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A B S T R A C T

The TLRs of teleost fishes have distinct features and are highly diverse, but the duplication characteristics and
expression patterns of the tlr22 gene remain unclear. Here, we identified paralogous tlr22 genes in 13 teleost
fishes by screening available fish genomic resources and using molecular cloning. We then conducted com-
prehensive bioinformatics analyses and investigated spatiotemporal differences in the expression patterns of the
tlr22 genes in G. eckloni. The results indicated that more than three paralogous tlr22 genes were possessed by
some teleost fishes. Of these, tlr22c is specific to some subfamilies of the Cyprinidae (e.g., Barbinae, Cyprininae,
Schizothoracinae, and Leuciscinae). Phylogenetic and syntenic analyses showed that the paralogous tlr22 genes
originated from two single-gene duplication events. Molecular clock calculations dated the two gene duplication
events at 49.5 and 39.3 MYA, which is before the common carp-specific genome duplication event and well after
the fish-specific genome duplication. Gene duplication of tlr22 was followed by gene loss or pseudogene events
in certain lineages. Spatiotemporal expression differences between the three duplicated tlr22 genes from G.
eckloni suggested that these genes diverged functionally after gene duplication.

1. Introduction

Proteins in the Toll-like receptor (TLR) family are essential, well-
characterized pattern recognition receptors (PRRs) [1–3]. TLRs re-
cognize a wide variety of pathogen-associated molecular patterns
(PAMPs), such as lipopolysaccharides, bacterial DNA, lipoproteins, li-
poteichoic acid, peptidoglycan, mannose, and double stranded RNA
(dsRNA) [4–6]. TLRs are type I transmembrane proteins with extra-
cellular leucine-rich repeat (LRR) motifs, a transmembrane domain, and
an intracellular Toll/interleukin-1 (TIR) domain. TLRs recognize spe-
cific PAMP ligands via the interactions of these ligands with the LRRs;
these interactions trigger the activation of signaling cascades [7,8] and
mediate innate immune responses for host defense.

Although generally conserved in structure, TLRs exhibit high levels
of inter- and intraspecific genetic variation in vertebrates [1,9–14]. To
date, 10 TLRs have been identified and functionally characterized in
humans and birds [1,3,11]. Teleost fishes represent approximately half
of all vertebrate species, and hence form the largest and most diverse
group of vertebrates. In addition, teleost fishes also have distinct fea-
tures and highly diverse TLRs. Recent genomic studies and the avail-
ability of draft teleost genome sequences have greatly facilitated the

identification of TLRs in teleost fishes. For example, phylogenetic
analyses of complete genomes were used to identify 11 distinct TLR
types in the pufferfish (Takifugu rubripes) [15], and 14 distinct TLR
types in the zebrafish (Danio rerio) [16,17] and common carp (Cyprinus
carpio) [18]. Interestingly, of the 14 fish TLRs, 3 were duplicated in the
zebrafish (TLR4b, 5, and 8), and 9 were duplicated in common carp
(TLR2, 3, 4, 7, 8, 18, 21, 22, and 25).

TLR22 belongs to fish-specific family of TLRs, which includes
TLR19, 20, 21, 22, and 23 [7,19]. Although fish-specific tlr22 genes
have been identified in various teleost fishes [7,13,18,20,21], the
functions of these genes remain poorly understood. Previous studies
have proposed that TLR22 recognizes long dsRNAs on the cell surface,
and that, upon activation with polyI:C, TLR22 recruits TICAM-1 and
induces IFN expression in fish cells [22] as part of the antiviral immune
response [20,23,24]. Duplicated tlr22 genes were identified in Atlantic
salmon (Salmo salar) [22], rainbow trout (Oncorhynchus mykiss) [21],
and Gymnocypris eckloni [14]. However, tlr22-3 or tlr22c are unique to
the common carp (Cyprinus carpio) [18]. The newly available open-
access genomic resources for fish enable us to screen the TLR gene fa-
mily at genomic scale. In the present study, we identified tlr22 paralogs
by screening available fish genomic resources and using molecular
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cloning. We then conducted phylogenetic and syntenic analyses. Fi-
nally, we measured the expression levels of tlr22 genes in G. eckloni
embryos at representative stages during development and in the major
tissues of adult G. eckloni. The aims of this study were to characterize
the variation and origin of tlr22 paralogs among fish lineages, and to
determine the spatiotemporal divergence in tlr22 gene expression
among fish species.

2. Materials and methods

2.1. Identification of tlr22 genes in fish genomic resources

Previously published tlr22 gene sequences from common carp
(tlr22a, tlr22b, and tlr22c; Genbank accession nos. LC150775,
LC150776, and LC150776, respectively) were used as BLAST queries
(E-value cutoff: 1e-10) against the NCBI genomic databases of
Sinocyclocheilus grahami (release 100), Sinocyclocheilus anshuiensis (re-
lease 100), Pygocentrus nattereri (release 100), Astyanax mexicanus (re-
lease 102), Ictalurus punctatus (release 100), Salmo salar (release 100),
Oncorhynchus mykiss (release 100), Carassius auratus (release 100) and
Oxygymnocypris stewartii (GCA_003573665.1). To ensure access to all
the paralogous tlr22 genes, we used the same queries to search against
the (draft) genome assembly of each fish (ftp://ftp.ncbi.nlm.nih.gov/
genomes/refseq/vertebrate_other/). The nucleotide sequences were
extracted from the genome databases, assembled, and translated using
Lasergene 7.0 [25].

2.2. Animals

Specimens of G. eckloni were obtained from the Native Fish Artificial
Proliferation and Release Station of Xunhua in Qinghai Province, China.
Grass carp (Ctenopharyngodon idellus) were purchased from a local
market in Xining, Qinghai Province, China. All of the fish were trans-
ported to our laboratory and kept in aerated buckets at a temperature of
10–13 °C. Selected tissues were removed from each fish, shock-frozen in
liquid nitrogen, and stored at −80 °C. Embryos of G. eckloni were col-
lected at 2, 4, 6, 8, 10, 12, 18, 24, 48, 72, 96, 120, 144, 168, 192, and
216 h postfertilization (hpf) at 11 °C, and flash frozen in liquid nitrogen.
All of the research involving animals in this study followed the guide-
lines of, and was conducted under the approval of, the Animal Care and
Use Committee, Qinghai University, China.

2.3. RNA extraction and cloning of tlr22 genes from G. eckloni and C.
idellus

Total RNA was isolated from each tissue and embryo sample using
an RNAprep Pure Tissue Kit (Tiangen Biotech Co., Ltd., China), and was
treated with RNase-free DNase I (Takara, Japan). cDNA was obtained
from the total RNA using an oligo (dT) primer RNA PCR Kit (AMV) Ver.
3.0 (Takara, Japan). To clone the complete coding sequence of each
tlr22 gene in G. eckloni and C. idellus, primers were designed using
Primer 5.0 (www.premierbiosoft.com) based on previously publish-
edtlr22 gene sequences from common carp (tlr22a, tlr22b, and tlr22c;
Genbank accession nos. LC150775, LC150776, and LC150776, respec-
tively), and on sequences from Carassius auratus obtained in this study
(Table 1). PCR cycling conditions were as follows: initial denaturation
at 94 °C for 2min; followed by 35 cycles of 98 °C for 10 s, 52–58 °C for
30 s, and 72 °C for 1min; and, finally, extension at 72 °C for 5min. The
PCR products were purified on 1.0% agarose gels using agarose gel DNA
Purification Kits Ver. 2.0 (Takara, Japan), subcloned into vector
pMD19-T (Takara, Japan), and then sequenced (both strands) by a
commercial sequencing service (Sangon Biotech Co., Ltd., China). The
tlr22 gene sequences obtained in this study have been deposited in
Genbank (Accession nos. MN106008–MN106013).

2.4. Sequence analysis

The complete coding sequences of the tlr22 genes from G. eckloni
and grass carp were confirmed by BLAST [26], and assembled with
DNAMAN Version 6.0. (http://www.lynnon.com). The putative amino
acid sequences were predicted using Lasergene [25]. The biochemical
properties of the mature peptides were evaluated using ProtParam
(http://ca.expasy.org/tools/protparam.html). The characteristic func-
tional domains of the TLRs were identified using the SMART server
(http://smart.embl-heidelberg.de/).

2.5. Phylogenetic and syntenic analyses

The deduced amino acid sequences from G. eckloni and the grass
carp were aligned with putative homologs from other fish genomes
using ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2). We
then constructed a maximum-likelihood (ML) phylogeny of TLR22
paralogs based on this alignment using MEGA X [27], using bootstrap
(BS) re-sampling (100 replicates) to assess support for individual nodes.
The best-fitting models of sequence evolution were determined with
‘Find Best Protein Models’ supplemented in MEGA X. The phylogenetic
analysis included the protein sequences of all the zebrafish TLRs, the
TLR 25 sequences from the common carp and the previously-published
TLR22 protein sequences (TLR22 and TLR22L from O. mykiss [21];
TLR22a and TLR22b from S. salar [22]). Considering the evolutionary
conservation of TIR domain, we further constructed a ML phylogeny of
TLR22 paralogs based on TIR domains of all the above-mentioned TLRs.

To determine the divergence time of the duplicated tlr22 genes, we
calculated the synonymous site divergence value (Ks) for paralogous
pairs within species using the CodeML module (run mode −2) in the
PAML package [28]. Using a clock-like evolutionary rate (3.51×10−9

substitutions per synonymous site per year [29]), the time of divergence
was calculated using the formula T=Ks/2r, where Ks was the number

Table 1
Primers used in cloning and qRT-PCR for paralogous tlr22 genes of G. eckloni
and C. idellus.

Primer 5′-3′ Sequence Application

TLR22a-1-408F ATGGGAACACTGAAACAAATC Cloning
TLR22a-1-408R ATCCAGACGTAGCACCAGCAG Cloning
TLR22a-305-1173F GTGCCCTTGACAATCTTTC Cloning
TLR22a-305-1173R GTCGATGCTGTTTCTACTGA Cloning
TLR22a-953-1805F CTGCTAATGTGACTGCGTAT Cloning
TLR22a-953-1805R CGGTGATGCTGCTTTACT Cloning
TLR22a-1657-2838F AGAGTATTGGCCTTACACAGT Cloning
TLR22a-1657-2838R TCATGGAATTAAAAAATCTGAT Cloning
TLR22b-1-372F ATGTCTGTGAGAGAACATATTT Cloning
TLR22b-1-372R CCAGATTTAACTCCTGCAAAGCC Cloning
TLR22b-317-1762F GGGAAGTGGAGGAAGGAGC Cloning
TLR22b-317-1762R GGAGTATGAGTAAATGTATCTGGGTGT Cloning
TLR22b-1574-2418F GGACAATCTTGCTCAACCACCCT Cloning
TLR22b-1574-2418R TTCCAGCCCTGCTCGCCTTC Cloning
TLR22b-2227-2805F CTCTTTCACTTCCTCAAATGGCA Cloning
TLR22b-2227-2805R TTAGTTGACCCCTAAATCCCA Cloning
TLR22c-1-739F ATGAGGGAAAGTTCTGCATTTTTC Cloning
TLR22c-1-739R TCAGGAACGCCTTGTCTAGAAT Cloning
TLR22c-593-1771F ACATCCCATCGGCATTCTTTG Cloning
TLR22c-593-1771R TCTTGACATTAAGGTTCCCAGCA Cloning
TLR22c-1628-2474F AAAGTCCACCGTTCATCCTGTT Cloning
TLR22c-1628-2474R CTCAAGCCGTGTTGACCCTC Cloning
TLR22c-2374-2869F CTGGATTTCCAATATGACGCCT Cloning
TLR22c-2374-2869R TTAAATATGATCTTCGTCTTTC Cloning
TLR22a real F AGCCTTCCTTTACGACAGCA qRT-PCR
TLR22a real R CAGTCTCCAGCCCTGTTCTC qRT-PCR
TLR22b real F CTCCCAAACCTGAAAACACTTC qRT-PCR
TLR22b real R TTAAAGGGTGGTTGAGCAAGAT qRT-PCR
TLR22c real F CGGATCGTTGAATGGGATT qRT-PCR
TLR22c real R AAGTGTCGCAAGTGACTGGTT qRT-PCR
β-actin real F GCCAACAGGGAAAAGATGAC qRT-PCR
β-actin real R TTGCCAATGGTGATGACCTG qRT-PCR
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of substitutions per synonymous site per year and r was the substitution
rate.

In the syntenic analysis, the orientations and chromosomal positions
of the tlr22 homologs and their adjacent genes were determined using
Genomicus (http://genomicus.biologie.ens.fr/genomicus-95.01/cgi-
bin/search.pl) and NCBI BLAST against the fish genomic resources;
the tlr22 paralogs from G. eckloni were used as query sequences.

2.6. Expression of tlr22 gene paralogs in G. eckloni

Total RNA was extracted from each tissue and pooled embryo
sample (each sample include three embryos) as described above, and
converted into cDNA using a FastQuant RT Kit and Oligo (dT)18 pri-
mers. Quantitative real-time RT-PCR (qRT-PCR) experiments were
performed in an iQ5 Multicolor Real-Time PCR Detection System (Bio-
Rad Laboratories, Inc., USA) using SuperReal PreMix Plus (SYBR Green)
(Tiangen Biotech Co., Ltd.). Primers for TLRs and β-actin were designed
using an intron-spanning method (Table 1). Reactions were run in tri-
plicate for each sample, using a reaction volume of 20.0 μl, containing
1.0 μl of diluted cDNA, 10.0 μl 2× SuperReal PreMix Plus, 1.0 μl of
10 μmol/l each primer, and 7.0 μl ddH2O. Quantitative analyses for
embryo samples were performed using the Pfaffl method [30]. Sig-
nificant differences between tlr22 genes within the same tissue were
analyzed by Student's t-test.

3. Results

3.1. Identification of tlr22 paralogs in teleost fishes

BLAST searches against the genomic databases indicated that teleost
fishes possessed 1–5 tlr22 paralogs. Like zebrafish, S. salar, O. mykiss,
and I. punctatus each harbored a single copy of tlr22, while both P.
nattereri and A. mexicanus possessed two tlr22 paralogs (tlr22a and
tlr22b). The remaining fishes in the Barbinae (S. graham and S. an-
shuiensis), Cyprininae (C. auratus), and Schizothoracinae (O. stewartii)
possess 3–5 tlr22 paralogs. For example, S. graham and O. stewartii each
possessed three tlr22 paralogs (tlr22a, tlr22b, and tlr22c); C. auratus had
an additional tlr22c gene, thus which possessed four tlr22 paralogs
(tlr22a, tlr22b, tlr22c1 and tlr22c2). It is worth noting that S. anshuiensis
possessed five tlr22 paralogs (tlr22a1, tlr22a2, tlr22b, tlr22c1 and
tlr22c2). The tlr22a2 from S. anshuiensis, however, was much shorter
than tlr22a1, and disrupted by stop codons and frame shifts. To in-
vestigate whether tlr22 gene duplication has occurred in other teleost
fishes, we designed gene-specific primers based on the complete tlr22
gene sequences genes from the cyprinid fishes. We used these primers to
clone the corresponding genes from G. eckloni (Schizothoracinae) and
C. idellus (Leuciscinae). The results revealed that each of these species
possessed three duplicated tlr22 genes, although only partial sequence
of tlr22c was obtained from C. idellus (Table 2). Details of the genomic
sequences and coding sequences of the fishes examined in this study
were summarized in Table 2.

For the tlr22 genes with complete coding sequence (CDS), the nu-
cleotide sequences ranged from 2784 bp (tlr22b in C. idellus) to 2910 bp
(tlr22 in O. mykiss), encoding proteins 927–969 amino acids in length.
The functional domain prediction showed that TLR22a and TLR22c
possessed a signal peptide in the N-terminal, but that TLR22b did not.
In addition, TLR22a and TLR22c each had a transmembrane domain
close to the TIR domain, but TLR22b had a transmembrane domain
close to the N-terminal. Finally, the number of the extracellular LRR
motifs differs among TLR22a, TLR22b, and TLR22c (Fig. 1).

3.2. Phylogenetic and syntenic analyses of tlr22 genes in teleost fishes

The best-fit substitution model of molecular evolution for the entire
data set obtained from MEGA X based on the Bayesian information
criterion (BIC) was the LG + G + I model, which had the lowest score:

112212.96. This model was used for the construction of the ML phy-
logeny in MEGA X. An ML phylogeny (lnL=−55563.51) based on all
of the TLR-family amino acid sequences from zebrafish, as well as the
TLR22 paralogs obtained from other teleost fishes, recovered all of the
TLR22s in a well-supported monophyletic clade, divided into three
subclades corresponding to TLR22a, TLR22b, and TLR22c (Fig. 2). The
TLR22a subclade included TLR22 from D. rerio, TLR22 from I. punc-
tatus, and TLR22a homologs from other teleost fishes; the TLR22b
subclade included TLR22 from S. salar, TLR22 from O. mykiss, and
TLR22b homologs from other teleost fishes; and the TLR22c group in-
cluded all of the TLR22c homologs from seven species of Barbinae,
Cyprininae, Schizothoracinae, and Leuciscinae. To further investigate
the phylogenetic relationships with the TLR22 clade, we constructed a
phylogenetic tree of fish TLRs using previously-published sequences
(TLR22 and TLR22L from O. mykiss [21]; TLR22a and TLR22b from S.
salar [22]) and the sequences of the TLR22 paralogs obtained in this
study (Fig. 3). We found that all of the TLR22 sequences from O. mykiss
and S. salar formed a monophyletic clade with the TLR22b sequences
from other teleost fishes, suggesting that the TLR22s from O. mykiss and
S. salar were teleost TLR22b homologs. The phylogenetic analysis based
on TIR domains recovered largely congruent tree topologies as de-
scribed above, although the relationship between TLR22s from three
species (A. mexicanus, P. nattereri and I. punctatus) and TLR22s from
other species has not been properly solved (Fig. S1).

In five teleost fishes, at least three genes upstream of tlr22a and one
gene downstream of tlr22a, as well as tlr22 of D. rerio, exhibited con-
served synteny (Fig. 3A). We conducted syntenic analyses of the tlr22b
gene only in two species due to the fragmentary nature of the genome
sequences. The results showed that at least 14 genes adjacent to tlr22b
remained in the same order in P. nattereri and A. mexicanus (Fig. 3B). In
addition, five genes downstream of tlr22c and eight genes upstream of
tlr22c exhibited conserved synteny in C. auratus and S. anshuiensis. Al-
though the O. stewartii genome was fragmented, one gene upstream of
tlr22c was in the same order between C. auratus and S. anshuiensis
(Fig. 3C). It is worth noting that no conserved synteny of the neigh-
boring gene loci was found across the tlr22a, tlr22b, and tlr22c genes.
Interestingly, four genes adjacent to tlr22a1 and tlr22a2, and ten genes
adjacent to tlr22c1 and tlr22c2 exhibited conserved synteny of S. an-
shuiensis.

3.3. Expression profiles of tlr22 genes in G. eckloni

Our qRT-PCR analyses indicated that tlr22a, tlr22b, and tlr22c had
different expression patterns during the major stages of G. eckloni em-
bryonic development, as well as in the muscle and primary immune
tissues (liver, spleen, gill, and kidney) of adult G. eckloni (three years
old). The mRNA levels of tlr22b and tlr22c genes were slightly fluc-
tuated from 2 hpf to 216 hpf, which corresponded to the hatching stage.
The gene expression of tlr22a increased gradually during the cleavage
stage (6–12 hpf), then decreased slightly in the early blastula stage
(18–24 hpf). From the later blastula stage (24 hpf) tothe gastrula stage
(24–48 hpf), the neurula stage (72–96 hpf), the organogenetic stage
(96–144 hpf), the muscular contraction stage (144–168 hpf), the
heartbeat stage (168–192 hpf), and the hatching stage (192–216 hpf),
the gene expression of tlr22a re-increased gradually and reached a peak
at 216 hpf (Fig. 4A).

We investigated the tlr22s relative mRNA expression levels in the
major tissues of adult G. eckloni, including muscle, liver, spleen, gill and
kidney, by qRT-PCR. The results showed that the highest level of tlr22c
mRNA expression was observed in muscle, followed by tlr22b and
tlr22a. In liver, the mRNA expression of tlr22c significantly higher than
that of tlr22a and tlr22b, whereas the expressions of tlr22a and tlr22b
remained similar. In spleen and gill, the mRNA expression of tlr22c
significantly higher than that of tlr22a, but the expressions of tlr22a and
tlr22b remained similar. In kidney, the expressions of tlr22a, tlr22b and
tlr22c were almost the same (Fig. 4B).
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4. Discussion

Duplicated genes are common in tlrs, similar to other immune genes
in teleost fishes [18,31–33]. Duplications of the genes encoding TLR3,
4, 5, 8, 20, 22, and 25 have been described in several fish taxa
[16,18,21,34–37], but three duplicated tlr22 genes were previously
only known from the common carp [18]. In the present study, we in-
vestigated duplicated tlr22 genes in 13 teleost fishes by screening
available fish genomic resources and using molecular cloning. We
found that four species (D. rerio, S. salar, O. mykiss, and I. punctatus)
possess a single copy of tlr22, two species (P. nattereri and A. mexicanus)
possess two tlr22 paralogs, fivespecies (C. carpio, S. graham, O. stewartii,
C. idellus, G. eckloni) possess three tlr22 paralogs, while one species (C.
auratus) possesses four tlr22 paralogs, and one species (S. anshuiensis)
possess five tlr22 paralogs. Phylogenetic analysis indicated that the
TLR22 paralogs identified in this study formed three distinct groups
(TLR22a, TLR22b, and TLR22c). This suggested that TLR22 is encoded
by at least three distinct paralogous genes in some fish species, as has
been previously shown in the common carp [18]. This result was con-
sistent with our functional domain predictions. That is, although all of
the TLR22 paralogs had typical TLR characteristics, each was distinct.
That is, TLR22b differs from TLR22a and TLR22c with respect to the
locations of the transmembrane domain and the absence of signal
peptide, while TLR22a and TLR22c have different numbers of the ex-
tracellular LRR motifs. Thus, our results indicated that the tlr22 gene
has been duplicated in some teleost fishes, and that the resulting TLR22
paralogs have evolved novel functional properties. The transmembrane
domain, together with the TIR domain, play important role in enabling
the downstream signal transmission of TLR signaling pathway [38]. For
TLR22b, however, further studies are needed to clarify the roles of
distinct structure features (e.g., the absence of signal peptide and the
transmembrane domain located at the beginning of the protein rather
than close to the TIR) in signaling cascades.

The phylogenetic tree, together with the syntenic analysis, showed
that the tlr22a gene from species of Barbinae, Cyprininae,
Schizothoracinae, Leuciscinae, and Serrasalmidae was orthologus to the
tlr22 gene from D. rerio, while the tlr22b gene from species from
Barbinae, Cyprininae, Schizothoracinae, Leuciscinae, and
Serrasalmidae was orthologus to the tlr22 gene in the Salmonidae. The
tlr22c gene is specific to some subfamilies of Cyprinidae (e.g., Barbinae,
Cyprininae, Schizothoracinae, and Leuciscinae). Phylogenetic analysis
showed that all of the TLR22s formed a monophyletic clade, but
TLR22a clade was phylogenetically closer to TLR22c clade compared to
TLR22b clade, suggesting that TLR22a and TLR22c clades have the
recent common origin.

It is worth noting that the phylogenetic tree showed that the
TLR22a, TLR22b, and TLR22c subclades were clustered close to TLR19,
TLR20, and TLR21 from D. rerio. This suggested that the TLRs from D.
rerio belonged to the TLR11 subfamily, consistent with the previous
studies [4,7,14,16,18,19]. Syntenic analysis identified no conserved
synteny of the neighboring gene loci across the tlr22a, tlr22b, and tlr22c
genes, suggesting that the paralogous tlr22 genes in teleosts did not
arise via a large-scale genomic duplication, but via two single-gene
duplication events. Based on our phylogeny, tlr22a and tlr22b differ-
entiated first, followed by tlr22c and tlr22a. Although TLR22a clade was
phylogenetically closer to TLR22c clade, syntenic analysis indicated
that tlr22a and tlr22c genes were localized on different chromosomes/
linkage groups, suggesting they did not originate the local gene dupli-
cation. However, the conserved synteny found in tlr22a1 and tlr22a2, as
well as in tlr22c1 and tlr22c2 in S. anshuiensis, supported their origins of
local gene duplication.

Genome and gene duplications considerably increase gene diversi-
fication [33,39–42]. It has been proposed that multiple whole genome
duplication events have occurred in vertebrate lineages [32]. The first
genome duplication (1R) is thought to have occurred before the di-
vergence of jawed and jawless vertebrates, followed by a second

Table 2
Comparative analysis of TLR22 genes in the teleost fishes.

Species Gene CDS (bp) Amino acids (aa) CDS status Accession No. Genome location

Cyprinus carpio tlr22a1 2838 945 Complete LC150775 LG35
tlr22a2 2412 Partial NW_017545300 Scaffold
tlr22b 2805 934 Complete LC150776 LG7
tlr22c 2869 955 Complete LC150777 Scaffold

Sinocyclocheilus grahami tlr22a 2838 945 Complete NW_015505270 Scaffold
tlr22b 2799 932 Complete NW_015514490 Scaffold
tlr22c 2145 714 Partial NW_015505664 Scaffold

Sinocyclocheilus anshuiensis tlr22a1 2838 945 Complete NW_015548175 Scaffold
tlr22a2 1624 Partial NW_015551045 Scaffold
tlr22b 2805 934 Complete NW_015542606 Scaffold
tlr22c1 2865 954 Complete NW_015552615 Scaffold
tlr22c2 2868 955 Complete NW_015558674 Scaffold

Pygocentrus nattereri tlr22a 2898 965 Complete NW_016243855 Scaffold
tlr22b 2838 945 Complete NW_016243918 Scaffold

Astyanax mexicanus tlr22a 2754 918 Partial NC_035910 LG14
tlr22b 2874 957 Complete NC_035908 LG12

Salmo salar tlr22 2790 929 Complete NC_027315 LG16
Oncorhynchus mykiss tlr22 2910 969 Complete NC_035094 LG15
Carassius auratus tlr22a 2838 945 Complete NW_020523497 Scaffold

tlr22b 2805 934 Complete NW_020529075 Scaffold
tlr22c1 2859 952 Complete NC_039248 LG6
tlr22c2 2852 950 Partial NC_039273 LG31

Oxygymnocypris stewartii tlr22a 2853 950 Complete QVTF01004493 ctg141
tlr22b 2808 935 Complete QVTF01002673 ctg1244
tlr22c 2868 955 Complete QVTF01019087 ctg3424

Ctenopharyngodon idellus tlr22a 2865 954 Complete MN106011a unknown
tlr22b 2784 927 Complete MN106012a unknown
tlr22c 734 244 Partial MN106013a unknown

Gymnocypris eckloni tlr22a 2853 950 Complete MN106008a unknown
tlr22b 2808 935 Complete MN106009a unknown
tlr22c 2868 955 Complete MN106010a unknown

Ictalurus punctatus tlr22 2898 965 Complete NC_030433.1 LG18

a Indicate tlr22 gene sequences obtained in this study. Other sequences are from NCBI.
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genome duplication (2R) immediately after the divergence of the
lamprey lineage, 500–800 million years ago (MYA) [31,43]. An analysis
of more than 20 vertebrate genomes indicated that many gene families,
including engrailed-related homeobox protein (EN), MHC class III
complement factor (MHCIII), polyadenylate binding protein (PAB),
insulin-like growth factor (Insulin-IGF), and peroxisome proliferator-
activated receptor (PPAR), have experienced gene duplication during
these two genome duplication events [31]. It has also been suggested
that, after the two whole genome duplication events during early ver-
tebrate evolution, a third genome duplication even occurred in most
teleost fish species 250–350 MYA [33,42,44,45]. This so-called fish-
specific genome duplication (FSGD) event is thought to explain the vast
biodiversity and varied environmental adaptations of the teleost fishes,
in conjunction with duplications in other important, environmentally
sensitive genes [33,42,46,47]. For example, seven hox gene clusters

were identified in the genomes of zebrafish and other ray-fin fishes, but
only four hox clusters are known in mammals; the greater number of
hox genes in fishes may be a result of a fish specific whole-genome
duplication [44]. Examples of other such duplicated genes in teleost
fishes include those involved in pigment cell development, such as sox,
mitf, kit, csf1r, and pomc [48–51], and globin genes, which are involved
in oxygen transport and storage [42,46,52]. The common carp is a
known allotetraploid and experienced an additional whole genome
duplication event 8–12 MYA [29,53], with the segmental duplications
occurring between 2.3 and 6.8 MYA [29]. Using a clock-like evolu-
tionary rate with 3.51× 10−9 substitutions per synonymous site per
year [53], molecular clock calculations date the divergence of
tlr22a + tlr22c and tlr22b approximately at 46.5–53.4 MYA (an average
of 49.5 MYA), and the divergence of tlr22a and tlr22c approximately at
26.2–40.1 MYA (an average of 39.3 MYA). Thus, our results suggested

Fig. 1. Structural features of the TLRs homologs. The schematic structures of the TLRs domains were predicted by the SMART online server (http://smart.embl-
heidelberg.de/). The features of protein sequences were summerized in right panel. N and C in right panel meant the transmembrane domain was near the N- and C-
terminal of protein, respectively. - referred to no transmembrane domain. Sp referred to signal peptide. The species abbreviations were as follows: Os, O. stewartii; Sa,
S. anshuiensis; Ge, G. eckloni; Ca, C. auratus; Cc, C. carpio; Dr, D. rerio.
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that the divergence of the tlr22a and the tlr22b genes resulted from a
single-gene duplication event in teleost fishes, followed by another
single-gene duplication event specific to some cyprinids (e.g., the Bar-
binae, Cyprininae, Schizothoracinae, and Leuciscinae), which produced

the tlr22c gene. In any case, these gene duplication events pre-date the
common carp-specific genome duplication event, and occurred much
more recently than the fish-specific genome duplication. In the present
study, duplicated genes of tlr22a and tlr22c were identified only in C.

Fig. 2. Phylogenetic tree of TLRs based on amino acid sequences. The tree was constructed using the maximum-likelihood method in MEGA X, with the LG + G + I
model and 100 bootstrap replicates. The species abbreviations were as follows: Dr, D. rerio; Cc, C. carpio; Sa, S. anshuiensis; Sg, S. grahami; Ca, C. auratus; Ge, G.
eckloni; Os, O. stewartii; Ci, C. idellus; Am, A. mexicanus; Pn, P. nattereri; Ss, S. salar; Om, O. mykiss; Ip, I. punctatus.
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carpio, C. auratus and S. anshuiensis instead of all the cyprinid fishes.
This findings together with the absence of duplicated genes of tlr22b in
cyprinid fishes suggested gene loss events might have occurred in cer-
tain lineages during the evolutionary history of tlr22 gene family. In
addition, we speculated that tlr22a2 from C. carpio and S. anshuiensis
might be a pseudogene due to premature stop codons and disrupted
reading frames. Gene loss events and pseudogenes in TLR family have
been reported in vertebrates, further studies, however, are required to
fully understand the dynamics of tlr22 gene loss and pseudogene event
in fishes.

Studies have shown that duplicated genes may be subjected to neo-
and/or subfunctionalization, or they may even be eliminated from the
genome during evolution [54–56]. Surviving paralogs might exhibit
functional divergences not only with respect to functional domains, but
also with respect to expression patterns. Interestingly, tlr22a was highly
expressed from the cleavage stage to the hatching stage (6–216 dpf) in
G. eckloni. However, no significant fluctuations in the expression levels
of either tlr22b or tlr22c were observed throughout the embryonic de-
velopment. This suggested that tlr22a might play an important role in
the embryonic immunity of G. eckloni from 6 hpf. The expression pat-
terns of the tlr22 genes in the G. eckloni tissues indicated that tlr22c was
highly expressed in most tissues compared to tlr22a, while tlr22b was
highly expressed only in muscle compared to tlr22a. The observed
spatiotemporal differences in the expression levels of the three dupli-
cated tlr22 genes in G. eckloni might imply that these genes had func-
tionally diverged after gene duplication. However, further studies are
required to fully understand the role of three duplicated tlr22 genes in
other embryonic, larval, and adult teleost fishes.

In conclusion, we first identified duplicated tlr22 genes in 13 teleost
fishes by screening available fish genomic resources and by molecular
cloning. Different numbers of duplicated tlr22 genes were identified in
teleost fishes, with tlr22c being specific to some subfamilies of the
Cyprinidae (e.g., Barbinae, Cyprininae, Schizothoracinae, and
Leuciscinae). The duplicated tlr22 genes originated from two single-
gene duplication events (at 49.5 and 39.3 MYA). This was prior to the
common carp-specific genome duplication event, and much later than
the fish-specific genome duplication. The duplicated tlr22 genes from G.
eckloni differentiated not only with respect to protein function, but also
with respect to expression pattern.
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