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Abstract

Toll-like receptors (TLRs) are the most widespread class of membrane-bound innate immune receptors, responsible
of specific pathogen recognition and production of immune effectors through the activation of intracellular signaling
cascades. The repertoire of TLRs was analyzed in 85 metazoans, enriched on molluscan species, an underrepresented
phylum in previous studies. Following an ancient evolutionary origin, suggested by the presence of TLR genes in
Anthozoa (Cnidaria), these receptors underwent multiple independent gene family expansions, the most significant
of which occurred in bivalve molluscs. Marine mussels (Mytilus spp.) had the largest TLR repertoire in the animal
kingdom, with evidence of several lineage-specific expanded TLR subfamilies with different degrees of orthology con-
servation within bivalves. Phylogenetic analyses revealed that bivalve TLR repertoires were more diversified than
their counterparts in deuterostomes or ecdysozoans. The complex evolutionary history of TLRs, characterized by lin-
eage-specific expansions and losses, along with episodic positive selection acting on the extracellular recognition do-
mains, suggests that functional diversification might be a leading evolutionary force. We analyzed a comprehensive
transcriptomic data set from Mytilus galloprovincialis and built transcriptomic correlation clusters with the TLRs ex-
pressed in gills and in hemocytes. The implication of specific TLRs in different immune pathways was evidenced, as
well as their specific modulation in response to different biotic and abiotic stimuli. We propose that, in a similar
fashion to the remarkable functional specialization of vertebrate TLRs, the expansion of the TLR gene family in bi-
valves attends to a functional specification motivated by the biological particularities of these organisms and their
living environment.

Key words: Toll-like receptor, TLR, evolution, innate immunity, bivalvia, functional diversification.

sensors in Metazoa (Brennan and Gilmore 2018;
Orus-Alcalde et al. 2021).

TLRs are characterized by extracellular leucine-rich re-
peat (LRR) domains, responsible of recognition and bind-
ing, and an intracellular Toll/interleukin-1 receptor (TIR)
domain that participates in the activation of signaling
pathways, interacting with other TIR-containing cytoplas-
mic proteins such as the myeloid differentiation factor 88
(Myd88) (Satake and Sekiguchi 2012; Tassia et al. 2017).
The extracellular domains are usually flanked by
N-terminal and C-terminal LRR domains (LRR-NT and
LRR-CT, respectively) that are distinct in sequence and
structure from the central LRRs. This domain organization,
known as single cysteine cluster TLRs or sccTLRs (Leulier

Introduction

Toll-like receptors (TLRs) are type | transmembrane (TM)
glycoproteins of the plasma membrane and endosomes
that act as pattern recognition receptors (PRRs) of the in-
nate immune system. Innate immunity relies on the recog-
nition of conserved microbe-associated molecular
patterns (MAMPs) by immune receptors such as TLRs,
which trigger specific cellular and humoral responses
through the activation of intracellular immune signaling
cascades. TLRs were first identified in Drosophila melano-
gaster in relation with embryonic development functions
(Anderson and Nisslein-Volhard 1984; Anderson et al.
1985). Subsequent studies revealed the immune implica-
tions of this receptor (Lemaitre et al. 1996), and the recog-

nition functions of human TLR genes were identified
shortly thereafter (Medzhitov et al. 1997; Poltorak et al.
1998). Since then, notwithstanding the high diversification
of the immune systems of vertebrates and invertebrates,
TLRs have been retrieved and studied in virtually all major
animal phyla, emerging as the most widespread MAMP

and Lemaitre 2008), is the only one found in vertebrate
TLRs, and it is also present in Drosophila and other inver-
tebrates. LRR-CT and LRR-NT domains can also appear in-
terrupting the typical LRR array. This domain organization
(multiple cysteine cluster TLRs [mccTLRs]) was the pre-
dominant structure described in Drosophila Toll proteins
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(Leulier and Lemaitre 2008) and is commonly found in in-
vertebrates but completely missing in vertebrates. The
taxonomical spread of these two different TLR architec-
tures originally led some authors to hypothesize that
mccTLRs predated sccTLRs (Luo and Zheng 2000;
Brennan and Gilmore 2018). However, the identification
of sccTLRs in the ancient repertoires of cnidarians dis-
proved this hypothesis, suggesting instead that all extant
metazoan TLRs stem from three ancestral clades that
underwent loss or diversification in different lineages dur-
ing animal evolution (Ords-Alcalde et al. 2021).

Vertebrate TLRs have been extensively studied, classified
into six large TLR families that usually present at least one
orthologous gene in each species (Roach et al. 2005).
Functional diversification has been proven for mammal
TLRs, which are divided between cell membrane TLRs that
recognize different microbial cell components (TLR 1, 2, 4,
5,6,and 10) and endosome TLRs that recognize nucleic acids
(TLR 3,7, 8,9, 11, 12, and 13) (Kawai and Akira 2010). The
canonical signaling cascade of TLRs is the Myd88-mediated
pathway, leading to the nuclear factor-kB (NF-xB) inflam-
matory response, which is conserved in metazoans
(Gauthier et al. 2010; Zhang et al. 2013). However, TLRs
can recruit other intracellular partners, being therefore in-
volved in other pathways. For example, the vertebrate
TLR3, responsible of recognizing viral double-stranded
RNA (dsRNA), stimulates its signaling pathway through
the TIR domain-containing (TIR-DC) adaptor protein
TCAMT1 or TRIF (Kawai and Akira 2010). Nevertheless, while
such TIR-DC intracellular adaptors have been extensively
studied in vertebrates, their diversity and functional roles re-
mains elusive in invertebrates (Gerdol et al. 2017). Regarding
the extracellular domains of vertebrate TLRs, their diversity is
related to high functional specialization, with each TLR exhi-
biting a remarkable binding specificity for different targets,
ranging from lipopolysaccharides (LPS), to flagellin and to
exogenous nucleic acids (Roach et al. 2005).

Despite sharing a similar domain architecture, the TLRs
of invertebrate species, mainly studied in arthropods and
echinoderms, are usually highly divergent from those of
vertebrates, displaying poor pairwise primary sequence
homology (Satake and Sekiguchi 2012; Tassia et al. 2017).
The implication of invertebrate deuterostomes TLRs in im-
mune functions derives from the studies carried out in the
sea urchin Strongylocentrotus purpuratus, which shows an
expanded and functionally diversified TLR gene family,
mirroring the specialized repertoires of vertebrates
(Buckley and Rast 2012). TLRs from the arthropod D. mel-
anogaster are usually mostly related to development func-
tions (Narbonne-Reveau et al. 2011), even though Toll has
been also associated to the recognition of different patho-
gens and the subsequent production of immune effectors,
such as antimicrobial peptides (Lemaitre et al. 1997;
Valanne et al. 2011). The clear importance of TLRs for
the innate immune system has been observed as well for
other invertebrates, such as cnidarians (Brennan et al.
2017), molluscs (Zhang et al. 2013; Gerdol et al. 2017),
and annelids among others (Prochazkova et al. 2019).
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However, most invertebrate phyla still lack evolutionary
studies focused on TLRs, and the study of the immune
function of these receptors is often restricted to particular
TLR genes, commonly annotated by homology, which may
lead to misleading inference due to the presence of the re-
petitive LRR domains. The lack of a well-defined picture of
TLR repertoires for such phyla prevents functional studies
from being associated with specific subfamilies in an ap-
propriate evolutionary context.

Despite molluscs being the second largest invertebrate
phyla after arthropods, they have been underrepresented
so far in TLR evolutionary studies. The Mollusca phylum
includes eight largely diversified classes, which display un-
ique morphological, physiological, and evolutionary adap-
tations, being among the most successful colonizers of
both marine and wetland freshwater environments. The
species belonging to the class Bivalvia display a conserved
intracellular signaling pathway activated downstream of
TLRs, showing at the same time a highly diversified reper-
toire of TLRs and uncharacterized cytosolic TIR-DC pro-
teins (Zhang et al. 2015; Gerdol et al. 2017; Regan et al.
2021). Although various studies described the immune
role of a few bivalve TLRs, these considerations can be
hardly extended to the full complement of the TLR genes
found in a given species (Ren et al. 2017; Wei et al. 2018; Liu
et al. 2019; Priyathilaka et al. 2019; Wang et al. 2019; Xu
et al. 2019; Chen et al. 2022). As the vast majority of bi-
valves are essentially marine filter feeders, these animals
are constantly exposed to the wide array of waterborne
pathogens. The TLRs of these species can be an interesting
object of study, since their specialization could be ex-
pected to match the great microbial diversity encountered
during filtering.

In the current work, we tracked the appearance and the
evolution of TLRs throughout the evolution of Metazoa,
with a particular focus on bivalve molluscs. The mussel
TLR gene family was studied in depth due to the un-
matched degree of expansion that these organisms dis-
played compared with all other species. We tested the
hypothesis whether the large repertoire of mussel TLRs
was the product of a lineage-specific gene family expansion
event, linked with the remarkable resilience of this species
toward infection. To this end, we used a comparative gen-
omics approach to evaluate the reliability of an alternative
scenario characterized by the widespread convergent oc-
currence of similar phenomena in Metazoa. Although bi-
valves generally showed expanded TLR repertoires, with
the presence of conserved TLR subfamilies that consti-
tuted evolutionary novelties compared with other me-
tazoans, we revealed that mussels represented a unique
case in terms of sequence diversity, driven by the complex
interplay between negative and positive selective forces,
frequently acting on tandemly duplicated gene copies.
The analysis of comprehensive gene expression data sets
further suggested that this extreme sequence diversity
might be matched by an equally extreme functional spe-
cialization of TLRs to accommodate the recognition of a
very broad array of MAMPs. Functional diversification
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might have been the leading evolutionary force, originat-
ing a great diversity of TLRs in bivalves, necessary to deal
with the wide range of pathogens to which these marine
filter-feeding invertebrates are exposed due to their vital
strategy.

Materials and Methods

Whole Genome Orthology Analyses Across
Metazoans

The proteins encoded in the genomes of 85 species from
the main Metazoa phyla were obtained from the GFF anno-
tation of each genome. Accession IDs can be found in
supplementary material S1, Supplementary Material
online.

Proteins derived from the genome annotation usually
contain different protein isoforms for the same genes.
Since our purpose was to work at the gene level diversity,
we used the AGAT toolkit scripts (Dainat 2019) to filter
those proteins in order to only keep the longest isoform
of each gene (metrics can be found in supplementary
material S1, Supplementary Material online). These
one-protein-per-gene files from each genome were submit-
ted to BUSCO analyses with the metazoa_odb10 database
(Manni et al. 2021) to check the completeness and quality
of each genome (metrics can be found in supplementary
material S1, Supplementary Material online).

In order to construct the phylogenetic tree for the spe-
cies included in this study, additional BUSCO analyses
were performed for each genome using the eukaryo-
ta_odb10 database. The Python BUSCO_phylogenomics
script (McGowan et al. 2020; McGowan and Fitzpatrick
2020) and ASTRAL software (Zhang et al. 2018) were used
to create one phylogeny for each of the complete BUSCO
genes and to build a consensus species phylogenetic tree.

Finally, the filtered one-protein-per-gene files were sub-
mitted to an orthology analysis using Orthofinder (Emms
and Kelly 2015; Emms and Kelly 2019), and the results were
parsed using BioNERO (Almeida-Silva and Venancio 2022).
Two orthology analyses were conducted: The first one in-
cluded all the analyzed metazoan species, whereas the se-
cond one only included molluscan species.

Retrieving TLRs From the Genomes

The filtered protein files generated in the previous section
were searched with HMMER (Eddy 2011) to detect LRR and
TIR domains with a minimum e-value of 0.001. All HMM
profiles related to LRR (PF15176.9, PF15779.8, PF01463.27,
PF01462.21, PF00560.36, PF18805.4, PF18837.4, PF077
23.16, PF07725.15, PF12799.10, PF13306.9, PF13516.9,
PF13855.9, PF14580.9, PF08191.14, PF16920.8, PF08263.15,
and PF18831.4) and TIR domains (PF01582.23, PF10137.12,
PF13676.9, and PF18567.4) were employed. PfamScan
was used to detect and remove proteins with any other
additional domain (based on a 10e—3 P-value cutoff), as
these were deemed to be unlikely to represent bona fide
TLRs. Phobius (Kall et al. 2004) was used to predict TM

regions. Canonical TLRs were retrieved from all the ana-
lyzed genomes (proteins with extracellular LRR domains,
TM region, and intracellular TIR domain). Finally, the
orthology groups containing the detected TLR proteins
were identified.

The limitation of this detection method could depend
on the incorrect annotation of a few real TLR genes, which
may therefore miss part of the predicted amino acid se-
quence at the N-terminus or at the C-terminus, although
the chances of this occurrence were strongly reduced by
the use of stringent filtering criteria (i.e,, all TLRs had to dis-
play LLRs, a TM region, and the TIR domain). Some real
TLRs could have been excluded from the analysis if they
presented slight truncations in the genome annotation, re-
sulting in non-detection of the required domains. To
avoid systematic biases linked with low-quality genome as-
semblies and gene annotations, we only considered gen-
omes with BUSCO completeness rates (metazoan
database) of ~90% for most of them and always above
70% for species such as helminths, known to have under-
gone massive gene loss.

De Novo Prediction of the TLR Family From Mussel
Genomes

To allow a reliable comparison between complete TLR pro-
teins encoded by the genomes of Mytilus edulis
(GCA_019925275.1), Mytilus coruscus (GCA_01731137
5.1), and Mytilus galloprovincialis (GCA_900618805.1), we
performed a de novo prediction of all TLRs genes using
the same strategy. Since mussels TLRs are encoded by a sin-
gle exon, emboss sixpack (Madeira et al. 2022) was used to
retrieve every ORF larger than 300 codons starting with an
ATG methionine-encoding codon. Then, the identification
of TLRs was performed following the same methods de-
scribed above for the analysis of the other metazoan gen-
omes, but adding in this case the presence of a signal
peptide detected with Phobius (Kall et al. 2004) and
signalP (Teufel et al. 2022) as additional criteria since we
wanted to exclude gene models unlikely to code for com-
plete, functional TLRs. The signal peptide criterion was not
used in the analysis of metazoan genomes to avoid being
too strict since we were depending on the existing annota-
tions in each genome. SMART was used to get a complete
description of the TLRs domain structure for their classifi-
cation (Letunic and Bork 2018; Letunic et al. 2021). The
correspondence between the chromosomes of M. edulis
and M. coruscus was obtained after performing whole-
genome alignment with MashMap (Jain et al. 2018).
Mytilus coruscus chromosomes were renamed and reor-
dered according to their equivalent in M. edulis, and
TLRs were placed in those chromosomes using CIRCOS
(Krzywinski et al. 2009).

Phylogenetic and Selection Analyses

Mussel TLR phylogenetic analyses were constructed with the
de novo predicted repertoires in the Mytilus genomes. Two
phylogenetic analyses were performed, one with whole
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TLRs and another one with only the sequence of the TIR do-
mains, aiming for a more polished multiple sequence align-
ment due to the high sequence divergence of the
ectodomain and the presence of a variable number of
LRRs (Gerdol et al. 2017). Protein sequence alignments
were performed using MAFFT (Katoh et al. 2019) and phylo-
genetic analysis were made with PhyML (Guindon et al.
2010), using automatic evolutionary model selection
(Lefort et al. 2017) that chose JTT + G + F as the most appro-
priate evolutionary model for the data set (Jones et al. 1992).
Another phylogenetic analysis was constructed with TLRs
detected in the genome annotation of selected metazoan
species from different taxa. All TLRs with LRR and TIR do-
mains detected in these species were used, and TLR-like se-
quences from the poriferan Amphimedon queenslandica,
which present extracellular immunoglobulin and intracellu-
lar TIR domains, were included as outgroups. This approach
was chosen because of the need for an unambiguous out-
group to root metazoan TLRs (Ords-Alcalde et al. 2021),
which could not be achieved by using TIR domain sequence
only. Phylogenetic trees were annotated using iTOL (Letunic
and Bork 2021).

For selection analyses, codon-aware alignments were
constructed with the coding nucleotide sequences
(CDS) of TLRs. Alignments were cleared using a gap toler-
ance of 50%, with tolerance for 1 position in the codon and
deleting gaps in triplets to keep the coding information.
The gap-filtered alignments were then analyzed in
Datamonkey (Weaver et al. 2018) in order to detect epi-
sodic diversifying selection with MEME (Murrell et al.
2012) and negative selection with FUBAR (Murrell et al.
2013). Using the translated protein alignment, protein
variability per position was calculated using the Wu-
Kabat variability coefficient.

Expression Analysis
An expression analysis was constructed by mapping 275
M. galloprovincialis transcriptomic runs/samples (126
lllumina single-end and 149 Illumina paired-end) from 22
different Bioprojects to the “mg3” M. galloprovincialis refer-
ence (Gerdol et al. 2020). The IDs of all the SRA data em-
ployed can be found in supplementary material S2,
Supplementary Material online (all SRA lllumina transcrip-
tomic data that presented a minimum number of 2.5 mil-
lion spots per run was retrieved). Additionally, 12 samples
were added from unpublished transcriptomic data ob-
tained from mussels under viral stimulation. These samples
consisted in stimulations with spring viraemia of carp virus
(SVCV), infectious pancreatic necrosis virus (IPNV), red-
spotted grouper nervous necrosis virus (RGNNV), and
polyinosinic:polycytidylic acid (Poly I:C) and were obtained
following the same experimental design as with a viral hem-
orrhagic septicemia virus (VHSV) stimulation (Saco et al.
2023).

The choice of the reference sequence data set used for
the RNA-seq analysis was based on preliminary investiga-
tions, which indicated that the mapping rate increased
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by 10% when using the “mg3” mussel genome assembly in-
stead of the “mg10” (GCA_900618805.1) reference version
(Gerdol et al. 2020). This rate was further improved by an-
other 10% when using transcripts (i.e,, including UTRs) in-
stead of CDS. This version of the assembly is less filtered in
the hemizygous genomic fraction than mg10, presenting
10% more annotated genes (Gerdol et al. 2020). According
to the pangenomic nature of M. galloprovincialis, a
gene presence/absence variation (PAV) analysis was per-
formed for this assembly following the same pipeline
described previously (Gerdol et al. 2020; Sollitto et al.
2022), allowing the detection of core transcripts that
were used as the mapping reference.

All the mussel transcriptomic data was analyzed using
Snakemake pipelines (Molder et al. 2021) that included
1) trimming with fastp of both single-end and paired-end
reads (Chen et al. 2018) using a threshold value of phred
= 20; 2) mapping clean reads to the core reference tran-
scripts using salmon (Patro et al. 2017) with authomatic
library-type selection and default mapping parameters;
3) computing trimming and mapping statistics with
MultiQC (Ewels et al. 2016); 4) generating mapping sat-
uration curves using a python script (available in
Figshare repository). Samples with a mapping rate smal-
ler than 30% or displaying highly saturated mapping
curves (i.e, low transcriptional complexity) were dis-
carded, leading to a final data set of 252 mapped samples
(supplementary material S2, Supplementary Material
online).

Transcriptomic Correlation Networks and
Transcriptomic Modulation
Due to the high expression differences observed among
tissues (supplementary material S3, Supplementary
Material online), correlation analyses were conducted in-
dependently using samples from each tissue. For gills and
hemocytes, highly expressed TLRs that reached a value
of 10 transcripts per million (TPM) in at least one sample
were selected as nodes for constructing expression correl-
ation networks. Pearson correlations higher than 0.7 were
kept, with the exception of hemocytes, where a higher
threshold (i.e,, 0.8) was used due to the better correlation
found in its net. Interaction nets were generated in
Cytoscape (Shannon et al. 2003) using the correlation data.
Among all the transcriptomic data analyzed, samples
were retrieved if they belonged to Bioprojects where mus-
sels were treated with immune or nonself-agent stimuli
(supplementary material S2, Supplementary Material on-
line) and those transcriptomes were analyzed independ-
ently. Salmon mapping output counts were input into
R using tximport (Soneson et al. 2016), using a metadata
table with control and stimulated samples for each tran-
scriptomic experiment, as shown in supplementary
material S2, Supplementary Material online. DESeq2
(Love et al. 2014) was used to calculate modulated tran-
scripts in each experiment (pipeline available in the
Figshare repository).
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Results

TLR Presence Across Metazoa

The set of 85 species analyzed to study the distribution of
TLRs in Metazoa was enriched in molluscan species, since
this phylum had been underrepresented in previous stud-
ies. The genomic annotation of the selected genomes
showed satisfactory quality, as evidenced by BUSCO com-
pleteness ~90% for most species. Genomes falling under
this metric presented always a completeness fraction
higher than 70% and belonged to neglected phyla under-
represented in OrthoDB10 or to parasites (e.g., helminths),
where massive lineage-specific gene losses were known to
be present (supplementary material S1, Supplementary
Material online). The number of TLR genes found in
each genome (genes encoding proteins with extracellular
LRR domain, TM region, and intracellular TIR domain) is
shown in figure 1. The earliest branching extant metazoan
taxa in which TLRs could be found were anthozoan cnidar-
ians (TLRs were absent in other Cnidaria classes). TLRs
could be identified in almost all phyla (except Bryozoa
and Platyhelminthes), and the repertoires varied greatly,
from a single gene to expanded families comprising hun-
dreds of members. Significant expansions of the TLR
gene family could be observed in echinoderms from the
Echinoidea class (mainly in S. purpuratus) and in the centi-
pede arthropod Rhysida immarginata, which showed a
species-specific expansion unique among the generally
small repertoires of Arthropoda. The most general TLR ex-
pansion could be identified in molluscs, especially in
Bivalvia, while other classes as Cephalopods showed smal-
ler repertoires. The magnitude of the expanded gene fam-
ily found in the three analyzed Mytilus species was
unmatched by any other species, and therefore these spe-
cies were subjected to in-depth analyses.

A Metazoa-level orthology analysis was conducted
using the 85 metazoan species. Afterwards, the orthology
groups that contained TLRs shared by the three Mytilus
mussel species were identified and displayed in figure 2.
The orthogroup 1 included orthologs from 73 out of the
74 species in which TLRs were identified (the exception
were the TLRs of Brachionus calyciflorus, placed in a
species-specific orthogroup). The orthogroup 1 contained
the whole TLR repertoire of several species and 100% of
Chordata TLRs. While all the TLRs from Chordata were
sccTLRs, orthogroup 1 included both mccTLRs and
sccTLRs from other phyla. The expansions in the TLR re-
pertoires of the sea urchin S. purpuratus (135 genes) and
of the centipede R. immarginata (56 genes) were explained
by 80% and 60%, respectively, by TLRs belonging to
orthogroup 1 (the rest of those expansions were placed
on species-specific orthogroups).

In addition, several mollusc- or bivalve-specific
orthogroups were obtained, evidencing the large amount
of diversity present in these species and the evolutionary
novelty of most of their TLRs. Indeed, only 50% of the
TLR genes found in the three mussel species were included
in the orthogroup 1. The other half was distributed

between orthogroups 2 and 3 (mainly Mollusca-specific
mccTLRs; 12% of mussel TLR genes), orthogroups 4-6
(mainly Bivalvia-specific sccTLRs; 26% of mussel TLR
genes), and orthogroups 7-12 (Mytilus-specific sccTLRs;
5% of mussel TLR genes).

The Expansion in Bivalves and Mussels
In order to delve into the expanded and diverse repertoire
of mussels, a phylogenetic analysis was conducted with the
de novo TLR repertoires of M. galloprovincialis, M. coruscus,
and M. edulis. The obtained clustering based on the intra-
cellular TIR domain (fig. 3A) was concordant with the
extracellular organization of the proteins (fig. 3B) and
with the analysis using whole proteins (supplementary
material S4, Supplementary Material online). All mccTLRs
were organized in two clusters: one conformed by single
TIR mccTLRs (group SPP) and another one conformed by
mccTLRs that presented two TIR domains (SPP-2TIR).
The two TIR domains encoded in the SPP-2TIR TLR pro-
teins were included separately in the analysis, and they clus-
tered together in the same SPP-2TIR cluster, suggesting an
origin by duplication of the TIR domain presentin an ances-
tral gene with a canonical domain architecture.
Additionally, several clusters of sccTLRs were obtained.
These were arbitrarily named as V-type (if proteins were
larger than 800 aa) and as SP-type (if proteins were shorter
than 800 aa). The nomenclature system for the obtained
clusters was based on the extracellular domain organiza-
tion and was maintained from the last published work on
bivalve TLRs (Gerdol et al. 2017). The X group (formerly
known as Ls type) contained TLRs with shorter extracellular
regions and lower number of predicted canonical LRR re-
peats interspersed by low complexity sequence. The Y clus-
ter contained one sccTLR from each species with a TIR
domain highly divergent from all the other TLRs.
Figure 4A shows the phylogenetic analysis of all
the Mytilidae TLRs in combination with the metazoan
orthology data derived from figure 2. The TLRs identified
in the genome annotation of the three Mytilus species
were included, together with those of Perna viridis and
Gigantidas platifrons. Most mussel sccTLR clusters (SP1,
SP2,V1, V4, V5, and X) were included in the large metazoan
orthogroup 1, which was shared by most metazoans. The
SPP-2TIR subfamily (orthogroup 2) was conserved at the
mollusc level, similarly to the SPP cluster (orthogroup 3)
with the difference that this group was missing in cephalo-
pods. The V3 sccTLR subfamily (orthogroups 5 and 6)
shared orthology only at the Bivalvia level. Finally, there
were orthogroups restricted to mussels, corresponding to
divergent branches in some of the phylogenetic clusters,
which most likely emerged and diversified after the split be-
tween Mytilus and other Mytilidae genera. Correspondence
in terms of sequence classification was observed between
the metazoan-computed orthogroups and the subfamilies
of mussel TLRs identified by phylogenetic inference.

A higher-resolution phylum-level orthology analysis
(Roach et al. 2005; Messier-Solek et al. 2010; Buckley and
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Rast 2012) was performed with all molluscan species. With
this analysis, almost each TLR subfamily supported by
phylogenetic inference matched perfectly with a different
orthology group (fig. 4B). Such orthogroups displayed a

6

mussel species.

variable degree of taxonomical conservation, being invari-
ably present in all the species belonging to a given mollus-
can class or being specific to certain classes (fig. 4C). The
number of TLRs belonging to each orthogroup varied in
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Fic. 2. Orthology analysis of mussel TLRs across the analyzed metazoan genomes. (A) All the orthology groups that include TLRs identified in the
three Mytilus species are included, along with their taxonomic distribution. The structural organization of the TLRs included in each
orthogroup is shown: Black dots indicate orthogroups only including mccTLRs, blue dots indicate those only including sccTLRs, and gray
dots indicate those including both types. (B) Complete Orthofinder-resolved gene trees for each orthology group are shown, with species in-
dicated according to the color legend reported in the branches of the panel A tree.

the different molluscan classes. Specific TLR subfamilies
were more expanded in mussels in comparison with the
sizes of the same subfamilies in other molluscs, while other
subfamilies remained more similar in terms of gene number
(fig. 4D). The conservation within molluscs of most sccTLRs
(SP1, SP2, V4, V5, and X) and of SPP-2TIR subfamilies was
confirmed by the phylum-level orthology analysis. SPP
and V2 TLRs were found in all molluscs with the exception
of cephalopods, which exhibited the smallest and least

variable TLR repertoires. The Y and the V3 clusters were
only found in bivalves, likely representing recent evolution-
ary acquisitions. Additional divergent orthogroups that
were not shared above the family or genus level were found
both in mussels and in other bivalves (supplementary
material S5, Supplementary Material online), being often
placed in divergent branches of particular subfamilies.
The phylum-level orthology results were in line with
what emerged from the metazoan-level analysis and
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Fic. 3. Phylogenetic analysis of mussel TLRs. (A) Phylogenetic inference was based on the multiple sequence alignment of the TIR domains from
M. edulis, M. coruscus, and M. galloprovincialis de novo predicted TLRs. The sequence clusters obtained match the extracellular organization of
TLR ectodomains and therefore were named following previously suggested nomenclature (Gerdol et al. 2017). mccTLRs were named SPP or
SPP-2TIR, depending on the presence of one or two TIR domains; sccTLRs clusters were named SP (protein size < 800 aas) or V (protein size
> 800 aas); the X cluster contained TLRs with particularly short extracellular regions, and the Y cluster contained one orthologous sscTLR from
each mussel species with a highly divergent TIR domain. (B) Graphical scheme of the domain structure of the different TLR subfamilies.

confirmed that the expansion occurred in common mol-
lusc TLR subfamilies that present different degrees of con-
servation, divergence, and duplication among the different
molluscan classes and species.

The Diversity of the Expansion in the Metazoan
Context

The whole TLR repertoires from selected metazoan species
representing the analyzed taxa were used to build the
phylogenetic tree shown in figure 5. Poriferan TLR-like pro-
teins (receptors with the intracellular TIR domain but lack-
ing extracellular LRRs) were used as an outgroup, as they

8

may represent ancestral TLR progenitors (Brennan and
Gilmore 2018; Nie et al. 2018). As expected, phylogenetic
inference clearly identified three major Metazoan TLR
clades, o, B, and 7y, named as previously described
(Orts-Alcalde et al. 2021). Interestingly, bivalve expanded
clusters were placed in all these three clades. Namely,
Muytilus mccTLRs (SPP and SPP-2TIR) belonged to clade
o along with all the mccTLRs from the other species.
However, this clade is not mcc specific, since it included
all cnidarian TLRs, regardless of their variable ectodomain
organization. Mytilus sccTLRs clusters were distributed in
the scc-specific clades B (subfamilies SP1 and V1) and y
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Fic. 4. Orthology analyses of mussel TLRs. (A) Phylogenetic tree constructed based on the multiple sequence alignment of the TIR domains of
Mytilidae species (M. galloprovincialis, M. edulis, M. coruscus, P. viridis, and G. platifrons), combined with the Metazoa-level orthology information
derived from figure 2. Tip colors indicate the orthogroup assignment of each sequence, revealing a good agreement between orthogroups and
the phylogenetic relatedness of sequences. Tip shapes also differentiate the TLR sequences from Mytilus and other Mytilidae species. The taxo-
nomical spread of each orthogroup within Metazoa is shown in figure 2. (B) The same Mytilidae TLR phylogenetic tree was annotated with the
orthology groups obtained from a Mollusca-level orthology analysis. The main orthogroups matched perfectly the previously identified phylo-
genetic clusters. Each TLR orthogroup was indicated in a different color and named after the TLR subfamily that it includes. (C) Degree of con-
servation of TLR subfamilies—orthogroups within different molluscan classes derived from the Mollusca orthology analysis. The heat map
displays the fraction of species belonging to each class (percentages shown in the legend) that presented at least one orthologous TLR for
each subfamily—orthogroup. (D) Heat map showing the average number of proteins classified with each subfamily—orthogroup for each mol-

luscan class.

(subfamilies V2, V3, V4, V5, and SP2). The great variability
in the clade distribution of the Mytilus expansion clashes
with the situation observed for the other TLR expansion
events found in nonbivalve species, such as the sea urchin
S. purpuratus. Although this sea urchin presents sequences
belonging to each of the three clades, the expansion exclu-
sively concerned a group of sequences belonging to clade
B. Consistently with this observation, clade § was the most
abundantly represented in deuterostomes, and all verte-
brate TLRs were attributed to this clade.

Evolutionary Dynamics Underpinning
Mussel-Specific TLR Expansions
In order to study the evolutionary dynamics underpinning
the Mytilus TLR expansion, the occurrence of gene tandem
duplications, the impact of gene presence-absence vari-
ation, and the presence of signatures of positive and nega-
tive selection were investigated.

Selection analyses were separately performed in differ-
ent Mytilus TLR subfamilies, under the assumptions that
1) the current repertoire of mussel TLRs may result from
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Fic. 5. Metazoan TLR clade distribution. Phylogenetic tree displaying the evolutionary relationships among all TLRs from selected representative
species of the different Metazoa phyla analyzed in the current work. Poriferan TLR-like sequences were added as an outgroup for tree-rooting
purposes. Three major metazoan TLR clades can be seen, with the first split in the branches corresponding to the differentiation between clade a
and clade B/y and a second split separating the B and vy sister clades. Tip colors indicate different species, evidencing the different distribution of
the TLRs of each phyla across the three clades. Mussel TLR subfamilies are also indicated in the tree, as well as selected examples like the sea
urchin expansion, Drosophila Toll proteins, and the mammalian TLR repertoire.

multiple independent expansion events and 2) the differ-
ent mussel TLR subfamilies may have been shaped by dif-
ferent selective forces, depending on their ligands and
functional specialization (fig. 6A). In general, signatures
of pervasive negative selection were always stronger in
the intracellular TIR domain, involved in signal transduc-
tion, compared with the extracellular LRR domains, in-
volved in ligand binding. The opposite trend was
observed for the signatures of episodic positive selection,
which were stronger in the extracellular domains (fig.
6B). Consistently with this evidence of diversifying selec-
tion, a higher protein sequence variability was found in
the extracellular regions. Selection analyses were also
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performed with the whole TLR repertoires from selected
species representative of major metazoan taxa (fig. 6C).
Episodic positive selection and protein variability were
higher in M. galloprovincialis in comparison with M. edulis
and M. coruscus, and the protein variability found in mol-
luscs was usually higher than most other taxa (including
S. purpuratus, which, on the other hand, showed the lar-
gest rate of episodic positive selection).

The chromosomic assembly of M. edulis and M. coruscus
allowed detecting tandem duplications contributing to the
TLR expansion in these species. The genomic location of
TLRs was retrieved from the chromosomes of M. edulis
(fig. 7A) and M. coruscus (fig. 7B). TLR synteny was not totally
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35 4 4.2 13.39 10.23
58 8.1 28 24.94 8.85
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Fic. 6. TLR selection analyses. (A) Pervasive negative selection (FUBAR), episodic positive selection (MEME), and protein variability were calcu-
lated for each Mytilus TLR subfamily. Results were also calculated separately in the intracellular and extracellular regions, revealing a higher di-
versifying pressure and protein variability in the extracellular region. (B) Distribution of episodic positive selection sites, along with protein
variability metrics per position for two representative Mytilus TLR clusters (SP2 and SPP-2TIR). (C) Selection and variability metrics calculated
using the complete repertoire of TLR proteins from selected species, representing the diversity of analyzed phyla. Although these values correlate
with the size of each repertoire, differences can be seen between the expanded repertoires, since not all of them have the same level of variability.

conserved between the two mussels. Some TLRs conserved
the same position (as in the clear example of cluster Y,
with just one gene per species in the same location
in chromosome 5). The examples reported in figure 7C
and D show that, for two pairs of homologous chromo-
somes, the position of some genes is clearly not conserved,
while it is highly conserved in both species for others.
However, even the orthologous genes found in conserved
positions are often present with a different number of par-
alogous gene copies, derived from species-specific tandem
duplications of TLRs belonging the same subfamily.

In order to study how does the mussel open pangen-
ome affect the TLR gene family, the gene PAV of TLR genes
was studied in M. galloprovincialis. The TLR genes detected
in the reference genome were analyzed in all the rese-
quenced genomes presently available in order to detect
which TLRs were always present and which ones were ab-
sent from the genomes of some individuals (fig. 8). Thirty
percent of the mussel TLRs were subjected to PAYV, in line

with the overall dispensable gene content of the genome.
Therefore, the TLR gene family was neither enriched nor
depleted in the dispensable fraction of the genome, even
though SP2 TLRs seemed to be more affected by PAV
than other subfamilies. Gene expression data were re-
trieved for different M. galloprovincialis tissues from the
SRA data set (fig. 8). Most PAV-affected TLRs did not reach
the arbitrarily set gene expression threshold of 5 TPM, es-
pecially when their dispensability (rate of genomes in
which a particular gene was absent) was higher. This was
expected, since the more dispensable a gene was among
the analyzed genomes, the less likely it was to be present
or expressed among the different transcriptomic samples.
The number of TLRs that reached the gene expression
threshold in each mussel tissue was 38 in hemocytes,
49 in gills, 42 in mantle, 26 in digestive gland, 10 in muscle,
and 1 in mid trochophore larvae. The highest expression
levels were retrieved from hemocytes and gills. Some
TLRs were expressed in all tissues, while others did only
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Fic. 7. Chromosomic distribution of M. coruscus and M. edulis TLRs. Mytilus coruscus chromosomes were renamed and reordered after their
equivalent M. edulis chromosomes. (A) Distribution of TLRs divided by subfamily in M. edulis chromosomes. (B) Distribution of TLRs divided
by subfamily in M. coruscus chromosomes. For panels A and B, TLR subfamilies in external—internal order are as follows: SPP, SPP-2TIR, SP1,
SP2, V1, V2, V3, V4, V5, X, and Y. Two selected comparisons between the homologous chromosomes of the two mussel species are shown
for chromosomes 4 (C) and 8 (D), where different tandem duplications of TLRs, mainly belonging to the same subfamily, occurred in both gen-

omes independently.

reach the expression threshold in samples from a single tis-
sue, indicating possible tissue specificity.

Expression Analyses and Functional Diversification

TLRs expressed in gills or hemocytes were selected as
nodes to construct transcriptomic correlation networks
using the transcriptomic expression database. Transcripts
with annotations consistent with the immunological con-
text of TLR-mediated signaling were correlated with the
node TLRs in gills (fig. 9A), including canonical Myd88
proteins as well as other functionally uncharacterized
TIR-containing proteins that may act as cytoplasmic
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interactors of TLRs. Several TLR nodes (1-8) were corre-
lated with NF-«kB-related transcripts, especially with the in-
hibitor of NF-kB (IkB) kinase (IKK), which releases the
active form of NF-xB from its cytoplasmic repressor.
These TLRs, NF-kB-related transcripts, and other likely im-
mune interactors were interconnected in a clear correl-
ation network displayed in figure 9B. Most of the TLRs
which expression was correlated with NF-xB were SPP
type and included 7 out of the 11 upregulated TLRs in
mussel gills stimulated in vivo with a waterborne bacterial
infection with Vibrio splendidus (fig. 9C). Other TLRs con-
formed smaller expression clusters and were expressed
both in the Vibrio splendidus infection transcriptome

202 4990J20 Y| UO Jasn a)sali1 Ip IPMIS 1169p eNsIsAIN AQ 96906 | L/EE L PESW/9/0/9[0IHE/aqW/ W09 dNO"d1WapED.//:SA)Y WOy PaPEojuMOq


https://doi.org/10.1093/molbev/msad133

Bivalves Present the Largest and Most Diversified TLR Repertoire

MBE

- hteps://doi.org/10.1093/molbev/msad133

Lo i L

o el

&+

o
-
W sPe
[Ow -
B xseeeTR WE
I s
-
B v = -
| K& —
v T —
—
~
—
~—

Fic. 8. Gene PAV and tissue specific expression of mussel TLRs. Circular phylogram summarizing the evolution of M. galloprovincialis TLRs, in-
dicating the different sequence clusters. Different panels are stacked over the tree. The red histogram (PAV) shows the genomic dispensability of
each TLR gene. TLRs with no visible red bar in the histogram were core genes present in all resequenced genomes. Red bars indicate dispensable
TLRs and the height of the bar is equivalent to the dispensability of each TLR (i.e, the number of resequenced genomes in which that gene was
absent). The other panels show the maximum expression of TLRs observed across all SRA mussel transcriptomic data set for hemocytes (HEM),
gill (GIL), mantle (MAN), digestive gland (DIG), muscle (MUS), and larvae at mid trochophore stage (LAR). For each tissue, scale of the histogram
has four levels according to expression levels of 5-10; 10-100; 100-1,000; and >1,000 TPM:s.

and in another gill transcriptome obtained from mussels
stimulated with diarrhetic shellfish poisoning (DSP) toxin,
produced by Prorocentrum lima. Nevertheless, no clear
modulation was detected for those cases.

The selected node TLRs in hemocytes allowed to re-
trieve a higher number of correlated transcripts than gills,
including many functionally uncharacterized TIR proteins
that may act as TLR intracellular mediators and other im-
mune genes related to several immune pathways (fig. 10A).
As in gills, a clear group of TLRs correlated with genes in-
volved in the NF-kB pathway (TLRs 1-7). Another TLR
group was correlated with antiviral response related pro-
teins (TLRs 8-11). Myticins, key defense peptides that
have the highest expression levels in mussel hemocytes,

were correlated with a single node TLR (TLR 13). The large
majority of node TLRs and their correlated transcripts
were interconnected in two large networks (fig. 10B),
one enriched in TLRs correlated with NF-kB genes and
the other one including most of the TLRs correlated
with other immune genes (fig. 1C). TLR modulation in he-
mocytes was analyzed in samples belonging to a bacterial
stimulation experiment with two consecutive Vibrio splen-
didus infections, carried out in the same mussels within a
week. In this case, modulated TLRs were mainly sccTLRs
from clusters SP1, V2, and V3. For some cases, the same
genes were among the six upregulated TLRs in response
to the first infection and among the 12 downregulated
TLRs in response to the second infection (fig. 10D).
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Fic. 9. TLR expression analyses in mussel gills. (A) Correlation clusters (0.7) calculated for each node TLR (TLRs that reached 10 TPMs in gill
samples). The presence of immune-related transcripts relevant in the context or TLR-mediated signaling is indicated for each correlation cluster.
(B) Correlation network including all the correlation clusters from panel A. The interconnection of all NF-kB-related clusters (1-8) is shown in
the center of the net. (C) Phylogenetic tree of M. galloprovincialis TLRs indicating expression (minimum 5 TPM:s) in different gill transcriptomic
experiments that could involve external agent recognition. Graph 1 indicates which TLRs were classified into the expression correlation clusters,
using the color legend of panel B. For a bacterial bath infection (PRINA638821), control/stimulated expression levels are indicated in red and
green, respectively (graph 2), and modulation of gene expression is indicated in graph 3 (bar = 2 for upregulation and bar = 1 for downregula-
tion). The absence of bars in graph 3 indicates lack of statistically significant modulation. Expression (graph 4) and modulation (graph 5) are
represented in the same way for gills stimulated by DSP produced by P. lima (PRINA486919).

Mussel transcriptomes designed with different viral stimu-
lations were also analyzed, evidencing three modulated
TLRs, of which one was upmodulated and belonged to
the antiviral expression correlation cluster (fig. 10E).

Discussion

In the present work, we focused on elucidating the origins
and diversification of the bivalve TLRs, which display the
largest repertoire of these receptors in the animal king-
dom. To this end, we investigated TLR gene distribution
in the broader context of metazoan evolution. Although
both poriferans and cnidarians (except Anthozoa) lack ca-
nonical TLRs, they present TLR-like receptors with an
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intracellular TIR domain but no extracellular LRRs. This
would support the hypothesis that the ancestral metazoan
TLRs may have emerged by gene fusion of preexisting
TIR-only and LRR-only genes in the eumetazoan ancestor,
after the separation of poriferans, but before the split be-
tween cnidarians and bilaterians (Leulier and Lemaitre
2008; Brennan and Gilmore 2018; Nie et al. 2018).
Nevertheless, while TLRs were absent from the choanofla-
gellate studied in this work (Monosiga brevicollis), they
have been previously described in other choanoflagellates
(Richter et al. 2018), free-living unicellular eukaryotes that
are considered as the closest relatives of Metazoa. This
would suggest that the origin of TLRs predates metazoans
and that the metazoan ancestor to all animals would
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and their correlated genes are blended into two bigger correlation clusters (indicated in purple and red). Only two node TLRs with their clusters of
correlated transcripts are more far in the net. (C) Correlation net filtered by annotation to represent only TLRs and the TLR-related immune genes
shown in panel A. Two large clusters can be seen. One of these includes the TLRs correlated with NF-«kB axis genes (purple TLR nodes), whereas the
other one grouped almost all the others (red TLR nodes). Correlated target TLRs are displayed in blue and correlated target immune genes are
displayed in grey. (D) Expression analysis of TLRs in mussel hemocytes stimulated with two consecutive bacterial infections (PRINA466718). The
phylogenetic relationships among mussel TLRs are summarized by a circular phylogram, and their classification into the correlation clusters is in-
dicated with the same colors used in panels B and C (graph 1). For the first infection, control/stimulated expression levels are indicated in red and
green respectively (graph 2), and modulation is indicated in graph 3 (bar = 2 for upregulation and bar = 1 for downregulation). The absence of bars
in graph 3 indicates lack of statistically significant modulation. For the second infection, expression (graph 4) and modulation (graph 5) are repre-
sented in the same way. (E) Expression analysis of TLRs in mussel hemocytes after different viral stimulations (unpublished data). Graph 1 indicates
the same expression cluster classification. TLRs expressed and modulated against the different viral stimuli are shown for infectious pancreatic ne-
crosis virus (IPNV) (graphs 2 and 3), polyinosinic:polycytidylic acid (Poly I:C) (graphs 4 and 5), spring viraemia of carp virus (SVCV) (graphs 6 and 7),
and viral hemorrhagic septicemia virus (VHSV) (graphs 8 and 9).
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already present a TLR gene encoding a receptor with a ca-
nonical organization. Hence, the metazoan ancestor would
be predicted to carry at least an ancestral clade o TLR gene
and an ancestral clade B/y TLR gene, which diversified
afterwards giving place to the three TLRs clades (o, B,
and y) in which all metazoan TLRs are classified
(Orus-Alcalde et al. 2021). Our results are in line with
this hypothesis. The metazoan orthology analysis indeed
revealed a common TLR orthology group shared across
the 85 metazoan species analyzed, pointing to a shared an-
cestral origin. Additionally, the three major metazoan TLR
clades were retrieved in the phylogenetic tree constructed
with the TLR repertoires of selected species from the taxa
analyzed in this study.

Based on our data, most early-branching metazoans
phyla, that is, poriferans, ctenophores, and cnidarians (ex-
cept Anthozoa), would have lost ancestral TLR genes, only
retaining noncanonical TLR-like receptors lacking LRR ec-
todomains. Cnidarian anthozoans would have kept only
the clade a TLR, which was the lone contributor to the
generation of their TLR repertoires through gene duplica-
tion. In line with previous data (Miller et al. 2007), we iden-
tified a single a TLR (mccTLR) in the cnidarian
Nematostella vectensis, but other anthozoans, such as
Acropora millepora, were clearly endowed with more com-
plex clade a TLR repertoires that included both mccTLRs
and sccTLRs. In bilaterians, the ancestral TLR B/y would
have been duplicated before the split between the deuter-
ostome and the protostome lineages, resulting in clade 3
and the clade y TLRs. Previous data had established an ex-
clusive classification of deuterostomes TLRs with clade 3
(Orus-Alcalde et al. 2021). We observed that vertebrate
chordates would have indeed lost clades o and v, present-
ing only sccTLRs belonging to clade B, but this was not
the general case for all deuterostomes. Indeed, the echino-
derm sea urchin S. purpuratus and the hemichordate
Saccoglossus kowalevskii had both sccTLRs from clade vy
and mccTLRs from clade a, even though most of their
TLRs were clade B sccTLRs. Strongylocentrotus purpuratus
presents a highly expanded TLR repertoire dominated
by a huge expansion of paralogous clade 3 genes, conserv-
ing few mccTLRs from clade o and clade y sccTLRs. A
less expanded repertoire was retrieved from the other
Echinoidea species Lytechinus variegatus, while a great
reduction of TLRs was observed in the other echinoderms
included in our study. However, previous data had evi-
denced that the expansion in S. purpuratus would be
also occurring in the same magnitude in more closely
related sea urchins as Allocentrotus fragilis and
Strongylocentrotus franciscanus (Buckley and Rast 2012).
In light of the data we collected concerning the presence
and evolution of TLRs in deuterostomes, the event that
led to the loss of clades o and y TLRs is predicted to
have occurred more recently, perhaps in the latest com-
mon ancestor of Olfactores, as suggested by the massive
reduction in the TLR repertoires of urochordates.

Regarding protostomes, the exclusive presence of clade
o mccTLRs and clade B sccTLRs in ecdysozoans would
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imply that clade y was secondarily lost in this lineage.
The ecdysozoan TLR repertoires studied in several arthro-
pod and nematode species were generally smaller and less
variable in magnitude than other metazoan groups.
However, we can report for the first time a remarkable
TLR expansion in R. immarginata, belonging to the super-
class Myriapoda. This species presented both o mccTLRs
and B sccTLRs, as in all other arthopods, but displayed a
great expansion of paralogous genes in a branch of the o
clade. The limited genomic resources available for this
group of arthropods currently prevent the opportunity
to study whether this was a species-specific feature of R.
immarginata, or these considerations could be generally
extended to centipedes and millipedes. The TLR gene fam-
ilies of the other main protostome group, Spiralia, pre-
sented a much higher size variation than ecdysozoans.
Nontrochozoan spiralians either entirely lost TLRs (as in
Platyhelminthes, possibly as a result of their parasitic life-
style) or had very small repertoires (two TLR genes were
found in the rotifer B. calyciflorus). On the other hand, tro-
chozoan spiralians generally conserved TLRs belonging to
the three clades and displayed large differences in the
size of each TLR gene family. Expanded repertoires were
found in the analyzed brachiopod and phoronid species,
in line with previous findings (Luo et al. 2018). The marine
deep ocean annelid Paraescarpia echinospica evidenced as
well an expansion in comparison with the generally smaller
families found in other annelids. TLRs were more sparsely
found in Bryozoa, being present in some species, such as
Membranipora membranacea (Oras-Alcalde et al. 2021),
but entirely missing in others, like Bugula neritina. The
most evident and generalized expansion of TLRs was found
in molluscs, with large repertoires in all classes except ce-
phalopods. The magnitude of this expansion was particu-
larly high in bivalves, reaching an unmatched size in the
three Mytilus mussels studied in the present work.
Bivalve repertoires were not only the largest ones but
also the most diverse. In the other nonmolluscan inverte-
brate with the greatest expansion, the sea urchin, almost
all TLRs were placed in the same metazoan-common
orthology group, showing limited diversity and suggesting
a relatively recent origin from a single expansion event. In
stark contrast, bivalve TLRs were classified into different
orthology groups, belonging to the three major metazoan
TLR clades evidenced by phylogenetic inference. TLR sub-
families identified in mussels were conserved at different
degrees between mollusc species. Indeed, while most of
them had orthologs in all molluscan classes, others were
found in bivalves, and a few others were restricted to
Mytilus spp. Our data indicate that the main mussel
TLRs subfamilies were conserved at least at Bivalvia level.
These results are supported by previous phylogenetic ana-
lyses of oyster TLRs, which reported an organization in
similar subfamilies (Zhang et al. 2015). We propose that
the current large repertoire of mussel TLRs is the product
of multiple, independent expansion events, which oc-
curred at different times during evolution. A first expan-
sion likely occurred in the latest common ancestor
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of all molluscs, explaining the larger repertoire these me-
tazoans show compared with other Lophotrochozoa.
Subsequent independent expansions likely occurred be-
fore the radiation of bivalves, and others led to recent
Mytilus-specific evolutionary innovations, originating the
observed phylogenetic branches without orthology out-
side of mussels.

The relative contribution of different evolutionary
forces to bivalve TLR evolution was studied in order to re-
veal the mechanisms underpinning their expansion and di-
versification. We collected genomic evidence supporting
the frequent occurrence of gene tandem duplication in
mussel TLRs, an evolutionary mechanism that had been
previously identified as the main driver of the expanded
TLR families of other invertebrates, such as the sea urchin
(Hibino et al. 2006). The impact of diversifying selection,
acting on the paralogous genes generated by this process,
was stronger in the extracellular domains of bivalve TLRs,
leading to a higher protein sequence variability the extra-
cellular region. This observation is consistent with the well-
established function of LRRs in the context of immune rec-
ognition, as they are responsible for determining ligand
binding specificity. Therefore, we interpret these signa-
tures of diversifying selection associated with a largely ex-
panded TLR repertoire as an evolutionary successful
broadening of the recognized ligand array. The expanded
TLR repertoires found in other invertebrates seem to be
driven by similar mechanisms, since the effect of positive
selection in extracellular regions had also been observed
in the sea urchin (Buckley and Rast 2012). Previous data
collected about vertebrate TLRs confirmed that positive
selection in the extracellular domains was focused in posi-
tions responsible of interaction with ligands (Wlasiuk and
Nachman 2010; Alcaide and Edwards 2011; Areal et al.
2011), linking diversifying selection with functional diversi-
fication (Hughes and Piontkivska 2008).

Close relatives of chordates, such as the invertebrate
Ciona intestinalis, possess few TLRs that exert “hybrid”
functions, responding to multiple PAMPs that in humans
would be recognized by individual different TLRs (Sasaki
et al. 2009). Hence, humans and other vertebrates have de-
veloped an expanded repertoire of clade B TLR, starting
from a low number of ancestral multifunctional receptors,
according to a functional specification strategy (Satake
and Sekiguchi 2012). Additionally, pathogen-associated
molecular patterns from bacteria of marine environments
cannot be recognized by the immune receptors of animals
that live in different environments, such as terrestrial
mammals (Gauthier et al. 2021, 2022), supporting the
idea that the receptors found in each species may be
adapted to specific ligands. Functional diversification was
also evidenced in previous data for the sea urchin expan-
sion (Buckley and Rast 2012).

A comprehensive expression analysis was performed in
order to test the functional diversification hypothesis as
the main reason for the expanded and diverse TLR reper-
toires in mussels. The expression of TLR genes followed dif-
ferent trends, forming several transcriptomic correlation

clusters with cytosolic TIR-DC proteins and other immune
signaling molecules and effectors. Albeit most bivalve
TIR-DC proteins are functionally uncharacterized, bivalves
have a large array of these cytosolic proteins that could
interact with the intracellular TIR domain of TLRs, as the
canonical Myd88 does, activating different intracellular
pathways (Gerdol et al. 2017). Despite being more con-
served than the ectodomain, the intracellular TIR domains
of TLRs must evolve accordingly to allow the triggering of a
specific immune response, as indicated by the fact that
TLRs sharing similar LRR organizations clustered together
in phylogenetic trees constructed using only TIR domains,
as it had been observed previously in oyster (Zhang et al.
2015). Therefore, the specialized ligand recognition
mediated by diversified extracellular LRRs is likely matched
by a similar functional specialization of the intracellular
TIR domains, which would allow the recruitment of differ-
ent intracellular TIR-DC partners, triggering specific signal-
ing pathways. As of note, while this specialization
may allow a fine modulation of immune response toward
stimuli, some TLRs might perform different functions,
for example, by regulating the development process
(Narbonne-Reveau et al. 2011; Buckley and Rast 2012).
This is supported by the observation that, while most mus-
sel TLRs were placed in clusters that mostly included im-
mune genes responsive to bacterial or viral challenges in
gills and hemocytes, others were not. For example, one
mussel TLR was specifically expressed in mid-trochophore
larvae stage in our data set, and other TLRs could be acti-
vated in the different development stages, following an ex-
pression pattern marked by the life strategy of each species
to develop immunocompetence and reach adult stages
(Tirapé et al. 2007; Balseiro et al. 2013; Orus-Alcalde
et al. 2021).

The results of the present study suggest an extensive
functional diversification as the main driver for the bivalve-
specific TLR expansion. The higher expansion in bivalve
TLRs with respect with the other molluscan classes may
be explained by the lifestyle of these animals. Being mainly
sessile, and filtering high amounts of sea water for feeding
purposes, bivalves are constantly exposed to the great con-
centration and diversity of bacterial and viral pathogens
present in the sea (Sogin et al. 2006; Gerdol et al. 2020;
Regan et al. 2021). The high water concentration of marine
bacteria (1% 10° ml™", compared with an air concentra-
tion of 1x 10> ml™"; Prussin et al. 2015) has been asso-
ciated, in other phyla, with peculiar evolutionary
adaptations. For example, the very high prevalence of
LPS in marine environments might prevent its effective de-
tection as a meaningful signal indicative of Gram-negative
bacterial infection in teleost fishes, which have conse-
quently lost TLR4 genes, responsible for recognizing LPS
in other chordates (Gauthier et al. 2022). Nevertheless,
specific  immune  responses toward  pathogenic
Gram-negative bacteria have been evidenced in several bi-
valve species (Li et al. 2015; Jiang et al. 2017; Zhao et al.
2017), including mussels (Rey-Campos, Moreira,
Valenzuela-Mufioz, et al. 2019; Saco et al. 2020). In the
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present work, we collected evidence that supports the
modulation of specific TLR subfamilies against bacterial
pathogens, indicating a potential implication in their rec-
ognition. Repeated infections by the same bacterial patho-
gen in mussel induce an immune tolerance response,
characterized by the downregulation, following the second
encounter with the pathogen, of some genes involved in
the inflammatory response to the first infection
(Rey-Campos, Moreira, Gerdol, et al. 2019). Several TLRs
displayed this behavior, being upregulated after the first in-
fection and inhibited in response to the second one (fig.
10D). This highlights the existence of a regulatory mechan-
ism that could be the key for explaining bivalve resilience.
Indeed, these organisms might be able to recognize the
high diversity of pathogens in the sea due to functional di-
versification of their immune receptors, avoiding at the
same time an excessive and continuous activation of im-
mune responses thanks to the enactment of a tolerization
process, necessary in an environment with a high pathogen
concentration.

Long lifetimes are another factor that could explain
the need for the acquisition of a more complex set of im-
mune receptors in certain invertebrates. Immunological
specificity is one of the main reasons why adaptive im-
munity is proposed as key for the long lifespan of verte-
brates (O’Connor and Cornwallis 2022). However, there
are invertebrate species with only innate immunity and
with long lifetimes, even surpassing vertebrates. Due to
the presence of several long-lived species (Ridgway
et al. 2011), including the longest living metazoan known
to date, Arctica islandica (Butler et al. 2013), bivalves have
been used as model organisms to study the basis of lon-
gevity (Abele et al. 2009; Buttemer et al. 2010; Moss et al.
2016; Blier et al. 2017). The presence of an expanded TLR
repertoire in sea urchin could be similarly explained by its
long lifespan by the need, shared with bivalves, to allow
the specific recognition of different marine pathogens
that it could face throughout its life cycle (Satake and
Sekiguchi 2012). The larger expansion of the TLR family
in mussels than in other bivalves could be due to the
high resilience and invasiveness of this species. The suc-
cess of mussels in colonizing different environments is
supported by a complex genome with large lineage-level
expansions and PAV that would explain its great adapt-
ability (Gerdol et al. 2020). Larger expansions have been
reported as well for other immune receptor and effector
proteins in this species, in comparison with the generally
expanded repertoires in other bivalves (Gerdol et al. 2011;
Gerdol and Venier 2015; Saco et al. 2021). The conserved
pattern of variable and expanded immune gene families
in mussels implies a significant energy cost that must
be justified by its functionality in supporting the lifestyle
of these species (Regan et al. 2021). Further expression
data and functional characterization studies may help
to reveal the different recognition targets of the ex-
panded TLR gene family in bivalves and to confirm which
pathways and responses can be specifically activated by
each TLR subfamily.
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