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Toll-like receptors (TLRs) recognize conserved pathogen-associated molecular patterns (PAMPs) and are an ancient and well-conserved group of pattern recognition receptors (PRRs). The isolation of the Antarctic continent and its unique teleost fish and microbiota prompted the present investigation into Tlr evolution. Gene homologues of tlr members in teleosts from temperate regions were present in the genome of Antarctic Nototheniidae and the non-Antarctic sister lineage Bovichtidae. Overall, in Nototheniidae apart from D. mawsoni, no major tlr gene family expansion or contraction occurred. Instead, lineage and species-specific changes in the ectodomain and LRR of Tlrs occurred, particularly in the Tlr11 superfamily that is well represented in fish. Positive selective pressure and associated sequence modifications in the TLR ectodomain and within the leucine-rich repeats (LRR), important for pathogen recognition, occurred in Tlr5, Tlr8, Tlr13, Tlr21, Tlr22, and Tlr23 presumably associated with the unique Antarctic microbiota. Exposure to lipopolysaccharide (Escherichia coli O111:B4) Gram negative bacteria did not modify tlr gene expression in N. rossii head–kidney or anterior intestine, although increased water temperature (+4°C) had a significant effect.
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1 Introduction

The innate immune system is a defense mechanism present in all metazoans and provides a rapid and nonspecific cellular and humoral response against a wide range of viruses, bacteria, fungi, and parasites (1). The molecular elements of innate immunity include soluble mediators (such as cytokines, chemokines, antimicrobial peptides, lytic enzymes, and growth inhibitors) and innate immune cells such as granulocytes and phagocytes and innate immune host-cell receptors (2, 3). Tissues such as the thymus and head–kidney (primary immune organs) and the spleen, liver, and mucosa-associated lymphoid tissues, such as the skin and intestine (secondary immune organs), play a major role in innate immunity (4). The antigen-specific acquired immune response involving B and T lymphocytes is poorly developed in fish and so innate immunity is proposed as the prevalent defense mechanism (2, 3, 5).

Innate immune host-cell receptors detect beneficial and pathogenic microorganisms through the recognition of microbe-associated molecular patterns (MAMPs) and pathogen-associated molecular patterns [PAMPs (6)]. A broad repertoire of pattern recognition receptors (PRRs) is encoded in the germline of invertebrate and vertebrate host cells and includes Toll-like-receptors (TLRs), C-type lectin receptors, RIG-I-like receptors, and NOD-like receptors that survey the host microbiome (7, 8). The TLR superfamily of PRRs are transmembrane (TM) type-I glycoproteins best characterized for their interaction with PAMPs and modulation of host innate immunity through the NF-κB signaling pathway (9–11). A diverse range of pathogen-derived macromolecules (proteins, lipids, carbohydrates, and nucleic acids) are recognized by the extracellular N-terminal leucine-rich repeat (LRR) motif of TLRs, which is under high selective pressure for pathogen recognition (12, 13). In mammals, TLR activation can also be triggered by non-pathogenic host factors such as tri-acyl peptides, mRNA, and heat-shock proteins (14, 15), but whether this occurs in other vertebrates, including teleost fish, remains unknown (16–22). TLRs are also characterized by a highly conserved Toll/interleukin-1 receptor (TIR) intracellular domain that, after receptor interaction with PAMPs, triggers the intracellular signaling cascade that leads to an inflammatory response (23–28).

In humans, 10 well-characterized TLRs (TLR1–TLR10) exist, and in other vertebrates, the gene number is variable. In teleost fishes, the most successful and diverse group of vertebrates, up to 16 Tlrs, have been reported but gene number varies across species (29–31). Exceptions occur in the cod (Gadus morhua) and the zebrafish (Danio rerio), which underwent isoform-specific gene family expansions to generate 43 and 24 tlr, respectively (32). The acquisition of extra tlr isoforms in cod has been correlated with the highly variable pathogen loads and community composition of the paleoclimatic Arctic conditions (32). In fact, the large number and diversity of bacteria and viruses found in aquatic environments is proposed to have strongly influenced the evolution of innate immunity in teleosts (33). Tlr function in immunity is largely unexplored in teleost fish but protein homology indicates they probably recognize similar pathogens to TLR in mammals, although some can recognize both bacterial and viral pathogens (24, 31).

Here we test the hypothesis that Nototheniidae (Perciformes order, Notothenioidei sub-order), a stenothermal monophyletic teleost clade that evolved relatively recently in the cold-stable waters of Antarctica (34), and are exposed to a unique microbiota, possess a divergent tlr gene repertoire compared to other vertebrates. This species-rich fish lineage arose through adaptive radiation approximately 14–22 million years ago and compared to the non-Antarctic sister lineage (Bovichtidae family) acquired specific morphological and molecular modifications driven by the extreme cold and stable sea water environment (range ca. −2°C to +2°C) (35). The impact of the Nototheniidae species radiation and environmental adaptation on immune system evolution, which is hypothesized to drive teleost speciation and success, remains poorly described. As a first approach to evaluate the immune response of Antarctic fish, Notothenia rossii was challenged with a commonly used and commercially available bacterial endotoxin, LPS (E. coli O111:B4), and tlr gene expression and the activity of two plasma enzymatic markers of innate immunity were assessed in plasma of fish maintained at normal and increased seawater temperatures.



2 Materials and Methods


2.1 In Silico Database Searches

To characterize tlr gene members in Notothenioidei, available molecular data for six species of the Nototheniidae family Notothenia coriiceps, Chionodracos hamatus, Trematomus bernacchii, Pseudochaenichthys georgianus, Gymnodraco acuticeps, and Dissostichus mawsoni, and Cottoperca gobio of the sub-Antarctic Bovichtidae family were screened for homologues using the previously reported N. coriiceps sequences (23) as the query using BLASTp (36). To increase the number of Nototheniids in the analysis, an “in-house” de novo multi-tissue transcriptome assembly of N. rossii was also interrogated (Supplementary Table 1) and the retrieved sequences were translated into predicted proteins with the ExPASy translation tool (37) and their identity was confirmed by searching against the human sub dataset [human (taxid:9606)] of the non-redundant (nr) nucleotide database at the NCBI. The tlr gene complement in the genomes of seventeen other teleosts were also determined and included other Perciformes (same order as Nototheniidae), Gasterosteus aculeatus (Gasterosteidae family), and two other evolutionary proximate species within the Eupercaria clade, Dicentrarchus labrax (Moronidae family) and Sparus aurata (Sparidae family) (38). Representatives of other teleost taxonomic orders were also included in the analysis, Beloniformes (Oryzias latipes), Characiformes (Astyanax mexicanus), Cichliformes (Oreochromis niloticus), Cyprinodontiformes (Poecillia formosa and Xiphophorus maculatus), Cypriniformes (D. rerio), Gadiformes (G. morhua), Pleuronectiformes (Paralychthys olivaceus, Cynoglossus semilaevis, Solea senegalensis, and Hippoglossus hippoglossus), Salmoniformes (Salmo salar), and Tetraodontiformes (Takifugu rubripes and Tetraodon nigroviridis) (38). Putative tlr genes were retrieved based on their high sequence homologies (cutoff e value < e-40) with the query sequences and database orthologue/paralogue genome annotations (Supplementary Table 1).

To better understand tlr gene evolution in fish, the genomes of early diverging fish species such as the lobe-finned fish, Latimeria chalumnae, the ray-finned fish, Lepisosteus oculatus, two cartilaginous fish, Callorhinchus milii and Rhincodon typus, and the agnathan, Petromyzon marinus, were also interrogated for tlr genes. All searches were performed against the most recently annotated fish genome assemblies available from ENSEMBL or NCBI (Supplementary Table 1). The deduced Tlr amino acid sequences from T. bernacchii and N. coriiceps were used to retrieve homologue genes from the genomes of 5 tetrapods in ENSEMBL (Homo sapiens, Mus musculus, Gallus gallus, Anolis carolinensis, and Xenopus tropicalis), which were used for comparative analysis.


2.1.1 Sequence Comparisons and Phylogenetic Analysis

The deduced Nototheniidae Tlr protein sequences were compared with the homologues from other species. Protein sequences were aligned with the MUSCLE algorithm available from the Aliview platform v1.22 (39) and the percentage of amino acid sequence identity/similarity was calculated using GeneDoc v2.7 software. The localization of protein domains characteristic of TLRs such as the LRR (typical LRR conserved motif, LxxLxLxxNxL, where x represents any aa), TM, and TIR motifs were predicted using ScanProsite (40), TMHMM Server v. 2.0 (http://www.cbs.dtu.dk/services/TMHMM/) and the Simple Modular Architecture Research Tool (SMART) (41) and also by the identification of highly homologous regions in the aligned sequences. The presence of a signal peptide was predicted using the SignalP 4.1 Server (42).

For the phylogenetic analysis, short incomplete sequences were removed from the multiple protein sequence alignment (Supplementary Table 1). Very similar sequences retrieved from the cod genome and that resulted from tandem gene duplications were also removed. The protein sequence alignment was manually edited to remove large gaps and misaligned sequences and the edited alignment containing the three main TLR protein domains (LRR, TM, and TIR) was used for the construction of phylogenetic trees using Bayesian inference (BI) and maximum likelihood (ML) methods. The dataset used to construct both trees was based on an alignment of 431 sequences. Phylogenetic trees were constructed using a VT model since it best fit the data given by model test-ng 0.1.5 in the CIPRES Science Gateway v3.3 (43). The BI tree was built using MrBayes (44) and 1,000,000 generation sampling and probability values to support tree branching. The ML tree was built using the RAxML v8.2.12 (45) method with 1,000 bootstrap replicates. Three cnidarian TLR-like sequences [obtained from (31)] were used to root the trees. The BI and ML trees were visualized in FigTree v1.4.3 (46) and edited using Inkscape v0.92.3.



2.1.2 Short-Range Gene-Linkage Analysis

To better characterize the evolution of tlr genes in Notothenioidei and confirm if gene absence in Antarctic fish genomes was due to technical issues linked to genome assembly the result of gene loss, the localization of five to seven genes in the neighborhood of tlr1, tlr2a and b, tlr5 and tlr5S, tlr8, and tlr23 loci was characterized and compared across the four Nototheniidae representatives (P. georgianus, N. coriiceps, T. bernacchii, and D. mawsoni) and the sub-Antarctic C. gobio and G. aculeatus. Two Pleuronectiformes (P. olivaceus and C. semilaevis) were also included in the analysis as the genomes of this teleost order possess a reduced tlr gene number in relation to other teleosts. The flanking genome regions of tlr1, tlr2, tlr5, tlr5S, and tlr8 characterized in G. aculeatus and in T. bernacchii were used as the reference to identify homologue genome regions in other species. For tlr23, the flanking genes of P. georgianus and N. coriiceps were used. The criteria for species selection were (a) the presence of the target genes and (b) the quality of the genome assemblies. Neighboring genes were identified using NCBI/ENSEMBL genome annotations or by sequence similarity searches against the genome assembly of each species.



2.1.3 Selective Pressure Analysis

Antarctic fish Tlr amino acid sequences were aligned with the sub-Antarctic C. gobio, G. aculeatus, S. aurata, D. labrax, and the Pleuronectiformes (P. olivaceus, C. semilaevis, S. senegalensis, and H. hippoglossus) orthologues using the Aliview platform v1.22 (39) with the default settings. To obtain multiple codon alignments, PAL2NAL v14 (47) was used with the gap removal option and Neighbor-Joining trees for each gene family were built in MEGA X v10.1.8 (48) with 1,000 bootstrap replicates. Tlr sequences that were incomplete were removed from the analysis. To identify potential sequence changes that might be associated with the adaptation to the Antarctic environment, a branch-site analysis (BSM) was performed for each Tlr on the ancestral branch of Antarctic fish. For the specific case of tlr21 the branch-site analysis was performed on each G. acuticeps duplicate. A sites analysis (SM) was performed with the sequences of the Antarctic species if positive selection was identified on their ancestral branch.

The branch-site and sites analysis used to test for evolutionary pressure were based on the ML method of the Codeml [PAML v4.9 package (49)] program in EasyCodeml (50). Codon substitution models were compared with likelihood ratio tests (LRT) calculated from the difference between their log likelihood (lnL) values.




2.2 Experimental Immune Challenge

Animal collection and experimentation were approved by the Portuguese Environment Agency, under the regulations set by the Treaty of Madrid for scientific investigation in Antarctica. The experiments performed complied with EU and Portuguese regulations for animal experimentation.

Adult N. rossii (30 ± 4.2 cm length and 312 ± 124.7 g weight) were captured (depths 10–30 m) using a hook-and-line in the Antarctic Peninsula, near the Great Wall Station (GPS coordinates: 62°13′″S, 58°58′W) located in King George Island. Captured fish were maintained in a flow-through seawater circuit in 200-L plastic tanks for up to 5 days before the immune challenge. Fish were fed twice a day (morning and evening) with a mixture of limpets, salps, amphipods, and small fish. No mortality was observed during acclimation or during the experiments.

The experimental immune challenge was performed between January and February of 2019, during the Antarctic summer when the seawater temperature is ±2°C. For the immune challenge, fish were lightly anesthetized in 2-phenoxyethanol (0.1 ml/L, Sigma-Aldrich) and the control fish (n = 6) were injected intraperitoneally (IP) with saline buffer [0.2% (v/w) of 1.1% NaCl]; the immune challenged group (n = 6) was injected with 1.5 mg/ml LPS (extracted from Escherichia coli O111:B4, L2630, Sigma-Aldrich, Portugal) dissolved in saline buffer (Supplementary Figure 1). LPS was chosen as a proxy for a bacteria-like immune challenge because it is reported to play a key role in host pathogen interactions and has previously been shown to modify tlr gene expression in teleost fish (51–53). The dose of LPS and route of administration were selected based on previous studies in teleost fish (54–59). Water temperature (2.1 ± 0.5°C), salinity (29 ± 0.5 ppt), and oxygen levels (10.7 ± 0.4 ppm) were monitored three times a day (7 a.m., 2 p.m., and 9 p.m.). To assess the impact of water temperature on the immune response of N. rossii, a similar immune challenge experiment was run in parallel at 6.0 ± 0.8°C; all other parameters were the same except the oxygen levels that were slightly lower (9.3 ± 0.9 ppm) (Supplementary Figure 1). Fish were acclimatized by increasing the seawater temperature in the experimental tanks daily by 1.5°C from 2 to 6°C.

Fish were euthanized 8 h and 24 h post-IP injection with an overdose of 2-phenoxyethanol (1 ml/L, Sigma-Aldrich), weighed, and kept on ice under atmospheric ambient temperature (2°C) for blood and tissue sampling. The blood was collected from the caudal vasculature using a heparinized 1-ml syringe fitted with a 21-gauge needle. Blood was centrifuged at 10,000 g, and 4°C for 4 min and the plasma was collected and stored at -80°C until analysis. For tissue sample collection the fish were decapitated and then the head–kidney (principal hematopoietic organ in teleosts) and anterior intestine (duodenum region) were dissected out and placed in RNAlater (Sigma-Aldrich) for 24 h at 4ºC before storage at -20°C.



2.3 RNA Extraction, cDNA Synthesis, and Quantitative PCR Analysis

Total RNA was extracted from N. rossii tissues (~25 mg) using an E.Z.N.A. Total RNA Kit I (Omega Bio-Tek, USA) and following the manufacturer’s instructions. The DNase I digestion protocol was performed directly on the columns and contaminating genomic DNA eliminated with RNase-free DNase I (Omega Bio-Tek). The integrity of the extracted RNA was evaluated by 1% agarose gel electrophoresis and the quantity and quality of the RNA was assessed by absorbance using a NanoDrop One (Thermofisher, Spain). Approximately 500 ng of N. rossii DNase-treated total RNA was used to synthesize cDNA in a final reaction volume of 20 µl with 200 ng of random hexamers (Jena Biosciences, Germany), 10 mM dNTPs (Promega, USA), 100 U RevertAid reverse transcriptase (RT, Promega), and 8 U of Ribolock RNase Inhibitor (ThermoFisher) for 10 min at 20°C, 50 min at 42°C, and 5 min at 72°C.

The expression of tlr5, tlr21, tlr22, and tlr25 in N. rossii was determined by real-time quantitative PCR (RT-qPCR) using gene-specific primers. The candidate tlr gene transcripts analyzed were selected because they were the most abundant in “in-house” immune-related multi-tissue (head–kidney, skin, and intestine) transcriptomes of N. coriiceps. The reference genes selected for normalization, beta-actin (β-actin, TR9194|c3_g4_i8) and 18s rRNA did not vary in expression between any of the N. rossii experimental groups. The cDNAs used for the RT-qPCR were diluted to a final concentration of 25 ng/µl for the candidate genes and to 10 ng/µl for β-actin and 0.01 ng/µl for 18s. The qPCR reactions were performed in 96-well plates (Axygen, Germany) using a CFX96 Touch Real-Time PCR Detection System (Bio-Rad, USA). The final RT-qPCR reaction volume was 10 µl and contained 2 µl of cDNA, 5 µl of SsoFast Evagreen Supermix (Bio-Rad), and 0.3 mM of the forward and reverse specific primers (Supplementary Table 2). The thermocycle used was 95°C for 30 s, followed by 40 cycles of 95°C for 5 s and 10 s at the annealing temperature. Melting curves 60°C to 95°C with an increment of 0.5°C for each 10 s were performed to detect reaction specificity. All RT-qPCR analysis included a no template control and a -RT control. PCR efficiencies and the coefficient of determination (r2) were calculated and were >90% for each target gene transcript analyzed. Gene expression levels were normalized using the geometric mean of the two reference genes (18s and β-actin) and the SQ mean of the target genes based on the standard curve method (60).



2.4 Blood Plasma Total Protein and Enzyme Activity

Total plasma protein was determined using a Quick Start ™ Bradford Protein Assay kit (Bio-Rad, Portugal) (61) adapted for a 96-well plate and reactions were analyzed at 590 nm at 25°C using a spectrophotometer (Agilent Technologies, USA).

The activity of lysozyme was measured using a turbidimetric assay (62). Briefly, 130 µl of lyophilized Micrococcus luteus cells (0.6 mg/ml, Sigma-Aldrich) in 0.05 M sodium phosphate buffer, pH 6.2, was mixed with 20 µl of blood plasma in a flat-bottomed 96 well-plate. For the standard curve, a concentration range from 50 U/ml to 500 U/ml of hen egg white lysozyme (Sigma-Aldrich) was used. All reactions were performed in duplicate and incubated at 25°C for 10 min and then measured in a multiplate reader (Agilent Technologies) at 450 nm.

Antitrypsin activity was used to assess total antiprotease activity (63). Trypsin from porcine pancreas (20 µl from a 5 mg/ml solution, Sigma-Aldrich) was mixed with N. rossii blood plasma (10 µl) for 10 min and then 200 µl of 0.1 M phosphate buffer pH 7.0 and 250 µl of 2% Azocasein (Sigma-Aldrich, Germany) was added. Reactions were performed in duplicate and were incubated for 1 h at 37°C. Subsequently, 500 µl of 10% trichloroacetic acid (Sigma-Aldrich) was added to the reaction and it was incubated for a further 30 min at room temperature (21°C) and then the samples were centrifuged at 10,000 rpm for 10 min. One hundred microliters of the supernatant from each of the reactions was transferred to a 96-well plate and 100 µl of sodium hydroxide (1N, NaOH, VWR, Spain) was added. Assays were measured in a multiplate reader (Agilent Technologies) at 450 nm.



2.5 Statistical Analysis

Differences in gene expression and enzyme activity between the control and LPS-treated groups were assessed at 8 h and 24 h after exposure and at different experimental seawater temperatures (+2°C and +6°C) using a three-way analysis of variance and post-hoc Tukey´s test (Shapiro–Wilk normality test). Graphs for the results of RT-qPCR were generated using SigmaPlot v12.5, and for enzymatic activity, GraphPrism v6.01 was used. Statistical significance was considered at p < 0.05.




3 Results


3.1 Bioinformatic Search for tlrs in Antarctic Notothenioids and Other Fish

Ten TLR (TLR1 to TLR10) genes exist in humans (H. sapiens), and sequence similarity of the deduced proteins clusters them in six superfamilies containing various members: TLR1 (TLR1, TLR2, TLR6, and TLR10), TLR3 (TLR3), TLR4 (TLR4), TLR5 (TLR5 and TLR5S), and TLR7 (TLR7, TLR8, and TLR9). In fish, homologues of the human TLRs and of the non-mammalian TLR11 (TLR11, TLR13, TLR21, TLR22, and TLR23) superfamily were found (Supplementary Figure 2). Genes encoding homologues of human TLR1 to TLR3, TLR5, and TLR7 to TLR9 proteins were found in most fish genomes analyzed and in the teleosts gene number varied from 11 to 16 except in D. rerio (Cypriniformes) and G. morhua (Gadiformes) where 24 and 42 genes, respectively, were retrieved (Supplementary Figure 2). The Pleuronectiformes had less tlr genes than other teleosts and S. senegalensis and C. semilaevis had 6 and 7 genes, respectively (Supplementary Figure 3). Sequence searches in six Nototheniidae revealed that they have a similar gene number to other teleosts (Supplementary Figure 2 and Figure 1). D. mawsoni had the lowest number of tlr genes (10) and G. acuticeps had the highest number of tlr genes (16). Although a genome is not available, analysis of a mixed tissue transcriptome of N. rossii revealed 12 tlr gene transcripts while in the genome of the evolutionary proximate species, N. coriiceps, 15 tlr genes were retrieved (Figure 1). In the C. gobio genome, a sub-Antarctic species, 13 tlrs were identified and tlr5S and tlr23 genes were absent. In all Notothenioidei (except D. mawsoni) in common with other teleosts, two tlr2 genes exist (Figure 1). In summary, there was no evidence of major gene family expansion or loss of TLR superfamilies in the Antarctic Nototheniidae. Retention of subfamily members was very similar in Nototheniidae except for D. mawsoni that specifically lost TLR1 and TLR7 superfamily members.




Figure 1 | Detailed dendrogram of the tlr genes/transcripts in Nototheniidae. Genes/transcripts identified in Nototheniidae were distributed within five vertebrate TLR superfamilies and are indicated by the colored circles. When multiple genes were identified for a given tlr isoform, gene number is indicated inside the colored circles. Genes that were not identified are indicated with a white circle. C. gobio was used as a representative of the Nototheniidae sister lineage and G. aculeatus was used as a representative of the other Perciform species outside the Notothenioidei sub-order. Tlr gene family members from all species analyzed were obtained by searching their genome assemblies. The exception was N. rossii where an “in house” de novo multi-tissue transcriptome assembly was used. The figure was drawn considering the relative evolutionary relationship between the six Antarctic fish species and the sub-Antarctic fish (35, 64). Gene/transcript accession numbers are available in Supplementary Table 1.




3.1.1 Nototheniidae Contain a Similar tlr Gene Repertoire to Other Teleosts

Phylogenetic analysis of the deduced Tlr proteins of Nototheniidae with other vertebrates confirmed the existence of receptors that belong to five TLR superfamilies (TLR1, TLR3, TLR5, TLR7, and TLR11) (Figure 2 and Supplementary Table 3, Supplementary Figures 4, 5). The BI and ML trees share similar topologies and the Nototheniidae Tlrs cluster together and the Nototheniidae sequence branches were in most cases rooted with the representative of the sister-lineage, C. gobio (Supplementary Figures 4, 5).




Figure 2 | Simplified phylogenetic tree of the Tlrs from Nototheniidae and other vertebrates. The phylogenetic tree was constructed using the BI method and the full tree is available as Supplementary Figure 3. Branches corresponding to the six vertebrate TLR superfamilies are identified: S1 indicates the TLR1 superfamily (orange); S3 identifies the TLR3 superfamily (red); S4 identifies the TLR4 superfamily (pink); S5 identifies the TLR5 superfamily; S7 identifies the TLR7 superfamily (blue); and S11 identifies the TLR11 superfamily (green). Some branches of the phylogenetic tree are collapsed to facilitate visualization and three subsections of the same phylogenetic tree are shown: (A) the TLR1 superfamily, (B) the TLR11 and TLR3 superfamilies, and (C) the TLR5, TLR7, and TLR4 superfamilies. The tetrapod branches were also collapsed. The accession numbers of the sequences used to construct the phylogenetic tree are available in Supplementary Table 1. The teleost tlr2 duplicates were named, tlr2a and tlr2b, and TLR15 was not included in the phylogenetic tree since it was only found in chicken and lizard. The phylogenetic tree was rooted with the Cnidarian Tlr clade (31). The sea lamprey tlrs within the vertebrate TLR1 and TLR7 superfamilies are named Pma_X and Pma_Y, respectively, since their assignment to the Tlr subfamilies was ambiguous. Only the posterior probability values for the main branches are indicated. A phylogenetic tree generated by the ML method is available as Supplementary Figure 2. Members from Antarctic species are indicated with squares and with a Notothenia cartoon to facilitate identification. The other member of the Perciform order, G. aculeatus, is indicated by a black dot and the Pleuronectiformes is indicated by a black star.




3.1.1.1 TLR1 and TLR4 Superfamilies

Members of the TLR1 superfamily were the most diverse in Nototheniidae as well as in other vertebrates. In contrast, TLR4 members were only present in tetrapods and in representatives of a few fish orders (Lepisosteiformes and the Cypriniformes) (Figure 2A). The TLR1 superfamily in Nototheniidae and other fish were grouped into two main clusters: one contained TLR1, TLR2, TLR6, TLR10, and TLR27 and the other contained TLR14/18 and TLR25 (Figure 2A). Clustering of the two tlr2 genes found in Nototheniidae and in other teleost fish suggested that they were duplicates and arose during the teleost-specific genome duplication and the paralogues were named tlr2a and tlr2b. Members of the Tlr14/18 subfamily were confirmed in most fish orders but the tlr25 gene was found in relatively few species (Figure 2A).



3.1.1.2 TLR3 and TLR11 Superfamilies

A single tlr3 gene (TLR3 superfamily) was present in Nototheniidae and in the other vertebrates. Members of the TLR11 superfamily were found in most fish including Nototheniidae (Figure 2B). The tree topology revealed that TLR11 superfamily members were grouped into two clusters: TLR11/TLR13/TLR21 and TLR22/TLR23. The BI and ML trees confirmed the absence of a tlr11 homologue in Nototheniidae and most other teleosts (Figure 2B). Members of the TLR13 subfamily were only found in Nototheniidae, G. aculeatus, S. aurata, and D. labrax (all representatives of the Eupercaria clade).

Tlr21 and tlr22 genes were identified in fish and tetrapods but tlr23 was exclusive to the fish. In Nototheniidae, all species possessed a single tlr21, tlr22, and tlr23 gene except the Bathydraconidae, G. acuticeps, which had duplicate gene copies of tlr21 (tlr21_1 and tlr21_2). The tlr23 gene was lost in T. bernacchii. The sub-Antarctic C. gobio also lacked the tlr23 gene (Figure 2B). The phylogenetic trees confirmed the absence of tlr21 not only from the Pleuronectiform, C. semilaevis, and the Salmoniform S. salar but also in the two cartilaginous fish analyzed (Figure 2B).



3.1.1.3 TLR5 and TLR7 Superfamilies

The tlr5 ancestral gene duplicated during the teleost radiation and originated TLR5 and TLR5S subfamilies (Figure 2C). Most of the Nototheniidae and other teleosts retained the two tlr5 genes. In D. mawsoni (Dissostichus), only tlr5S was retained, and in the C. gobio (Bovichtidae), only tlr5 persisted (Figure 2C). The Pleuronectiformes and the Gadiform G. morhua were an exception and generally lost tlr5 and tlr7. The TLR7 superfamily gene precursor duplicated to originate the TLR7, TLR8, and TLR9 subfamilies (Figure 2C) of fish and tetrapods. Within the TLR7 superfamily, a single copy of tlr7, tlr8, and tlr9 genes was found in most fish with few exceptions (Figure 2C and Supplementary Table 1). Clustering of the teleost sequences confirmed the absence of tlr8 genes in the Antarctic D. mawsoni and in T. rubripes (Tetraodontiformes) and of tlr9 from the Pleuronectiform S. senegalensis (Figure 2C).




3.1.2 Species-Specific Gene Losses Occurred in the Nototheniidae, D. mawsoni

To understand tlr gene loss in the Nototheniidae, D. mawsoni, the neighboring gene environment was characterized. Overall, the results of the analysis indicated that gene loss in Nototheniidae and other teleosts was mainly due to species-specific gene deletion events (Figure 3 and Supplementary Figures 6–8).




Figure 3 | Gene synteny analysis of tlr1, tlr2, tlr5, tlr5S, tlr8, and tlr23 in Antarctic Nototheniidae and other vertebrates. Presented are the Antarctic Nototheniidae P. georgianus, T. bernacchii, and D. mawsoni. Other vertebrates include C. gobio as the representative of the sister lineage, G. aculeatus as a non-Antarctic representative of the Perciform order, one representative of the Pleuronectiformes order, C. semilaevis, and H. sapiens as the tetrapod. Genome regions analyzed are indicated by a line and predicted genes are represented by arrows and the arrowhead indicates gene orientation and the gene symbol is given. The gene positions in the genome assemblies analyzed (Mega base pairs, Mbp) are indicated below each synteny map. Tlr genes are represented by full colored arrows. Extended analysis including more species are available as Supplementary Figures 6–8. The red cross indicates gene absence.




3.1.2.1 Tlr1 Gene Linkage

In the G. aculeatus genome, tlr1 mapped in group IV and five neighboring genes were identified (Figure 3 and Supplementary Figure 6). In the D. mawsoni genome that lacks tlr1, the neighboring genes were identified on chromosome fragment JAAKFY010000022.1. This suggests that this genome region was highly conserved during evolution and that gene loss in D. mawsoni was a consequence of a species-specific gene deletion event (Figure 3 and Supplementary Figure 6). A similar species-specific gene deletion occurred in the Pleuronectiform C. semilaevis.



3.1.2.2 Tlr2 Gene Linkage

In teleosts including the Nototheniidae tlr1 and tlr2 genes mapped to different chromosomes or scaffolds (Figure 3 and Supplementary Figure 6). In the T. bernacchii genome, the tlr2a gene mapped to NW_022987889.1 and tlr2b to NW_011369947.1. The flanking gene trim2 was closely linked to tlr2, and trim2b shared the same genome region as tlr2a and trim2a was linked to tlr2b (Figure 3 and Supplementary Figure 6) and most likely arose during the teleost specific genome duplication event.

In the G. aculeatus genome, a single tlr2 gene mapped to group VII and the flanking genes shared synteny with tlr2a and a homologue genome region to tlr2b was identified in group IX, but tlr2b was absent, indicating that this gene was eliminated from the genome. In Pleuronectiformes, tlr2a mapped to P. olivaceus NW_017863846.1 but this scaffold was very short and only contained this gene. In C. semilaevis the tlr2 gene duplicates were lost from chromosome 1 and chromosome 9 (Figure 3 and Supplementary Figure 6).



3.1.2.3 Tlr5 Gene Linkage

In G. aculeatus (group XVIII) and in the Nototheniidae, P. georgianus (chromosome 24) tlr5 gene duplicates mapped to the same genome fragment (Figure 3 and Supplementary Figure 7). In G. aculeatus, one of the tlr5 genes was incomplete and may be a pseudogene. In the genome of the Nototheniidae, T. bernacchii, conserved homologue genome regions were found for both tlr5 and tlr5s but they mapped to different genome fragments. In D. mawsoni, only tlr5S was identified and the flanking genes were conserved and mapped to JAAKFY010000011.1 along with the homologue genes flanking tlr5 in other species (Figure 3 and Supplementary Figure 7). In C. gobio, the tlr5 gene and its conserved gene environment mapped to chromosome 24 but tlr5S was absent although the flanking genes were conserved (scaffold NW_021167002.1). In the two Pleuronectiformes, P. olivaceus and C. semilaevis tlr5 were mapped to conserved genome regions in scaffolds NW_017859659.1 and KI934270.1, respectively. Tlr5S was lost but the genome region was conserved (Figure 3 and Supplementary Figure 7).



3.1.2.4 Tlr8 Gene Linkage

Tlr8 mapped next to tlr7 in group XVI of the G. aculeatus genome (Figure 3 and Supplementary Figure 8) and gene synteny was conserved in all representatives of the Nototheniidae and in the sister lineage, the Bovichtidae (C. gobio). The exception was D. mawsoni in which a genome region containing tlr7 was identified (JAAYFY010000018.1) but tlr8 was absent (Figure 3 and Supplementary Figure 8). In H. sapiens, TLR7 and TLR8 also map in proximity on chromosome X, suggesting that they probably arose through a tandem gene duplication prior to the teleost and tetrapod divergence.



3.1.2.5 Tlr23 Gene Linkage

The tlr23 gene mapped to chromosome 4 in P. georgianus, D. mawsoni, JAAKFY010000025.1, and NW_011369947.1 in the N. coriiceps genome (Figure 3 and Supplementary Figure 8). In species where this gene was absent, a conserved gene environment was identified (T. bernacchii, NW_022987739.1; C. gobio, chromosome 4; G. aculeatus, group VIII; P. olivaceus, NW_017859646.1; and C. semilaevis, chromosome 2). This suggested that retention of the tlr23 gene was species-specific in teleosts (Figure 3 and Supplementary Figure 8). In the H. sapiens genome, no tlr23 homologue was found although the genome region was conserved on chromosome 1.




3.1.3 Nototheniidae Tlr Proteins Share Conserved Structure With Other Teleosts

Sequence comparisons of the deduced proteins revealed that they were relatively well conserved and shared between 70% and 98% amino acid (aa) similarity and the Nototheniidae Tlr3, Tlr5, and Tlr23 were the most conserved (91%–99% aa similarity). C. gobio Tlrs shared 64%–86% similarity with the Nototheniidae, and with other Perciformes, they were 48%–86% similar. All deduced Nototheniidae and C. gobio tlr sequences shared a conserved protein structure with the other teleosts and possessed several LRR motifs involved in pathogen recognition, and single TM and TIR domains. The exception was Tlr5S, which lacked the TM and the TIR domain in all teleost fishes and may be a soluble receptor isoform. The main difference between Tlr isoforms was the number of LRRs within the ectodomain, which was variable across the different subfamilies, and Antarctic fish possessed a similar number of LRRs to other Perciformes. In addition, the presence or absence of a predicted signal peptide in the gene members of the same subfamily suggested that functional divergence may exist between the homologue genes as they may have different cellular localizations (Supplementary Figures 9–14).

Members of Tlr8, Tlr9, and Tlr21 possessed the largest number of predicted LRR repeats at the ectodomain. They varied from 18 in most fishes to 19 in C. gobio and T. bernacchii Tlr8. For Tlr9, they varied from 16 in G. aculeatus to 20 in C. hamatus and P. georgianus and for Tlr21, 15 in G. aculeatus to 20 in T. bernacchii. The duplicate G. acuticeps Tlr21 genes shared a similar protein structure with 18 LRRs. The Tlr14/18 (LRRs 8–10) and Tlr25 (LRRs 7–8) possessed the least number of LRR repeats. The Tlr subfamilies with conserved LRR repeat number were Tlr1 (all species possessed 9 LRRs), Tlr8, and Tlr25. The Tlr subfamilies with the biggest LRR repeat variability were Tlr2a (8–12) and Tlr13 (10 to 15). Within the other superfamilies, the number of LRRs varied only by 2 LRR units (e.g., 13–15 for Tlr23 and 15–17 for Tlr3).



3.1.4 Codon Usage Bias Potentially Modified Pathogen Recognition in Nototheniidae Tlr

Branch-site analysis for the ancestral Nototheniidae revealed that Tlr5 (BSM, p = 0.0011), Tlr8 (BSM, p < 0.001), Tlr13 (BSM, p = 0.0018), Tlr22 (BSM, p < 0.001), and Tlr23 (BSM, p = 0.001) were under positive selection (Table 1). Branch-site analysis was also performed for the duplicate G. acuticeps Tlr21_2 and revealed positive selection (BSM, p < 0.001) (Table 1). Site analysis was further performed for these receptors and identified several positive selection sites (PSS) within the ectodomain and inside the LRR motifs of Nototheniidae Tlr8, Tlr13, Tlr21, Tlr22, and Tlr23 (Figure 4) and resulted in species-specific modifications.


Table 1 | Selective pressure analysis for the branch-site models.






Figure 4 | Evidence of positive selection in the LRR ectodomains of Nototheniidae Tlrs. Receptors represented are Tlr8 and Tlr21 and Tlr22. (A) Positive selection identified with the branch-site model is represented by colored shapes on the ancestral Nototheniidae branch and on the Tlr21 duplicate in G. acuticeps (Tlr21_2) and PSS were only found for Tlr21_2 and are boxed. (B) PSS identified with the branch-site and site models for Nototheniidae sequences. PSS were colored according to their physicochemical properties: acidic in red, basic in blue, neutral in purple, polar in green, and hydrophobic in black using Weblogo vs3 annotation. The amino acid positions given refer to the edited multiple sequence alignment used for the selective pressure analysis. The PSS represented were mapped in the sequences and are marked in red (Supplementary Figures 4–8).



PSS were also found within the TM and TIR domains of Tlr5 (Supplementary Figure 12), Tlr8 (Supplementary Figure 13B), Tlr21 (Supplementary Figure 14B), and Tlr22 (Supplementary Figure 14C). The teleost-specific receptor, Tlr22, was highly modified with 44 PSS identified (SM, p < 0.001), of which 41 were localized within the ectodomain and 27 within LRRs (Figure 4 and Tables 1, 2). The second most modified receptor in Nototheniidae was Tlr8 with 12 PSS (SM, p < 0.001) within the ectodomain and 3 within LRRs (Figure 4A and Tables 1, 2). For G. acuticeps Tlr21 duplicates (Tlr21_2), 7 PSS were within the ectodomain, of which 3 mapped within LRR, suggesting functional divergence after species-specific gene duplication (Figure 4 and Tables 1, 2). PSS were also found for Nototheniidae Tlr13 [1 site within LRRs (SM, p = 0.004)] and Tlr23 [2 sites, of which one was within LRRs (SM, p = 0.0004)]. For Tlr5 and Tlr22, a single and two PSS were detected, respectively, within the TM region. PSS in the TIR domains were also detected for Tlr8 (1 PSS), Tlr21 (3 PSS), and Tlr22 (1 PSS).


Table 2 | Selective pressure analysis for the site model.






3.2 Tlr Response to Immune and Temperature Challenge in Nototheniidae N. rossii

LPS injection modified the activity of immune-related enzyme activity in the Nototheniidae N. rossii but tlr gene expression only responded to increased seawater temperature (Supplementary Figure 15). LPS injections provoked a change in N. rossii immune-related enzymes, and lysozyme activity in plasma was significantly higher (p = 0.012) after 24 h when compared to the control group at 2°C, suggestive of an immune response (Supplementary Figure 15A). However, no statistically significant differences in plasma antitrypsin activity or expression of tlr5, tlr21, and tlr22 in the immune-related organs, the head–kidney and intestine, were detected between the control and LPS-challenged groups at 2°C (Supplementary Figures 15B–G). Comparison between animals maintained at 2°C and at 6°C revealed a significant increase (n = 6, p < 0.001) in tlr5 gene expression in the head–kidney of control and LPS-challenged fish at 6°C. In the head–kidney of control and LPS-challenged fish after 8 h, tlr21 (n = 6, p < 0.001) and tlr22 (n = 6, p = 0.005) transcripts were significantly increased in the 6°C compared to the 2°C group. In the intestine, tlr21 was significantly downregulated (n = 6, p < 0.05) after 24 h in both control and LPS-challenged groups at 6°C compared to the 2°C group (Supplementary Figures 15C–G).




4 Discussion

The Nototheniidae possess a similar tlr gene number and repertoire to other teleosts, suggesting that speciation and adaptation to the Antarctic environment had little impact on receptor gene number. The only exception was D. mawsoni, with only 10 Tlrs. The general protein structure of Tlrs in Nototheniidae was well conserved, although codon usage bias revealed significant modifications in the ectodomain and LRR motifs of Tlr5, Tlr8, Tlr13, Tlr22, and Tlr23. This suggests that subtle modifications in ligand binding characteristics evolved, presumably an adaptation to the unique microbial community found in the frigid Antarctic waters.


4.1 Adaptation to Antarctic Has Not Played a Significant Role in tlr Gene Repertoire

Comparative analysis of the genomes and transcriptome of Nototheniidae fishes revealed that the tlr gene repertoire was similar to other Perciformes. This suggests that their recent radiation in the cold-stable Antarctica environment was not associated with significant gain or loss of the tlr gene repertoire as described for other gene families that contributed to Nototheniidae adaptations such as the expansion of antifreeze glycoproteins and zona pellucida proteins that confer protection from ice damage (65–67). The exception was D. mawsoni, an early evolving lineage of the Nototheniidae where species-specific tlr gene deletions occurred.

Of the seven Nototheniidae genomes analyzed, D. mawsoni retained the lowest number of tlr genes and linkage analysis revealed that the homologues of tlr1, tlr2 (a and b), tlr5, and tlr8 were deleted from its genome. The reason for tlr gene deletion in D. mawsoni is unclear but may be associated with its unique physiological adaptations. This species is considered the best model for studies of the evolutionary underpinning of secondary pelagicism (absence of a swim-bladder) in the Antarctic clade. The neutral buoyancy of D. mawsoni arose from significant genetic reprograming to favor fat deposition and modified bone development (68). Morphological alterations in D. mawsoni to reduce body density and promote static lift include increased lipid deposits under skin and musculature and minimized bone mineralization (69) with an upregulation of genes involved in adipogenesis, triacylglycerol synthesis, and fat storage in skeletal muscle and by favoring chondrogenesis over osteoblastogenesis (68). In mammals, TLR non-immune functions have been linked to bone development and increased osteoclast differentiation (70), both of which are supressed in D. mawsoni (69), raising the possibility that in the Nototheniidae and teleosts in general, tlr gene evolution may not only be influenced by their role in innate immunity.

An unanticipated result from our expanded comparative analysis of the tlr gene repertoire in fish was the reduced tlr gene number identified in the Pleuronectiform order (flatfish). The number of tlr gene members found in the four species analyzed was variable and S. senegalensis and C. semilaevis had the most compact gene repertoire with 6 (tlr1, tlr3, tlr5, tlr7, tlr8, and tlr22) and 7 (tlr14/18, tlr3, tlr5, tlr7, tlr8, tlr9, and tlr22) tlrs genes, respectively. Like the Nototheniidae, extant flatfish of the Pleuronectiformes represent a monophyletic group (71). In the Nototheniidae and Pleuronectiform radiations, chromosomal rearrangements and chromosomal fusions occurred independently in different species lineages (35, 72). The compaction and reorganization of the genome in these two teleost lineages do not explain tlr gene deletions as the gene synteny was well conserved. An intriguing observation is the common physiological characteristic of D. mawsoni and adult flatfishes as both lack a swim bladder and the organisms have a high content of polyunsaturated fatty acids (73). In mammals changes in lipid metabolism and increased lipid storage affected innate immunity and caused modifications in Tlr signaling, endocytosis, and cytokine secretion (74, 75). In fact, dyslipidemia and other metabolic diseases in mammals are closely connected to an altered immune response (76, 77). Taking into consideration the interaction between lipid metabolism and Tlr activity, these morphological/metabolic adaptations may explain the reduced Tlr repertoire in flatfish and D. mawsoni.

Identification of specific gene duplicates in Notothenioid fish compared to other teleosts [e.g., zona pellucida (ZP)-like proteins (78), mitochondrial proteins (79), and antifreeze glycoprotein (65, 80)] has been associated with diversification of protein function as a consequence of their adaptation to the freezing environment (68). However, conservation of species-specific duplicates of TLR subfamilies occurred in the case of the tlr21 gene in the G. acuticeps genome and tlr2 in all Nototheniidae and other teleosts and it was missing from D mawsoni. Compared to previous reports of the tlr repertoire in N. coriiceps, our extended comparative analysis identified 3 additional tlr genes, tlr2b, tlr13, and tlr25 (23). A similar tlr gene repertoire was retrieved from the transcriptome of the congeneric species, N. rossii, further confirming that tlr gene members are conserved across Nototheniidae. Comparison of Antarctic Nototheniidae with the sub-Antarctic Bovichtidae representative, C. gobio, revealed loss of tlr5s and tlr23, and in the closest Perciform G. aculeatus (Gasterosteidae family), tlr2b and tlr23 were lost, indicating that tlr gene evolution was lineage and species-specific. The TLR11 subfamily is best conserved in aquatic vertebrates particularly the Nototheniidae. The TLR11 subfamily member, tlr13, was upregulated in the Perciform, Miichthys miiuy, infected with Vibrio anguillarum, a bacterium that causes hemorrhagic septicemia (81), and also by viral stimulation using poly(I:C) (82, 83). Studies in the future of fish Tlr–ligand interactions will be essential to decipher the link between the TLR repertoire, infection, innate immune activation, and disease resistance.

In the Nototheniidae and the sister lineage Bovichtidae, tlr gene number was similar to other teleosts while the Gadiformes are peculiar as exuberant lineage-specific duplications and deletion events restricted to a few tlr genes occurred. For example, in G. morhua, 7 copies for tlr8, 14 copies tlr22, and 9 copies for tlr25 were found in the genome and tlr5/tlr5S, tlr1, and tlr2 genes were missing, and this has been associated with the loss of mhc II and expansion of mhc I genes (32, 84). The large tlr gene expansion in G. morhua was correlated with the highly variable pathogen loads and community composition of the paleoclimatic Arctic conditions (32). However, we propose that the cod is an exception and its unique TLR repertoire and highly modified innate gene repertoire is a result of the number and frequency of repetitive tandem repeats within genes and gene promoter regions and significant genome rearrangement/recombination compared to other teleosts (85, 86).



4.2 Notothenioid Tlrs Evolved Under Positive Selection Pressures

The accepted consensus is that TLRs are functionally conserved (87). However, evidence from more refined analysis of the evolution of ligand recognition indicates positive selection of TLR3, TLR4, TLR5, and TLR15 in birds (88); TLR4 and TLR7 in wild rodents (89); and TLR1, TLR2, TLR6, and TLR8 (90) in pigs and cetacean TLRs (91). Evidence from the present study indicates that in Antarctic Nototheniidae, positive selection at the ectodomain, which recognize pathogen molecules, and within the LRR motifs of Tlr5, Tlr8, Tlr13, Tlr21, Tlr22, and Tlr23 occurred. This was presumably driven by the unique microbiome that has emerged in Antarctic due to the environment and species isolation caused by the circumpolar currents. Of note was the high representation of members of the TLR11 superfamily, a member-rich family in teleosts, although in Antarctic Nototheniidae, the TLR11 superfamily underwent a unique evolution compared to other vertebrates.

The results of the present analysis contrast with those of a previous study in T. bernacchii in which positive selection of Tlr2 was proposed to result from their radiation in an Antarctic environment (92). Based on our in-depth analysis of TLR evolution, we propose that although the general framework of the protein was conserved, the ligand interacting domain changed in Antarctic Nototheniidae as an adaptation to the unique microbiota. Based on the results, we propose that TLR evolution mirrors in some ways what occurs in antibodies where the antibody structure is highly conserved and changes in small protein segments (hypervariable regions) establish the exquisitely specific antigen recognition (93). Our TLR model explains the conundrum arising from the highly conserved TLR repertoire across most vertebrates despite their exposure to vastly different microbe loads, communities, and the surface or molecular characteristics of their pathogens.

The members of the TLR11 superfamily compared to other TLR families possess the largest number of LRRs and respond to viral infections (25, 94, 95). Protein modeling studies of Tlr22 LRRs in D. rerio revealed that changes in the LRR motif due to PSS modified ectodomain structure towards a flattened horseshoe-shape conformation and caused a functional change towards sensing long-sized dsRNA (96, 97). Positive selection in the tlr22 duplicates of G. morhua and Boleophthalmus pectinirostris (32, 98–100) was also associated with species-specific pathogen recognition. PSS of the duplicate Tlr21_2 TIR domain in G. acuticeps falls within the three conserved regions, box 1(YDAFISY), box 2 (SSKLC-RD-PG), and box 3 (a conserved W surrounded by basic residues), which are involved in signal transduction (1 and 2) and receptor localization (3) (101). Previous studies in Larimichthys polyactis suggested that the TIR domain of Tlr21 mediates activation of the factor, nuclear kappa B (102), suggesting that divergent signaling may occur in the duplicate tlr21 in G. acuticeps. PSS were also detected in Tlr8 LRRs (known to be efficient against virus) and in the TM domain of Tlr5 (that mostly react to bacteria), and changes in the homologue receptor sequences in other teleosts were associated with adaptation to different environmental pathogens (103). Functional data on amino acid mutations in the receptor TM domain is scarce but a TM mutation identified in Nototheniidae Tlr5 (PSS 530) is located near an important binding site in mammals for the plasma membrane auxiliary protein UNC93B1, which is responsible for receptor trafficking and localization (104), although the functional relevance of the Nototheniidae Tlr5 mutation is unclear as plasma membrane auxiliary proteins for Tlr have not yet been identified in teleosts.



4.3 Notothenioid Tlr Response to LPS Is Species-Specific and Changes With Temperature Increase

The distribution of the tlr transcripts in head–kidney (tlr5, tlr21, and tlr22) and intestine (tlr21 and tlr22) of N. rossii confirmed their previously described tissue-specific distribution (23, 105). In LPS-stimulated N. rossii (8 h and 24 h later), no changes in tlr gene expression were detected, which conflicts with previous studies in other teleost fish where these genes were modified. For example, in L. polyactis head–kidney and spleen, tlr21 and tlr22 were differentially expressed 6–12 h post LPS challenge (100); in C. carpio, tlr22 expression was increased in head–kidney (106); and in Acipenser dabryanus, tlr21 and tlr22 expression was increased in the head–kidney leukocytes (105). Moreover, in the head–kidney of N. coriiceps, tlr5 and tlr22 were upregulated 12 h post-challenge with heat-killed bacteria (E. coli O11:B4) but tlr21 expression was unaltered (23). In D. rerio and O. mykiss head–kidney tlr5 expression was also found to be responsive to bacteria flagella (24, 107–109).

The reason for the difference between the response to LPS of N. rossii (E. coli O111:B4) in the present study compared to N. coriiceps and other teleosts was unclear, particularly since the glycoprotein endotoxin, LPS, is a major component of the outer cell wall membrane of all Gram-negative bacteria and is a common bacterial PAMP. However, it should be noted that although bacterial LPS is considered to be identical between different bacteria and strains (110), recent studies revealed chemical divergence between Gram-negative species (111, 112) and within bacterial species with different phenotypes (112, 113). This may partially explain the lack of response to LPS in our study; in fact, cold adapted Gram-negative bacteria have a modified cell wall including the structure of LPS within the O-antigen region (110). The stimulation of lysozyme activity 24 h after LPS challenge in N. rossii is similar to what has been previously described in S. salar (114, 115). The lysozymes are a diverse and poorly conserved group of non-specific innate immune enzymes that hydrolyze the peptidoglycan layer of the bacterial cell wall and several genes were recently reported in Notothenioids (116). The functional requirement of peptidoglycan residues for lysozyme activity (117) and the detected response of N. rossii in our study highlight that the LPS challenge activated an innate immune response. The absence of a tlr response to this typical bacterial PAMP, although puzzling, may be attributed to a range of factors including LRR region specificity, the characteristics of the LPS (mammalian bacterial origin), or an inappropriate route, dose, or duration of exposure.

Differences in the responsiveness of N. rossii and N. coriiceps to an LPS challenge were previously reported in relation to iron metabolism genes (118) with N. coriiceps being more responsive. In the present study, increased seawater temperature had a more profound effect than LPS on tlr5, tlr21, and tlr22 gene expression in N. rossii. The effect of temperature on the regulation of tlr expression has previously been reported in G. morhua where an increase from 4 to 12°C increased expression of tlr21 and tlr22 in the head–kidney and spleen (98), although in D. rerio, temperature stress (from 23°C to 31°C) did not significantly modify tlr21 and tlr22 expression in the head–kidney and spleen (97). Interestingly, in mammals, heat shock proteins (HSP) 60 and 70 are known to be mediators of TLR2 and TLR4 expression (119). In teleosts that are ectotherms and for which there is a rich literature about the importance of the HSP in response to a thermal challenge, their potential involvement in TLR signaling is not studied (120, 121). An interesting nuance in the case of Antarctic Notothenioids is the loss of HSP function in those that have been studied, which raises questions that remain to be resolved about the potential mediators of the TLR response to LPS under thermal challenge in N. rossii (122–124).




5 Conclusion

Our study provides a comprehensive description and comparative analysis of the evolution of the TLR system in Nototheniidae. We reveal that apart from D. mawsoni, no major gene family expansion or contraction occurred in Nototheniidae, and the tlr gene complement was conserved across most teleosts. In contrast, within the LRR motif of the ectodomain, which recognize pathogen molecules, positive selection was detected in Tlr5, Tlr8, Tlr13, Tlr22, and Tlr23 across all the analyzed Antarctic Notothenioids. This was presumably driven by the unique environment and microbiome in the Antarctic and suggests that functional divergence in pathogen recognition may exist. We noted parallels in the pattern of evolution of tlrs characterized by gene deletions in D. mawsoni and Pleuronectiformes, which may be explained by the extreme changes in lipid metabolism and a rearranged skeleton that resulted from adaptation to a pelagic (68) or benthic lifestyle. In N. rossii, although LPS stimulation modified plasma lysozyme activity, it failed to change the expression of tlr5, tlr21, and tlr22 expressed in the head–kidney and intestine, which were targeted in our analyses. In contrast, an increase in water temperature (2°C to 6°C) caused a significant increase in tlr expression, although the mediators of this response remain to be established. These results indicate that increased temperatures associated with climate change are likely to directly modify the immune response mediated by TLRs. In summary, our study demonstrated that the rapid speciation and adaptation to freezing water temperatures did not play an important role in the evolution of Tlr number in Nototheniidae but was associated with a shift in the LRR pathogen recognition domain that was common across all the Nototheniidae analyzed, and of the six subfamilies of TLR in Nototheniidae fishes, Tlr22 was the most modified (Figure 5).




Figure 5 | Explaining TLR evolution in Nototheniidae. The Antarctic fish speciation and associated unique adaptations to extreme cold occurred 10–20 million years ago (Mya) but did not result in profound modifications of the TLR gene complement. Representatives of the five vertebrate TLR superfamilies exist in Nototheniids, and gene number and evolutionary origin were common with those in other teleosts and vertebrates. Notable changes in TLRs (Tlr5, Tlr8, Tlr13, Tlr21, Tlr22, and Tlr23) arose from positive evolutionary pressure acting on the LRR motifs that determine receptor function and pattern recognition due presumably to the unique Antarctic microbiome. Tlr expression was temperature sensitive and indicates that pathogen detection may be modified under future climate change scenarios. The five TLR superfamilies (S) are represented by numbers and with colored circles. The positive selective pressure sites are highlighted on the receptor conceptual structure with red lines and red circles. LRR: leucine-rich repeat, TM: transmembrane, and TIR: Toll-interleukin 1 receptor. Speciation times for fish lineages were obtained from (35). The scheme is not drawn to scale.





Data Availability Statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



Ethics Statement

Animal collection and experimentation were approved by the Portuguese Environment Agency, under the regulations set by the Treaty of Madrid for scientific investigation in Antarctica. The experiments performed complied with EU and Portuguese regulations for animal experimentation.



Author Contributions

DP, JC, CS, and AC conceived and designed the study. CS and PG carried out the animal experiments and collected the samples. CS and WZ performed the lab experiments. CS, JC, YW, and SF performed bioinformatic analysis. CS, AC, JC, LC, and DP contributed to data analysis and interpretation. CS, SF, JC, and DP drafted the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This study was funded by the Portuguese Foundation for Science and Technology (FCT) through projects PTDC/BIAANM/3484/2014, Natural Science Foundation of China (No. 41761134050), Foundation of Science and Technology Commission of Shanghai (No. 19590750500), and FCT-NSFC/0002/2016 and UIDB/04326/2020, FACC PROPOLAR (2016/2017). CS received a fellowship SFRH/BD/120040/2016.



Acknowledgments

The authors acknowledge the 2017 and 2019 crews of the Great Wall Chinese Antarctic Station for their hospitability and logistical support, Bruno Louro for the N. rossii and N. coriiceps fish collection, and Manuel Manchado (IFAPA, Puerto de Santa Maria, Spain) for providing the Solea senegalensis tlr sequences.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.812890/full#supplementary-material



References

1. Smith, NC, Rise, ML, and Christian, SL. A Comparison of the Innate and Adaptive Immune Systems in Cartilaginous Fish, Ray-Finned Fish, and Lobe-Finned Fish. Front Immunol (2019) 10:2292. doi: 10.3389/fimmu.2019.02292

2. Tort, L, Balasch, JC, and Mackenzie, S. Fish Immune System. A Crossroads Between Innate and Adaptive Responses. Inmunologia (2003) 22:277–86. doi: 10.1016/j.dci.2011.07.002

3. Uribe, C, Folch, H, Enriquez, R, and Moran, G. Innate and Adaptive Immunity in Teleost Fish: A Review. Vet Med (2011) 56:486–503. doi: 10.17221/3294-VETMED

4. Soulliere, C, and Dixon, B. Immune System Organs of Bony Fishes. Ref Module Life Sci (2017) 1–5. doi: 10.1016/B978-0-12-809633-8.12179-X

5. Katzenback, B. Antimicrobial Peptides as Mediators of Innate Immunity in Teleosts. Biology (2015) 4:607–39. doi: 10.3390/biology4040607

6. Akira, S, Uematsu, S, and Takeuchi, O. Pathogen Recognition and Innate Immunity. Cell (2006) 124:783–801. doi: 10.1016/j.cell.2006.02.015

7. Brubaker, SW, Bonham, KS, Zanoni, I, and Kagan, JC. Innate Immune Pattern Recognition: A Cell Biological Perspective. Annu Rev Immunol (2015) 33:257–90. doi: 10.1146/annurev-immunol-032414-112240

8. Thaiss, CA, Itav, S, Rothschild, D, Meijer, MT, Levy, M, Moresi, C, et al. Persistent Microbiome Alterations Modulate the Rate of Post-Dieting Weight Regain. Nature (2016) 540:544–51. doi: 10.1038/nature20796

9. Azam, S, Jakaria, M, Kim, IS, Kim, J, Ezazul Haque, M, and Choi, DK. Regulation of Toll Like Receptor (TLR) Signaling Pathway by Polyphenols in the Treatment of Age-Linked Neurodegenerative Diseases: Focus on TLR4 Signaling. Front Immunol (2019) 10:1000. doi: 10.3389/fimmu.2019.01000

10. Dorrington, MG, and Fraser, IDC. NF-κb Signaling in Macrophages: Dynamics, Crosstalk, and Signal Integration. Front Immunol (2019) 10:705. doi: 10.3389/fimmu.2019.00705

11. Liu, T, Zhang, L, Joo, D, and Sun, SC. NF-κb Signaling in Inflammation. Signal Transduct Target Ther (2017) 2:17023. doi: 10.1038/sigtrans.2017.23

12. Dhar, D, Dey, D, and Basu, S. Insights Into the Evolution of Extracellular Leucine-Rich Repeats in Metazoans With Special Reference to Toll-Like Receptor 4. J Biosci (2019) 44:1–17. doi: 10.1007/s12038-018-9821-y

13. Wang, J, Zhang, Z, Liu, J, Zhao, J, and Yin, D. Ectodomain Architecture Affects Sequence and Functional Evolution of Vertebrate Toll-Like Receptors. Sci Rep (2016) 6:1–10. doi: 10.1038/srep26705

14. Hopkins, PA, and Sriskandan, S. Mammalian Toll-Like Receptors: To Immunity and Beyond. Clin Exp Immunol (2005) 140:395–407. doi: 10.1111/j.1365-2249.2005.02801.x

15. Vidya, MK, Kumar, VG, Sejian, V, Bagath, M, Krishnan, G, and Bhatta, R. Toll-Like Receptors: Significance, Ligands, Signaling Pathways, and Functions in Mammals. Int Rev Immunol (2018) 37:20–36. doi: 10.1080/08830185.2017.1380200

16. Byadgi, O, Puteri, D, Lee, YH, Lee, JW, and Cheng, TC. Identification and Expression Analysis of Cobia (Rachycentron Canadum) Toll-Like Receptor 9 Gene. Fish Shellfish Immunol (2014) 36:417–27. doi: 10.1016/j.fsi.2013.12.017

17. Hwang, SD, Kondo, H, Hirono, I, and Aoki, T. Molecular Cloning and Characterization of Toll-Like Receptor 14 in Japanese Flounder, Paralichthys Olivaceus. Fish Shellfish Immunol (2011) 30:425–9. doi: 10.1016/j.fsi.2010.08.005

18. Lee, PT, Zou, J, Holland, JW, Martin, SAM, Kanellos, T, and Secombes, CJ. Identification and Characterization of TLR7, TLR8a2, TLR8b1 and TLR8b2 Genes in Atlantic Salmon (Salmo Salar). Dev Comp Immunol (2013) 41:295–305. doi: 10.1016/j.dci.2013.05.013

19. Liu, S, Zhang, Y, Zhou, Z, Waldbieser, G, Sun, F, Lu, J, et al. Efficient Assembly and Annotation of the Transcriptome of Catfish by RNA-Seq Analysis of a Doubled Haploid Homozygote. BMC Genomics (2012) 13:595. doi: 10.1186/1471-2164-13-595

20. Pietretti, D, Scheer, M, Fink, IR, Taverne, N, Savelkoul, HFJ, Spaink, HP, et al. Identification and Functional Characterization of Nonmammalian Toll-Like Receptor 20. Immunogenetics (2014) 66:123–41. doi: 10.1007/s00251-013-0751-4

21. Quiniou, SMA, Boudinot, P, and Bength_n, E. Comprehensive Survey and Genomic Characterization of Toll-Like Receptors (TLRs) in Channel Catfish, Ictalurus Punctatus: Identification of Novel Fish TLRs. Immunogenetics (2013) 65:511–30. doi: 10.1007/s00251-013-0694-9

22. Wang, K, Mu, Y, Qian, T, Ao, J, and Chen, X. Molecular Characterization and Expression Analysis of Toll-Like Receptor 1 From Large Yellow Croaker (Pseudosciaena Crocea). Fish Shellfish Immunol (2013) 35:2046–50. doi: 10.1016/j.fsi.2013.10.022

23. Ahn, DH, Shin, SC, and Park, H. Characterization of Toll-Like Receptor Gene Expression and the Pathogen Agonist Response in the Antarctic Bullhead Notothen Notothenia Coriiceps. Immunogenetics (2014) 66:563–73. doi: 10.1007/s00251-014-0792-3

24. Palti, Y. Toll-Like Receptors in Bony Fish: From Genomics to Function. Dev Comp Immunol (2011) 35:1263–72. doi: 10.1016/j.dci.2011.03.006

25. Pietretti, D, and Wiegertjes, GF. Ligand Specificities of Toll-Like Receptors in Fish: Indications From Infection Studies. Dev Comp Immunol (2014) 43:205–22. doi: 10.1016/j.dci.2013.08.010

26. Rosenstiel, P, Philipp, EER, Schreiber, S, and Bosch, TCG. Evolution and Function of Innate Immune Receptors - Insights From Marine Invertebrates. J Innate Immun (2009) 1:291–300. doi: 10.1159/000211193

27. Satake, H, and Sasaki, N. Comparative Overview of Toll-Like Receptors in Lower Animals. Zoolog Sci (2010) 27:154–61. doi: 10.2108/zsj.27.154

28. Werling, D, Jann, OC, Offord, V, Glass, EJ, and Coffey, TJ. Variation Matters: TLR Structure and Species-Specific Pathogen Recognition. Trends Immunol (2009) 30:124–30. doi: 10.1016/j.it.2008.12.001

29. Barreiro, LB, Ben-Ali, M, Quach, H, Laval, G, Patin, E, Pickrell, JK, et al. Evolutionary Dynamics of Human Toll-Like Receptors and Their Different Contributions to Host Defense. PLoS Genet (2009) 5:e1000562. doi: 10.1371/journal.pgen.1000562

30. Ji, J, Rao, Y, Wan, Q, Liao, Z, and Su, J. Teleost-Specific TLR19 Localizes to Endosome, Recognizes dsRNA, Recruits TRIF, Triggers Both IFN and NF-κb Pathways, and Protects Cells From Grass Carp Reovirus Infection. J Immunol (2018) 200:573–85. doi: 10.4049/jimmunol.1701149

31. Liu, G, Zhang, H, Zhao, C, and Zhang, H. Evolutionary History of the Toll-Like Receptor Gene Family Across Vertebrates. Genome Biol Evol (2019) 12:3615–34. doi: 10.1093/gbe/evz266

32. Solbakken, MH, Tørresen, OK, Nederbragt, AJ, Seppola, M, Gregers, TF, Jakobsen, KS, et al. Evolutionary Redesign of the Atlantic Cod (Gadus Morhua L.) Toll-Like Receptor Repertoire by Gene Losses and Expansions. Sci Rep (2016) 6:25211. doi: 10.1038/srep25211

33. Groff, JM. Cutaneous Biology and Diseases of Fish. Vet Clin North Am - Exot Anim Pract (2001) 4:321–411. doi: 10.1016/S1094-9194(17)30037-3

34. Matschiner, M, Colombo, M, Damerau, M, Ceballos, S, Hanel, R, and Salzburger, W. The Adaptive Radiation of Notothenioid Fishes. In the Waters of Antarctica. Extremophile Fishes, Vol. XII.  R Riesch, M Tobler, and M Plath editors. Switzerland: Springer  (2015). p. 35–57.

35. Auvinet, J, Graça, P, Dettai, A, Amores, A, Postlethwait, JH, Detrich, HW, et al. Multiple Independent Chromosomal Fusions Accompanied the Radiation of the Antarctic Teleost Genus Trematomus (Notothenioidei:Nototheniidae). BMC Evol Biol (2020) 20:39. doi: 10.1186/s12862-020-1600-3

36. Altschul, SF, Gish, W, Miller, W, Myers, EW, and Lipman, DJ. Basic Local Alignment Search Tool. J Mol Biol (1990) 215:403–10. doi: 10.1016/S0022-2836(05)80360-2

37. Artimo, P, Jonnalagedda, M, Arnold, K, Baratin, D, Csardi, G, De Castro, E, et al. ExPASy: SIB Bioinformatics Resource Portal. Nucleic Acids Res (2012) 40:W597–603. doi: 10.1093/nar/gks400

38. Hughes, LC, Ortí, G, Huang, Y, Sun, Y, Baldwin, CC, Thompson, AW, et al. Comprehensive Phylogeny of Ray-Finned Fishes (Actinopterygii) Based on Transcriptomic and Genomic Data. Proc Natl Acad Sci (2018) 115:6249–54. doi: 10.1073/pnas.1719358115

39. Laarson, A. AliView: A Fast and Lightweight Alignment Viewer and Editor for Large Data Sets. Bioinformatics (2014) 30:3276–8. doi: 10.1007/s13398-014-0173-7.2

40. de Castro, E, Sigrist, CJA, Gattiker, A, Bulliard, V, Langendijk-Genevaux, PS, Gasteiger, E, et al. ScanProsite: Detection of PROSITE Signature Matches and ProRule-Associated Functional and Structural Residues in Proteins. Nucleic Acids Res (2006) 34:362–5. doi: 10.1093/nar/gkl124

41. Letunic, I, Khedkar, S, and Bork, P. SMART: Recent Updates, New Developments and Status in 2020. Nucleic Acids Res (2021) 49:D458–60. doi: 10.1093/nar/gkaa937

42. Nielsen, H. “Predicting Secretory Proteins With signaIP”. In Protein Fuction Prediction: Methods and Protocols, Methods in Molecular Biology, Vol. 611.  D Kiharaeditor. New York: Humana Press, Springer (2017). p. 59–73.

43. Miller, MA, Pfeiffer, W, and Schwartz, T. “Creating the CIPRES Science Gateway for Inference of Large Phylogenetic Trees”. In: Gateway Computing Environments Workshop (GCE). New Orleans, USA: Nucleic Acids Research (2010). p. 1–8. doi: 10.1109/GCE.2010.5676129

44. Ronquist, F, Teslenko, M, van der Mark, P, Ayres, DL, Darling, A, Höhna, S, et al. MrBayes 3.2: Efficient Bayesian Phylogenetic Inference and Model Choice Across a Large Model Space. Syst Biol (2012) 61:539–42. doi: 10.1093/sysbio/sys029

45. Stamatakis, A. RAxML Version 8: A Tool for Phylogenetic Analysis and Post-Analysis of Large Phylogenies. Bioinformatics (2014) 30:1312–3. doi: 10.1093/bioinformatics/btu033

46. Rambaut, A. FigTree V1.4.3 Software (2016). Available at: http://tree.bio.ed.ac.uk/software/figtree (Accessed March 9, 2020).

47. Suyama, M, Torrents, D, and Bork, P. PAL2NAL: Robust Conversion of Protein Sequence Alignments Into the Corresponding Codon Alignments. Nucleic Acids Res (2006) 34:W609–12. doi: 10.1093/nar/gkl315

48. Kumar, S, Stecher, G, Li, M, Knyaz, C, and Tamura, K. MEGA X: Molecular Evolutionary Genetics Analysis Across Computing Platforms. Mol Biol Evol (2018) 35:1547–9. doi: 10.1093/molbev/msy096

49. Yang, Z. PAML 4: Phylogenetic Analysis by Maximum Likelihood. Mol Biol Evol (2007) 24:1586–91. doi: 10.1093/molbev/msm088

50. Gao, F, Chen, C, Arab, DA, Du, Z, He, Y, and Ho, SYW. EasyCodeML: A Visual Tool for Analysis of Selection Using CodeML. Ecol Evol (2019) 9:3891–8. doi: 10.1002/ece3.5015

51. Rebl, A, Goldammer, T, and Seyfert, H-M. Toll-Like Receptor Signaling in Bony Fish. Vet Immunol Immunopathol (2010) 134:139–50. doi: 10.1016/j.vetimm.2009.09.021

52. Wang, KL, Chen, SN, Huo, HJ, and Nie, P. Identification and Expression Analysis of Sixteen Toll-Like Receptor Genes, TLR1, TLR2a, TLR2b, TLR3, TLR5M, TLR5S, TLR7–9, TLR13a–c, TLR14, TLR21–23 in Mandarin Fish. Siniperca chuatsi Dev Comp Immunol (2021) 121:104100. doi: 10.1016/j.dci.2021.104100

53. Zhang, J, Kong, X, Zhou, C, Li, L, Nie, G, and Li, X. Toll-Like Receptor Recognition of Bacteria in Fish: Ligand Specificity and Signal Pathways. Fish Shellfish Immunol (2014) 41:380–8. doi: 10.1016/j.fsi.2014.09.022

54. Chen, Y, Zhou, S, Jiang, Z, Wang, X, and Liu, Y. Chemokine Receptor CXCR3 in Turbot (Scophthalmus Maximus): Cloning, Characterization and its Responses to Lipopolysaccharide. Fish Physiol Biochem (2016) 42:659–71. doi: 10.1007/s10695-015-0167-1

55. Guzmán-Villanueva, LT, Ascencio-Valle, F, Macías-Rodríguez, ME, and Tovar-Ramírez, D. Effects of Dietary β-1,3/1,6-Glucan on the Antioxidant and Digestive Enzyme Activities of Pacific Red Snapper (Lutjanus Peru) After Exposure to Lipopolysaccharides. Fish Physiol Biochem (2014) 40:827–37. doi: 10.1007/s10695-013-9889-0

56. Liu, QN, Xin, ZZ, Chai, XY, Jiang, SH, Li, CF, Zhang, HB, et al. Characterization of Immune-Related Genes in the Yellow Catfish Pelteobagrus Fulvidraco in Response to LPS Challenge. Fish Shellfish Immunol (2016) 56:248–54. doi: 10.1016/j.fsi.2016.05.019

57. Maekawa, S, Pulpipat, T, Wang, PC, and Chen, SC. Transcriptome Analysis of Immune- and Iron-Related Genes After Francisella Noatunensis Subsp. Orientalis Infection in Nile Tilapia (Oreochromis Niloticus). Fish Shellfish Immunol (2021) 111:36–48. doi: 10.1016/j.fsi.2020.11.009

58. Nayak, SK, Swain, P, Nanda, PK, Mohapatra, D, and Behera, T. Immunomodulating Potency of Lipopolysaccharides (LPS) Derived From Smooth Type of Bacterial Pathogens in Indian Major Carp. Vet Microbiol (2011) 151:413–7. doi: 10.1016/j.vetmic.2011.03.021

59. Seppola, M, Mikkelsen, H, Johansen, A, Steiro, K, Myrnes, B, and Nilsen, IW. Ultrapure LPS Induces Inflammatory and Antibacterial Responses Attenuated Invitro by Exogenous Sera in Atlantic Cod and Atlantic Salmon. Fish Shellfish Immunol (2015) 44:66–78. doi: 10.1016/j.fsi.2015.01.018

60. Čikoš, Š., Bukovská, A, and Koppel, J. Relative Quantification of mRNA: Comparison of Methods Currently Used for Real-Time PCR Data Analysis. BMC Mol Biol (2007) 8:1–14. doi: 10.1186/1471-2199-8-113

61. Bradford, MM. A Rapid and Sensitive Method for the Quantitation of Microgram Quantities of Protein Utilizing the Principle of Protein-Dye Binding. Anal Biochem (1976) 72:248–54. doi: 10.1016/0003-2697(76)90527-3

62. Ellis, AE. “Lysozyme Assays”. In: Techniques in Fish Immunology, Vol. 1. JS Stolenn, TC Fletcher, DP Anderson, BS Roberson and WB Van Muiswinkel, editors. Fair Haven: SOS Publications  (1990). p. 101–3.

63. Ellis, AE. Innate Host Defense Mechanisms of Fish Against Viruses and Bacteria. Dev Comp Immunol (2001) 25:827–39. doi: 10.1016/S0145-305X(01)00038-6

64. Papetti, C, Babbucci, M, Dettai, A, Basso, A, Lucassen, M, Harms, L, et al. Not Frozen in the Ice: Large and Dynamic Rearrangements in the Mitochondrial Genomes of the Antarctic Fish. Genome Biol Evol (2021) 13:evab017. doi: 10.1093/gbe/evab017

65. Chen, L, Devries, AL, and Cheng, CHC. Evolution of Antifreeze Glycoprotein Gene From a Trypsinogen Gene in Antarctic Notothenioid Fish. Proc Natl Acad Sci USA (1997) 94:3811–6. doi: 10.1073/pnas.94.8.3811

66. Chen, Z, Cheng, CHC, Zhang, J, Cao, L, Chen, L, Zhou, L, et al. Transcriptomic and Genomic Evolution Under Constant Cold in Antarctic Notothenioid Fish. Proc Natl Acad Sci USA (2008) 105:12944–9. doi: 10.1073/pnas.0802432105

67. Kim, BM, Amores, A, Kang, S, Ahn, DH, Kim, JH, Kim, IC, et al. Antarctic Blackfin Icefish Genome Reveals Adaptations to Extreme Environments. Nat Ecol Evol (2019) 3:469–78. doi: 10.1038/s41559-019-0812-7

68. Chen, L, Lu, Y, Li, W, Ren, Y, Yu, M, Jiang, S, et al. The Genomic Basis for Colonizing the Freezing Southern Ocean Revealed by Antarctic Toothfish and Patagonian Robalo Genomes. Gigascience (2019) 22:2472–9. doi: 10.1093/gigascience/giz016

69. Eastman, JT, and DeVries, AL. Buoyancy Adaptations in a Swim-Bladderless Antarctic Fish. J Morphol (1981) 167:91–102. doi: 10.1002/jmor.1051670108

70. Souza, PPC, and Lerner, UH. Finding a Toll on the Route: The Fate of Osteoclast Progenitors After Toll-Like Receptor Activation. Front Immunol (2019) 10:1663. doi: 10.3389/fimmu.2019.01663

71. Shi, W, Chen, S, Kong, X, Si, L, Gong, L, Zhang, Y, et al. Flatfish Monophyly Refereed by the Relationship of Psettodes in Carangimorphariae. BMC Genomics (2018) 19:400. doi: 10.1186/s12864-018-4788-5

72. García-Angulo, A, Merlo, MA, Rodríguez, ME, Portela-Bens, S, Liehr, T, and Rebordinos, L. Genome and Phylogenetic Analysis of Genes Involved in the Immune System of Solea Senegalensis - Potential Applications in Aquaculture. Front Genet (2019) 10:529. doi: 10.3389/fgene.2019.00529

73. Cerdà, J, and Manchado, M. Advances in Genomics for Flatfish Aquaculture. Genes Nutr (2013) 8:5–17. doi: 10.1007/s12263-012-0312-8

74. Köberlin, MS, Heinz, LX, and Superti-Furga, G. Functional Crosstalk Between Membrane Lipids and TLR Biology. Curr Opin Cell Biol (2016), 39:28–36. doi: 10.1016/j.ceb.2016.01.010

75. Ruysschaert, JM, and Lonez, C. Role of Lipid Microdomains in TLR-Mediated Signalling. Biochim Biophys Acta - Biomembr (2015) 1848:1860–7. doi: 10.1016/j.bbamem.2015.03.014

76. Glass, CK, and Olefsky, JM. Inflammation and Lipid Signaling in the Etiology of Insulin Resistance. Cell Metab (2012) 15:635–45. doi: 10.1016/j.cmet.2012.04.001

77. Ka, J, and Jin, SW. Zebrafish as an Emerging Model for Dyslipidemia and Associated Diseases. J Lipid Atheroscler (2021) 10:42–56. doi: 10.12997/jla.2021.10.1.42

78. Cao, L, Huang, Q, Wu, Z, Cao, DD, Ma, Z, Xu, Q, et al. Neofunctionalization of Zona Pellucida Proteins Enhances Freeze-Prevention in the Eggs of Antarctic Notothenioids. Nat Commun (2016) 7:12987. doi: 10.1038/ncomms12987

79. Coppe, A, Agostini, C, Marino, IAM, Zane, L, Bargelloni, L, Bortoluzzi, S, et al. Genome Evolution in the Cold: Antarctic Icefish Muscle Transcriptome Reveals Selective Duplications Increasing Mitochondrial Function. Genome Biol Evol (2013) 5:45–60. doi: 10.1093/gbe/evs108

80. Near, TJ, Dornburg, A, Kuhn, KL, Eastman, JT, Pennington, JN, Patarnello, T, et al. Ancient Climate Change, Antifreeze, and the Evolutionary Diversification of Antarctic Fishes. Proc Natl Acad Sci USA (2012) 109:3434–9. doi: 10.1073/pnas.1115169109

81. Lages, MA, Balado, M, and Lemos, ML. The Expression of Virulence Factors in Vibrio Anguillarum is Dually Regulated by Iron Levels and Temperature. Front Microbiol (2019) 10:2335. doi: 10.3389/fmicb.2019.02335

82. Signorino, G, Mohammadi, N, Patanè, F, Buscetta, M, Venza, M, Venza, I, et al. Role of Toll-Like Receptor 13 in Innate Immune Recognition of Group B Streptococci. Infect Immun (2014) 82:5013–22. doi: 10.1128/IAI.02282-14

83. Wang, Y, Bi, X, Chu, Q, and Xu, T. Discovery of Toll-Like Receptor 13 Exists in the Teleost Fish: Miiuy Croaker (Perciformes, Sciaenidae). Dev Comp Immunol (2016) 61:25–33. doi: 10.1016/j.dci.2016.03.005

84. Solbakken, MH, Voje, KL, Jakobsen, KS, and Jentoft, S. Linking Species Habitat and Past Palaeoclimatic Events to Evolution of the Teleost Innate Immune System. Proc R Soc B Biol Sci (2017) 284:2016810. doi: 10.1098/rspb.2016.2810

85. Tørresen, OK, Star, B, Jentoft, S, Reinar, WB, Grove, H, Miller, JR, et al. An Improved Genome Assembly Uncovers Prolific Tandem Repeats in Atlantic Cod. BMC Genomics (2017) 18:95. doi: 10.1186/s12864-016-3448-x

86. Sodeland, M, Jorde, PE, Lien, S, Jentoft, S, Berg, PR, Grove, H, et al. Islands of Divergence in the Atlantic Cod Genome Represent Polymorphic Chromosomal Rearrangements. Genome Biol Evol (2016) 8:1012–22. doi: 10.1093/gbe/evw057

87. Mikami, T, Miyashita, H, Takatsuka, S, Kuroki, Y, and Matsushima, N. Molecular Evolution of Vertebrate Toll-Like Receptors: Evolutionary Rate Difference Between Their Leucine-Rich Repeats and Their TIR Domains. Gene (2012) 503:235–43. doi: 10.1016/j.gene.2012.04.007

88. Alcaide, M, Edwards, SV, Negro, JJ, Serrano, D, and Tella, JL. Extensive Polymorphism and Geographical Variation at a Positively Selected MHC Class II B Gene of the Lesser Kestrel (Falco Naumanni). Mol Ecol (2008) 17:2652–65. doi: 10.1111/j.1365-294X.2008.03791.x

89. Fornůsková, A, Vinkler, M, Pagès, M, Galan, M, Jousselin, E, Cerqueira, F, et al. Contrasted Evolutionary Histories of Two Toll-Like Receptors (Tlr4 and Tlr7) in Wild Rodents (Murinae). BMC Evol Biol (2013) 13:1–17. doi: 10.1186/1471-2148-13-194

90. Darfour-Oduro, KA, Megens, HJ, Roca, AL, Groenen, MAM, and Schook, L. B. Adaptive Evolution of Toll-Like Receptors (TLRs) in the Family Suidae. PLoS One (2015) 10:e0124069. doi: 10.1371/journal.pone.0124069

91. Xu, S, Tian, R, Lin, Y, Yu, Z, Zhang, Z, Niu, X, et al. Widespread Positive Selection on Cetacean TLR Extracellular Domain. Mol Immunol (2019) 106:135–42. doi: 10.1016/j.molimm.2018.12.022

92. Varriale, S, Ferraresso, S, Giacomelli, S, Coscia, MR, Bargelloni, L, and Oreste, U. Evolutionary Analysis of Antarctic Teleost Toll-Like Receptor 2. Fish Shellfish Immunol (2012) 33:1076–85. doi: 10.1016/j.fsi.2012.07.010

93. Jaton, JC, and Riesen, W. The Relationship Between Hypervariable Regions, Antigen-Binding Specificity and the Three-Dimensional Structure of Antibodies. Ann Immunol (1976) 127:273–83.

94. Chen, S, Cheng, A, and Wang, M. Innate Sensing of Viruses by Pattern Recognition Receptors in Birds. Vet Res (2013) 44:82. doi: 10.1186/1297-9716-44-82

95. Matsuo, A, Oshiumi, H, Tsujita, T, Mitani, H, Kasai, H, Yoshimizu, M, et al. Teleost TLR22 Recognizes RNA Duplex to Induce IFN and Protect Cells From Birnaviruses. J Immunol (2008) 181:3474–85. doi: 10.4049/jimmunol.181.5.3474

96. Sahoo, BR, Dikhit, MR, Bhoi, GK, Maharana, J, Lenka, SK, Dubey, PK, et al. Understanding the Distinguishable Structural and Functional Features in Zebrafish TLR3 and TLR22, and Their Binding Modes With Fish dsRNA Viruses: An Exploratory Structural Model Analysis. Amino Acids (2015) 47:381–400. doi: 10.1007/s00726-014-1872-2

97. Sundaram, AYM, Consuegra, S, Kiron, V, and Fernandes, JMO. Positive Selection Pressure Within Teleost Toll-Like Receptors Tlr21 and Tlr22 Subfamilies and Their Response to Temperature Stress and Microbial Components in Zebrafish. Mol Biol Rep (2012) 39:8965–75. doi: 10.1007/s11033-012-1765-y

98. Sundaram, AY, Kiron, V, Dopazo, J, and Fernandes, JM. Diversification of the Expanded Teleost-Specific Toll-Like Receptor Family in Atlantic Cod, Gadus Morhua. BMC Evol Biol (2012) 12:256. doi: 10.1186/1471-2148-12-256

99. Qi, D, Chao, Y, Zhang, C, Wang, Z, Wang, W, Chen, Q, et al. Duplication of Toll-Like Receptor 22 in Teleost Fishes. Fish Shellfish Immunol (2019) 94:752–60. doi: 10.1016/j.fsi.2019.09.067

100. Qiu, HT, Fernandes, JMO, Hong, WS, Wu, HX, Zhang, YT, Huang, S, et al. Paralogues From the Expanded Tlr11 Gene Family in Mudskipper (Boleophthalmus Pectinirostris) Are Under Positive Selection and Respond Differently to LPS/Poly(I:C) Challenge. Front Immunol (2019) 10:343. doi: 10.3389/fimmu.2019.00343

101. Slack, JL, Schooley, K, Bonnert, TP, Mitcham, JL, Qwarnstrom, EE, Sims, JE, et al. Identification of Two Major Sites in the Type I Interleukin-1 Receptor Cytoplasmic Region Responsible for Coupling to Pro-Inflammatory Signaling Pathways. J Biol Chem (2000) 275:4670–8. doi: 10.1074/jbc.275.7.4670

102. Sun, M, Mu, Y, Ding, Y, Ao, J, and Chen, X. Molecular and Functional Characterization of Toll-Like Receptor 21 in Large Yellow Croaker (Larimichthys Crocea). Fish Shellfish Immunol (2016) 59:179–88. doi: 10.1016/j.fsi.2016.10.024

103. Han, C, Li, Q, Zhang, Z, and Huang, J. Characterization, Expression, and Evolutionary Analysis of New TLR3 and TLR5M Genes Cloned From the Spiny Eel Mastacembelus Armatus. Dev Comp Immunol (2017) 77:174–87. doi: 10.1016/j.dci.2017.08.007

104. Huh, JW, Shibata, T, Hwang, M, Kwon, EH, Jang, MS, Fukui, R, et al. UNC93B1 is Essential for the Plasma Membrane Localization and Signaling of Toll-Like Receptor 5. Proc Natl Acad Sci USA (2014) 111:7072–7. doi: 10.1073/pnas.1322838111

105. Qi, Z, Wang, S, Zhu, X, Yang, Y, Han, P, Zhang, Q, et al. Molecular Characterization of Three Toll-Like Receptors (TLR21, TLR22, and TLR25) From a Primitive Ray-Finned Fish Dabry’s Sturgeon (Acipenser Dabryanus). Fish Shellfish Immunol (2018) 82:200–11. doi: 10.1016/j.fsi.2018.08.033

106. Li, H, Yang, G, Ma, F, Li, T, Yang, H, Rombout, JHWM, et al. Molecular Characterization of a Fish-Specific Toll-Like Receptor 22 (TLR22) Gene From Common Carp (Cyprinus Carpio L.): Evolutionary Relationship and Induced Expression Upon Immune Stimulants. Fish Shellfish Immunol (2017) 63:74–86. doi: 10.1016/j.fsi.2017.02.009

107. Hayashi, F, Smith, KD, Ozinsky, A, Hawn, TR, Yi, EC, Goodlett, DR, et al. The Innate Immune Response to Bacterial Flagellin is Mediated by Toll-Like Receptor 5. Nature (2001) 4610:1099–103. doi: 10.1038/35074106

108. Meijer, AH, Gabby Krens, SF, Medina Rodriguez, IA, He, S, Bitter, W, Snaar-Jagalska, BE, et al. Expression Analysis of the Toll-Like Receptor and TIR Domain Adaptor Families of Zebrafish. Mol Immunol (2004) 40:773–83. doi: 10.1016/j.molimm.2003.10.003

109. Tsujita, T, Tsukada, H, Nakao, M, Oshiumi, H, Matsumoto, M, and Seya, T. Sensing Bacterial Flagellin by Membrane and Soluble Orthologs of Toll-Like Receptor 5 in Rainbow Trout (Onchorhynchus Mikiss). J Biol Chem (2004) 279:48588–97. doi: 10.1074/jbc.M407634200

110. Ray, MK, Kumar, GS, and Shivaji, S. Phosphorylation of Lipopolysaccharides in the Antarctic Psychrotroph Pseudomonas Syringae: A Possible Role in Temperature Adaptation. J Bacteriol (1994) 176:4243–9. doi: 10.1128/jb.176.14.4243-4249.1994

111. Meredith, TC, Aggarwal, P, Mamat, U, Lindner, B, and Woodard, RW. Redefining the Requisite Lipopolysaccharide Structure in Escherichia Coli. ACS Chem Biol (2006) 1:33–42. doi: 10.1021/cb0500015

112. Nilsson, C, Skoglund, A, Moran, AP, Annuk, H, Engstrand, L, and Normark, S. Lipopolysaccharide Diversity Evolving in Helicobacter Pylori Communities Through Genetic Modifications in Fucosyltransferases. PLoS One (2008) 3:e3811. doi: 10.1371/journal.pone.0003811

113. Migale, R, Herbert, BR, Lee, YS, Sykes, L, Waddington, SN, Peebles, D, et al. Specific Lipopolysaccharide Serotypes Induce Differential Maternal and Neonatal Inflammatory Responses in a Murine Model of Preterm Labor. Am J Pathol (2015) 185:2390–401. doi: 10.1016/j.ajpath.2015.05.015

114. Nya, EJ, and Austin, B. Use of Bacterial Lipopolysaccharide (LPS) as an Immunostimulant for the Control of Aeromonas Hydrophila Infections in Rainbow Trout Oncorhynchus Mykiss (Walbaum). J Appl Microbiol (2010) 108:686–94. doi: 10.1111/j.1365-2672.2009.04464.x

115. Paulsen, SM, Engstad, RE, and Robertsen, B. Enhanced Lysozyme Production in Atlantic Salmon (Salmo Salar L.) Macrophages Treated With Yeast β-Glucan and Bacterial Lipopolysaccharide. Fish Shellfish Immunol (2001) 11:23–37. doi: 10.1006/fsim.2000.0291

116. Li, L, Cardoso, JCR, Félix, RC, Mateus, AP, Canário, AVM, and Power, DM. Fish Lysozyme Gene Family Evolution and Divergent Function in Early Development. Dev Comp Immunol (2021) 114:103772. doi: 10.1016/j.dci.2020.103772

117. Ragland, SA, and Criss, AK. From Bacterial Killing to Immune Modulation: Recent Insights Into the Functions of Lysozyme. PLoS Pathog (2017) 13:e1006512. doi: 10.1371/journal.ppat.1006512

118. Martínez, DP, Sousa, C, Oyarzún, R, Pontigo, JP, Canario, AVM, Power, DM, et al. LPS Modulates the Expression of Iron-Related Immune Genes in Two Antarctic Notothenoids. Front Physiol (2020) 11:102. doi: 10.3389/fphys.2020.00102

119. Zhou, J, An, H, Xu, H, Liu, S, and Cao, X. Heat Shock Up-Regulates Expression of Toll-Like Receptor-2 and Toll-Like Receptor-4 in Human Monocytes via P38 Kinase Signal Pathway. Immunology (2005) 114:522–30. doi: 10.1111/j.1365-2567.2004.02112.x

120. Oksala, NKJ, Ekmekçi, FG, Özsoy, E, Kirankaya, Ş., Kokkola, T, Emecen, G, et al. Natural Thermal Adaptation Increases Heat Shock Protein Levels and Decreases Oxidative Stress. Redox Biol (2014) 3:25–8. doi: 10.1016/j.redox.2014.10.003

121. Tang, C-H, Leu, M-Y, Shao, K, Hwang, L-Y, and Chang, W-B. Short-Term Effects of Thermal Stress on the Responses of Branchial Protein Quality Control and Osmoregulation in a Reef-Associated Fish, Chromis Viridis. Zool Stud (2014) 53:21. doi: 10.1186/s40555-014-0021-7

122. Berthelot, C, Clarke, J, Desvignes, T, Detrich, III HW, Flicek, P, Peck, LS, et al. Adaptation of Proteins to the Cold in Antarctic Fish: A Role for Methionine?  Genome Biol Evol (2018) 11:220–31. doi: 0.1093/gbe/evy262


123. Hofmann, GE, Buckley, B, Airaksinen, S, Keen, JE, and Somero, GN. Heat-Shock Protein Expression is Absent in the Antarctic Fish Trematomus Bernacchii (Family Nototheniidae). J Exp Biol (2000) 203:2331–9. doi: 10.1242/jeb.203.15.2331

124. Hofman, GE, Lund, SG, Place, SP, and Whitmer, AC. Some Like It Hot, Some Like It Cold: The Heat Shock Response Is Found in New Zealand Bot not Antarctic Notothenioid Fishes. J Exp Mar Biol Ecol (2005) 316:79–89. doi: 10.1016/j.jembe.2004.10.007




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Sousa, Fernandes, Cardoso, Wang, Zhai, Guerreiro, Chen, Canário and Power. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Toll-Like Receptor Evolution: Does Temperature Matter?

      

        		

          1 Introduction

        



        		

          2 Materials and Methods

        

          		

            2.1 In Silico Database Searches

          

            		

              2.1.1 Sequence Comparisons and Phylogenetic Analysis

            



            		

              2.1.2 Short-Range Gene-Linkage Analysis

            



            		

              2.1.3 Selective Pressure Analysis

            



          



          



          		

            2.2 Experimental Immune Challenge

          



          		

            2.3 RNA Extraction, cDNA Synthesis, and Quantitative PCR Analysis

          



          		

            2.4 Blood Plasma Total Protein and Enzyme Activity

          



          		

            2.5 Statistical Analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Bioinformatic Search for tlrs in Antarctic Notothenioids and Other Fish

          

            		

              3.1.1 Nototheniidae Contain a Similar tlr Gene Repertoire to Other Teleosts

            

              		

                3.1.1.1 TLR1 and TLR4 Superfamilies

              



              		

                3.1.1.2 TLR3 and TLR11 Superfamilies

              



              		

                3.1.1.3 TLR5 and TLR7 Superfamilies

              



            



            



            		

              3.1.2 Species-Specific Gene Losses Occurred in the Nototheniidae, D. mawsoni

            

              		

                3.1.2.1 Tlr1 Gene Linkage

              



              		

                3.1.2.2 Tlr2 Gene Linkage

              



              		

                3.1.2.3 Tlr5 Gene Linkage

              



              		

                3.1.2.4 Tlr8 Gene Linkage

              



              		

                3.1.2.5 Tlr23 Gene Linkage

              



            



            



            		

              3.1.3 Nototheniidae Tlr Proteins Share Conserved Structure With Other Teleosts

            



            		

              3.1.4 Codon Usage Bias Potentially Modified Pathogen Recognition in Nototheniidae Tlr

            



          



          



          		

            3.2 Tlr Response to Immune and Temperature Challenge in Nototheniidae N. rossii

          



        



        



        		

          4 Discussion

        

          		

            4.1 Adaptation to Antarctic Has Not Played a Significant Role in tlr Gene Repertoire

          



          		

            4.2 Notothenioid Tlrs Evolved Under Positive Selection Pressures

          



          		

            4.3 Notothenioid Tlr Response to LPS Is Species-Specific and Changes With Temperature Increase

          



        



        



        		

          5 Conclusion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-13-812890-g001.jpg
-

0






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-812890-g003.jpg
axuggw (= ooxDfoomol xoo
S e [RRa R RIEERERE =






OEBPS/Images/table2.jpg
Receptor Model

TLRS M2a

Mia

M8

M7

TLR8 M2a

Mia

M8

M7

TLR13 M2a

Mia

M8

M7

TLR22 M2a

Mia

M8

M7

TLR23 M2a

Mia

™8
M7

np

12
10

LnL

-2969.998729

-2970.783667

-2969.998943

-2971.214751

-5382.496766

-5417.313267

-5388.003906

-5418.056161

-3257.897218

-3262.616085

-3257.897218

-3263.427397

-5046.424216

-5086.643355

-5046.642792

-5090.346350

-4560.594806

-4568.283926

-4560.595092
-4568.445931

2 ew

o
p0=0.94815
(p1=
0.05185)
p=0.27144

mew

o
P0=0.74956

(p1=
0.25044)
=0.02508

new

o
p0=0.73321
(p1=
0.26679)
p=0.02050

2 ew

o
p0=0.69561

(p1=
0.30439)

p=0.03100

p:
o
p:

o

p0=0.79997 p=5.98663 q=27.59025

p=0.02004

Estimates of parameters

0.62742
010344
063311
0.10281
p=0.38730
o=
1.98531

029522
0.00000
042715
0.00000
p=0.00500

o=
5.39259

0.73321
0.00000
0.46579
0.00000
=0.00500
o=
2.89538

061339
0.00000
0.48532
0.00000

p=0.00500

o=
4.52587

0.79957
0.17484
0.38807
0.00000

0.36347
1.00000
0.36689
1.00000
q=0.78363

q=0.44370

065107
1.00000
057285
1.00000
g=1.72148

q=0.01283

0.00000
1.00000
053421
1.00000
G=2.09224

6=0.00751

0.15062
1.00000
051468
1.00000
q=1.39574

4=0.01510

0.00000
1.00000
061193
1.00000

=0.00655

Model
compared

0.00911  Mtavs.
4.70001 M2a

M7 vs.M8

0.05371  Mtavs.
13.82641 M2a
M7 vs.M8

0.26679 Milavs.
2.89633 M2a

M7 vs.M8

0.23598 Miavs.
5.25653 M2a

M7 vs.M8

0.20043 Miavs.
3.91573 M2a

M7 vs.M8
0.00655

LRT P-value

0.296470369

0.000000000

0.000000000

0.008925285

0.003965279

0.000000000

0.000000000

0.000457781

0.000389425

Positive sites”

No significant sites found

Not Allowed

Not Allowed

No significant sites found

Not Allowed

25 G 0.999™,27 K 0.987",28 E 0.988",48 W 1.000**,63 Q 0.988",92 S
0.987",275 V 0,995,414 S 0.984",501 K 0.985",753 H 0.985",761 K
0987

Not Allowed

No significant sites found

Not Allowed

210 H 0.963"

Not Allowed

No significant sites found

Not Allowed

24T 0.963",32 R 0.968%,36 A 0.957*,40 G 0.957*,45 S 0.999"*,49 P
0.964*,66 K 0.951%,88 T 0.999™,119 K 0.994**,141 R 0.994™,149 T
0.951%,181 R 0.969*

245 E 0.993",264 S 0.969",257 T 0.995™,273 Q 0.981%,300 H 0.992**,302
R 0.983",328 L 0.996™*,347 R 0.994™,368 Y 0.958",373 Q 0.962",

395 E 0.995™*,397 Y 0.954",419 A 0.954",423 S 0.964",447 N 0.994"* 477
V 0.995™,496 Q 0.957",498 P 0.962*,501 T 0.998"* 503 R 0.957*

520 S 0.968",544 N 0.991**,559 N 0.991**,571 S 0.972*,590 R 0.950* 642
E 0.954%,663 P 0.969*,707 T 0.977%,709 S 1.000*,760 T 0.960",

Not Allowed

No signiicant sites found

Not Allowed

333T0.976% 515 S 0.974"
Not Allowed

“Only PSS with significant posterior probabilities are indlicated. Asterisks indicate posterior probabilities P=95%(*) and p>99%(*).
LRT Statistics (2AL) and p-values for the site models on the Nototheniidae sequences of Tir5, Tir8, Tir13, Tir22, and TIr23.
"w" symbol is Omega which is calculated by Codeml. This value indicates the classes of sites analyzed (emphasis on estimated).





OEBPS/Images/fimmu-13-812890-g005.jpg
TiR23

o e

TiR22

TRz

10-15 TLRs

g






OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu.2022.812890_cover.jpg
, frontiers
in Immunology

Toll-Like Receptor Evolution: Does
Temperature Matter?





OEBPS/Images/fimmu-13-812890-g002.jpg





OEBPS/Images/table1.jpg
Receptor Model np LnL Estimates of parameters Model  LRT P-value Positive sites®

compared
TLR5 Model 28 -10165.09641  Site 0 1 2a 2b Model A 0.001143784 530N 0.978*
A class vs.Model A
f 0.60473 0.33234 0.04061 0.02232  null
w0  0.10087 1 0.10087 1
ol 0.10087 1 9.07143 9.07143
Model 27 -10170.38592 1 Not Allowed
Anull
TLR8 Model 28 -16158.517734 Site 0 1 2a 2b Model A 0.000231386 823 A 0.965*
A class vs.Model A
f 057462 0.40766 0.01037 0.00735 null
®0 0.07029 1.00000 0.07029 1.00000
ol 0.07029 1.00000 998.99874 998.99874
Model 27 -16165.296401 1 Not Allowed
Anull
TLR13 Model 20 -7100.573648 Site 0 1 2a 2b Model A 0.001826836
A class vs.Model A
f 0.64259 0.32938 0.01853 0.00950  null
®0 0.06914 1.00000 0.06914 1.00000
ol 0.06914 1.00000 14.37178 14.37178
Model 19 -7105.431583 1 Not Allowed
Anull
TLR22 Model 32 -17590.839397 Site 0 1 2a 2b Model A 0.000001954 344 S 0.962*,627 M 0.960*
A class vs.Model A
f 0.49499 0.44812 0.02986 0.02703  null
®0 0.13232 1.00000 0.13232 1.00000
ol 0.13232 1.00000 12.14526 12.14526
Model 31 -17602.159433 1 Not Allowed
Anull
TLR23 Model 16 -9143.957160 Site 0 1 2a 2b Model A 0.009946886 Not significant sites
A class vs.Model A
f 056141 0.41365 0.01436 0.01058  null
w0 0.11399 1.00000 0.11399 1.00000
ol 0.11399 1.00000 19.63740 19.63740
Model 15 -9147.279352 1 Not Allowed
Anull
Gya_TLR21_2 Model 28 -14048.172839 Site 0 1 2a 2b Model A 0.000003564 25 D 0.952*, 427 D 0.973*, 513 Q
A class vs.Model A 0.956%, 5652 R 0.998™, 577 D
null 0.973*
f 0.55406 0.39020 0.03270 0.02303 615 M 0.976*,653 R 0.963*,770 D
0.975%,809 V 0.972*,815 S 0.974*
®0 0.06857 1.00000 0.06857 1.00000
w1 0.06857 1.00000 53.35043 53.35043
Model 27 -14058.915882 1 Not Allowed
Anull

“Only PSS with significant posterior probabilties are indicated. Asterisks indicate posterior probabilities P=95%(*) and p>99%(**).
LRT Statistics (2AL) and p-values for the branch-site models on the ancestral Nototheniidae branch for Tir5, Tir8, Tir13, Tir22, TIr23, and G. acuticeps Tir21 duplicate (TIr21_2).
"w" symbol is Omega which is calculated by Codeml. This value indicates the classes of sites analyzed (emphasis on estimated).





OEBPS/Images/fimmu-13-812890-g004.jpg
TLRs|

558

Wik
Wik
cRK|

KRQ
cro
Lks

KKK|
kM|

oeo
pao

TiRz2
AL L EE LR FEEEE
AGSPKTKRTHRLSRY QEYASNQP TRSR)
TGSPKTKRTHRVSRY QAYASNQHTRSR
AGRPETKRTHGFSRY QEYACKRP KHSR)

VGRPETKSTDGLSMY KANT SEQP KRS S
AGKSENKSKYGLSMCKANT SEQP KRS S
ATVSDWSSTDRLSMNKANATERL SPGH|
AGRSDTGRAMRSSSYQEYTSKQPSPSS)
SGGSDTGNKET SDKS SSSGTGHASSSS
SGETDTRYKKSADQSSNSITTQKFTAS






