, it may be that novel
mediators of immune function await discovery in gar. As genomic sequencing of novel
genomes and functional annotation of these genes becomes available, we anticipate exciting
revelations regarding the evolutionary processes driving gene gain/loss, gene expansion, and
gene diversification. Importantly, understanding the similarities and differences between
species is pinnacle to furthering our understanding of health and disease.
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Figure 1. Typical protein structures of TLRsand immunoglobulin-domain contain innate
immunereceptors (111Rs).

Receptors recognize ligands via ectodomains. TLR ectodomains consist of numerous LRR
(ovals) giving a “horseshoe” conformation, which are flanked by LLRNT and LRRCT
domains (rectangles). TLR signaling occurs in the cytoplasm via a highly conserved TIR
domain. Members of 11IRs include NITRs, DICPs, PIGRLs, LITRs and NILTs, among many
others (Yoder et al., 2004; Stet et al., 2005; Haire et al., 2012; Kortum et al., 2014). Il1IR
ectodomains possess at least one Ig domain (circles). NITRs and DICPs typically contain
two Ig domains, coined D1 and D2, although proteins with a single 1g or more than two Ig
domains are also observed. Activating I1IRs signal via ITAMs (star) which can be encoded
directly on the receptor’s cytoplasmic tail or on an adaptor protein such as Dap12 which
interacts with the 11IR through oppositely charged residues in their transmembrane domains.
Inhibitory 11IRs signal through ITIMs (octagon) in their cytoplasmic tails. Secreted and
ambiguous forms, which do not contain known signaling motifs, are also observed.
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Figure 2. Phylogenetic relationships between gar, teleost, mammalian, avian, reptilian and
coelacanth TLR TIR domains.

Four letter codes are used for each species: spotted gar (Lepisosteus oculatus, Leoc),
coelacanth (Latimeria chalumnae, Lach), zebrafish (Danio rerio, Dare), human (Homo
sapiens, Hosa), mouse (Mus musculus, Mumu), anole lizard (Anolis carolinensis, Anca),
chicken (Gallus gallus, Gaga), and channel catfish (/ctalurus punctatus, \cpu). Coelacanth
TLRs were described by Boudinot et al., (2014b). Coelacanth TLR paralogs
ENSLACG00000006376 and ENSLACG00000004773, were included in this analysis
although they may represent pseudogenes: ENSLACG00000006376 possesses a limited
number of LRRs and ENSLACG00000004773 encodes a partial TIR domain. Channel
catfish TLRs were annotated by Quiniou et al (Quiniou et al., 2013). Gar TIr4 lacks a TIR
domain and is excluded from this analysis. Bootstrap values are indicated next to the
branches; values less than 50 are not shown. Sequences are provided in Supplementary
Material Table S2.
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Figure 3. Conserved sequence features of gar NITRs.
Protein sequence alignment of predicted gar (Leoc) NITR proteins with prototypic zebrafish

(Dare) inhibitory Nitrla (Yoder et al., 2004). The longest predicted protein is included for
each gar gene. Identical residues are highlighted in black and functionally similar residues
highlighted in grey. The relative positions of sequences corresponding to peptide leader (L),
variable Ig domain (V), intermediate Ig domain (1), J-related sequences (J), transmembrane
domains (TM), and immunoreceptor tyrosine-based inhibition motifs (ITIM) sequences are
indicated above the alignment. Not all sequences possess a L or TM which is indicated by a
dashed line. Cysteines representative of g domains are indicated with single-headed arrow
below the alignment. Cysteines representative of NITR | domains are indicated with double-
headed arrows (Yoder, 2009; Wcisel and Yoder, 2016). Certain sequences possess additional
cytoplasmic tyrosines that may mediate signaling and are indicated by asterisks below the
alignment.
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Figure 4. Genomic organization of NITR genesin spotted gar.
Genes and locations, not drawn to scale, are represented by pentagons, indicating

transcriptional orientation. Black pentagons represent NITR genes as predicted by Ensembl
gene annotation (Braasch et al., 2016). Black pentagons with white circles represent NITR
genes identified in this study, but not considered paralogous by Ensembl. White pentagons
are unannotated genes, with the PFAM domain summary listed below. Gray pentagons
represent genes with Ensembl annotations, listed below, which are not NITRs. (A) NITR
gene cluster on gar LG14. Several additional NITR genes may be downstream of this region
on LG14 which can be identified by tBLASTn searches of this genomic region (using gar
NITRs as queries), but are not currently defined by Ensembl gene models. (B) NITRs are
also present on unplaced genomic scaffold JH591499.1. This scaffold encodes five genes
which are all NITRs.
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Figure 5. NITR sequence diversity between and within species.
Pairwise sequence comparison of NITR V domains from gar, zebrafish, Japanese medaka

and Southern pufferfish V-type Ig domains (Strong et al., 1999; Yoder et al., 2004, 2008;
Desai et al., 2008). The darkest red indicates 70-100% sequence identity and the darkest
blue indicates 0% sequence identity. Subfamilies of NITRs, represented by alternating black
and gray rectangles (below), are classified based on at least ~70% identity of V-type Ig
domains. One predicted gar NITR lacks a VV domain (ENSLOCG00000008516) and was
excluded from this analysis.
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Figure 6. Conserved sequence features of gar DICP D1 and D2 domains.
Gar (Lepisosteus oculatus, Leoc) DICP D1 (top) and D2 (bottom) domains were aligned

with previously described DICP domains from zebrafish (Danio rerio, Dare), carp (Cyprinus
carpio, Cyca and Ctenopharyngodon idella, Ctid), pufferfish ( 7akifugu rubripes, Teni),
salmon (Salmo salar, Sasa) and coelacanth (Latimeria chalumnae, Lach) (Haire et al., 2012;
Boudinot et al., 2014a; Rodriguez-Nunez et al., 2016). Cysteines representative of Ig
domains are indicated with single-headed arrow below the alignment. Cysteines
representative of DICP Ig domains are indicated with double-headed arrows (Haire et al.,
2012; Wecisel and Yoder, 2016).
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Figure 7. Evolutionary relations of DICP D1 and D2 domains.
The classification of gar DICP sequences as D1 or D2 domains is supported by phylogenetic

analysis of Ig domains shown in Figure 6. Sequence nomenclature is as in Figure 6 with the

addition of zebrafish Nitrla Ig domains (V and 1) as outgroups. Bootstrap values are

indicated next to the branches; values less than 50 are not shown.
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Figure 8. DICP genes of zebrafish, spotted gar and coelacanth are linked to genes associated with
the MHC.

Syntenic relationships of DICP-containing loci are displayed for (A) zebrafish, (B, C)
spotted gar and (D, E) coelacanth. Gene positions are intended only to give a sense of order
and orientation and are not drawn to scale. DICP genes are shaded black. Genes with
orthologs to the four paralogous human MHC loci (Flajnik and Kasahara, 2001) are shaded
in gray. Novel genes or genes not known to be linked with MHC loci are white. (A) The
linkage of zebrafish DICPs to MHC class | genes is well documented (Haire et al., 2012).
(B-E) Genomic regions encoding gar and coelacanth DICP sequences are shown above with
expanded views below. Exons from Ensembl-predicted DICP genes are shaded black, while
additional DICP Ig domains are shaded grey, and drawn to scale. Dashed horizontal lines
with a double slash represent gaps in genomic sequences introduced to reduce figure size.
(D) Coelacanth MHC class | genes were previously described (Saha et al., 2014).
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Figure 9. Evolutionary context of TLRs, NITRsand DI CPsamong selected vertebrate lineages.
Stars represent whole genome duplications. Squares represent the earliest known occurrence

of a gene based on its presence in at least one species of a vertebrate lineage while crossed
circles represent the apparent loss of a gene or gene family in the remaining radiations.
These gene representations are placed arbitrarily and the order of gains or losses are not
considered. The approximate age of vertebrate lineages are described by Beutler and Rehli
(Beutler and Rehli, 2002; Amores et al., 2011). This figure represents our current view on
the histories of TLRs, NITRs and DICPs, based on information described in the main text

(bold) and summarized by Hansen et al (Hansen et al., 2011; Boudinot et al., 2014b).
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Gar toll-like receptors (TLRS)

Table 1.
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TLR Protein Recommended  Ensembl Identifier L ocation Syntenic  Protein
Subfamily Name Gene Name su t1 D .2
in Fig. 2 ppor omains
TLR1 Tirl tr1 ENSLOCG00000012910 LG4:62,158,233-62,160,668:1 ZF Sp/ED/CHTM/TI
R
Tir2 thr2 ENSLOCG00000018220  LG4:21,778,623-21,781,022:-1 Hu Sp/ED/CYTMITI
R
TIr18 thr18 ENSLOCG00000007992  LG24:6,943,613-6,955,636:1 - Sp/ED/CHY/TM/TI
R
Novel thr25a ENSLOCG00000016891  LG8:45,599,630-45,602,032:-1 - Sp/ED/CUTMITI
[Tir(a)] R
Novel thr25b ENSLOCG00000017911  LG8:25,066,396-25,068,894:-1 - Sp/ED/CHTIR
[Tir(b)]
Novel thr27 ENSLOCG00000017732  LG10:1,032,739-1,035,096:-1 - Sp/ED/TMITIR
[Tir(c)]
Novel Pseudogene ENSLOCG00000017625 LG19:1,189,904-1,191,199:-1 - TIRITM/TM
[Tir(d)]
TLR3 Tir3 tr3 ENSLOCG00000013826  LG4:70,374,961-70,381,739:1 Hu/zF Sp/ED/CHTIR
TLR4 Tlrdba thr4 ENSLOCG00000003751  LG21:5,778,346-5,781,017:1 Hu ED/TM
TLR5 Tir5a tr5 ENSLOCG00000018000 LG1:32,406,982-32,409,585:1 Hu/zF ED/CtY/TM/TIR
TLR7 Tir7 thr7 ENSLOCG00000009977  LG14:21,059,390-21,065,834:1 Hu/zF SP/Nt/ED/CHTIR
Tir8a tIr8a ENSLOCG00000009990 LG14:21,075,973-21,079,392:1 Hu/ZF SP/NY/ED/CH/TM/
TIR
TIr8b thr8b ENSLOCG00000009982  LG14:21,068,100-21,073,657:1 Hu/zF SP/ED/CUY/TMITI
R
TIr9 tIr9a ENSLOCG00000014202 LG5:48,972,573-48,981,170:-1 Hu/ZF SP/ED/CHYTMITI
[TIr9(a)] R
Tir9 thr9b ENSLOCG00000014430  LG5:50,478,835-50,482,640:1 - SP/EDITIR
[TIr9(b)]
TLR11 TIr19 Novel ENSLOCG00000015687  LG1:13,198,517-13,200,058 - ED/CtY/TM/TIR
TIr21/22 thr22 ENSLOCG00000018316  LG6:38,022,636-38,025,533:1 -

Sp/ED/CYTM/TI
R

1. . - .
Evidence for conserved synteny presented in Supplementary Material Figure S1 and Table S1. ZF = zebrafish; Hu = human

Protein domains: Sp = signal peptide, Nt = N terminal LRR cap, ED = ectodomain, Ct = C terminal LRR cap, TM = transmembrane, TIR =

TOLL/IL1 receptor domain
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