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Abstract
B30.2 domains, also known as PRY/SPRY, are key components of specific subsets of two large families of proteins involved 
in innate immunity: the tripartite motif proteins (TRIMs) and the Nod-like receptors (NLRs). TRIM proteins are important, 
often inducible factors of antiviral innate immunity, targeting multiple steps of viral cycles through a variety of mechanisms. 
NLRs prime and regulate systemic innate defenses, especially against bacteria, and control inflammation. Large TRIM and 
NLR subsets characterized by the presence of a B30.2 domain have been reported from a few fish species including zebrafish 
and seem to be strongly prone to gene duplication/expansion. Here, we performed a large-scale survey of these receptors 
across about 150 fish genomes, focusing on ray-finned fishes. We assessed the number and genomic distribution of domains 
and domain combinations associated with TRIMs, NLRs, and other genes containing B30.2 domains and looked for gene 
expansion patterns across fish groups. We then used a model to test the impact of taxonomy, genome size, and environmental 
variables on the copy numbers of these genes. Our findings reveal novel domain structures, clade-specific gains and losses. 
They also assist with the timing of the gene expansions, reveal patterns associated with the MHC, and lay the groundwork 
for further studies delving deeper into the forces that drive the copy number variation of immune genes on a species level.
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Introduction

Domains frequently used in proteins of eukaryotic immune 
systems include the immunoglobulin domains, leucine-rich 
repeats, and DEATH-type interaction domains (CARD, 
PYD, etc.) (Buckley and Rast 2015). The B30.2 domain (also 
known as PRY/SPRY) (Henry et al. 1997) is another exam-
ple, although perhaps less well known. Notable immune pro-
tein families associated with B30.2 domains in vertebrates 
include the tripartite motif proteins (TRIMs) (Nisole et al. 
2005), NACHT and leucine-rich repeat-containing recep-
tors (NLRs, also known as NOD-like receptors) (Laing et al. 
2008; Stein et al. 2007), and butyrophilins (Afrache et al. 

2012; Salim et al. 2017). B30.2 domains are also found 
in the venom of stonefish and snakes (Henry et al. 1997) 
and as single-domain proteins in many genomes. Another 
immune protein containing a B30.2 domain is the human 
pyrin (MEFV), which has a [PYD-BBox-B30.2] structure 
(Chae et al. 2000).

Structurally, the B30.2 domain is a β-barrel like the  
immunoglobulin domain. It forms a β-sandwich of two  
antiparallel β-sheets, made up of the PRY and SPRY subdomains  
(the latter of which can also be found independently in certain 
types of proteins) and connected by loops that create ligand-
binding regions at the top of the domain (Biris et al. 2012; 
D’Cruz et al. 2013; Kelley et al. 2005; Munoz Sosa et al. 2021). 
These loops constitute hypervariable regions and define the 
specificity of the interactions with other proteins, thus specifying 
variations of the function of B30.2-containing receptors. The 
variability of the ligand-binding domain has been exploited for 
pathogen binding and immune functions of B30.2-containing  
proteins, as indicated by the evolution of loop sequences  
under strong diversifying selection in antiviral TRIMs such as 
primate TRIM5a (Newman et al. 2006; Sawyer et al. 2005) or 
zebrafish finTRIMs (van der Aa et al. 2009). Strikingly, subsets 
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of B30.2 domain-containing proteins are prone to repeated  
large expansions during evolution, a feature well-documented  
in, but not necessarily restricted to, teleost fish TRIMs and NLRs 
(Boudinot et al. 2011; Laing et al. 2008; Stein et al. 2007).

TRIM proteins are defined by the association of a 
C3HC4-type zinc finger (RING finger, short for Really 
Interesting New Gene) with one or two B-Box zinc fingers 
and coiled coil motifs, leading to their alternative abbre-
viation RBCC (RING-Bbox-Coiled Coil). They generally 
contain additional domain(s) at the C-terminus, which 
define the TRIM classes (Fig. 1A) (Short and Cox 2006). 
A C-terminal B30.2 domain is present in two classes of 
TRIM proteins: class I TRIMs in which it is associated with 
a fibronectin domain (RBBCC-Fn3-B30.2), and class IV 
TRIMs where the B30.2 domain is connected to the coiled 
coil motif (RBBCC-B30.2) (Fig. 1A). Both class I and class 
IV include important antiviral factors. The prototype mem-
ber of class I is TRIM1; the mouse TRIM1 has antiretro-
viral activity against murine leukemia virus and activates 
NF-κB and AP-1 signaling (Uchil et al. 2013). Several class 
IV TRIMs play important roles in antiviral defense, and 
they can employ several different mechanisms to do so. For 

example, TRIM5a is a restriction factor of HIV1 in monkey 
cells, while TRIM25 is required for RIG-I sensing of viral 
RNA and TRIM27 and TRIM21 control the IRF3/IRF7 axis 
(reviewed in Ozato et al. (2008)).

Class I TRIM genes usually have only one or a few copies 
per genome, are highly conserved across vertebrates, and are 
present in basal metazoans such as placozoans and cnidar-
ians (Suurvali et al. 2014). In contrast, the repertoire of class 
IV TRIM genes shows large variations within vertebrates 
with frequent loss, duplication, and degeneration (Sardiello 
et al. 2008). Expansions of specific TRIM genes have been 
reported across vertebrates, such as the expansion of trim64 
in bovine species and large expansions of several class IV 
TRIMs in zebrafish, involving finTRIMs (ftr), bloodthirsty-
like TRIMs (btr), and trim35 (Boudinot et al. 2011). While 
these three subsets are also expanded, to variable extents, in 
other teleost species (such as pufferfish, rainbow trout, and 
medaka), other independent expansions of class IV TRIM 
genes have been identified in the coelacanth, a species much 
more closely related to terrestrial vertebrates (Boudinot et al. 
2011, 2014). Furthermore, hypervariable loops at the top of 
the B30.2 domain of ftr, btr, and trim35 expansions showed 
signatures of positive selection, suggesting that they have 
evolved to bind variable ligands (Boudinot et al. 2014; van 
der Aa et al. 2009). finTRIMs are induced by viral infection 
and type I IFN in rainbow trout and zebrafish (Aa et al. 2012; 
van der Aa et al. 2009), implicating their likely involvement 
in antiviral immunity similar to many mammalian class IV 
genes. Furthermore, a strong antiviral activity through type 
I IFN induction has been demonstrated for the zebrafish fin-
TRIM (Langevin et al. 2017) and for other class IV fish 
TRIMs (Wang et al. 2017). Other members of this class have 
regulatory activities, such as FTRCA1 in crucian carp (Wu 
et al. 2019a).

Altogether, these examples illustrate the fast dynamics 
of the evolution of TRIM-B30.2 genes. Interestingly, there 
appears to be more than one mechanism involved in the 
TRIM gene expansions of fish: medaka ftr genes contain 
no introns, suggestive of the involvement of retrotransposon 
activity. On the other hand, in zebrafish and pufferfish, mem-
bers of the ftr, btr, and trim35 subsets tend to have a clear, 
conserved exon–intron structure (Boudinot et al. 2014). 
Overall, these observations suggest that genes encoding 
class IV TRIMs are highly prone to expansions. However, 
their diversity has been mainly characterized in zebrafish 
and a few other fish species, and the evolution of the reper-
toire across teleosts is poorly documented.

The other family of proteins that are often associated 
with B30.2 in fish is known as the NLRs. They are struc-
turally very similar to the resistance genes of plants, pro-
teins that are associated with both frequent expansions and 
segregating haplotypes with variable copy numbers (Jones 
et al. 2016; Van de Weyer et al. 2019). Similarly, in fish 
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Fig. 1  Typical domain structures of TRIMs and NLRs in vertebrates. 
A All TRIMs share the structure of RING-BBox-CC, but class I and 
class IV TRIMs are the only ones with a C-terminal B30.2. In class I 
TRIMs, a fibronectin (fn3) domain is also present. B All NLRs share 
the central structure of NACHT-LRRs, but only NLR-C genes have 
the FISNA extension for NACHT and can have a C-terminal B30.2. 
Asterisks mark NLR-C domain structures not present in zebrafish, 
including the novel CARD-NLR-C-(B30.2) genes and the NLRs with 
an N-terminal C3HC4/RING. Domains that can optionally be either 
present or absent in different members of the family are surrounded 
with brackets
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and different invertebrates (sea urchin, amphioxus, sponges, 
etc.), there are notable expansions of NLR proteins (Huang 
et al. 2008; Yuen et al. 2014). The most conserved vertebrate 
NLRs carry out essential functions for the immune response 
and include NOD1 and NOD2 (cytoplasmic receptors for 
intracellular pathogens), NLRC5 and CIITA (transcription 
factors for Class I and II MHC, respectively), and most of 
the central genes for inflammasome assembly and regulation 
(NLRC3, NLRC4, NLRP if genes present in the genome) 
(Kim et al. 2016). In fish, some individual NLRs have been 
associated with inflammasome activity and pyroptosis as 
well (Chen et al. 2020; Kuri et al. 2017; Li et al. 2020b; 
Morimoto et al. 2021; Yang et al. 2018; Zhang et al. 2020).

At the core of nearly all vertebrate NLRs is the NACHT 
domain (Fig. 1B), which is a P-loop NTPase that is rarely 
found anywhere else (one exception is the telomerase  
component TEP1). The two key elements of NACHT are 
short protein motifs known as Walker A and Walker B,  
the former of which is so conserved that in some species 
(e.g., zebrafish) it contains enough phylogenetic signal 
to accurately distinguish between NLR subtypes (Howe 
et al. 2016). A typical Walker A motif of a fish NLR has 
the sequence G.AG.GK[TS]. The NACHT domain is often 
encoded as part of a large 1.8-kb exon that also codes for 
helical structures in the protein. This is then followed by a 
group of much smaller exons encoding leucine-rich repeats, 
resulting in the characteristic NACHT-LRR structure 
(Fig. 1B). Additional domains can be present in both C-  
and N-termini, most frequently DEATH-type protein  
interaction domains (more specifically, CARD and PYD), 
small accessory domains such as FISNA or FIIND (Fig. 1B), 
or short repeat sequences (Howe et al. 2016). It is generally  
thought that NLRs use their C-terminal domains for ligand 
binding and pathogen recognition, NACHT domain for  
oligomerization, and N-terminal domains for protein  
interactions and effector functions (Proell et al. 2008). Most 
mammalian NLRs are classified into NLRC (or NLR-A) and 
NLRP (or NLR-B) genes, depending on whether they are 
attached to an N-terminal CARD or PYD (Laing et al. 2008) 
(Fig. 1B).

Similar to TRIMs, early studies found a massive  
expansion of NLRs associated with B30.2 from the 
genome of zebrafish (> 400 copies, all of which also  
contain an N-terminal FISNA domain) (Howe et al. 2016; 
Laing et al. 2008; Stein et al. 2007). Based on sequence 
and structural similarities, this class of NLRs is also 
known as the NLR-C genes (Laing et al. 2008). However, 
not all NLR-C genes contain a C-terminal B30.2, as it 
is restricted to specific subsets and even then not always 
present (Adrian-Kalchhauser et  al. 2020; Howe et  al. 
2016). In the N-terminus of NLR-C genes, additional 
effector domains can optionally be either present or not 
(Fig. 1B), although this also appears to be affected by the 

exact subset that the NLR belongs to (Howe et al. 2016). 
The exact role of B30.2 in NLR-C is unclear; however, it 
has been suggested that it is under positive selection and 
involved in pathogen recognition (Howe et al. 2016). In 
the Japanese flounder (Paralichthys olivaceus), an NLR-
B30.2 with no other clear additional domains is a positive  
regulator of ATP-induced proinflammatory cytokine 
expression, suggestive of being involved in inflammasome  
activity even without possessing a clear N-terminal  
effector domain (Li et al. 2016b).

The expansion of NLR-C genes is thought to initially 
originate from the common ancestor of Clupeocephala, a 
superclass containing nearly all teleost species other than 
eels, tarpons, and bonytongues, but has probably been 
ongoing since. Later studies have led to estimates of NLR 
copy numbers in the genomes of additional species of fish, 
including round goby (353 genes), threespine stickleback 
(320 genes), Atlantic cod (178 genes), rainbow trout 
(157 genes), common carp (153 genes), channel catfish 
(estimates ranging from the initial 22 to more recent 160 
genes), miiuyi croaker (48 genes), large yellow croaker 
(43 genes), fugu (estimates ranging from the initial 16 to 
more recent 76 genes), spotted gar (32 genes), turbot (29 
genes), and tongue sole (29 genes) (Adrian-Kalchhauser 
et al. 2020; Ao et al. 2015; Biswas et al. 2016; Chen et al. 
2021; Howe et al. 2016; Li et al. 2016a; Marancik et al. 
2014; Rajendran et al. 2012; Schiffer et al. 2016; Torresen 
et al. 2018; Zhang et al. 2021). Additionally, some tran-
scriptomic studies have provided the number of identified 
unigenes associated with NOD-like receptor signaling, for 
example 385 in the Siamese fighting fish (Amparyup et al. 
2020) and 119 in Dabry’s sturgeon (Chen et al. 2019). 
However, there is only one systemic survey of NLRs 
across fish genomes, and it included cod, haddock, and all 
of the 10 species with genomes available via Ensembl at 
the time (Torresen et al. 2018).

In this study, we made a large-scale survey of the reper-
toires of these receptors across fish species, using publicly 
available high-quality long-read-based full fish genomes, 
including those sequenced in the frame of the Vertebrate 
Genomes Project (Rhie et al. 2021; https:// verte brate genom 
espro ject. org/). While a few species of Agnatha (jawless 
fishes) and Chondrichthyes (cartilaginous fishes) were 
included, we mainly focused on ray-finned fishes. We set up 
an approach to assess the number and genomic distribution of 
domains and domain combinations associated with TRIMs, 
NLRs, and other genes containing B30.2 domains indepen-
dently of whether a full genome annotation is available or 
not, and used it to look for gene expansion patterns across 
taxonomic fish subsets. Finally, we created a model to test the 
impact of taxonomy, genome size, and environmental varia-
bles (geographic coordinates, and habitat in either freshwater 
or marine environments) on the copy numbers of these genes.
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Materials and methods

Description of the dataset

We downloaded a total of 153 genome assemblies from 
NCBI Assembly, each selected from a different genus. 
For most genera, we selected either a reference genome 
or the latest available assembly, preferentially sequenced 
with long reads (PacBio or Oxford Nanopore), and with 
a contig N50 of at least 100 kb. For genomes with both 
RefSeq and GenBank versions available, we used the Ref-
Seq assembly. The full list of all selected species with 
assembly accessions and references, genome parameters, 
and any additional data we collected is available in Sup-
plementary Table 1. In the final dataset, there were only 
6 assemblies with N50 < 100 kb (inshore hagfish, Pacific 
lamprey, coelacanth, spotted gar, turquoise killifish, and 
the tiny cyprinid Paedocypris), which were kept for their 
particular taxonomic position, and 102 of the 153 genome 
assemblies are chromosome-level. Of these 153 genomes, 
145 are from species considered to be fish, i.e., defined 
here as non-tetrapod vertebrates. They belong to Agna-
tha (jawless fish), Chondrichthyes (cartilaginous fishes), 
Actinopterygii (ray-finned fishes, including teleosts), and 
Sarcopterygii (lobe-finned fishes, excluding tetrapods).

Spatial data describing the ranges of all fish species in 
the study were obtained from FishBase (Froese and Pauly 
2021) and the database of the International Union for the 
Conservation of Nature’s (IUCN) Red List of Threatened 
species (IUCN 2021). These databases contain spatial data 
on different (partially overlapping) subsets of the selected 
species. The two datasets were merged, and each species was 
associated with the central point of each range, determined 
from the minimum and maximum values available for longi-
tude and latitude, which was then visualized by using the R 
packages ggplot2 v3.3.5, rnaturalearth v0.1.0, and sf v1.0–2 
(Pebesma 2018; South 2017; Wickham 2016) (Fig. 2). One 
caveat of this approach is that species with a circumboreal, 
circum-Antarctic, or circum-global distribution all end up 
with the central point at a longitude of 0. For the handful 
of species with no spatial data available from either data-
base, we obtained the min/max range values from the Global 
Biodiversity Information Facility (www. gbif. org), by limit-
ing their available datapoints to countries that the species is 
known to naturally occur in.

For three of the genome assemblies, the exact species 
was not available; in those cases, we used spatial data from 
species of the same genus inhabiting the same geographic 
range instead:

Genome: Coregonus sp. “Balchen” – Data: Coregonus 
alpinus.

Fig. 2  Central points for the geographic ranges of each species of fish 
in the study. Each black dot represents one species. Note that the dots 
do not show sampling sites of sequenced individuals. Instead, they 
indicate that the area from which other fish of that species could be 
sampled from is centered on that point. In our dataset, almost all dots 

mapped to the vertical black line in the center where longitude = 0 
correspond to species with a circum-global/-polar/-Antarctic range, 
with one exception: the common dragonet who inhabits the Atlantic 
basin at longitudes ranging from –32 to + 32

132 Immunogenetics (2022) 74:129–147

http://www.gbif.org


1 3

Genome: Paedocypris sp. Pulau Singkep – Data: Paedo-
cypris progenetica.

Genome: Pseudoliparis sp. Yap Trench– Data: Pseudoli-
paris amblystomopsis.

Data on the preferred habitat (freshwater/marine) and 
the maximum length of the species were primarily obtained 
from FishBase (Froese and Pauly 2021). All species that 
can be found in both marine and freshwater environments, 
including migratory fish, were associated with both catego-
ries. Among the 145 fish species of the dataset, 62 and 57 
were associated with either only freshwater or only marine 
environments, respectively. Twenty-six species were associ-
ated with both.

A phylogenetic tree of all selected species was obtained 
from the NCBI by using the R package taxize (version 0.9.99 
(Chamberlain and Szocs 2013)).

Assessing gene copy numbers

Rather than look for gene copies from annotated proteomes, 
we chose to analyze genome sequences directly to stand-
ardize our approach. This also allowed us to analyze the 
many recently sequenced genomes for which the protein 
annotation does not exist yet. As a first step, transeq from 
the EMBOSS suite of bioinformatic tools (Rice et al. 2000) 
was used to translate the downloaded 153 genomes in all 
six reading frames (3 on the forward strand, 3 on the reverse 
strand), replacing stop codons with the character “X”. 
For the genomes of human and zebrafish, contigs labeled 
as alternative haplotypes (e.g., “ALT_CONTIG”) were 
removed.

We thus used hmmsearch from HMMER3 v3.1 (Finn 
et al. 2010) on the translated genomes to retrieve the posi-
tion of most domains that can be associated with TRIMs or 
NLRs. We did not search for leucine-rich repeats, as they 
are numerous in the genome, difficult to detect, and usually 
follow all vertebrate NACHT domains. Most of the hidden 
Markov models for protein domains were obtained from 
the Pfam-A database; however, we used only the selected 
domains and not the entire database for our searches. In 
addition, we included the “zf_B30.2” and “zf_FISNACHT” 
models that had been previously generated from zebrafish 
FISNA-NACHT and B30.2 sequences (Adrian-Kalchhauser 
et al. 2020). We disabled the composition bias filter and cor-
rections of hmmsearch to reduce the chances of missing the 
zinc finger domains in TRIMs.

The final list of domain models used is as follows: 
zf_B30.2 (no PFAM id), zf_FISNACHT (no PFAM 
id), APAF1_C (PF17908.2), NACHT (PF05729.13), 
NB-ARC (PF00931.23), NLRC4_HD (PF17889.2), 
NLRC4_HD2 (PF17776.2), NOD2_WH (PF17779.2), 
Peptidase_C14 (PF00656.23), PRY (PF13765.7), SPRY 
(PF00622.29), PYRIN (PF02758.17), CARD (PF00619.22), 

CARD_2 (PF16739.6), zf-B_box (PF00643.25), zf-
C3HC4 (PF00097.26), zf-C3HC4_2 (PF13923.7), zf-
C3HC4_3 (PF13920.7), zf-C3HC4_4 (PF15227.7), zf-
C3HC4_5 (PF17121.6), zf-RING_UBOX (PF13445.7), 
fn3 (PF00041.22), FISNA (PF14484.7), and FIIND 
(PF13553.7).

One of the main output files of hmmsearch was a table 
collecting domain hits, their associated e-values, and their 
coordinates in input sequences. We filtered this table with 
custom bash scripts by setting an e-value threshold of 1e − 5 
and a minimum match length of 30 amino acids, which is 
shorter than any of the domains we were looking for. We 
also removed all matches from domains shorter than 100 
amino acids for which the match was shorter than 90% of the 
model length and for which hmmsearch had reported a score 
value of “inf.” We then converted the position in translated 
sequence back to genomic coordinates (for forward read-
ing frames) or to reverse genomic coordinates (for reading 
frames on the opposite strand, starting from the last base pair 
of the chromosome as position “1”).

The number of domains to analyze was then reduced 
by removing all cases of zf_FISNACHT, NLRC4_HD, 
NLRC4_HD2, NOD2_WH, Peptidase_C14, APAF1_C, and 
NB-ARC, as an initial analysis suggested that the NACHT 
domain from Pfam-A alone was indeed sufficient to detect 
the presence of the NLRs. At this point, the filters had pro-
duced lists of the following domain categories:

1. NACHT
2. B30.2 (actually, combining all matches from the models 

of PRY, SPRY, and zf_B30.2)
3. FISNA
4. FIIND
5. B-Box
6. C3HC4 (matches from the models of RING_UBOX and 

the C3HC4 subtypes)
7. fn3 (fibronectin 3)
8. CARD (matches from the models of CARD and 

CARD_2)
9. PYD (PYRIN)

We noticed many cases in which the data had partial 
domains of the same category right next to each other on 
the same strand, a pattern likely caused by a mixture of pseu-
dogenization and sequencing errors introducing frameshifts. 
Because we were not able to distinguish sequencing errors 
from actual frameshifts based on genome sequence alone, 
we used bedtools merge to join all such cases of adjacent 
same-type-domain predictions, if separated by 30 base pairs 
or less.

In the final step, we used a custom R script and the R 
package data.table v1.12.8 (Dowle and Srinivasan 2019) 
to identify all cases in which the domains of interest were 
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positioned in an order consistent with TRIMs or NLRs, 
while being separated from each other by a distance of no 
more than 100 kb. An exception to this rule is the distance 
between FISNA and NACHT domains—we limited it to 
1 kb or less, because these two domains are always in the 
same exon, and a FISNA without NACHT is not an NLR. 
From the per-contig domain counts, we also calculated (for 
each fish species) and plotted a measure of clustering: the 
minimum number of contigs containing at least 25% of the 
domains.

Modeling strategy

TRIMs and NLRs have key functions in the immune 
responses, and as such likely evolve under strong selec-
tive pressures elicited by a combination of pathogens and 
environmental parameters. However, copy numbers could 
also be driven by much more general mechanisms, e.g., the 
fluctuations in the size of the genome itself. In addition, 
simple correlations between two observable variables are 
probably not sufficient to explain the data since the phyloge-
netic context needs to be considered as well. Copy number 
variation will also be well predicted by shared evolutionary 
histories among species. We therefore chose to model the 
process of NLR and TRIM gene copy number variation with 
a linear mixed model approach that had the phylogenetic 
context included as a background effect. This allowed us 
to test the explanatory power of different variables acces-
sible to us (maximum fish length, genome size, geographic 
coordinates, preferred habitat) while controlling for shared 
ancestry among species in our model by fitting a phylogeny.

In order to retain only the highest quality information 
for the modeling, all assemblies without full chromosomes 
were excluded from further analyses. Furthermore, we also 
removed all assemblies that had not involved long-read 
sequencing (Pacific BioSciences or Oxford NanoPore). 
Short-read-based assemblies often struggle with repeti-
tive sequence, and gene families with hundreds of closely 
related paralogs can be considered repetitive elements in 
the genome.

All modeling was done with the tool gls (generalized 
least squares) from the R package nlme (Pinheiro et al. 
2021). For phylogenetic background, we used the NCBI 
taxonomy obtained in the previous step as input and 
told the tool to estimate the effect of the tree on the data 
(Pagel’s lambda/λ) before using it for a final model. λ is 
a parameter that varies from 0 to 1; in our case, 0 equals 
the tree having no effect on the data and 1 equals a strong 
effect of taxonomy that assumes a Brownian model of 
trait evolution. Different lambda values result in different 
model likelihoods and different estimates for the effect 
of predictor variables; the final λ is the one producing 

maximum likelihood for the model. Plots showing model 
likelihoods obtained with different λ values are presented 
in Supplementary Data 1.

For a few domain types, automatic λ estimation was 
not successful and produced errors or values falling out-
side the 0.0.1 range. These included the counts for B-Box 
domains and PYD-NLRs. In both cases, the λ value for 
final modeling was then selected by calculating model 
likelihoods for 1000 lambda values ranging from 0 to 1, 
then choosing the lambda values associated with maxi-
mum values and checking their sensibility from the plots 
mentioned above.

We were primarily interested in TRIM and NLR fami-
lies as a whole (and we had the copy numbers for them), 
but in the previous step, we had also obtained the copy 
numbers for various different subsets of TRIMs and NLRs. 
We decided to model the drivers of copy number variation 
for all of them, with the reasoning that a truly robust effect 
should be present not only in the entire set of TRIMs/
NLRs, but in the various subsets as well, providing us with 
an additional line of evidence similar to how biological 
replicates do.

We calculated the likelihoods of models including differ-
ent combinations of distance from the equator (in degrees; 
the absolute value of latitude), longitude, maximum fish 
length, genome size, and habitat. The habitat information 
was encoded on a scale from − 1 to 1, with − 1 corresponding 
to freshwater and + 1 to marine fish. Stickleback, salmon, 
and other migratory/highly adaptable species that can be 
found in both were assigned an intermediate value of 0.

We tested different combinations of predictors on TRIM-
B30.2 and NACHT-B30.2 copy numbers and found that not 
including the phylogeny lowers all model likelihoods greatly. 
The highest log likelihoods were produced by the following 
three models (showing the domain on the left and predictors 
on the right, with phylogenetic correction included into all 
three).

Genome_size + equator distance + longitude + habi-
tat: − 114.4366 for NLR-B30.2, − 115.097 for TRIM-B30.2

Genome size + equator distance + habitat: − 114.4392 for 
NLR-B30.2, − 115.1087 for TRIM-B30.2

Genome size + longitude + habitat: − 114.4369 for NLR-
B30.2, − 118.7815 for TRIM-B30.2

Anova test showed the first two options to be equivalent 
for TRIM-B30.2 and NACHT-B30.2, so we chose the one 
requiring less parameters (genome size + distance from the 
equator + habitat) and then applied the model to all domain 
combinations observed.

After running the models, an effect of the predictor on 
copy numbers was considered significant if the 95% confi-
dence threshold of the parameter estimate did not overlap 
the value 0 (no effect), corresponding to a p value of 0.05 as 
reported by gls in model summaries.
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Data visualization

Figure 1 was created with Adobe Illustrator. Unless stated 
otherwise, all our data was plotted with the R package 
ggplot2 (Wickham 2016). The figures were finalized with 
Adobe Illustrator.

Results and discussion

A method to assess the number of genes belonging 
to TRIM and NLR families and their subclasses

Targeted analyses of multigene families in the genome of 
a given species typically involve the mining of existing 
annotations, complemented by blast analysis using related 
sequences, visual inspection of alignments, and domain 
searches with tools such as HMMER3 and InterProScan 
(Buckley and Rast 2011). This is further complicated by 
complex exon–intron structure, leading to the genes span-
ning tens or even hundreds of kilobases. An important caveat 
of this approach is that it largely relies on the accuracy of 
the annotation; also, visual inspection is not possible for 
large numbers of species. Alternatively, one could work 
with transcriptomic data, preferably based on long reads and 
from multiple tissues/experiments, and hope that all genes 
of interest are expressed in it. However, for many newly 
sequenced species, only the genome sequence is available, 
requiring us to seek out alternative approaches.

Another complication is that for very large gene fami-
lies, many of the duplicated genes can be recent duplicates, 
possibly even younger than the species itself. Such genes 
have nearly 100% identity to each other within the coding 
sequence (Howe et al. 2016), and without involving ultra-
long sequencing (i.e., with the technologies spearheaded by 
Pacific Biosciences and Oxford Nanopore), their copy num-
bers are very likely to be underestimated due to assemblers 
collapsing the repeats to single genes. This becomes even 
more relevant for transcriptomic data, as introns acquire 
new mutations faster than the exons, making it easier to dis-
tinguish between the recent gene copies. On the transcrip-
tome level, two or more genes with near-identical coding 
sequences would be often interpreted as a single gene with 
a higher expression.

Analysis of the two large B30.2-associated immune 
receptor families in fish—NLRs and TRIMs—suffers from 
all of the complications above. While most of our knowledge 
about those gene families comes from just a few species  
(mostly zebrafish), they have both clearly had lineage- 
specific expansions, are associated with a very high degree 
of sequence similarity between paralogs, and have a complex 
exon–intron structure. It is possible to focus on species for 
which a genome assembly based on long-read sequencing 

is available, but many of those recent assemblies are not 
associated with any data beyond the genome sequence itself.

To compare TRIM and NLR repertoires across a large 
number of species based on available genome sequences 
alone, we therefore developed a method based on in silico 
translation and analysis of entire genome scaffolds and chro-
mosomes, followed by domain searches with hmmsearch. 
A phylogenetic tree (taxonomy) of all analyzed species is 
presented in Fig. 3.

By defining a gene candidate as a stretch of sequence 
containing canonical combinations of TRIM- and NLR- 
associated domains in a defined order, we were able to  
assess both the total numbers and clustering of these gene 
families without having to rely on pre-existing protein 
annotations. Downstream filtering of the predicted domains 
improved our results further. To count the total number of 
NLRs, we followed previous studies which have shown that 
simply counting the number of NACHT domains is already 
sufficient to get a good estimate (Adrian-Kalchhauser 
et al. 2020; Torresen et al. 2018). When tested in human, 
this approach identified all 22 well-known NLR genes in 
human, but also the related highly conserved genes NWD1 
and NWD2 (consisting of NACHT and WD repeats), as well 
as NLRP2B and two pseudogenes of NAIP.

However, the short zinc finger motifs that form the core 
of TRIM proteins (B-Box and RING) can also be found 
elsewhere in the genome and are not always detected by 
all domain annotation tools. Our TRIM counts were thus 
obtained by counting domain combination occurrences, 
rather than individual domains. Our estimates for TRIM 
copy numbers without B30.2 are based on the number of 
occurrences of C3HC4 (RING finger) followed by B-Box 
without a B30.2. The estimates for TRIM numbers with 
B30.2 are based on at least one of these two zinc finger 
domains having been detected as preceding a B30.2 domain, 
with no NLR-related domains between them. We consid-
ered the sum of these counts (C3HC4-BBox, C3HC4-
B30.2, BBox-B30.2) to be a good estimate of the total 
number of TRIMs in the genome. Nevertheless, we also 
counted the total number of B-Box domains per genome, 
and the summary value of this and the number of RING 
fingers followed by a B30.2 (without NLR-related domains 
in between). These values are presented in Supplementary 
Table 1 (columns “B-Box” and “TRIM_OR_B-Box”), along 
with counts for some other domain combinations such as 
FISNA-NACHT.

While our approach could be applied to any gene family, 
it does come with some limitations. First, we do not really 
annotate genes and their exons and instead only find the 
positions of specific domains in them. This allows us to esti-
mate copy numbers and to use the coordinates to retrieve the 
sequence of these specific domains, but is not an actual full 
gene annotation. Second, our approach does not distinguish 
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Betta splendens
Anabas testudineus

Channa argus
Mastacembelus armatus

Siniperca chuatsi
Micropterus salmoides

Macquaria ambigua

Collichthys lucidus
Argyrosomus japonicus

Larimichthys crocea
Nibea albiflora
Dicentrarchus labrax
Chelmon rostratus

Labrus bergylta
Cheilinus undulatus

Notolabrus celidotus
Symphodus melops

Lophius piscatorius
Antennarius maculatus

Pseudoliparis amblystomopsis
Cyclopterus lumpus

Pungitius pungitius
Gasterosteus aculeatus

Ophiodon elongatus
Cebidichthys violaceus

Cottoperca gobio
Gymnodraco acuticeps

Pseudochaenichthys georgianus
Harpagifer antarcticus

Trematomus bernacchii
Dissostichus mawsoni

Percina caprodes
Perca fluviatilis

Sander lucioperca
Sebastes umbrosus

Epinephelus fuscoguttatus
Cromileptes altivelis

Plectropomus leopardus

Sparus aurata
Acanthopagrus latus

Takifugu rubripes
Thamnaconus septentrionalis

Hirundichthys speculiger
Xenentodon cancila

Oryzias latipes
Neostethus bicornis

Cyprinodon tularosa
Anableps anableps

Fundulus heteroclitus

Poeciliopsis retropinna
Poecilia reticulata

Xiphophorus hellerii
Nothobranchius furzeri

Gouania willdenowi
Salarias fasciatus

Maylandia zebra
Astatotilapia calliptera

Oreochromis niloticus
Simochromis diagramma

Archocentrus centrarchus
Amphilophus citrinellus

Amphiprion percula
Parambassis ranga

Thalassophryne amazonica

Xiphias gladius
Istiophorus platypterus

Trachinotus ovatus
Seriola quinqueradiata

Trachurus trachurus
Echeneis naucrates

Polydactylus sextarius
Lates calcarifer

Toxotes jaculatrix

Reinhardtius hippoglossoides
Hippoglossus hippoglossus

Verasper variegatus
Scophthalmus maximus
Psettodes erumei

Taeniopygia guttata
Gallus gallus

Chelonia mydas
Zootoca vivipara

Mus musculus
Homo sapiens

Xenopus laevis
Latimeria chalumnae

Pygocentrus nattereri
Colossoma macropomum

Astyanax mexicanus
Electrophorus electricus

Ictalurus punctatus
Ameiurus melas

Pangasianodon hypophthalmus
Silurus meridionalis
Bagarius yarrelli

Cyprinus carpio
Carassius auratus

Sinocyclocheilus anophthalmus
Labeo catla
Onychostoma macrolepis
Oxygymnocypris stewartii
Puntigrus tetrazona

Danionella dracula
Danio rerio

Paracanthobrama guichenoti
Gobiocypris rarus

Pimephales promelas
Paedocypris progenetica

Megalobrama amblycephala
Culter alburnus

Triplophysa dalaica
Chanos chanos

Tenualosa ilisha
Alosa sapidissima

Clupea harengus
Coilia nasus
Denticeps clupeoides

Mugilogobius chulae
Chaenogobius annularis

Neogobius melanostomus
Periophthalmus magnuspinnatus
Bostrychus sinensis
Sphaeramia orbicularis
Thunnus orientalis

Syngnathus acus
Hippocampus abdominalis

Callionymus lyra
Myripristis murdjan
Gadus morhua

Salmo salar
Oncorhynchus mykiss

Salvelinus namaycush
Coregonus alpinus
Esox lucius

Protosalanx chinensis
Mallotus villosus

Scleropages formosus
Heterotis niloticus

Megalops cyprinoides
Anguilla anguilla

Lepisosteus oculatus
Acipenser ruthenus

Polypterus senegalus
Erpetoichthys calabaricus

Pristis pectinata
Amblyraja radiata
Rhincodon typus
Scyliorhinus canicula

Lethenteron reissneri
Entosphenus tridentatus

Petromyzon marinus
Eptatretus burgeri
Branchiostoma japonicum

--- Continued on the right ---

--- Continued from the left ---
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between pseudogenes and functional genes, as evidenced by 
us finding the human NAIP pseudogenes. However, we took 
measures to not accidentally count pseudogenes more than 
once: we included an extra step in the analysis pipeline to 
merge adjacent partial gene models, usually originating from 
a frameshift that resulted in two different reading frames 
having a partial match for the domain. As the outcome of our 
approach was close to the known numbers for the repertoires 
of TRIMs and NLRs in humans, zebrafish, and other species 
(e.g., TRIM counts in fugu), we conclude that our results 
represent good approximations from which we can assess 
and compare gene repertoires across many fish genomes.

Striking variation of TRIM and NLR gene numbers 
across fish orders

As a result of the domain search strategy discussed above, 
we were able to determine copy number estimates for all 
the different domain combinations that we had associated 
with NLRs and/or TRIMs. The results were visualized as 
heatmaps (Table 1), from which we note that class I TRIMs 
(“TRIM-fn3”) and NLRs with a C-terminal CARD domain 
(similar to human NLRP1) usually have very low numbers or 
are not found at all. These domains are known to have only 
a few copies in most vertebrate genomes. We do not know 
whether the number “0” means that the domain/domain 
combination was not detected or that it was not present in 
genome, but it is clear that most species have only a few 
copies at most.

Lineage‑specific expansions of class I TRIMs

While most species have very low numbers for class I 
TRIMS, there seem to have been several independent expan-
sions (Table 1). Salmonids and related species (e.g., salmon, 
trout, whitefish, and pike) all share an increased copy num-
ber of detectable TRIM gene attached to a fibronectin 
domain (6–15 paralogs per genome). The other group of 
fish exhibiting a similar pattern is Clupeiformes (herring and 
related species, 4–15 copies per genome). Our outgroup/con-
trol species Branchiostoma japonicum (Japanese amphioxus) 
has 6 copies as well. The highest numbers (21 copies) are 

found in the genome of the marine smelt capelin (Mallotus 
villosus), an important forage fish in the northern Atlantic 
ecosystem (Table 1).

Ancient origin of class IV TRIMs

The categories of “TRIM” and “TRIM-B30.2” have consist-
ently close numbers (Table 1), indicating that the majority of 
TRIMs in nearly all analyzed species contain a C-terminal 
B30.2 domain. The only exception is the amphioxus, in 
whom only 9 TRIMs out of 183 contain a B30.2 (Table 1). 
Three of those are class IV TRIMs, as they do not possess an 
fn3 domain. Class IV TRIMs have never been described out-
side of vertebrates before to our knowledge; however, Bran-
chiostoma belcheri, another species of amphioxus, has at 
least one official annotation of what does appear to be a class 
IV TRIM (NCBI gene ID: 109,472,165). Class IV TRIM-
B30.2 genes were therefore most likely present at the com-
mon vertebrate ancestor. Furthermore, class IV TRIM-B30.2 
gene expansion is not only seen in Gnathostoma, but also 
in multiple species of lamprey (e.g., 114 TRIM-B30.2 gene 
in sea lamprey and 203 in the Far Eastern brook lamprey, 
both of which appear to be class IV TRIMs without an fn3 
domain) (Table 1). Class IV trims have never been described 
before in these species. Taking into account that lampreys 
most likely diverged from their common ancestor with jawed 
vertebrates between two whole genome duplications events 
(2R WGD) (Nakatani et al. 2021), it is possible that having 
high numbers of class IV TRIM genes had already become 
beneficial for the immunity by the end of the first round 
of genome duplications, or perhaps even before that. It is 
of particular interest that this immune expansion is shared 
by species with vastly different immune systems, since the 
LRR-based adaptive arm of jawless vertebrate immunity is 
quite unique and generates antigen receptor gene diversity 
with mechanisms that are different from jawed vertebrates 
(Kasahara and Sutoh 2014).

In any case, it seems fish have a lower limit on TRIM and 
in particular TRIM-B30.2 gene copy numbers, as the copy 
numbers of neither TRIMs in general nor TRIMs with B30.2 
never drop to values close to 0 (even the big-belly seahorse 
has 41 detectable TRIM-B30.2 genes in its genome). For 
NLRs, if such a threshold does exist, it is much lower, as the 
seahorse genome has only 3 NLRs detectable by HMMER3, 
one of which is with a B30.2.

NLR‑B30.2 genes represent a ray‑finned fish 
expansion

While previously it has been proposed that NLR-C genes 
first acquired a B30.2 domain in the common ancestor of the 
Neopterygii subclass of ray-finned fish (Howe et al. 2016), 
here, we could date the event further back in time. We find 

Fig. 3  Taxonomic relationships of the species used for the study. The 
top half of the tree is presented on the left side and contains only 
members of the clade Euteleostei, including stickleback, perch, cich-
lids, Antarctic icefish, croakers, anglerfish, pufferfish, flatfish, guppy, 
medaka, killifish, and ballan wrasse. The bottom half of the tree is on 
the right side and contains some more euteleosts (e.g., gobies, salmo-
nids, pike, cod, capelin, seahorse, and its close relatives), but also cat-
fish, cyprinids (zebrafish, carp, goldfish), herring, eels, bonytongues, 
bichirs, sturgeon, garfish, latimeria, tetrapods, sharks and rays, lam-
preys, hagfish, and, as an outgroup, the Japanese amphioxus. Based 
on the NCBI taxonomy database

◂
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Table 1  Total counts of different protein domain combinations in 
153 species, visualized as heatmaps. Each individual column con-
tains a different heatmap with its own color scale. Color tones used 
for visualization represent the different types of data. The first column 
contains species and order names, sorted according to the taxonomic 
order of the tree in Fig. 3. Columns 2–4 (grayscale): general genome 
parameters. Column 5 (red): total count of all matches to the mod-
els of PRY, SPRY, and B30.2 in the genome. Columns 6–8 (purple): 
TRIM-associated counts. TRIM here is defined as a detectable RING 
domain (C3HC4) followed by either a B-box or a B30.2/PRY/SPRY 
(to include cases where detection fails for the B-box), or a B-box fol-
lowed by B30.2/PRY/SPRY regardless of whether a preceding RING 
is found by the software or not. TRIM-B30.2 refers to the subset of 
TRIMs that contain a B30.2 domain. TRIM-fn3 refers to the class I 

TRIMs that include a fn3 and a B30.2 domain. Columns 9–16 (blue): 
NLR-associated counts. NLR here is defined as a detectable NACHT 
domain, regardless of whether FISNA is present or not. Data on 
FISNA-NACHT domains specifically (NLR-C counts) is available in 
Supplementary Table  1, and the numbers are generally close to the 
total NLR numbers. Each column contains what we defined as NLR 
in combination of some of the other associated domains in a specific 
order, given by name of the column. Columns 17–18 (grayscale): 
data on the habitat of the species. Most fish live either in freshwater 
or in marine environments, some are capable of living both, demon-
strated by either having populations in both or by migrating from one 
to the other. This was color-coded into two columns that give a yes/
no answer to the question of whether the fish lives there. Black = yes, 
white = no
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Psettodes erumei − Pleuronectiformes
Scophthalmus maximus − Pleuronectiformes

Verasper variegatus − Pleuronectiformes
Reinhardtius hippoglossoides − Pleuronectiformes

Hippoglossus hippoglossus − Pleuronectiformes
Toxotes jaculatrix − NA

Polydactylus sextarius − NA
Lates calcarifer − NA

Xiphias gladius − Istiophoriformes
Istiophorus platypterus − Istiophoriformes

Echeneis naucrates − Carangiformes
Trachurus trachurus − Carangiformes

Trachinotus ovatus − Carangiformes
Seriola quinqueradiata − Carangiformes

Thalassophryne amazonica − Batrachoidiformes
Amphiprion percula − NA
Parambassis ranga − NA

Archocentrus centrarchus − Cichliformes
Amphilophus citrinellus − Cichliformes

Simochromis diagramma − Cichliformes
Oreochromis niloticus − Cichliformes

Maylandia zebra − Cichliformes
Astatotilapia calliptera − Cichliformes

Gouania willdenowi − Blenniiformes
Salarias fasciatus − Blenniiformes

Nothobranchius furzeri − Cyprinodontiformes
Xiphophorus hellerii − Cyprinodontiformes

Poeciliopsis retropinna − Cyprinodontiformes
Poecilia reticulata − Cyprinodontiformes

Fundulus heteroclitus − Cyprinodontiformes
Cyprinodon tularosa − Cyprinodontiformes
Anableps anableps − Cyprinodontiformes

Neostethus bicornis − Atheriniformes
Oryzias latipes − Beloniformes

Hirundichthys speculiger − Beloniformes
Xenentodon cancila − Beloniformes

Takifugu rubripes − Tetraodontiformes
Thamnaconus septentrionalis − Tetraodontiformes

Sparus aurata − Spariformes
Acanthopagrus latus − Spariformes

Plectropomus leopardus − Perciformes
Epinephelus fuscoguttatus − Perciformes

Cromileptes altivelis − Perciformes
Sebastes umbrosus − Perciformes

Sander lucioperca − Perciformes
Percina caprodes − Perciformes

Perca fluviatilis − Perciformes
Cebidichthys violaceus − Perciformes

Ophiodon elongatus − Perciformes
Pungitius pungitius − Perciformes

Gasterosteus aculeatus − Perciformes
Pseudoliparis amblystomopsis − Perciformes

Cyclopterus lumpus − Perciformes
Trematomus bernacchii − Perciformes
Dissostichus mawsoni − Perciformes
Harpagifer antarcticus − Perciformes

Pseudochaenichthys georgianus − Perciformes
Cottoperca gobio − Perciformes

Gymnodraco acuticeps − Perciformes
Lophius piscatorius − Lophiiformes

Antennarius maculatus − Lophiiformes
Symphodus melops − Labriformes

Notolabrus celidotus − Labriformes
Labrus bergylta − Labriformes

Cheilinus undulatus − Labriformes
Chelmon rostratus − Chaetodontiformes

Dicentrarchus labrax − NA
Nibea albiflora − NA

Larimichthys crocea − NA
Collichthys lucidus − NA

Argyrosomus japonicus − NA
Macquaria ambigua − Centrarchiformes

Siniperca chuatsi − Centrarchiformes
Micropterus salmoides − Centrarchiformes

Mastacembelus armatus − Synbranchiformes
Channa argus − Anabantiformes

Betta splendens − Anabantiformes
Anabas testudineus − Anabantiformes
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that while eels are the most distant lineage with a high copy 
number for this domain structure (137 genes in Anguilla 
anguilla), it is also present in gars (Semionotiformes) and 
reedfish/bichirs (Polypteriformes) (Table 1). The presence of 
NLRs in general has been reported previously for these spe-
cies (He et al. 2019), but as can be seen here, a small fraction 
of those appear to contain B30.2 domains which were not 
detected by the earlier study. However, we did not find any 
NLR-B30.2 genes from the sturgeon Acipenser ruthenus (0 
out of 37 genes). In order to confirm this observation, we 
blasted zebrafish NLR-B30.2 sequences against the avail-
able Acipenseridae sequences in EST (Expressed Sequence 

Tag) and TSA (Transcriptome Shotgun Assembly) databases 
and found all alignments to stop before the B30.2 domain. 
In Sarcopterygii, the sister group of Actinopterygii (con-
tains Latimeria and all tetrapods—mammals, birds, reptiles, 
amphibians), there are also no NLRs with an N-terminal 
B30.2.

Lineage‑specific reduction of the TRIM/NLR 
repertoire in species that lost MHC II

Both NLR-B30.2 and TRIM-B30.2 genes appear to share the 
property of going through many lineage-specific expansion 

Table 1  (continued)
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0Branchiostoma japonicum − Amphioxiformes

Eptatretus burgeri − Myxiniformes
Petromyzon marinus − Petromyzontiformes

Lethenteron reissneri − Petromyzontiformes
Entosphenus tridentatus − Petromyzontiformes

Pristis pectinata − Rhinopristiformes
Amblyraja radiata − Rajiformes

Rhincodon typus − Orectolobiformes
Scyliorhinus canicula − Carcharhiniformes

Homo sapiens − Primates
Mus musculus − Rodentia

Gallus gallus − Galliformes
Taeniopygia guttata − Passeriformes

Chelonia mydas − Testudines
Zootoca vivipara − Squamata

Xenopus laevis − Anura
Latimeria chalumnae − Coelacanthiformes

Polypterus senegalus − Polypteriformes
Erpetoichthys calabaricus − Polypteriformes

Acipenser ruthenus − Acipenseriformes
Lepisosteus oculatus − Semionotiformes

Megalops cyprinoides − Elopiformes
Anguilla anguilla − Anguilliformes

Scleropages formosus − Osteoglossiformes
Heterotis niloticus − Osteoglossiformes

Denticeps clupeoides − Clupeiformes
Coilia nasus − Clupeiformes

Clupea harengus − Clupeiformes
Tenualosa ilisha − Clupeiformes

Alosa sapidissima − Clupeiformes
Chanos chanos − Gonorynchiformes
Triplophysa dalaica − Cypriniformes

Megalobrama amblycephala − Cypriniformes
Culter alburnus − Cypriniformes

Paedocypris progenetica − Cypriniformes
Pimephales promelas − Cypriniformes

Paracanthobrama guichenoti − Cypriniformes
Gobiocypris rarus − Cypriniformes

Danionella dracula − Cypriniformes
Danio rerio − Cypriniformes

Puntigrus tetrazona − Cypriniformes
Oxygymnocypris stewartii − Cypriniformes
Onychostoma macrolepis − Cypriniformes

Labeo catla − Cypriniformes
Sinocyclocheilus anophthalmus − Cypriniformes

Cyprinus carpio − Cypriniformes
Carassius auratus − Cypriniformes

Bagarius yarrelli − Siluriformes
Silurus meridionalis − Siluriformes

Pangasianodon hypophthalmus − Siluriformes
Ictalurus punctatus − Siluriformes

Ameiurus melas − Siluriformes
Electrophorus electricus − Gymnotiformes

Astyanax mexicanus − Characiformes
Pygocentrus nattereri − Characiformes

Colossoma macropomum − Characiformes
Protosalanx chinensis − Osmeriformes

Mallotus villosus − Osmeriformes
Esox lucius − Esociformes

Coregonus alpinus − Salmoniformes
Salvelinus namaycush − Salmoniformes

Salmo salar − Salmoniformes
Oncorhynchus mykiss − Salmoniformes

Gadus morhua − Gadiformes
Myripristis murdjan − Holocentriformes

Callionymus lyra − Syngnathiformes
Syngnathus acus − Syngnathiformes

Hippocampus abdominalis − Syngnathiformes
Thunnus orientalis − Scombriformes

Sphaeramia orbicularis − Kurtiformes
Bostrychus sinensis − Gobiiformes

Periophthalmus magnuspinnatus − Gobiiformes
Neogobius melanostomus − Gobiiformes

Mugilogobius chulae − Gobiiformes
Chaenogobius annularis − Gobiiformes
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and contraction events (Table 1). However, there are a few 
cases in which both families are affected simultaneously 
in a clade. The two clades showing the most notable drop 
in the copy number of both families at the same time are 
Syngnathiformes (seahorses and pipefish) and Lophiiformes 
(anglerfish), groups of fish that have both independently lost 
Class II MHC from their genome. This outcome is likely 
the result of the need to reduce tissue compatibility reac-
tions: in Syngnathiformes, males get pregnant and give birth 
(Roth et al. 2020). In anglerfish, males and females fuse 
their bodies permanently together (Dubin et al. 2019; Swann 
et al. 2020). However, the Atlantic cod (Gadus morhua), 
another species without Class II MHC (Jin et al. 2020; Star 
and Jentoft 2012; Star et al. 2011), has high numbers of 
NLRs and TRIMs, with and without B30.2 (Table 1). In the 
life history of cod, no particular tissue compatibility issues 
are known to exist, and it has been proposed that the high 
numbers of NLR genes (and it looks like TRIMs as well) 
might be what enables the species to thrive without Class 
II MHC (Jin et al. 2020). This brings up both more ques-
tions and more possibilities for future studies. Do NLRs and 
TRIMs contribute to tissue compatibility reactions in fish? 
Is the observed repertoire of immune receptors sufficient 
to substitute for the lack of a major part of adaptive immu-
nity, or are there mechanisms to further enhance the immune 
repertoire somatically? What immune mechanisms do the 
anglerfish and seahorses have that replace the functionality 
of both Class II MHC and the multigene immune receptor 
families? These questions will hopefully be addressed in 
future studies.

In addition, fugu and related species (Tetraodontiformes) 
appear to have a reduction in both gene families as well, as 
in Istiophoroformes (sailfish and swordfish). The short-lived 
turquoise killifish Nothobranchius furzeri, as well as the tiny 
Paedocypris progenetica and Danionella dracula, have very 
low copy numbers (Table 1). For the first two, however, we 
note that their genomes are not as high quality as many of 
the others, as witnessed from the assemblies’ L50 and N50 
values (Table 1).

Rampant duplication in specific clades of fish

On the opposite end of the spectrum, several clades have 
nearly doubled the total numbers of both TRIM and NLR 
genes (Table 1). One such group is the cichlids, among 
whom the gene expansions are especially massive in Old 
World species from Africa (Nile tilapia, Astatotilapia, May-
landia zebra). Astatotilapia calliptera in particular has 600 
TRIMs (568 with B30.2) and 562 NLRs (290 with B30.2). 
Other clades with clear expansions include the salmonids, 
perch, and closely related Perciformes, as well as several 
species of herring and shad. Within Cypriniformes, there 
are two subgroups with many paralogs of these immune 

receptors. The first one includes culter and bream, and 
the other one includes carp, goldfish, and related species 
(Table 1). The zebrafish, on the other hand, has less TRIMs 
than many other cyprinids, although its NLR repertoire is 
comparable to carp and the others (Table 1).

Protein subtype‑specific gains and losses

It appears extremely uncommon for TRIM to have low copy 
numbers while a large number of NLRs are present. The 
opposite is not true, however, and there are many cases in 
which a repertoire of hundreds of TRIM-B30.2 genes is 
accompanied by only a handful of NLR-B30.2 genes. A 
notable example of this is the catfish (Siluriformes) which 
have many NLRs without B30.2 and many TRIM genes, but 
very few NLRs with a B30.2 or PYD (Table 1). In sharks, 
agnathans (lampreys and hagfish), and tetrapods, all NLR-
related gene counts are below average, suggesting that 
the addition of B30.2 to NLRs in ray-finned fish may be 
related to the start of these large-scale gene expansions. On 
the other hand, rays (Rhinipristiformes, Rajiformes) seem 
to have their own expansions of NLRs without B30.2 or 
PYD, and flatfish (Pleuronectiformes), the group including 
flounders and turbot, also have fewer NLR copies than many 
others (Table 1).

Family‑specific gains and losses

It appears surprisingly common for members of the same 
order to have greatly varying copy numbers, especially 
when it comes to NLRs with additional N-terminal domains 
(CARD and PYD). The most extreme example comes from 
Order Labriformes: ballan wrasse (Labrus bergylta) appears 
to have more NLRs in its genome than the other three ana-
lyzed members of this order combined (most of those with-
out B30.2), even though their assembly sizes are similar 
(Table 1). Interestingly, this is due to a very large number 
of NLR genes without the B30.2 domain. It also has the 
highest number of TRIM-B30.2 genes of all species in our 
survey. Hence, repertoires of immune genes in the current 
genome assembly of this species look quite extraordinary. 
Other unique features of ballan wrasse’s immune system 
are its extraordinarily high IgM expression in the gut and 
somatic hypermutation of T cell receptor genes (Bilal et al. 
2019, 2018); however, these do not have an obvious direct 
link to an expansion of both NLRs and TRIMs.

In other cases, species even among the ray-finned fish 
have lost nearly all detectable NLRs with any of the N- and 
C-terminal extensions while keeping the TRIM diversity: 
examples include snailfish (Pseudoliparis) and lumpfish 
(Cyclopterus lumpus) (Table 1). In any case, reduced varia-
bility within an entire clade (as described above for cichlids, 
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salmonids, cyprinids, and flatfish) means that the signal for 
a change in a specific direction must be extremely strong.

Lineage‑specific expansions of NLRP1‑like proteins

A unique domain structure sometimes found in NLRs 
includes a C-terminal FIIND and CARD into the protein, 
similar to human NLRP1 (Fig. 1B). Proteins with this struc-
ture are generally key inflammasome components and are 
strongly associated with inflammasome activity, leading to 
caspase activation, proinflammatory cytokine production, 
and programmed cell death by pyroptosis. They are simi-
lar to class I TRIMs in that they can be hard to detect and 
usually have very low copy numbers. There are exceptions, 
however. Previously, a small expansion has been reported in 
the round goby (Adrian-Kalchhauser et al. 2020). Croakers 
and drums (Larimichthus crocea, Collichthys lucidus, etc.) 
also have expansions of this gene (up to the 8 copies seen 
in Larimichthys crocea), as do herrings, cyprinids closely 
related to carp and goldfish, and some others (Table 1). The 
highest detectable copy numbers (12 genes) were observed 
for two species of great economic importance, Atlantic her-
ring and Labeo catla, a species that is frequently cultivated 
in commercial fisheries of Asian countries (Table 1).

RING‑NLR genes

There is a poorly known subtype of NLRs that has nev-
ertheless been reported at least twice independently over 
the years. Both turbot (a flatfish) and the Miiuyi croaker 
(a croaker) possess receptors that have a RING (C3HC4) 
domain commonly found in TRIMs, attached to the  
N-terminus of an NLR, in place of a CARD or PYD (Li et al.  
2016a; Zhang et al. 2021) (Fig. 1B). These proteins have 
a FISNA domain and hence could be classified as NLR-C 
genes; however, we did not find any cases of them being 
attached to a B30.2 domain. While PYD and CARD are 
protein interaction domains, RING domains are associated  
with E3 ubiquitin ligase activity, so functionally these  
proteins are probably quite different from the other, “true” 
NLR-C genes. We found this domain structure to be present 
in most species, but it has been lost from zebrafish and some 
of the other cyprinids (Table 1), which explains why it has 
not received much attention thus far. This protein structure  
seems to have been repeatedly lost during evolution in  
general and it is also missing from the MHC-less anglerfish 
and seahorses (Table 1). However, other species have had 
RING-NLR expansions, and in the abovementioned ballan 
wrasse, about a half of the massive B30.2-less part of its 
NLR repertoire (246 out of 502 NLRs without B30.2) are 
RING-NLR genes (Table 1).

CARD‑NLR‑B30.2: a novel domain structure 
not found in zebrafish

There is another domain structure that seems to be quite rare, 
which is an NLR that contains both an N-terminal CARD, 
NACHT with FISNA, and a C-terminal B30.2 (Fig. 1B). 
Proteins with this structure appear to be either uncommon 
or missing from everywhere other than some very specific 
clades: Beloniformes other than medaka have up to 14 cop-
ies, cichlids have up to 30 copies, and salmonids/pike/cod 
have up to 25 copies (Table 1). To our knowledge, this is the 
first time that this domain combination has been described. 
It is remarkable to see it missing in some clades (like gobies, 
flatfish, and most cyprinids including zebrafish), while being 
expanded to 30 copies in others. In fact, salmonids have 
higher copy numbers for CARD-containing NLR-B30.2 
genes than for PYD-containing NLR-B30.2 genes (Table 1). 
In African cichlids and the glassfish Parambassis ranga, the 
copy numbers for both PYD- and CARD-containing NLRs 
are higher than anywhere else in the dataset (for the glass-
fish: 64 PYD-NLRs, 58 of those with B30.2/59 CARD-
NLRs, 49 of those with B30.2) (Table 1).

Taken together, it appears that the genomes of all fish 
contain genes resulting from large-scale duplications of 
TRIM and NLR genes, with or without B30.2. Why are so  
many genes needed? To address this question, we focus on  
the NLRs, as transcriptomic studies of immune activation  
in fish often report the observed effects on NLRs. In fact, in  
response to treatment, at least some NLRs typically show 
up as differentially expressed genes. When going through 
a large number of studies, some patterns become clear. 
First, the expression of different NLRs is often not affected 
to the same degree or is even downregulated for some 
genes and upregulated for others. Second, these patterns 
have been observed across a number of fish species, and in 
response to bacterial cell wall components (Alvarez et al. 
2017; Biswas et al. 2016; Jin et al. 2020; Kim et al. 2019; Li  
et al. 2016a, 2018; Lv et al. 2017; Paria et al. 2016; Unajak  
et  al. 2011; Xie and Belosevic 2018), Gram + bacteria 
(Biswas et al. 2016; Unajak et al. 2011; Wu et al. 2019b, 
c), Gram − bacteria (Biswas et al. 2016; Chen et al. 2019, 
2021; Hou et al. 2017; Li et al. 2016a, 2017, 2019; Ling 
et al. 2019; Lv et al. 2017; Maekawa et al. 2017; Marancik 
et al. 2014; Pontigo et al. 2021; Qi et al. 2021; Rajendran 
et al. 2012; Unajak et al. 2011; Wang et al. 2021; Xie and 
Belosevic 2018; Xin et al. 2020; Zhang et al. 2021; Zhou 
et al. 2017), virus-mimicking agents (poly I:C and CpG) 
(Alvarez et al. 2017; Jin et al. 2020; Li et al. 2018; Paria 
et al. 2016), RNA viruses (Liu et al. 2020; Wang et al. 2020; 
Xiao et al. 2021), parasitic worms (Jin et al. 2020; Konczal 
et al. 2020), and protozoan parasites (Cheng et al. 2021; 
Jiang et al. 2019; Qiu et al. 2020; Syahputra et al. 2019). 
Combined with studies reporting tissue-specific expression 
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(Hou et al. 2017; Rajendran et al. 2012) and the fact that 
often the number of NLRs showing up in a transcriptome is 
less than 20, it becomes apparent that the gene copies likely 
undergo extensive subfunctionalization and have both tissue- 
and pathogen-specific expression patterns. If at least some 
of these hundreds of proteins interact with each other as 
well, then this creates an opportunity to create many diverse 
immune responses, although not on the same level as the 
diversity of antibodies and the T cell receptor.

We next decided to explore the results for NLR-B30.2 
and TRIM-B30.2 domain combinations by plotting them in 
various ways. First, the distribution of counts per species 
indicated that TRIM-B30.2 genes generally have somewhat 
higher copy numbers than NLR-B30.2 genes (Fig. 4A), 
making the situation in zebrafish quite atypical for a spe-
cies with such high copy numbers of TRIMs (431 NLRs, 
176 TRIMs). This is largely caused by the fact that ~ 250 
of the 431 zebrafish NLRs are part of a massive gene clus-
ter on the long arm of a single chromosome (4q) that is 
heterochromatic (Howe et al. 2013, 2016). The zebrafish 
genome without 4q would have ~ 180 NLR-B30.2 genes and 
174 TRIMs. In addition, NLR-B30.2 genes appear to have 
more variability in the proportion that is represented by tight 
clusters than TRIM do. However, in most cases, just a few 
chromosomes appear to contain at least 25% of the copies 
in both families (Fig. 4B). We see that there is a correlation 
between the total domain counts for these two gene families 
(Fig. 4C) and between the minimal numbers of chromo-
somes containing at least 25% of the two gene families in a 
given species (Fig. 4D). Individuals with higher NLR (but 
not necessarily TRIM) numbers tend to inhabit freshwater 
(Fig. 4E, F).

Modeling identifies unexpected correlations 
between copy numbers of (B30.2‑) TRIM and NLR 
genes, taxonomic position, geographic range, 
and life in marine vs freshwater environments

Even though we are dealing with immune genes that have 
previously been shown to be under positive/diversifying 
selection, many of the observations still appear primarily 
affected by species relatedness on the phylogenetic scale. To 
test whether these observations listed above are independent 
effects or just a side effect of shared ancestry, we modeled 
the explanatory power of different variables in a phyloge-
netic context with a maximum likelihood-based linear mixed 
model (Fig. 5), after excluding tetrapods, amphioxus, and all 
species that did not have long-read-based full chromosome 
assemblies.

Selecting the likeliest λ value for each domain type inde-
pendently led to an overall surprisingly clear pattern describ-
ing the effects of different variables. λ values appeared gen-
erally higher for TRIMs than for NLRs, reflecting a higher 

explanatory power of phylogeny for TRIM numbers. Select-
ing an optimal lambda value also improved the modeling 
results, as the observed effects appeared much more robust 
and widespread across multiple domain combinations.

The largest effect that we found was of genome size: 
we discovered that fish with larger genomes tend to harbor 
higher numbers of both TRIM and NLR genes (Fig. 5). This 
was statistically significant for nearly all TRIM-associated 
domain combinations, but also for PYD-NLRs and NLRs in  
general. No correlation was observed for rarer domain com- 
binations such as class I TRIMs and the PYD- or CARD- 
containing NLR subtypes. In our data itself, salmonids, 
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whose ancestor went through a round of whole genome 
duplication (Berthelot et al. 2014; Macqueen and Johnston 
2014), usually have both large genomes and high values for 
both NLR and TRIM genes (Table 1), which is consistent 
with the model.

We also observed that fish living further away from the 
equator, hence likely in colder environments, tend to have 
more TRIM genes in their genomes and that their copy num-
bers are significantly correlated with distance (Fig. 5). How-
ever, selection pressures leading to such correlations are dif-
ficult to infer based on the data that we have. If one were to 
speculate, it is clear that fish adaptive immunity—especially 
the T cell response—is slow and poorly efficient in cold 
conditions in several fish species (Avtalion 1969; Bly and 
Clem 1991); hence, it might be that cold water species may 
be subjected to selection pressures for strong innate antiviral 
immunity and large TRIM repertoires. This is supported by 
the observation that some of the highest TRIM copy num-
bers are found in Pseudoliparis, a snailfish caught from 7 km 
deep into the cold ocean depths (Mu et al. 2021), and in 
various notothenioid species from the Southern Ocean near 
the Antarctic. Furthermore, this observation remained sig-
nificant even after correcting for phylogeny in the models.

Finally, the choice between a marine and freshwater habi-
tat appears to have an impact on NLR copy numbers even 
in the model with phylogenetic correction: there is a clear 
trend for freshwater fish to have larger NLR complements, 
regardless of which domain structure we look for (Fig. 5). 
For NLRs attached to a CARD and/or B30.2 domain, the 
effect is also of statistical significance. The most obvious dif-
ference between freshwater and the sea is salinity, although 
its link to NLR duplication is unclear at this time. How-
ever, a recent study demonstrated that in at least one spe-
cies, the silver pomfret (Pampus argenteus), NLR signaling 
pathway components are significantly enriched in the set 
of transcripts that are differentially affected by varying salt 
concentrations, suggesting that there is at least some link 
between fish NLRs and salinity (Li et al. 2020a).

Conclusion

Our data reveals a wide variation in TRIM and NLR gene  
numbers across ray-finned fish. The propensity for fish TRIM and 
NLR genes encoding a B30.2 domain (class IV TRIMs, NLR-C 
genes) to expand was suspected based on the well-characterized 
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repertoires of a few species, including zebrafish. Our approach 
shows that very large repertoires of TRIM-B30.2 and NLR-
B30.2 are present in particular species (including members of 
Salmoniformes, Cypriniformes, Gobiiformes, Cichliformes, 
and Perciformes), but also that other species have only fairly 
modest sets of these genes; strikingly, the latter count several 
members of Syngnathiformes and Lophiiformes, known for their 
impoverished repertoires of immune genes and their particular 
adaptations to non-self tolerance. We also explored domain  
combinations for which little is known about, such as RING-NLR 
and CARD-NLR-B30.2, and we found classical class IV TRIM 
genes in unsuspected taxa (like the chordate Amphioxus). These 
findings illustrate the structural and evolutionary complexity of 
these groups of receptors and pave the way for future functional 
studies. TRIM-B30.2 and NLR-B30.2 are in fact more ancient 
than ray-finned fish and appear more than ever as fundamental 
components of the vertebrate/chordate defense system. Finally, 
our data allowed a tentative modeling to connect TRIM-B30.2 
and NLR-B30.2 gene numbers with natural history traits of the 
species, as previously reported for the genetic diversity of the 
major histocompatibility complex (Yiming et al. 2021). Such 
approaches will certainly benefit from more complete phenotypic 
and geographic information in the future, but the links we found 
raise many questions about the impacts of life history traits on 
the genomic variation of immune gene repertoires.
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