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ABSTRACT

NACHT- and Leucine-Rich-Repeat-containing domain (NLR) proteins act as cytoplasmic
sensors for pathogen- and danger-associated molecular patterns and are found throughout the
plant and animal kingdoms. In addition to having a small set of conserved NLRs, the
genomes in some animal lineages contain massive expansions of this gene family. One of
these arose in fishes, after the creation of a gene fusion that combined the core NLR domains
with another domain used for immune recognition, the PRY/SPRY or B30.2 domain. We
have analysed the expanded NLR gene family in zebrafish, which contains 368 genes, and
studied its evolutionary history. The encoded proteins share a defining overall structure, but
individual domains show different evolutionary trajectories. Our results suggest gene
conversion homogenizes NACHT and B30.2 domain sequences among different gene
subfamilies, however, the functional implications of its action remains unclear. The majority
of the genes are located on the long arm of chromosome 4, interspersed with several other
large multi-gene families, including a new family encoding proteins with multiple tandem
arrays of Zinc fingers. This suggests that chromosome 4 may be a hotspot for rapid
evolutionary change in zebrafish.
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INTRODUCTION

The need to adapt to new environments is a strong driving force for diversification during
evolution. In particular, pathogens, with their immense diversity and their ability to subvert
host defense mechanisms, force organisms to develop ways to recognize them and keep them
in check. The diversity and adaptability of pathogen recognition systems rely on a range of
genetic mechanisms, from somatic recombination, hypermutation and exon shuffling, to gene
conversion and gene duplication to generate the necessary spectrum of molecules.

The family of NACHT-domain (Koonin and Aravind 2000) and Leucine Rich Repeat
containing (NLR) proteins reviewed in (Proell et al. 2008; Ting et al. 2008) act as sensors for
sterile and pathogen-associated stress signals in all multicellular organisms. In vertebrates, a
set of seven conserved NLR proteins are shared across a wide range of species. These are the
sensor for apoptotic signals, APAF1, the transcriptional regulator CIITA, the inflammasome
and nodosome proteins NOD1, NOD2, NOD3/NIrC3, Nod9/NlIrx1 and the as yet
uncharacterized NachtP1 or NWDI1 (Stein et al. 2007; Kufer and Sansonetti 2011). Other
NLR proteins are shared by only a few species, or are unique to a species. Some non-
vertebrates, such as sea urchins or corals, have very large families'of NLR-encoding genes
(Bonardi et al. 2012), but an extreme example of species-specific expansion can be found in
zebrafish (Stein et al. 2007). Such species-specific gene family expansions suggest adaptive
genome evolution in response to specific environments, most probably different

pathogens (Liu et al. 2013).

The zebrafish has become a widely used model system for the study of disease and immunity
(Rowe et al. 2014; Goody et al. 2014), and a good understanding of its immune repertoire is
necessary for the interpretation of experimental results, for example in genetic screens or in
drug screens. In a previous study we discovered more than 200 NLR-protein encoding genes
(Stein et al. 2007). The initial description and subsequent analyses (Laing et al. 2008; van der
Aacet al. 2009) have led to the following conclusions: The zebrafish specific NLRs have a
well-conserved NACHT domain, with a ~70 amino-acid extension upstream of the NACHT
domain, the Fisna-domain. This domain characterises this class of NLR proteins and is found
in all sequenced teleost fish genomes. The NLR proteins can be divided into four groups,
each defined by sequence similarity in the NACHT and Fisna domain that is greater than the
sequence similarity shared across the whole family, and these groups also differ in their N-
terminal motifs. Groups 1 and 2 have death-fold domains, groups 2 to 4 contain repeats of a
peptide motif that is only found in this type of NLR protein. In the initial description, all of
the novel NLR proteins ended with the Leucine-Rich-Repeats, but it was later found (van der
Aa et al. 2009) that several of them had an additional domain at the C-terminus, an
SPRY/B30.2 domain (PF00622). This domain also occurs in another multi-gene family
implicated in innate immunity, the fintrims (van der Aa et al. 2009).

The initial identification of the genes and subsequent analyses by others (Laing et al. 2008)
suffered from the limitations of the then available Zv6 assembly and gene annotations
(published in 2006). This was not only caused by a limited amount of available data for long
range assembly arrangements and supporting evidence for gene modeling - including the lack
of well annotated homologues from other species - but also by the very high homology
between the NLR genes and their clustered arrangement. Consequently, many assembly
regions were collapsed and many of the gene models were incomplete. We have now
revisited this gene family to improve the genome assembly in the regions of interest, to
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manually re-annotate and refine the gene structures and to provide a full description and
analysis.

Our re-annotation and analysis of the NLR gene family in zebrafish shows a structured set of

more than 400 genes with different evolutionary pressures on the different parts of the
proteins, suggesting functional diversification between the groups.

RESULTS

1. Identification of all NLR genes in the zebrafish genome

To identify the entire set of fish-specific NLR encoding genes in the zebrafish genome, we
collected several lists of candidate genes based on the Zv9 assembly (GCA_000002035.2).
We identified genomic regions containing domain motifs via hmmsearch
(hmmer.janelia.org/search/hmmsearch), electronic PCR (Schuler 1997); TBLASTN searches,
and by mining the existing annotations for keywords (Supplementary Methods). This
collection was purged of gene models belonging to other known families, e.g. fintrims. We
identified all overlapping Ensembl and VEGA gene models for the remaining regions of
interest. The VEGA gene models were refined and extended through manual annotation and
both gene sets merged, resulting in 421 NLR gene models.

Of these, 16 were not members of the family we had previously called 'novel fish NLR
proteins' (Stein et al. 2007); these included the seven previously described NLR genes that
are highly conserved among all vertebrates, and 9 other NLR genes that had a different
structure from those described previously andbelow (Table 1). Of the remaining predictions
for NLR proteins, which we will from now on refer to as NLR-B30.2 proteins, as explained
below, 37 were pseudogenes, leaving 368 predicted protein-coding NLR genes (online
supplementary material, Figshare: http://dx.doi.org/10.6084/m9 .figshare.1473092). The
genome assembly components carrying these gene models were checked for correct
placement and relocated if necessary, thereby contributing to the improvements for the
GRCz10 assembly (GCA_000002035.3).

2. Structure, conservation and divergence

2a. Domain structure of the NLR family members

The original set of 205 genes described in (Stein et al. 2007) had been divided into four
groups based on sequence similarity in the Fisna and NACHT domains, and the sequence
elements upstream of the Fisna domain. The current dataset shows that all four groups share
the Fisna domain;the NACHT domain and the LRRs. A death-fold domain, a B30.2 domain
and N-terminal peptide repeats are present in different subfamilies. Fig. 1 and Supplementary
Fig. 1 show an overview of an alignment of the sequences and a schematic representation of
the structure of the proteins, as discussed below.

Fisna and NACHT. The sequence similarities in the Fisna and the NACHT domain in our
updated gene set confirm our previous subdivision into four main groups. A defining motif
for each group is the sequence of the Walker A motif, for which the consensus over the
whole set is G[IV]AG[IV]AGK[TS] and each group has its own, conserved motif (Fig. 1,
Supplementary Figure 2). Some of the groups can be subdivided further. For example, group
2 consists of two subgroups (Figure 1, Supplementary Figure 1), one large and very
homogeneous (group 2a), the other smaller, and also homogeneous, with all genes located in
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a cluster on chromosome 22 (group 2b). Group 3 has several subgroups that differ in their N-
terminal peptides, or their LRRs, or their B30.2 domains (Fig 1.).

We previously found good matches for the Fisna-domain only in fish NLR proteins. Thus,
the presence of this domain in addition to the particular Walker A motifs is a diagnostic
property of the protein family. However, short stretches of this domain resembled peptides
within mammalian Nod1 and Nod2 (Stein et al. 2007). The evolutionary origin of this part of
the protein is unclear, but the fact that it is encoded in the same exon as the NACHT domain
makes it unlikely to have originated through insertion of an exon from other genes.

We used the now larger collection of Fisna sequences to build an HMM for a Pfam family
(PF14484) and to search for homologies within mammalian proteins. This revealed
alignments with high significance to mammalian members of the NLR family (NLRP3 and
NLRP12), with the matching sequence located immediately upstream of the NACHT domain.
Secondary structure predictions based on two representatives from zebrafish and the rat using
the PSIPRED workbench suggest that the zebrafish Fisna domain may take on the same
conformation as the corresponding mammalian proteins (Fig. 2). Together, these findings
suggest that contrary to previous assumptions, the Fisna domain was present in the common
ancestor of mammalian and fish NLR proteins. Whether it forms a separate domain, or is
simply an N-terminal extension of the NACHT-domain, similar to the additional helices seen
in the structure of another NLR protein, Apafl, remains to be determined by experimental
work.

Death-fold domains and N-terminal repeats The four group-specific similarities continue
upstream of the Fisna-domain: Groups 1 and 2 both have a death-fold domain; a Pyrin-
domain (PYD) with an N-terminal peptide characteristic of BIR domains
(http://elm.eu.org/elmPages/LLIG_BIR_II 1.html) in the former, and a PYD-like domain in
the latter. The predicted proteins of groups 2,3 and 4 contain several repeats of a ~30 amino
acid peptide motif. The repeats are'not all identical, but occur in two main types.
Surprisingly, both of the main types of N-terminal repeat can associate with either group 2 or
group 3 NACHT domains, indicating extensive exon-shuffling between family members.

LRRs. The proteins of all groups contain several Leucine Rich Repeats (LRRs; Pfam Clan:
CL0022). The LRRs in groups-1, 2a and 3 are very similar to each other and occur in a
similar pattern; each protein contains between 2 and 7 repeats, with each repeat consisting of
two LRRs (Supplementary Fig. 3). There are two types of LRR repeat: the last LRR,
immediately upstream of the B30.2 domain, occurs in each gene exactly once, and barely
differs between the genes. The other type of LRR in groups 1, 2a and 3 can vary in number
between 0 and 6, and these are more divergent in sequence. Thus, similar to the situation with
the LRRs in the lamprey VLR proteins (Rast and Buckley 2013), the C-terminal LRR seems
to be fixed, whereas the others vary more and are duplicated to varying degrees. Groups 2b
and 4 do not show this arrangement, but they have yet another type of LRR, which can occur
up to more than 20 times.

SPRY/B30.2 domain. A B30.2 domain has so far been reported to be present in some but not
all fish NLR proteins (van der Aa et al. 2009). Our current set of sequences shows that the
presence of the B30.2 domain is restricted to groups 1, 2a and 3, and the domain is missing in
groups 2b and 4 (Fig. 1, supplementary Fig. 5). In view of the extreme similarity between the
N-terminal parts (NACHT and death-fold domain) of groups 2a and 2b, and the overall
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conservation of the gene structure throughout the whole family, it seems most likely the that
B30.2 domain was present in the common ancestor of the family, but lost by groups 2b and 4,
rather than independently gained by the other groups. We therefore refer to the entire family
as the NLR-B30.2 protein family.

2b. Intron-exon structure

All genes in this family have the same exon-intron structure (Supplementary Fig 2). Briefly,
each domain is encoded on a single exon. The largest exon contains the NACHT domain,
including the winged helical and superhelical domains, as well as the N-terminal Fisna
domain.

2c. Sequence variation between the groups

Visual inspection of the aligned amino acid sequences of all four groups showed that some
parts of the proteins were highly conserved, while others showed many amino acid
substitutions. The NACHT domains of groups 1, 2a and 3a show little sequence divergence
within each group, but strong divergence between the groups (Supplementary Figure 3). In
contrast, there is no recognizable group-specific sequence pattern in the B30.2 domain.
Instead, a number of apparently sporadic substitutions are seen throughout the entire set (Fig.
1). Also the last LRR is almost completely invariant between groups 1, 2a and 3a and the
other LRRs do not show group-specific variations. Thus, on.the one hand, proteins with
different NACHT domains share similar B30.2 domains,and on the other, proteins with
nearly identical NACHT domains and N-terminal motifs, such as those in groups 2a and 2b,
have different C-termini. Furthermore, there are two major types of N-terminal repeats, but
rather than each being associated with a specific group, each can be combined with either
group 2a or group 3a (Supplementary Fig. 1: group 2a (N-ter]) and group 2a (N-ter2)). Both
the shuffling of N-termini and the unequal divergence of the NACHT and B30.2 domains
suggest a complex evolutionary history of the gene family.

3. Evolutionary history

3a. Evidence for gene conversion within the four zebrafish NLR-B30.2 groups

The high similarity of the‘amino acid sequences of the NACHT domains within groups and
the clear distinction between groups suggest a possible functional need for this separation of
families and perhaps a directed evolutionary process that creates this situation.

To test this, we calculated rates of synonymous sequence divergence (dS). We studied only
those groups that show high intra-group conservation of the NACHT domains (groups 1, 2a,
3a and 3b). We considered groups 3a and 3b separately because inspection of the protein
alignment suggested that although they were classified as one group by virtue of their
NACHT domain, their B30.2 domains appeared more diverged. We left out-group 3c, as its
NACHT domains are more divergent, and may represent further groupings. This left 220
zebrafish NLR-B30.2 genes with full-length sequences covering both domains. We
considered synonymous divergence (dS) separately for the NACHT and the B30.2 domains
within and between each of the four clusters. For each of the 220 genes we obtained the
pairwise synonymous divergences (dS) to all other 219 genes and within each group recorded
the lowest dS to sequences from all 4 groups (Table 2).

The patterns of synonymous divergence between groups were clearly different for NACHT
and B30.2 domains and confirmed the different behaviours of the two domains seen we had
noted from the alignment of the protein sequences.
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The rate of synonymous sequence substitutions in the NACHT domains was very low when
comparing members within any one group (0.01 - 0.05); we find values comparable to the
divergence observed among the closest of any sister species in the vertebrate lineage. The
values for comparisons between groups were 20- to 100-fold higher. The only case where the
between-group comparison also gave a low value was for group 3a versus 3b, confirming
their classification by NACHT domain as one group.

The B30.2 domains showed a different pattern. The dS values ranged between 0.02 and 0.04
for groups 1, 2a and 3a, and the values for the between-group comparisons were minimally or
not at all higher than for within-group comparisons. Therefore, the B30.2 domains of these
three groups have not significantly diverged from each other. The B30.2 domain sequences
of the members of group 3¢ were divergent from each other as well as diverged from B30.2
domains from genes in groups 1, 2a and 3a (Table 2).

This different pattern of synonymous divergence of the two domains between groups is.most
parsimoniously explained by on-going gene conversion in the NACHT-B30.2 gene

family. This confirms the conclusion derived from inspection of the amino acid sequences,
and indicates that the NACHT domains have been homogenized within the individual groups,
whereas the B30.2 domains have been homogenized between groups 1, 2a and 3a.

3b. Origin of the NLR-B30.2 gene groups

The degree of apparent gene conversion within the NLR-B30.2 gene family makes it difficult
or impossible to judge when the groups arose or when the amplification of each group
occurred during fish evolution. To find out whether the groups arose in the zebrafish or in an
ancestral species, we compared the NLR-B30:2 genes in the zebrafish with those in the
closest relative for which a whole genome sequence exists, the carp, as well as NLR-B30.2
genes in other vertebrate genomes (see Materials and Methods).

To investigate when the subdivision into groups first occurred, we performed a recursive
phylogenetic analysis of the NLR-B30.2 genes from available high quality fish genomes: the
northern pike Esox lucius, the spotted 'gar Lepisosteus oculatus, the Mexican tetra Astyanax
mexicanus, the pufferfish Takifugu rubripes, the cichlid Maylandia zebra, the Japanese rice
fish Oryzias latipes, the Nile tilapia O: niloticus and the common carp Cyprinus carpio, as
well as the coelacanth Latimeria chalumnae, with the elephant shark Callorhinchus milii as
outgroups.

This analysis showed that the split into groups occurred before the zebrafish-carp divergence
(Fig. 3). Groups 1,2, 3a/b and 4 have clear orthologous relationships between carp and
zebrafish: For example, group 2 from zebrafish is most closely related to a group of genes in
the carp that is clearly distinct both from other carp NLR-B30.2 genes and from the other
zebrafish genes.

Not unexpectedly, group 3c, which is more complex as judged by comparison of the
sequences in the zebrafish, also shows a more complex evolutionary history. It falls into two
groups, each of which has an orthologous group in the carp.

A. mexicanus and E. lucius each have groups of genes that cluster with groups of the
zebrafish genes, rather than with each other, but not every group is represented in each of the
species. Nevertheless, this suggests that the split is even older than the carp-zebrafish split,
having perhaps occurred in basal teleosts. Sequences from L. oculatus,
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L. chalumnae and C. milii do not fall into these groups, showing that the split into groups
must have occurred in the Clupeocephala.

In summary, the groups did not diverge independently from duplicated ancestral genes in
each species, but in a common precursor. By contrast, the majority of genes within each
group in each species arose by species-specific, independent amplification of a founding
family member.

3c. Co-occurrence of the NACHT and B30.2 domains

As first reported by (van der Aa et al. 2009), the NLR-B30.2 domain fusion is found in all
teleost fish. Our collection of NLR-B30.2 genes showed that this domain fusion is older than
the common ancestor of teleosts, as it was also present in L. oculatus (for example
ENSLOCG00000000593), for which the genome sequence was not previously available. The
NLR-B30.2 proteins predicted in L. oculatus also contain an N-terminal Fisna extension,
though only distantly related to those in the teleosts, indicating that the ancestral gene
included this extension. This is consistent with the fact that the N-terminal extension of the
mammalian NLRP3 proteins has recognizable similarity to the Fisna domain, as described
above.

We do not find evidence of the NLR-B30.2 fusion in any of the tetrapod genomes, nor in the
L. chalumnae or C. milii genomes. These results indicate that the fusion occurred at least in
the common ancestor of the Neopterygii, prior to the third whole genome duplication in the
teleost lineage. Genome sequence data from sturgeon, paddlefish or bichir clades, which are
currently not available, would provide further information on the point of emergence of the
NLR-B30.2 fusion.

3d. Expansion of the NLR-B30.2 family in the fish

The phylogeny of the NLR-B30.2 gene family also provides information on the timing of the
lineage expansion of the NLR-B30.2 genes observed in the zebrafish. The C. carpio genome
contains a similarly large family of NLR-B30.2 proteins, but due to the polyploidy of the
species some of the nearly identical sequences may rather constitute alternative alleles rather
than paralogues. A. mexicanus, a direct outgroup to the zebrafish-carp clade, features the
second largest NLR-B30.2 gene family with ~100 members, showing that the lineage
expansion began prior.to the zebrafish-carp split. Other fish species, including the spotted gar
have fewer than 10 NLR-B30.2 genes, while E. lucius, a Euteleost, has ~50. Thus, the initial
gene expansion either occurred in the basal branches of Teleostei with a subsequent loss in
some lineages; or independently in several lineages. Independent expansions and losses are a
likely scenario, given the expansions of NLR genes in many other species, such as sponges
and sea urchins (Yuen et al. 2014; Lapraz et al. 2006). The results on fish show that the
expansion of the NIER-B30.2 family began as soon as the NLR-B30.2 fusion occurred, with
different dynamics in different lineages.

3e. Age of the NLR-B30.2 family relative to conserved NLRs

We compared the origin of the NLR-B30.2 gene family to the evolutionary history of other
NLR genes. There are many species-specific expansions of NLRs, such as the Nalp proteins
in mouse and human and the NLR-B30.2 genes in fish, as well as independent inflations in
Amphioxus, sea urchin, and sponge. However, there are also the seven NLR proteins that are
conserved in all vertebrates and show orthologous relationships. We collected the available
orthologues of the conserved NLRs from key metazoan species and created an alignment. We
also included all NLR genes from fish that did not belong to the NLR-B30.2 group (listed
above and in M&M).
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We found that two of the conserved vertebrate NLR genes appear to be shared by all animals
(Fig. 4, Supplementary Fig. 5, and online supplementary material). The genes for NWDI1
(first described in zebrafish as NACHT-P1) and Apafl, must have been present in the last
common ancestor of bilaterians and non-bilaterians, as they are found in sponges, cnidarians,
and all bilaterians analysed. We could not find any candidates in comb jellies (ctenophores).
The other five conserved NLR proteins - Nod1, Nod2, NLR3C, CIITA and NLRX1 —

arose later in evolution, at the base of the gnathostomes. An additional gene, NLR3c-like,
was present at this point, but appears to have been lost in the tetrapod lineage.

In summary, all of the conserved vertebrate NLRs are older than the NLR-B30.2

family. They are never duplicated and certainly not expanded to higher gene numbers in any
species.

Important events in the evolutionary history of the NLR-B30.2 family and conserved NLR
proteins are summarized in Figure 4 and Supplementary Figure 5. The oldest metazoan NLR
proteins are NWD1 and Apafl, while Nod1, Nod2, NLR3C, CIITA and NLRX1 and
NLR3C-like were acquired in the lineage leading to gnathostomes. A fusion of the NLR and
B30.2 domains then occurred in the Neopterygii lineage and subsequently these genes
diversified into groups, within which they continued to expand in.various fish lineages. The
high similarity of the NACHT domains within the groups‘appears to have been maintained by
gene conversion. Large-scale amplifications of NLR genes occurred independently in many
species.

4. Genomic location

During the first survey of NLR genes on the zebrafish genome assembly Zv6, the genes were
located on 22 different chromosomes, with some enrichment on chromosome 4 (50 genes)
and chromosome 14 (47 genes) (Stein et'al. 2007). Since this analysis, the assembly of the
zebrafish genome has been significantly improved and the current Zv9 NLR gene set shows a
more restricted distribution (Fig. 5), with 159 (44%) of the genes located on the right arm of
chromosome 4. The remaining genes-are distributed between 12 other chromosomes (153
genes) and unplaced scaffolds (56 genes):

Additional sequencing and data gathering by the Genome Reference Consortium since the
release of Zv9 led to the rearrangement of multiple assembly components, including
relocation of sequence to different chromosomes. These placements are based on manual
curation by the Genome Reference Consortium, supported by genetic mapping data, clone
end sequence placements and optical mapping data (Howe and Wood 2015).

The latest assembly, GRCz10, reveals the majority of the genes clustered on the long arm of
chromosome 4, where 240 (66%) of the NLR-B30.2 genes, including all group 1 and group
2a genes, now reside (Fig. 5), whilst group 2b genes are now found exclusively in a cluster
on chromosome 22, This gives an indication of the evolutionary history of these groups, and
argues for group 2b having arisen by local duplication from one precursor gene in this
location that had lost its B30.2 domain. Similarly, group 3 has its main group 3a on
chromosome 4, with groups 3b and 3¢ on chromosomes 1 and 17, respectively, again as local
clusters. Group 4 genes are found mostly on chromosome 15, some on chromosome 1, and
they are excluded from chromosome 4. Both group 2 and group 3 have a few individual
genes dispersed over other chromosomes; careful inspection of the evidence on which this
allocation is based revealed no indications that it is incorrect. Some of the group 3 members
on other chromosomes are more divergent from the consensus for this group, suggesting they
may indeed have separated from the group early.
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Within chromosome 4, no clear pattern can be detected in the distribution of the genes. We
are, however, aware of possible shortcomings in the assembly of the long arm of
chromosome 4; the highly repetitive nature of the sequence makes it difficult to exclude with
absolute certainty shuffling of gene locations. In addition to containing multiple copies of 5S
ribosomal DNA (Sola and Gornung 2001), 53% of all snRNAs and the majority of the NLR-
B30.2 genes, chromosome 4 also contains multiple copies of genes encoding a particular type
of Zn-finger protein, which we discuss below.

Finally, another striking feature of the distribution of the genes across the genome is that they
tend to accumulate near the ends of the chromosomes, if we ignore the special situation of
chromosome 4 (Fig. 5). With the exception of the cluster on chromosome 22, and two single
genes on Chromosomes 5 and 15, all other genes (82% of the NLR genes outside
chromosome 4) are located within 15% of chromosome ends.

5. Distribution of Fintrim and multiple Zn-finger encoding genes

We noticed that the NLR-B30.2 genes on chromosome 4 were often interspersed with genes
encoding multiple tandem Zn-finger proteins. In some cases, gene models had been made
which joined B30.2 domains with Zn-fingers, but our analyses showed that the B30.2-
encoding exons instead belonged to a neighbouring NLR gene, rather than the more distant
Zn-finger encoding exons. A possible explanation for the mis-annotation is that the
predictions created apparent Fintrim genes. Fintrimproteins are composed of multiple Zn-
fingers combined with a B30.2 domain and are assumed to act as sensors for immune stimuli
(van der Aa et al. 2012). They are often found in the vicinity of, or at least on the same
chromosome as, genes that are located in the MHC in mammals (MHC-associated genes are
found not in one cluster in the zebrafishy but on four different chromosomes [3, 8, 16, 19]).
We therefore analysed the distribution of the NLR-B30.2 genes relative to the location of
fintrims and multiple Zn-finger encoding genes.

To establish a list of fintrim genes from the current assembly, we collected and refined
candidate genes from the Zv9 genes set, resulting in 61 TRIM, 40 ftr and 18 btr genes (online
supplementary material). An alignment of 283 B30.2 domains from the NLR-B30.2 genes
and 117 from the fintrim and btr families shows that most of the B30.2 domains from
the NLR-B30.2 genes are more closely related to each other than to those of the TRIM
families. We find that there is no close association in the genome between the fintrim
and the NLR-B30.2 genes (Fig. 6B), except for two cases where a single fintrim gene is
found near an NLR-B30.2 gene cluster (chrl and chr15). If anything, fintrim genes are
excluded from regions where NLR-B30.2 genes are found and vice versa. The NLR-B30.2
genes are also not located in the vicinity of the regions in which the MHC-derived genes
map in the current assembly.

However, as noted above, there were genes encoding multiple Zn-fingers interspersed among
the NLR-B30.2 genes. Unlike the TRIMs, which contain C3HC4 (RING) and Znf-B-box
domains (IPRO01841 and IPR0O00315, respectively), the genes we had noticed on
chromosome 4 encoded yet uncharacterised proteins consisting exclusively of tandem repeats
of Zn-fingers of the classical C2H2 type (IPRO07087). To investigate this new gene family
further, we collected all gene models encoding Zn-fingers of this type. A total of 1259 gene
models were found, with the number of repeats per gene ranging from 1 to 36. Some of the
cases of genes with extremely large numbers of C2H2 domains (e.g.
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ENSDARP00000109314) may be mis-annotations that combine adjacent, shorter genes,
which we did not analyse manually in further detail.

The encoded proteins with small numbers of Zn-fingers included many known proteins,
including the Sna and Opa transcription factor families. These were broadly distributed in the
genome and largely excluded from chromosome 4 (Fig. 6). By contrast, those with larger
numbers of Zn-finger domains are progressively clustered in restricted regions of the
genome. The majority are found on the right arm of chromosome 4, where they are
interspersed in an irregular pattern among the NLR-B30.2 genes. Outside chromosome 4,
some multi-Zn-finger genes co-locate with subsets of the TRIM genes, for example on
chromosomes 3, 16 and 19, while others are located in regions where neither NLR-B30.2
genes nor TRIMs are found.

Thus the local duplications that may have led to the expansion of the NLR-B30.2 genes on
chromosome 4 may also have duplicated the multi-Zn-finger genes, which have subsequently
been transposed to other chromosomes.

DISCUSSION

Phylogeny of vertebrate NLR proteins

The family of NLR-B30.2 genes has been shaped by different genomic and genetic
mechanisms at different times during evolution. These include repeated gene amplifications,
shuffling of exons and gene fusions, gene conversion and positive selection for diversity.
From the vertebrate viewpoint, the NLR genes can be divided into those that are present with
orthologous relationships in all vertebrate genomes, and those that are shared by few or
specific to single species.

The oldest NLR genes appear to be those encoding the ancestors of two conserved NLRs,
Apafl and NWD1, which we findin all animal linecages. These proteins have not been
reported to have immune functions. Apafl; originally discovered as CED-4 in C. elegans, is
an ancient regulator of apoptosis. The so far only function reported for NWD1, first identified
in the zebrafish genome as NACHTP1 (Stein et al. 2007), is its involvement in androgen
signalling in the context of prostrate cancer (Correa et al. 2014). It will be interesting to learn
whether this is a special case of a more general immune function yet to be discovered, or
whether, like Apafl, this old gene does not have immune functions.

The other conserved genes first appear at the base of the gnathostomes, and all have roles in
immunity or inflammation - whether as transcription factors or as inflammasome
components.

In parallel, NLR genes have duplicated and often undergone extensive expansions
independently in many-species throughout evolution. This is the case, for example, for the
members of the Nalp/NLRP family in the mouse and the NLR-B30.2 family we discuss here.
The largest of the known early expansions were in the sponge A. queenslandica, the sea
urchin S. purpuratus and the lancelet B. floridae, with about 120,92, and 118 genes
respectively (Yuen:2014hia; Huang et al. 2008), and it is likely that as more genomes are
sequenced, more NLR expansions will be discovered. In vertebrates, the largest expansions
are those of the NLR-B30.2 family, although we also find other NLR gene families, for
example in the elephant shark C. milii (Supplementary Figure 5, online supplementary
material).

11


https://doi.org/10.1101/022061

bioRxiv preprint doi: https://doi.org/10.1101/022061; this version posted July 7, 2015. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

The expansion of the families argues in favour of their involvement in immunity or broader
stress reactions, as seen in numerous other examples. Expansions can increase the amount of
gene product, for example to adapt to stressful environmental conditions (Kondrashov et al.
2002; Kondrashov 2012), as in the cold adaptation in several gene families expressed in
Antarctic notothenioid fishes (Chen et al. 2008). Expansions can also increase the rate of
sequence divergence between copies (Lynch 2002), thereby creating the variety of sequences
that is needed especially for immune recognition, as in the case of antibodies and T-cell
receptors, or the more recent example of the VLR genes in lampreys and hagfish (Li et al.
2013).

After their initial creation through the fusion of the NLR and B30.2 components, and initial
duplication events, which the available data do not allow us to trace, the NLR-B30.2 genes
diversified into groups. While these groups are recognizable in most of the fishes we
analysed, not all fishes have all four groups. We see almost no divergence at-all in the
zebrafish genes between the NACHT domains within each group. The remarkably low rate of
synonymous substitutions within the individual groups makes it likely that they are being
kept distinct by constant gene conversion.

Gene conversion is not uncommon in gene families involved in immunity (see Pasquier,
2006, for review). It can create diversity, for example in antibodies e.g. (Wysocki and Gefter
1989) or in the MHC (reviewed in Martinsohn et al., 1999), but it can also homogenize
genes, e.g. in the T cell receptor family (Jouvin-Marche et al: 1986). In the NLR-B30.2
family both outcomes are seen: within-group homogenisation in the NACHT domain, and
creation of variation in the B30.2 domain.

The following evolutionary scenario for the zebrafish NLR-B30.2 gene family is the most
parsimonious. Starting from few ancestral paralogous genes, conversion acted across the
genes on both the NACHT and B30.2 domains. At some point, the NACHT domain appears
to have become more prone to loss of gene conversion than the B30.2 domain.

Coupled with continuing gene duplications this may have led to the emergence of distinct
groups largely defined by sequence divergence of the NACHT domain, while within each
group gene conversion continued to homogenize the NACHT domain sequence. By contrast,
the slower rate of loss of gene conversion in the B30.2 may have led to the maintenance of
gene conversion in that domain across groups that have lost it for the NACHT domain.

It is worth speculatingabout the functional and selective forces that prevent sequence
homogenization between the NACHT domains of different groups. If the proteins form large
multimeric complexes, as the known inflammasome NLRs do, then their efficient functioning
might require that only proteins from the same group can multimerize, for instance to elicit
distinct down-stream signaling events. This is supported by the groups featuring different N-
terminal domains. A mixed multimer may not be able to assemble a functional N-terminal
effector complex.

The C-terminal domains — LRRs and B30.2 - do not show the same clear subdivision into
families as the N-terminal and the NACHT domains, and homogenizing gene conversion
must therefore have affected only part of each gene, or affected different parts differently.
This is not without precedent, since gene conversion often proceeds across DNA segments of
limited length (see Innan 2009 for review) and parts of a gene can escape sequence
homogenization (Innan 2009; Teshima 2004).

Both LRRs and B30.2 domains have been implicated in recognition of pathogen- or danger-

associated molecular patterns. The B30.2 domain of Trim5a binds to HIV-1 and is involved
in blocking HIV-1 proliferation in monkeys (Stremlau et al. 2004). In Nod1 and Nod2, the
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LRRs are implicated in recognising components of pathogens (Inohara et al. 2005), including
flagellin monomers (Akira et al. 2006), while in toll like receptor proteins they recognise
viral dsSRNA (Kawai and Akira 2009).

The sequences of the LRRs in the NLR-B30.2 genes are not particularly variable, and it
therefore seems unlikely that they have a role in specific ligand-recognition. The B30.2
domains however show significant amino acid variation between the members. The related
B30.2 domain in the fintrim genes has been suggested to be under positive selection to allow
variation in specificity for pathogen recognition, making it likely for the B30.2 domain in the
NLR-B30.2 proteins to have the same function. The gene conversion between the B30.2
domains across groups la, 2a and 3a that is suggested by the dS analysis may be a
mechanism by which the diversity is created. It is conceivable that the acquisition of the
B30.2 domain and the option to use it for specific recognition of a wide range of pathogens
drove the amplification of these genes.

In summary, NLR-B30.2 gene family can be regarded as a product of mutation-driven
evolution, where gene conversion as neutral process acting on a previously diversified
paralogues maintains diversity, which then became the substrate of selection.

While we lack sufficient genomic data from salt water fishes, we are tempted to speculate
that the massive inflation of the NLR-B30.2 group may have occurred along with the
adaptation to fresh water environments where fish would have encountered a greater
abundance of pathogens (see e.g. Johnson and Paull, 2010).

Shuffling between genes and creation of new genes

A further mechanism in the creation of the NER-B30.2 family appears to have been exon
shuffling, both within the family and between the NLR genes and other gene families. For
example, the N-terminal peptide repeats‘occur in several variants, but a given variant is not
strictly associated with any particular group: at least two of the variants are found both in
association with group 2a and group 3.

We also find evidence for recombination with other immune genes. The B30.2 domain of the
NLR-B30.2 proteins resembles most closely that of the fintrim proteins, a fish-specific gene
family for which the origin of the fusion between the Zn-fingers with the B30.2 domain is not
known (van der Aa et al. 2009), suggesting that exon shuffling occurred during the
generation of the ancestral genes of the NLR-B30.2 and the fintrim gene families.

Apart from this possible case of exon-exchange, the relationship between the three large and
partially related families — the NLR-B30.2 genes, the fintrim genes and the multi-Zn-finger
genes we describe here — are unclear. While it is striking that the fintrims share the B30.2
domain with the NLR-B30.2 genes and the Zn-fingers with the multi-Zn-finger proteins, they
do not preferentially map to the same regions of the genome, and the Zn-finger is of a
different type. By contrast, the multi-Zn-finger genes are mostly found on chromosome 4,
interspersed between the NLR-B30.2 genes. We have not attempted to trace the relative
evolutionary histories of these three families.

A further gene that may have arisen from domain shuffling between these gene families is the
human gene encoding pyrin (marenostrin/MEFV). Pyrin is a protein that is composed of an
N-terminal PYD domain, for which the best match in the zebrafish is the PYD domain in the
group 1 NLR-proteins. The C-terminal part of pyrin contains a Zinc-finger and a B30.2
domain, which resembles the zebrafish fintrim proteins of the btr family. The most likely
interpretation for the origin of this gene, which must have arisen at the base of the tetrapods,
is therefore a recombination between an NLR gene and a neighbouring fintrim gene.
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Chromosome 4

The zebrafish chromosome 4 has unusual properties. Its long arm is entirely heterochromatic,
replicates late and shows a reduced recombination rate. It contains an accumulation of 5S
rRNA, snRNA, tRNA and mir-430 clusters (Anderson et al. 2012; Howe et al. 2013), as well
as the expanded protein coding gene here.

Chromosome 4 was recently shown to function as the sex chromosome in wild zebrafish
ZW/WW sex determination, with the sex determining signal being located immediately
downstream of the NLR-B30.2 expansion region (Wilson et al. 2014). The sex determination
region in the grass carp may also be associated with NACHT domain encoding genes (Wang
et al. 2015). This was concluded from the comparison of the genome sequences of one male
and one female carp, where those regions present in the male and absent in the female were
interpreted as sex-determining. In addition to the NACHT domain genes, this region also
included other immunity genes, such as the immunoglobulin V—set, ABC transporters, and
proteasome subunits. While the co-location between sex determination and immune
signalling molecules we describe here may support this conclusion, it isof course equally
possible that the finding in the grass carp is simply caused by allelic diversity in these highly
variable genes between the two individuals. It is nevertheless intriguing that two fast
evolving genetic systems are located in such close proximity in zebrafish. Perhaps, after an
initial round of NLR gene duplications, a run-away evolutionary process of further
amplification set in to create the present chromosome 4, which is now a hotspot for rapid
evolutionary processes.

METHODS

Re-annotation of NLR genes in the zebrafish genome

To establish a complete list of all genes encoding NLR proteins in the zebrafish genome, we
first conducted a search of the Zv9 genome assembly for sequences that encoded the
characteristic protein domains, using a combination of approaches. We constructed a hidden
Markov model (HMM) for the Fisna domain and used this together with the HMM for the
NACHT domain obtained from PFAM to search the Zv9 assembly with hmmsearch

(hmmer janelia.org/search/hmmsearch), resulting in 297 Fisna and 328 NACHT locations
(see online supplementary material). As an alternative way to identify NACHT domains
specific forthe novel NLRs, we ran electronic PCRs (PMID: 9149949) with primer sets for a
segment stretching from the C-domain into the winged helix domain that we had used for
experimental analysis of the genes (unpublished work). Each set of primers was specific for
one of the NLR groups. (Supplementary Methods). This resulted in 321 hits. To find regions
in the genome encoding B30.2 domains we conducted a TBLASTN search, which yielded
503 hits. As B30.2 domains also occur in other large, immune-related protein families (see
below), such a high number of domains was consistent with expectations.

Secondly, we collected all Ensembl genes overlapping the above motifs (487 predicted
genes) and also all manually annotated genes (vega.sanger.ac.uk) that had been marked as
NLR or as containing a NACHT domain during manual annotations in the past (307
predicted genes).

The collection was purged of gene models that did not match the criteria for being novel

14


https://doi.org/10.1101/022061

bioRxiv preprint doi: https://doi.org/10.1101/022061; this version posted July 7, 2015. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

NLRs, excluding e.g. the B30.2 domain-containing fintrim genes. Sixteen NACHT domain
proteins in the combined list do not belong to the group of novel fish NLRs since they do not
contain the Fisna-domain, and the sequence surrounding their WalkerA motifs does not
match the one typical for the novel NLRs. They include the seven conserved NLRs that are
orthologous across all vertebrate species (Nod1, Nod2, Nlrc3, Nlrx1, CIITA, Apafl,
NWD1/NachtP1), and nine further proteins with an NLR structure. (Table 1 and online
supplementary material)

Comparison of the purged gene sets with the genomic regions that encoded parts of NLR
proteins showed that many genes in this family had been annotated incorrectly, and for others
there were no predictions at all, probably due to the repetitive nature of this gene family and
the limited availability of supporting evidence in the form of cDNAs.

The regions containing the sequences identified in our searches were therefore re-annotated
manually, correcting and adding gene models to create full-length genes. This re-annotation
had to be restricted to regions located on finished sequence, since whole genome shotgun
(WGS) contigs in Zv9 were not accessible to manual annotation. For these contigs, the
automated Ensembl gene models were retained in their original form, recognizable in our
final list by their “ENSDARG?” identifier (Supplementary Excel Tablel). The resulting
protein sequences were then aligned using Clustal-Omega (Sievers et al. 2011) or Muscle
(Edgar 2004) and compared. Sequences that appeared truncated were analysed further by
searching for additional exons to complete them, until, in an iterative process, we had
optimised them. Some sequences remained incomplete, either because they were located next
to sequence gaps, or because no additional exons could be detected. In these cases it is not
known whether the truncation of the gene is a true biological event caused by recent
recombination, or whether it is due to a mis-assembly of the genome sequence.

The optimised gene set was combined with the gene predictions in Ensembl (Methods, hand-
filtered alignments and location checks of the remaining genes to identify accordance). The
final list of novel zebrafish NLR proteins contains 368 members (Supplementary Excel
Tablel). A further 36 predictions for NLR genes had been annotated as pseudogenes and
were therefore not retrieved for this list (online supplementary material). The refined genes
have since been integrated into the VEGA and Ensembl gene sets, however since the
annotation was performed on pre-GRCz10 paths, the latest GRCz10 gene set (Ensembl80)
might differ marginally from the described results.

Conserved NLR genes across metazoa

We used the zebrafish gene identifiers for the conserved NLRs in zebrafish to query the
Orthoinspector 2.0 database (Linard et al. 2014) at http://Ibgi.igbmc.fr/orthoinspector for
orthologs in published genomes and downloaded the corresponding sequence. We then
queried a custom Blast database of the Cyprinus carpio proteome, as well as the NCBI nr
database for selected fish species using BLASTP. After removing redundant hits we
calculated alignments employing Clustal-Omega v.1.2 (Sievers et al. 2011) and subsequently
removed sequences of poor quality. In a second inference we also used trimal (Capella-
Gutiérrez et al. 2009) to reduce the alignment to the conserved residues. We employed
prottest v.3.2 (Darriba et al. 2011) to infer the best fitting evolutionary model and found that
the LG model with Gamma optimisation performed best under the AKIKE information
criterion. We then ran RAXML v7.7.2 (Stamatakis 2006) on both alignments on the Cologne
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University CHEOPS super computer and calculated bootstrap values. Phylogenetic trees were
visualised and edited in Dendroscope v.3.2.5 (Huson et al. 2007).

figmop and tblastn screen for NLR-B30.2 candidates in other fish genomes

Expanded gene families are not well annotated in most genomes. Rather than relying on
gene predictions for identifying NLR-B30.2 genes, we therefore directly searched the
genome sequences of 6 species: Latimeria chalumnae, Lepisosteus oculatus, Callorhinchus
milii, Esox lucius, Astyanax mexicanus, Cyprinus carpio. We downloaded genome data either
from NCBI servers or the genome project websites. We then used the Figmop (Curran et al.
2014) pipeline to find contigs and scaffolds in the genomes with NLR-B30.2 candidates on
them. The Figmop pipeline builds a profile of conserved motifs from a starting set of
sequences and uses these to search a target database with the MEME software suite (Bailey et
al. 2009).

We used zebrafish NLR-B30.2 sequences from all four groups to create a set of 15 motifs to
earch the above genomes. The resulting contigs were then subjected to.the Augustus (v3.0.3)
gene prediction pipeline (Stanke and Waack 2003) to predict genes de novo, setting zebrafish
as the "species". We complemented this approach by TBLASTN searches using the NACHT
as well as the B30.2 domains as queries in individual searches and then kept those predictions
in which the domains occurred in the proper order (thereby excluding spurious cases caused
by mis-assembly or incomplete genes).

Recursive phylogenetic analysis

We used a recursive approach for identifying genes for the phylogeny that were
representative of the overall sequence divergence in the gene family. We selected only those
that had both the NACHT and B30.2 domains. We then recursively performed the following:
(1) constructed a sequence alignment of the sequences in the dataset using Clustal-Omega,
(2) constructed a phylogeny using-a Bayesian approach using MrBayes with
mcmc=1,000,000, sump burnin=1000 and sumt burnin=1000 and (3) removed monophyletic
paralogs from the dataset. The recursive analysis was halted when no instances of paralogous
sister-sequences remained (Fig. 3), with the exception that at least one zebrafish and carp
sequence from each of the major groups was retained. Once the final dataset of sequences
was determined we removed gap-containing and highly variable columns from the alignment
and re-ran MrBayes with meme=2,000,000, sump burnin=2000 and sumt burnin=2000 and
re-confirmed our inferred tree with maximum likelihood in RAXxML.

Divergence analysis

For zebrafish genes in groups 1, 2a, 3a and 3b that contain both NACHT and B30.2 domains
we calculated all pairwise ds values using PAML (Yang 2007). For each such gene we
recorded the comparison with the smallest ds across all 4 groups. For genes in one group we
then calculated average smallest ds values (rows in Table 2).
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Figure legends

Figure 1: Structure of the fish-specific NLR-B30.2 protein family members.

A. Alignment overview of 288 proteins for which full length predictions are available.
Regions with long insertions in a few of the genes that had resulted in the introduction
of long gaps in the alignment were deleted for the sake of clarity and simplicity. Gaps
were manually introduced to highlight intron/exon boundaries, except between the C-
terminal extensively duplicated LRRs in group 2b and the extensively duplicated N-
terminal repeats in groups 2b and 3b. The colour coding is a random assignment of
colours to amino acid created in Jalview.

A gap was inserted between the LRRs 6 and 7 of groups 2b.and 3b to allow the

conserved C-terminal LRR and the B30.2 domains of groups 1, 2a and 3a to be

positioned immediately after the 1- 6 LRRs.in these groups.

An alignment of the full set of predictions is provided in the online supplementary
material.

B. A schematic representation of the protein domains in each group, on the same scale as
in the alignment above. Each box represents an exon.

Please refer to Supplementary Figure 2 and the alighment file (online supplementary
material) for the many details not captured in this simplified figure.

Figure 2: The Fisna domain and its homologs in mammalian proteins.
A. Alignment of sequences identified in mammalian genomes using an HMM search
with PF14484 and examples of zebrafish Fisna domains.
B. Secondary structure predictions for selected examples.

Figure 3: Relationships between NLR-B30.2 genes in different fishes.

Phylogenetic tree resulting from a recursive phylogenetic analysis. Inflations of groups in
zebrafish are indicated in yellow with numbers of genes per group displayed. Bootstrap
values are given above.each branch where higher than 50% and pp values (from MrBayes)
below each branch, where they are higher than 50% and the topology is congruent.

Figure 4: Evolutionary history of NLR genes

A reduced dendrogram of Metazoa based on the NCBI taxonomy database displaying key
events in the evolution of NLR genes as described in the main text. See Supplementary
Figure 6 and the supplementary online material for phylograms.
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Figure S: Location of the NLR genes in the genome in assemblies Zv9 and GRCz10.

A. The chromosomes containing NLR-B30.2 genes are shown in the outer circle (note
that corrections of the genome between Zv9 and the GRCz10 have changed the
lengths of some of the chromosomes. The genes were annotated on Zv9 and lifted
over to the GRCz10 path where possible as the GRCz10 gene set did not become
available until May 2015. The members of the four groups of NLR genes are shown
as radial lines within the circles with group 1 in the outermost and group 4 in the inner
ring. Each gene is connected by a black line to its most closely related paralog, based
on the number of amino acid substitutions per site calculated in MEGAS (Poisson
correction model). Most genes are most closely related to a near neighbour. The
changes in the assembly have have lead to many genes that were closely related but
resided on different chromosomes in Zv9 being located in closer proximity in
GRCz10.

B. Normalised location of NLR-B30.2 genes on chromosomes. Each chromosome is
shown as a horizontal line of 100% length, and the NLR genes are plotted at their
relative positions along the chromosome. Apart from the genes on chromosome 4
(marked in blue), all other genes are found within the first or last quarter of the
chromosome.

Figure 6: Genomic positions of genes for multi-Zn-finger proteins, Fintrims and NLR-B30.2
proteins.

A. Frequency of genes encoding proteins with the indicated number of Zn-finger
domains. Total number of Zn-finger encoding gene predictions: 1102.

B. The genomic locations of Zn-finger encoding genes is plotted on a circos diagram
representing the Zv9 assembly for five subgroups defined by the number of Zn-finger
domains. Inner circles (light to dark blue): 1-3, 4-5, 6-7, 8-9, 10-12 and more than 12
domains; Outer circle (red): NLR genes

C. Spatial distribution of NLR genes, TRIM genes and genes with at least 10 Zn-finger
domains in the GRCz10 assembly (for gene liftover see Fig. 5).

Supplementary Figure Legends

SFig 1: Overview. of the entire set of 368 predicted NLR-B30.2 proteins in the zebrafish,
based on a Clustal Omega alignment. The original alignment (online supplementary material)
was edited by hand to improve the alignments of the N-terminal repeats and the LRR. The
colour code for the amino acids was assigned at random. Gaps were introduced in the
alignment at the positions of introns (marked by a grey arrow head below the alignment).
Further large gaps are created because some positions are prone to variable and often long
insertions or internal duplications (marked by red asterisks below the alignment).

The domains are marked below the sequences; domain boundaries within the NACHT
domain are entered according to reference (Proell et al. 2008).

Positions of introns are marked by grey arrowheads below the sequences.

SFig 2: Comparison of FISNA and NACHT domains in groups 1 — 4 in the NLR-B30.2
genes.

Logos generated in Jalview from the alignment in the online supplementary material.
Differences in the Walker — A motive are diagnostic for groups.
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SFig 3: Comparison of LRRs in groups 1 — 3 and mouse NLRP3 LRRs.
Logos generated in Jalview from the alignment in online supplementary material.

SFig 4: Differences in the B30.2 domain between the indicated group.
Logos generated in Jalview from the alignment in online supplementary material.

SFig 5: Phylogenetic ML tree of the conserved NLR proteins in Metazoa.

19


https://doi.org/10.1101/022061

bioRxiv preprint doi: https://doi.org/10.1101/022061; this version posted July 7, 2015. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

References

Akira S, Uematsu S, Takeuchi O. 2006. Pathogen Recognition and Innate Immunity. Cell
124: 783-801.

Anderson JL, Mari AR, Braasch I, Amores A, Hohenlohe P, Batzel P, Postlethwait JH. 2012.
Multiple Sex-Associated Regions and a Putative Sex Chromosome in Zebrafish Revealed
by RAD Mapping and Population Genomics ed. L. Orban. PLoS ONE 7: e40701.

Bailey TL, Boden M, Buske FA, Frith M, Grant CE, Clementi L., Ren J, Li WW, Noble WS.
2009. MEME Suite: tools for motif discovery and searching. Nucleic Acids Research 37:
gkp335-W208.

Bonardi V, Cherkis K, Nishimura MT, Dangl JL. 2012. A new eye on NLR proteins: focused
on clarity or diffused by complexity? Current Opinion in Immunology 24: 41-50.

Capella-Gutiérrez S, Silla-Martinez JM, Gabaldén T. 2009. trimAl: a tool for automated
alignment trimming in large-scale phylogenetic analyses. Bioinformatics 25:1972—-1973.

Chen Z, Cheng C-HC, Zhang J, Cao L, Chen L, Zhou L, Jin Y, Ye H, Deng C, Dai Z, et al.
2008. Transcriptomic and genomic evolution under constant cold in Antarctic
notothenioid fish. Proceedings of the National Academy of Sciences 105: 12944—12949.

Correa RG, Krajewska M, Ware CF, Gerlic M, Reed JC. 2014. The NLR-related protein
NWD1 is associated with prostate cancer and modulates androgen receptor signaling.
Oncotarget 5: 1666—1682.

Curran DM, Gilleard JS, Wasmuth JD. 2014. Figmop: a profile HMM to identify genes and
bypass troublesome gene models in draft genomes. Bioinformatics 30: 3266-3267.

Darriba D, Taboada GL, Doallo’'R, Pesada D. 2011 .ProtTest 3: fast selection of best-fit
models of protein evolution. Bioinformatics 27: 1164-1165.

Edgar RC. 2004. MUSCLE: a multiple sequence alignment method with reduced time and
space complexity. BMC Bioinformatics 5: 113.

Goody MF, Sullivan C, Kim CH. 2014. Studying the immune response to human viral
infections using zebrafish. Dev Comp Immunol 46: 84-95.

Howe K, Clark MD,Torroja CF, Torrance J, Berthelot C, Muffato M, Collins JE, Humphray
S, McLaren K, Matthews L, et al. 2013. The zebrafish reference genome sequence and its
relationship to the human genome. Nature 496: 498—503.

Howe K, Wood JM. 2015. Using optical mapping data for the improvement of vertebrate
genome assemblies. Gigascience 4: 10.

Huang S, Yuan S,Guo L, Yu Y, LiJ, Wu T, Liu T, Yang M, Wu K, Liu H, et al. 2008.
Genomic analysis of the immune gene repertoire of amphioxus reveals extraordinary
innate complexity and diversity. Genome Res 18: 1112-1126.

Huson DH, Richter DC, Rausch C, Dezulian T, Franz M, Rupp R. 2007. Dendroscope: An
interactive viewer for large phylogenetic trees. BMC Bioinformatics 8: 460.

20


https://doi.org/10.1101/022061

bioRxiv preprint doi: https://doi.org/10.1101/022061; this version posted July 7, 2015. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Innan, H. (2009). Population genetic models of duplicated genes. Genetica, 137(1), 19-37.
doi:10.1007/s10709-009-9355-1

Inohara N, Chamaillard M, McDonald C, Nunez G. 2005. NOD-LRR PROTEINS: Role in
Host-Microbial Interactions and Inflammatory Disease.
http:/ldxdoiorg/ 101 146/annurevbiochem74082803133347 T4: 355-383.

Johnson PTJ, Paull SH. 2010. The ecology and emergence of diseases in fresh waters.
Freshwater Biology 56: 638—657.

Jouvin-Marche E, Heller M, Rudikoff S. 1986. Gene correction in the evolution of the T cell
receptor beta chain. J Exp Med 164: 2083-2088.

Kawai T, Akira S. 2009. The roles of TLRs, RLRs and NLRs in pathogen recognition. Int
Immunol 21: 317-337.

Kondrashov FA. 2012. Gene duplication as a mechanism of genomic adaptation to a
changing environment. Proceedings of the Royal Society B: Biological Sciences 279:
5048-5057.

Kondrashov FA, Rogozin IB, Wolf YI, Koonin EV. 2002. Selection in the evolution of gene
duplications. Genome Biol 3: RESEARCHO0008.

Koonin EV, Aravind L. 2000. The NACHT family.= a new group of predicted NTPases
implicated in apoptosis and MHC transcription activation. Trends in Biochemical
Sciences 25: 223-224.

Kufer TA, Sansonetti PJ. 2011. NLR functions beyond pathogen recognition. Nature
Immunology 12: 121-128.

Laing KJ, Purcell MK, Winton JR, Hansen JD. 2008: A genomic view of the NOD-like
receptor family in teleost fish: identification of a novel NLR subfamily in zebrafish.
BMC Evol Biol 8: 42,

Lapraz F, Rottinger E, Duboc V, Range R, Duloquin L, Walton K, Wu S-Y, Bradham C,
Loza MA, Hibino T, et al. 2006. RTK and TGF-f signaling pathways genes in the sea
urchin genome. Dev Biol 300: 132—-152.

LiJ, Das.S, Herrin BR, Hirano M, Cooper MD. 2013. Definition of a third VLR gene in
hagfish. Proceedings of the National Academy of Sciences 110: 15013—-15018.

Linard B, Allot A, Schneider R, Morel C, Ripp R, Bigler M, Thompson JD, Poch O,
Lecompte O. 2014. Ortholnspector 2.0: software and database updates. Bioinformatics
btu642.

Liu Y, Zhang Y-B, Liu T-K, Gui J-F. 2013. Lineage-Specific Expansion of IFIT Gene
Family: An Insight into Coevolution with IFN Gene Family ed. N. Salamin. PLoS ONE
8: €66859-14.

Lynch M. 2002. Gene duplication and evolution. Science(Washington, D C) 297: 945-947.

Martinsohn JT, Sousa AB, Guethlein LA, Howard JC. 1999. The gene conversion hypothesis

21


https://doi.org/10.1101/022061

bioRxiv preprint doi: https://doi.org/10.1101/022061; this version posted July 7, 2015. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

of MHC evolution: a review. Immunogenetics 50: 168-200.

Pasquier LD. 2006. Germline and somatic diversification of immune recognition elements in
Metazoa. Immunol Lett 104: 2—17.

Proell M, Riedl SJ, Fritz JH, Rojas AM, Schwarzenbacher R. 2008. The Nod-Like Receptor
(NLR) Family: A Tale of Similarities and Differences ed. N. Gay. PLoS ONE 3: €2119.

Rast JP, Buckley KM. 2013. Lamprey immunity is far from primitive. Proceedings of the
National Academy of Sciences 110: 5746-5747.

Rowe HM, Withey JH, Neely MN. 2014. Zebrafish as a model for zoonotic aquatic
pathogens. Dev Comp Immunol 46: 96—107.

Schuler G. 1997. Sequence Mapping by Electronic PCR. 1-11.

Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W, Lopez R, McWilliam H,
Remmert M, ding JSO, et al. 2011. Fast, scalable generation of high-quality protein
multiple sequence alignments using Clustal Omega. Mol Syst'‘Biol 7: 1-6.

Sola L, Gornung E. 2001. Classical and molecular cytogenetics of the zebrafish, Danio rerio
(Cyprinidae, Cypriniformes): an overview. Genetica1l1: 397-412.

Stamatakis A. 2006. RAXML-VI-HPC: maximum likelihood-based phylogenetic analyses
with thousands of taxa and mixed models. Bioinformatics 22: 2688-2690.

Stanke M, Waack S. 2003. Gene prediction with a hidden Markov model and a new intron
submodel. Bioinformatics 19: 1i215-i1225.

Stein C, Caccamo M, Laird G, Leptin-M. 2007. Conservation and divergence of gene families
encoding components of innate immune response systems in zebrafish. Genome Biol 8:
R251.

Stremlau M, Owens CM; Perron MJ, Kiessling M, Autissier P, Sodroski J. 2004. The
cytoplasmic body component TRIMS5alpha restricts HIV-1 infection in Old World
monkeys. Nature 427: 848-853.

Ting JPY, Lovering RC, Alnemri ES, Bertin J, Boss JM, Davis BK, Flavell RA, Girardin SE,
Godzik A, Harton JA, et al. 2008. The NLR gene family: a standard nomenclature.
Immunity 28: 285-287.

van der Aa LM, Jouneau L, Laplantine E, Bouchez O, Van Kemenade L, Boudinot P. 2012.
FinTRIMs, fish virus-inducible proteins with E3 ubiquitin ligase activity. Dev Comp
Immunol 36: 433—441.

van der Aa LM, Levraud J-P, Yahmi M, Lauret E, Briolat V, Herbomel P, Benmansour A,
Boudinot P. 2009. A large new subset of TRIM genes highly diversified by duplication
and positive selection in teleost fish. BMC Biology 7: 7.

Wang Y,Lu Y, Zhang Y, Ning Z, Li Y, Zhao Q, Lu H, Huang R, Xia X, Feng Q, et al. 2015.
The draft genome of the grass carp (Ctenopharyngodon idellus) provides insights into its
evolution and vegetarian adaptation. Nature Genetics 47: 625-631.

22


https://doi.org/10.1101/022061

bioRxiv preprint doi: https://doi.org/10.1101/022061; this version posted July 7, 2015. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Wilson CA, High SK, McCluskey BM, Amores A, Yan Y-L, Titus TA, Anderson JL, Batzel
P, Carvan MJ, Schartl M, et al. 2014. Wild sex in zebrafish: loss of the natural sex
determinant in domesticated strains. Genetics 198: 1291-1308.

Wysocki LJ, Gefter ML. 1989. Gene conversion and the generation of antibody diversity.
Annu Rev Biochem 58: 509-531.

Xu P, Zhang X, Wang X, LiJ, Liu G, Kuang Y, Xu J, Zheng X, Ren L, Wang G, et al. 2014.
Genome sequence and genetic diversity of the common carp, Cyprinus carpio. Nature
Genetics 1-10.

Yang Z. 2007. PAML 4: phylogenetic analysis by maximum likelihood. Mol Biol Evol 24:
1586-1591.

Yuen B, Bayes JM, Degnan SM. 2014. The characterization of sponge NLRs provides insight

into the origin and evolution of this innate immune gene family in animals. Mol Biol Evol
31: 106-120.

23


https://doi.org/10.1101/022061

Group 1

mm 0 s e

b
:, ' | Group 2a (N-ter1)
(i A
-
e 1 - . R Group 2a (N-ter2)
B T ‘ l Hk fe=- HI4 AL 2 g e e et e et ———— e IR C1 L0 1] 07 °
E m HH — Group 3a (N-ter1)
;4 T
K : Hlﬂ Group 3a (N-ter2)
v | Iy =
Al |
Jlr Group 3b
3 Al I m :7 imi [.l!'! e | Group 3c
U] 1O Vil
il ' K“ g ™ HE [ IE{ it R s Group 4
B BN GiAGvGKT  [NERERERERERE R Legend:
1l ENNEENN . 1 N-terminal repeats
2a death-fold domains
EENENE NN ]
NACHT domain (incl.
2b Fisna extension and
signature sequence)
i1 L ciacickt IR B .y
33 l l l Leucine-rich repeats
EENENE NN o
l conserved leucine rich
ERRNENN 3b,c repeat groups 1 - 3a

|

1 B30.2 domain



https://doi.org/10.1101/022061

Figure 2

A Rat  D3ZH10.
Panda D2I5A6.

Mouse (Q3TZ22.

Baboon  AgLg02.

135|206 |IYR R ) LVKEHPSKQEREHELL TIGRT. . KMWDRPMSSLKLEL!
132|205 [KYE R ) L VKEHQSQQEREHELLAIGRTSAKMLDSPVSSLNMELL
128|201 | TYE ) L VKEHSNPIWTQQKFVDVEWERSRTRRHQTSPI '
128|201 |AYR ) ' } EHSNPMQAQQQLLDIGRGHTRTVGHQASPI

1
1
1
1
Zebrafish  E7F6Q7.1| 19| 91 TEHEIR.
F1QLBS.1| 5| 77 TEHEVR.
E7FBDS8. 1244|317 |EU ) YITD SEHEF
ESQFT1.1|152 (224 |RF k G j YITEGGNGEIRNEHEYK .
E7FSDS. 1 [209[281 | NL : EG : NEHEVR.
E7F2M7.1(221|293 INNEHEVR.
F1QCD2.1|175|247 ISNEHEVR.

GIAGVGKT l

B D3ZH10_RAT F1QY47_DANRE
Cont: JnannnnanananiRNRRNRENREE =0 nnnRNnnnn! cont: J1NNI23220 NN NNRRNRNRRNRNRRNNRRnannonnnnl
Pred: _(j T ) Pred: _____ 0 ] ——
130 140 150 160 10 20 30 40
(PR FEEMEELRES | || [REREL)] L EERRR) LR ] ERRR cont: Juli8naalnnRNaaoln-NNNRNRNoaRNRRNasnnnl
Fre D D g:::f CCCCCCCCCCCCCCC’E‘._‘_E./:CCCCCCCCCHHHHHHHHHHCCC
Pri: %g%ﬁﬁgggﬁgggﬁgﬁﬁ%& gﬁgg;ﬁ;ﬁg fﬁ AA: LOK TQTLLNSVYTOLYIIEGESEGVNEEHEVLOMEKTART
170 180 190 200 - = 70 80
cont: JanmnnNNNNNNNEn:RRRNRSRRNnnRRRRRRRRNRRDx cont : JANNNNNNRnaNRRRRRRRRn o RNRRRSRNASRRRRNNNE
Prads S E— e ’

Pred: CCCCCCCCCCCCCCCLCCCCCEEEEEECCCCCCHHHHHHH
AZ: KHSQHTPIYCNDIFKEEKEQIKTVLTKGIAGIGETVSVQK

20 100 110 120

Pred: CCCCCCCCCCCCCCCEEEEEECCCCCCHHHHHHHHHHHHH
AA: LELLFEPEDEHLEPVHTVVFQGAAGIGEKTILARKIMLDWA

210 220 230 240



https://doi.org/10.1101/022061

Rat D3ZH10.1|135|206
Panda D2I5A6.1[132|205
Mouse Q3T7Z22.1(128|201
Baboon AL 902.1(128|201 ¥ i LV

Zebrafish  E7F6Q7.1| 19| 91 : EGIAQQGGSTLLNNE I EQUNTEHEIR.
F1QLB9.1| 5| 77 : EGIAKQGSSKLLND! KQUNTEHEVR.
E7FBD8.1 (244|317 ¥ =G I TDGINASVNSEHEF
E9QFT1.1[152(224 : =G I I TEGGNGEIRNEHEYK .
E7F5D9. 1209|281 : =G I I TEGGSGEVNNEHEVR.
E7F2M7.1|221 (293 ¥ =G I I TESDSGEINNEHEVR.
F1QCD2.1|175(247 : ¢ 1 I TESESGEISNEHEVR.
ASPMMO.2| 10| 82 : I I GVISNEHEVR.
Q207L2.1| 29101 ‘FQCLNGVMINLENRTL I I TEGDSGDVNKEHEVR.
BBASNS.1| 7| 79 4CQCLSIATVMQGNTTL I I TEGDSGEVNTEHEVR.
Q4SV51.1 430|501 RFSHL . EAVMTEAQKTPLHEL L TEGGSGEVNQEHEVR.
QSRGK3.2|106(178 I ENETGGRENDHEVI .
Q4sxM2.1| 15| 86 CERV I I TEGQSEEVNTQHEVR.
BOR1B7.1| 43[113 YESLFEGNQLRKNKTSLNQEI 1 IEGVSETVNEEHEIL .
F1Q5P9.1|417 (487 YESLFEGVKLQQNQTLLNST I1f EEHEVL .
F1QY47.1| 23| 95 YEGLFEGVKLQKTQTL EEHEVL .
F1QG60.1[173(245 YETLFDGMSLQDNETL EEHEVL .
FIR095.1| 5| 74 CEIIFEGIKSEQNQTL EEHEVL .
FIRS71.1|164(235 YESLCEGFNKQENKTL EEHEVV .

1

E7EZSI.

86156 VDCILDCTKENAEH. FKAFYTE FTAE QEHEIL.

o

GIAGVGKT l


https://doi.org/10.1101/022061

D3ZH10_RAT

conf: JnannnnnnnnnsiRNENNERENEERDSaannniREnnnnt
Pred:

Pred: CCHHHHHHHHHHHHHHHHHHHHHHHHCCCCCCCCCCCCCC
AR: SRISICKEEEDYCEIYRRHVRSREYSIKDRNARLGESVDL
L} il ' 1

130 140 150 160

F1QY47_DANRE

cont: JINNEnnn-nEIRRNRNNRRNENRNRNRREN R s onnonnnnt

Pred: — 0
Pred: CCCCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHCCCCCCC
A%: TEYDQTVDLOKAENDVLORVEDLHKISMENKYEGLFEGVE

10 20 30 40

Conf: JIREa=amno-ElNEnannEiRn-nnnnEnlNEEanxt
Pred: — )——

Pred: CCCCCHHHHHCCCCCCCCCHHHHHHCCCCCCCCCCCCCCC
AA: NRRYTQLOLVEEHPSKQEREHELLTIGRTEMWDRPMSS LK

170 180 190 200
cont : JannnniiNNNNNRIENRNRRRNRRnRRNRRRNR RN RS
Prea: —g )

Pred: CCCCCCCCCCCCCCCEEEEEECCCCCCHHHHHHHHHHHHH
AA: LELLFEPEDEHLEPVHTVVFQOGAAGIGHKTILARKIMLDWA

210 220 230 240

(R | | [ EEE] FEEE R | R ][] EEREREL ]| ] EEEEE |

Pred: —N.
—

Pred: CCCCCCCCCCCCCCCEEECCCCCCCCCHHHHHHHHHHCCC
RA: LOK TQTLLNS'VYT QLYII EE.ESE.GWEEHEI.VLQMEKTAR'I;'

50 60 70 80

cont: JININNERzznEERRENERE-xlNNERsRREnRRNRRNEE
Pred: ._0:

Praed: CCCCCCCCCCCCCCCCCCCCCEEEEEECCCCCCHHHHHHH
AA: KHSQHTPI Y(?NDI FREEKEQIKTVLTEG IAGIGKETVEV QI‘"\

20 100 110 12



https://doi.org/10.1101/022061

Figure 3

Group3a/b
" 0 127
1 96 ‘1
gy
63 1
0.63 100 19
— Group3c 1_:
Group4 100 24
" r—l'_
1
Group2 _ 124
1
61 —
0.86
100
N 100 46
Group1
0.97
96
Group1/2

L

E. lucius (XMI010865095.1)

D.rerio OTTDARP00000041592
C. carpio 2_LLN590673.1

A. mexicanus (XMI007260913.1)

C. carpio carp32_LN590708.1
D.rerio ENSDARP00000089788
D.rerio OTTDARP00000027090
C. carpio carp22_LLN598385.1

D.rerio OTTDARP00000043899
C. carpio carp17_LN590694.1

E. lucius (XMI010865512.1)

D.rerio OTTDARP00000014151
C. carpio carp1_LN593042.1

A. mexicanus (XMI1007236302.1)

D.rerio OTTDARP00000027179
C. carpio carp3_LN594072.1

A. mexicanus (XMI007233403.1)
E. lucius (XMI010893635.1)

T. rubripes (gil410901727)

O. latipes (il432918746)

O. niloticus (Qil542260405)
M.zebra (gil498989869)

C.milii (XMI007889608.1)

L. chalumnae (XMI006013628.1)
L. oculatus (XMI006642942.1)


https://doi.org/10.1101/022061

Figure 4

S
bioinvpreprintdé)(ia:rgftitg;:ll)/;igi g/lO 1V\1I§)1/(t)22 th/f AII 2015 Th p”yvghér\}v{g I Spsrigpr)]rin «\@ichwa&@)\
& @S o o’ S
L \ » & N\
\¥ Q‘ﬂ Q\QA @0 Q’b @\Q ?5’& \Q\ © @0‘ \6\‘{0\' ‘{‘({‘\\S O
q O N\ Q
S ‘{\ N \\ O Q o’
O S\SROAIIONEIRN o & (O
© o NS
SR VAN NS

11} Clupeocephala

(g1
Neopterygii B -'-; &
= =
Sarcopterygii S| gl 3 S | =
Euteleostomi S| =] S o = = N
| Gnathostomata Sl Ol & = = S =
Tetrapoda
Chordata
Deuterostomia Ecdysozoa
T loss of NLRC3-like Bilateria

T loss of some NLR-B30.2 groups
Metazoa

Porifera


https://doi.org/10.1101/022061

Figure 5

A

N
N
%
\ '\
=)
N
\
—
-
(=)} bidRxiv preprint doi: https://doi.org/10.1101/022061; this version-posted J
certified by peer review) is the autho

—
~

A%

under-All rights reserved. No re

\

13

,2015. The copyright holde
se allowed without permi.

4’/

or this preprint (which was not
sion.

| A\

AN
//9

12

|

®

NLR group 1

NLR group 2

NLR group 3

NLR group 4

connector
for each
gene to its
most similar
paralog

= P R NNNNNN
[e)] 00 LOOFRLNWR_WM

T 1 1 - 1 L1
U

[
~N

e
w b U
|

chr

[ ==
© O RN
| | 1

O FRLr N WA UIOON®
T TR TR TN RN N R

O@@

PEEOREOE@RNEENLD) |

@I OO @O @D

ao

|jD

OO0
O O

@R

10

o

20 30

40 50 60 70

% chromosome length

80

90

100



https://doi.org/10.1101/022061

Figure 6

A

Number of repeats in Zn-finger genes

160 ~
140 -
120 -
100 -
80 -
60 -
40 -

20

o —Mmm e
123456 7 8 910111213141516171819202122232425262728293031323334353637

B

/ | ¢ /\m > ? Zn fingers

— = N
- N :
\)\ ~ /l\ > e ﬁngers

/n-finger genes vs. NLR genes

NLRS ?7??

T - )@ > ? Zn fingers

\ //// \\ / 1-?Znfin
. N\ : gers
/ / | \\ . %

\
|
tL ted J\.Aly 7, 2015. Th copyright holder jeft this p%print (which was not

bioRxiv preprin td http/ g/lO 1101/0 061 th
yp uthor/fun (fi AII rights TE\ ved. No Wutpermissmn
\ \/ \‘“
e —
13 1
12 1

/\

C

r\?/ AN /
| y = >10 Zn-fingers
~ /
e \
— —

All gene groups

. by,
XN, \
Genes with

TRIM genes

| / NLR genes



https://doi.org/10.1101/022061

Supplementary Figure 1

l»w

L
-

__= _

i 2

(TR TR nm|
ﬂlm HMHHI '

siih
s a

nsm

T aw ..

L

E

W #

-

A = e g )

Ilml MH o ..

I

Group 1

i~

|Im|mumn

I IH s HHIII
{ 31

Group 2a (N-ter1)

|[| 4R 0l

Group 2a (N-ter2)

P IIII'LHH!!!"m

é!‘ml& I"ﬂm M@fmbwun m‘ ,I_ |llmt!9 T T ST QU O T A

Il

| B .mm"r

....._..G-FOUP- 2B wriurie v

Group 3a (N-ter1)

Group 3a (N-ter2)

Group 3b

Group 3c

‘“ﬁhi&

’E’.IF 1% '!
AR A

,_'!:_F‘_"

unassigned*

%fﬂﬂw“'“

Group 4

mm HH M A‘

I P_
* ’HHHHA

x {"A'ﬂ'x e

N-term repeats death-fold

LRRs 1-6

*  Positions of variable insertions or internal repeats within the NACHT domain

‘ Positions of introns

ons
LRR B30.2



https://doi.org/10.1101/022061

Supplementary Figure 2

oot fEp AL NS0T UKYLDDIHDLYMVEhEIQGHENDHEV&QEESKHNQQTAéDKP&KCNDMFKVQPD QOMRRVLTLTAGVCK n 'l ol ONOETVF TFPLPFRRLNLT KeekSL oL MK YFPsnsatL SoL PreQeK A TFDGLDE RPeLFeceDa TvDKENTYSKTy TNLLKpeLoBsSL T TTORPAAASLIPS Y TOAVTEVRG
KYQvEEQAQGSTLLuN DL TT0GeSEVATE oAU TEsssPRnesLETO (DEATRTVLTHGVAGIEK LAG IS FPLPPRLK Exeeesuto TOFFPETG L TRSTARYVLFILDGLOERL LI E s eusLOLL T XL T TSRPaaes PNV IR TETRG
TV FEvL Bk DIFKQSAEAQHEE EKEQIKTVLTKGTAGTGKTVSVOKFTLD AEKaNOVOFIFULBRRELAT YSLH;LLLDFHPELED e TlecF FOCLDPSRTTL Dok VoS v st w1 PS LT TTRPAAANITRS YT TE TS
LKKEEQ&EQM&NEMNHXELYLE@LEL@EHEMBQIEMU&M@IKCBDMP MImMLMMmMMM&MMMM@&MMMﬂWMMM&MM

oups 1-4 KQKXE%EEGEQ@%%E%ILLHEH|3ELYI£§§E$§SME§E EEQ seRINARERILY

R
el R 3 |kva

@

Fisna-domain NACHT domain


https://doi.org/10.1101/022061

Supplementary Figure 3

conservation

Mouse NLRP3
LRRs (4)

consensus

Group 1 -3, D_EL*_I_!E! D I D l_! ! conservation
LRRs 1- 6 " "

(657) consensus
Group 1-3, 4EI_I conservation
C-terminal LRRs

(292) DK consensus

intron



Supplementary Figure 4

1 Iomiigln 3 ey 0w il k. al T om0 Donlilan s a1 ® o1 om0 Bl oo

2a

T10----- 02 -

DLV G

I L N N N TR YEe TPEn Ry ML NN [ IR T A )

— Lo
B0V CRESVCCROYIE 1DWSCo 2L SRR IGYRVDHSAGTL 1Y IYRRDTHSL IHSVQTTFTEP X PR

3b3c |

————— 11200002~

all |




Supplementary Figure 5

o

ay

100

Actinopteryqii
Coelacanthimorpha

Chondrichthyes
Tetrapoda

Cephalochordata

Outgroups: Invertebrates, non-Bilateria

ar

1p@

—
Q
Q

e

o

oD

100

o>

an

95 79

S

84

APAF1

NWD1

NLRB5

NL3C

NL3CL

NLRXT

C2TA

NOD2

NOD1

Bfloridae_gil260826836IreflXP_002608371.1]
Tspiralis_trIESSCN4IE5SCN4_TRISP
Dpulex_trIEQH1Q9IE9H1Q9_DAPPU
Tcastaneum_trID6W8K8ID6W8K8_TRICA
Iscapularis_trIB7PB18IB7PB18_IXOSC
Spurpuratus_SPU_025776tr
Bfloridae_trlIC3YZV6IC3YZV6_BRAFL
Tadhaerens_TriadP32738
Hmagnipapillata_XP_002165968.1
Nvectensis_irlA7RLM8IA7RLM8_NEMVE
Xtropicalis_trIF7B7S7IF7B7S7_XENTR
Ggallus_trIE1BS49IE1BS49_CHICK
Mmusculus_splO88879IAPAF_MOUSE
Hsapiens_splO14727IAPAF_HUMAN
Lchalumnae_qil556962524IreflXP_005991379.11
Lchalumnae_gil556962521IreflXP_005991378.11
Cmilii_gil632978473IreflIXP_007905933.11
Cmilii_gil632978477IreflXP_007905935.11
Drerio_4_16913659_ENSDARP00000105810_apaf1
Ccarpio_cycg045152
Amexicanus_gil597762128lreflXP_007245039.11
Olatipes_ ENSORLP00000019346
Tnigroviridis_trlQ4SBV4lQ4SBV4_TETNG
Trubripes_ENSTRUP00000033561
Gaculeatus_trIG3Q8K0IG3Q8K0_GASAC
Elucius_gil742171261IreflXP_010885701.1I
Loculatus_gil573890723IreflXP_006633122.11
Loculatus_gil573890721IrefIXP_006633121.1I
Smansoni_triG4VQU21G4VQU2_SCHMA
Iscapularis_trIB7QBU6IB7QBU6_IXOSC
nRc.2.0.1.t115917-RA
Tspiralis_trIE5S2V8IE5S2V8_TRISP
Bfloridae_trIC3ZAD4IC3ZAD4_BRAFL
Bfloridae_gil260799071IrefIXP_002594523.11
Loculatus_gil573904494IrefI XP_006639969.1I
Drerio_11_7288460_ENSDARP00000099546_NWD1
Ccarpio_cycg032321
Amexicanus_gil597757061IreflXP_007240267.11
Tnigroviridis_trlQ4T6J61Q4T6J6_TETNG
Trubripes_ ENSTRUP00000029601
Gaculeatus_trlIGBNFS5IG3NFS5_GASAC
Olatipes_ ENSORLP00000004489
Elucius_gil742102436IreflXP_010869673.1|
Lchalumnae_gil556957907IrefIXP_005989956.1|
Mmusculus_splA6H603INWD1_MOUSE
Hsapiens_splQ149M9INWD1_HUMAN
Cmilii_gil632944206IreflXP_007887372.11
Loculatus_gil573883083IreflXP_006629711.1]
Elucius_gil742173697IreflXP_010886287.1I
Amexicanus_gil597801571IreflXP_007242136.1I
Lchalumnae_gil557021931IreflXP_006011244.11
Cmilii_gil632948271IreflXP_007889499.11
Nvecetensis_trlIA7SG70I1A7SG70_NEMVE
Tadhaerens_TriadP19084
Spurpuratus_SPU_017701tr
Bfloridae_gil260801964IrefIXP_002595864.11
Bfloridae_gil260823723IrefIXP_002606818.1|
Bfloridae_gil260791241IreflXP_002590648.1]
Bfloridae_gil260787597IrefIXP_002588839.1|
Bfloridae_gil260795174IrefIXP_002592581.11
Bfloridae_gil260814662IrefI XP_002602033.11
Bfloridae_gil1584263591gblABW37998.11
Bfloridae_gil260797895IrefIXP_002593936.1!
Bfloridae_gil260802548IreflXP_002596154.1]
Ccarpio_cycg021621
Drerio_2_43739588_ENSDARP00000104483
Drerio_2_43926076_ENSDARP00000107209_nlrb5
Ccarpio_cycg034960

Ccarpio_cycg034955
Elucius_gil742101274lreflXP_010869324.1]
Elucius_gil742101282IreflXP_010869326.11
Ccarpio_cycg001758
Drerio_2_45509755_ENSDARP00000118135
Drerio_2_45535181_ENSDARP00000126513
Ccarpio_cycg025266
Loculatus_gil573874062IrefIXP_006625450.11
Lchalumnae_gil557025565IrefIXP_006012934.1|
Lchalumnae_gil557026753IrefIXP_006013488.1|
Lchalumnae_qil557027283IreflXP_006013732.11
Lchalumnae_gil557016835IrefIXP_006008842.1|
Cmilii_gil632987894IreflIXP_007882810.11
Cmilii_gil632988011IreflXP_007882874.11
Cmilii_gil632990082IreflXP_007883992.11
Cmilii_gil632986727IreflXP_007910397.11
Cmilii_gil632986953IreflXP_007910527.11
Cmilii_gil632983256Irefl XP_007908556.11
Cmilii_gil632987343IreflXP_007910739.11
Cmilii_gil632990551IreflXP_007884218.11
Cmilii_gil632963262IreflXP_007897781.11
Loculatus_gil573907990IreflXP_006641714.11
Amexicanus_gil597806437IreflXP_007243105.11
Elucius_gil742248819IreflXP_010866136.1!
Elucius_gil742248817IreflXP_010866135.1I
Elucius_gil742248815IreflXP_010866134.1|
Loculatus_gil573883332IrefIXP_006629829.11
Amexicanus_gil597783475IreflXP_007255260.1I
Loculatus_gil573906949IreflXP_006641194.11
Loculatus_gil573898770IreflXP_006637117.11
Ccarpio_cycg033260
Drerio_24_38960416_ENSDARP00000102939_NLRC3
Amexicanus_gil597786825IreflXP_007256868.1|
Elucius_gil742177124IreflXP_010887131.1]
Elucius_gil742177138IreflXP_010887134.1]
Gaculeatus_trIG3P353IG3P353_GASAC
Tnigroviridis_trlQ4S4S51Q4S4S5_TETNG
Trubripes_ ENSTRUP00000038883

Olatipes_ ENSORLP00000009469
Lchalumnae_gil556995742IreflXP_006001612.1]
Cmillii_gil632952483IrefIXP_007891876.1I
Mmusculus_splQ5DU56INLRC3_MOUSE
Hsapiens_splQ7RTR2INLRC3_HUMAN
Xtropicalis_trIF6PQZ8IF6PQZ8_XENTR
Ggallus_trIFINLB4IF1NLB4_CHICK
Cmilii_gil632935099IreflXP_007887799.11
Lchalumnae_gil557027188IreflXP_006013690.1]
Lchalumnae_gil556976133IrefIXP_005995572.1|
Loculatus_gil573911298IreflXP_006643367.11
Loculatus_gil573911306IreflXP_006643371.11
Loculatus_gil573910574lreflXP_006643005.1I
Elucius_gil742101365IreflXP_010869354.1|
Elucius_gil742250671IreflXP_010867116.1]
Elucius_gil742247155IreflXP_010865232.1]
Amexicanus_Qil597744509IreflXP_007234306.11
Amexicanus_gil597786396IreflXP_007256661.11
Amexicanus_gil597744290IrefIXP_007234201.1|
Amexicanus_Qil597744252IreflXP_007234182.11
Amexicanus_gil597754567IreflXP_007239089.1|
Ccarpio_cycg041838
Elucius_gil742246763IreflXP_010865014.1]
Cmilii_gil632957193IreflXP_007894341.11
Ggallus_trIE1C894IE1C894_CHICK
Mmusculus_splQ3TL44INLRX1_MOUSE
Hsapiens_splQ86UT6INLRX1_HUMAN
Lchalumnae_gil556952323IreflXP_005988238.1I
Loculatus_gil573909197IrefIXP_006642317.11
Amexicanus_gil597791610IreflXP_007258935.11
Amexicanus_gil597791613lreflXP_007258936.11
Ccarpio_cycg013403
Drerio_15_22821576_ENSDARP00000101928_NLRX1
Gaculeatus_trlGBNMR6IG3NMR6_GASAC
Trubripes_ENSTRUP00000005017
Tigroviridis_trlQ4SV201Q4SV20_TETNG
Olatipes_ENSORLP00000018978
Elucius_gil742082969IreflXP_010870346.1I
Elucius_gil742082973IreflXP_010870358.1I
Cmilii_gil632973322IreflIXP_007903097.11
Lchalumnae_gil557014909IreflXP_006007944.11
Xtropicalis_trIF6QQ18IF6QQ18_XENTR
Mmusculus_splP79621IC2TA_MOUSE
Hsapiens_splP33076IC2TA_HUMAN
Ggallus_trIFINAC7IF1NAC7_CHICK
Loculatus_gil573899223IreflXP_006637343.11
Tnigroviridis_trlQ4S9J01Q4S9J0_TETNG
Amexicanus_gil597763387IreflXP_007245637.1I
Amexicanus_gil597763389IreflXP_007245638.11
Ccarpio_cycg033923
Drerio_3_26096368_ENSDARP00000105957_ciita
Loculatus_gil573907690IreflXP_006641564.11
Elucius_gil742157780IreflXP_010882283.1|
Elucius_gil742157770IreflXP_010882281.1|
Amexicanus_gil597771058IreflXP_007249315.1|
Ccarpio_cycg035070
Drerio_18_17283463_ENSDARP00000126444_NLRC5
Lchalumnae_qil557028152IreflXP_006014120.11
Cmilii_gil632978198IreflXP_007905775.11
Trubripes_ ENSTRUP00000021180
Gaculeatus_trlIGBPWS9IG3PWS9_GASAC
Olatipes_ ENSORLP00000017416
Elucius_gil742205842IreflXP_010894874.11
Amexicanus_gil597761832IreflXP_007244895.11
Drerio_7_38947675_ENSDARP00000124380_NOD2
Ccarpio_cycg019780

Ccarpio_cycg033758
Hsapiens_splQ9HC29INOD2_HUMAN
Mmusculus_splQ8K3Z0INOD2_MOUSE
Lchalumnae_gil556998125IrefIXP_006002351.1|
Lchalumnae_gil556973098IrefIXP_005994631.1|
Cmilii_gil632945289IreflIXP_007887968.11
Cmilii_gil632945079IreflIXP_007887856.11
Lchalumnae_gil556973140IreflXP_005994645.1]
Hsapiens_splQ9Y239INOD1_HUMAN
Mmusculus_splQ8BHBOINOD1_MOUSE
Ggallus_trIE1BR67IE1BR67_CHICK
Xtropicalis_trIF6PKK5IF6PKK5_XENTR
Loculatus_gil573895853IrefI XP_006635669.11
Elucius_gil742162388IreflXP_010883445.1|
Elucius_gil742162396IreflXP_010883447.1|
Gaculeatus_trIGBNKT4IG3NKT4_GASAC
Olatipes_ENSORLP00000004745

Trubripes_ ENSTRUP00000035922
Amexicanus_gil597758703IreflXP_007241051.11
Drerio_16_57289608_ENSDARP00000052748_NOD1
Ccarpio_cycg048590



Table 1: All NLR proteins in the zebrafish genome

Zf identifier

Protein name

1. NLRs with orthologs in mammals

is UniProtKB R4GEV1_DANRE

ENSDARP0O0000052748 nodl
ENSDARP00000124380 nod2
ENSDARP00000102939 nlrc3 / nod3
ENSDARP00000101928 nirx1
ENSDARP0O0000099546 NWD1/NACHTP1
ENSDARP00000105957 CIITA
ENSDARP00000105810 Apafl
2. Other NLRs
ENSDARP00000118135 NLRP6 (4 of 5)
ENSDARP0O0000105086 NLRP6 (1 of 5)
ENSDARP00000107209 NLRP6 (3 of 5)
nirb5
ENSDARP00000126513 NLRP6 (2 of 5)
ENSDARP00000104483 NLRP6 (5 of 5)
ENSDARP00000126444 NLRC5
OTTDARP00000028005 -
ENSDARG00000088041 NLRC3-like

ENSDARG00000087736

3. Fish specific NLR multigene family

Online supplementary material




Table 2: dS calculations for NACHT and B30.2 domains within and between groups and

subgroups

NACHT | 1 2a 3a 3b

1 0.05+0.006 |1.14+0.011 |[1.11£0.010 |0.96+0.011
2a 1.27+0.001 ]0.01+0.000 |1.11+0.001 | 1.26+0.001
3a 1.16+0.001 | 1.11+0.001 | 0.01 £0.000 | 0.09+0.000
3b 1.02+0.004 | 1.31+0.003 |0.09+0.001 | 0.02 % 0.002
B30.2

1 0.035 £0.002 | 0.036 £ 0.004 | 0.039 = 0.004 | 0.466 + 0.006
2a 0.039 £ 0.000 | 0.019 £ 0.000 | 0.025 = 0.000 | 0.467 + 0.000
3a 0.042 £ 0.001 | 0.028 £ 0.001 | 0.026 = 0.001 | 0.471 £ 0.000
3b 0.671 £0.006 | 0.551 £0.005 | 0.600 + 0.005 | 0.217 £ 0.006



