
Frontiers in Ecology and Evolution

OPEN ACCESS

EDITED BY

Lin Zhang,
Hubei University of Chinese
Medicine, China

REVIEWED BY

Jingguang Wei,
South China Agricultural University, China
Biswajit Maiti,
Nitte University, India
Simin Chai,
Southern Marine Science and Engineering
Guangdong Laboratory
(Guangzhou), China

*CORRESPONDENCE

Zhengfei Wang

wangzf01@yctu.edu.cn

†These authors have contributed equally to
this work

RECEIVED 27 February 2023

ACCEPTED 13 June 2023
PUBLISHED 29 June 2023

CITATION

Chen L, Tang D, Hua Y, Wang X, Li Y and
Wang Z (2023) Molecular characterization,
adaptive evolution, and expression
analysis of the Toll-like receptor gene
family in Fenneropenaeus chinensis.
Front. Ecol. Evol. 11:1175220.
doi: 10.3389/fevo.2023.1175220

COPYRIGHT

© 2023 Chen, Tang, Hua, Wang, Li and
Wang. 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.

TYPE Original Research

PUBLISHED 29 June 2023

DOI 10.3389/fevo.2023.1175220
Molecular characterization,
adaptive evolution, and
expression analysis of the Toll-
like receptor gene family in
Fenneropenaeus chinensis

Lulu Chen1,2†, Dan Tang1,2,3†, Yuyan Hua1,2, Xinyu Wang1,2,
Yanxuan Li1,2 and Zhengfei Wang1,2*

1Jiangsu Key Laboratory for Bioresources of Saline Soils, Jiangsu Synthetic Innovation Center for
Coastal Bio-Agriculture, School of Wetlands, Yancheng Teachers University, Yancheng,
Jiangsu, China, 2Jiangsu Provincial Key Laboratory of Coastal Wetland Bioresources and
Environmental Protection, School of Wetlands, Yancheng Teachers University, Yancheng,
Jiangsu, China, 3Senior High School Teaching Department, Shazhou Middle School, Zhangjiagang,
Jiangsu, China
Global warming is a challenge to animal health because of the increased

environmental temperature, with subsequent induction of immune

suppression and increased susceptibility to disease during summer. The Toll-

like receptor (TLR) family is an essential pattern recognition receptor (PRR) that

initiates the innate immune response by sensing conservedmolecular patterns of

pathogens. However, research on the TLR gene family in decapod crustaceans

has been conducted sporadically, without systematic naming, and the

relationship between pathogen immunity adaptation and adaptive evolution of

immune-related genes is unclear. In this study, various TLR gene sequences in

decapod crustaceans were collected, and the unified name of Fenneropenaeus

chinensis was confirmed using sequence alignment. Structural characteristics

and evolutionary analyses of TLR genes in decapod crustaceans were performed,

and ten FcTLR genes were identified in F. chinensis. Protein domain analysis

revealed that FcTLR proteins contain 4–25 LRR domains used to recognize

different pathogens. Selection pressure analysis revealed that TLR1 and TLR9

were subjected to positive selection pressure in decapod crustaceans, which

may be related to their resistance to environmental changes. Furthermore, the

expression of ten TLR genes was detected in F. chinensis following white spot

syndrome virus (WSSV) infection. The results demonstrated that FcTLR1, FcTLR7,

and FcTLR9 responded positively, which was also consistent with the results of

the protein domain and selection pressure analyses. This study provides new

insights into the immune response and adaptive evolution of TLRs in decapod

crustaceans to prevent environmental damage, such as pathogens and

high temperature.
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1 Introduction

Global warming is a huge challenge to animal health, causing a

decline in animal production and the suppression of immune

function (Li et al., 2021). Reports on climate change predicted

that the global temperature may rise between 1.4°C and 4.8°C by the

end of this century (IPCC, 2014; Savitha et al., 2021). Shrimps and

crabs can be found in almost any ecosystem, including shallow coral

reefs and hydrothermal vents in the ocean, as well as freshwater and

terrestrial habitats (Ma et al., 2019; Wang et al., 2021). As a kind of

ectotherm, species of Decapoda are more susceptible to changes in

body temperature than endotherms with changes in environmental

temperature (Chen et al., 2020). Temperature is considered as a

major factor that regulates the development and response of the

immune system in decapod crustaceans especially aquaculture

organisms (Miest et al., 2019). During periods of elevated

temperatures in summer, aquaculture organisms enter a rapid

growth period, particularly with respect to the growth and

reproduction of microorganisms. Due to the decrease in oxygen

content and deterioration of aquaculture environment, pathogen

infection is the main disease at this stage.

The innate immunity of decapod crustaceans serves as the main

barrier against infections by many pathogens. Innate immunity relies

on unique pattern recognition receptors (PRRs) that recognize the

unique pathogen-associated molecular patterns (PAMPs) in external

pathogenic microorganisms (Habib and Zhang, 2020). After

receiving the signal, it is transmitted to the cell through a series of

cascade reactions to regulate the transcription and expression of

immune effector factors, which are quickly induced to prevent

foreign substances from causing harm to the body (Hughes and

Piontkivska, 2008). The Toll-like receptor (TLR) family is an

essential PRR family that initiates the innate immune response by

sensing the conserved molecular patterns of pathogens. They are the

first line of defense against pathogen invasion and play key roles in

inflammation, immune cell regulation, survival, and proliferation

(Habib and Zhang, 2020; Wan et al., 2022).

TLRs are transmembrane proteins that are involved in signal

transduction at the surface of the cell membrane. They are

remarkably conserved in the evolutionary process and have three

specific domains: interleukin-1 receptor (TIR), transmembrane

domain structure, and leucine-rich repeats (LRR) (Wan et al.,

2022). TLRs can be roughly divided into two categories based on

their location and respective PAMP ligands within the cell. On the

surface of cells, a class of TLRs (TLR1, TLR2, TLR4, TLR5, TLR6,

and TLR11) mainly recognizes microbial membrane components,

such as lipids, proteins, and lipoproteins (Kawai and Akira, 2010;

Xing et al., 2017). Intracellular vesicles, such as the endoplasmic

reticulum (ER), endosomes, lysosomes, and endolysosomes, contain

other intracellular TLRs (TLR3, TLR7, TLR8, and TLR9) that

mainly recognize nucleic acids of microorganisms or viruses, such

as dsRNA, ssRNA, siRNA, shRNA, and viral DNA (Barton and

Kagan, 2009; Li et al., 2019).

In 1980, TLRs were first discovered in Drosophila melanogaster

embryos (Nusslein-Volhard et al., 1980), and homologous TLRs

were found in mice and adult D. melanogaster in the 1990s (Chiang
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and Beachy, 1994; Hoshino et al., 1999). The immune response

mechanism mediated by TLRs to recognize antigens invading the

body has also been uncovered. Subsequently, 10 and 13 TLRs

(TLR1–13) were found in vertebrates, such as humans and mice

(Roach et al., 2005), whereas nine TLRs (Toll1–9) were identified in

D. melanogaster (Ooi, 2001). Among aquatic organisms, many

TLRs have been identified in fish, among which 27 TLRs have

been found in Cyprinus carpio (Gong et al., 2017) and 16 TLRs in

Lateolabrax maculatus (Fan et al., 2019). The number and function

of TLRs vary greatly among fish species.

In decapod crustaceans, Li et al. (2018) discovered a relatively

complete family of nine TLRs (Toll1–9) in Litopenaeus vannamei

(Li et al., 2018). In a subsequent study by Habib et al. (2021), 11

TLRs in L. vannamei were identified through the genome-wide

screening. Furthermore, LvToll4 was a crucial receptor for sensing

white spot syndrome virus (WSSV) and therefore activated the

downstream pathway to induce the production of specific

antimicrobial peptides (AMP) (Habib et al., 2021). Moreover, ten

TLRs were identified in Marsupenaeus japonicus (Zheng et al.,

2020), and seven TLRs were identified in Procambarus clarkii

(Wan et al., 2022). However, only scattered genes have been

cloned into other shrimp and crab species. For instance, five TLRs

have been found in P. clarkii (Wang et al., 2015; Lan et al., 2016a;

Lan et al., 2016b; Huang et al., 2017) and two in M. japonicas

(Mekata et al., 2008). Three TLRs have been found in Penaeus

monodon (Arts et al., 2007; Assavalapsakul and Panyim, 2012; Liu

et al., 2018), two TLRs in Macrobrachium rosenbergii (Srisuk et al.,

2014; Feng et al., 2016), two TLRs in Scylla paramamosain (Chen

et al., 2018), and only one TLR in F. chinensis (Yang et al., 2008);

however , the number and structure of TLRs are not

completely understood.

WSSV is a common pathogen in aquatic organisms. Shrimp and

crabs are highly infectious and have a very high mortality rate. It is

considered the most serious threat to the aquaculture industry,

leading to severe annual economic losses to the aquaculture

industry. WSSV is a large enveloped double-stranded DNA

(dsDNA) virus, which is highly pathogenic and especially virulent

for prawns; hence, it is also known as prawn WSSV (Sun and

Zhang, 2022). The interaction between WSSV and its shrimp host

has received increasing attention, but the expression patterns of

TLR and Toll-pathway-related genes involved in viral infection

remain unclear. Toll1, Toll2, and Toll3 were upregulated after

WSSV attack in L. vannamei experiments, but their function in

WSSV infection is poorly understood. During WSSV infection, the

expression of antimicrobial peptides (AMPs) was induced by TLR

proteins in Cherax quadricarinatus (Li et al., 2017), P. clarkii (Lan

et al., 2016a; Lan et al., 2016b), and M. rosenbergii (Feng et al.,

2016), suggesting that these AMPs may have antiviral effects.

Furthermore, WSSV infection activated Toll pathway genes in P.

monodon, implying that the entire Toll pathway plays a crucial role

in the immune response during WSSV infection (Arts et al., 2007).

Overall, some shrimp TLR proteins are involved in innate immune

responses against viral infection; however, their antiviral function

remains unknown, and their potential antiviral mechanisms require

further investigation.
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More than 90% of aquaculture production comes from Asia,

including but not limited to China, Thailand, Bangladesh, and India

(Bondad-Reantaso et al., 2005; Piamsomboon et al., 2016; Macusi

et al., 2022). Fenneropenaeus chinensis is an important aquaculture

shrimp in China, with endemic aquaculture species in the Yellow

Sea and the Bohai Sea of China and the highest annual production

of 200,000 tons (Gao et al., 2023). During 1988–1993, aquaculture

production of prawns ranked first worldwide for several years.

However, after the WSSV attack in 1993, the F. chinensis

aquaculture industry suffered a huge blow, and its production and

output value declined significantly. The Toll signaling pathway

plays an important role in the resistance of shrimp to antigens,

such as viruses. Therefore, it is essential to investigate the expression

pattern of the TLR gene under WSSV stress in healthy shrimp and

crab breeding, and it is also of great significance to further explore

the functional differentiation of members of the TLR gene family

and the responses of TLR genes under the long-term

evolution pressure.

In this study, the TLR gene family was identified in F. chinensis

at the genome scale, and a TLR gene tree was constructed using

available TLR gene sequences from Decapoda in the NCBI genome

database and transcriptome databases to better characterize these

FcTLR genes. To elucidate the functional differentiation of TLR

genes in F. chinensis, selective pressure analysis was employed to

examine the evolutionary adaptation of TLR genes to the

environment in the decapod crustaceans. Additionally, qRT-PCR

was used to determine the relative expression level of crucial TLR

genes in F. chinensis in response to WSSV infection.
2 Materials and methods

2.1 Experimental materials

F. chinensis for the WSSV infection experiment was obtained

from the Huaguoshan Market in Lianyungang City, Jiangsu

Province, China. Samples with a complete body, full vitality, and

similar size were selected as test animals. The average body length of

F. chinensis was nearly 120 mm, and the average weight was

between 15 g and 20 g. The other species sequenced in the

transcriptome were sampled from the Renmin Road Market and

coastal beach of Yancheng City, Jiangsu Province, China.
2.2 Acquirement of sample data

The TLR genes analyzed in this study were extracted from five

public genomic datasets (Eriocheir sinensis , Portunus

trituberculatus, Paralihodes platypus, L. vannamei, and F.

chinensis) from the NCBI database, and nine transcriptome

datasets (P. clarkii , Cardisoma armatum , E. sinensis ,

Macrophthalmus pacificus, Metopograpsus quadrident, Sesarma

plicata, Parasesarma pictum, S. sinensis, and Alpheus bellulus)

obtained from previous research of our team (Wang et al., 2020;

Shen et al., 2021; Wu et al., 2021; Wang et al., 2022; Zhu et al., 2022).
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2.3 Identification and bioinformatics
analysis of TLRs

The reference species was L. vannamei, which contains the most

prominent TLR family genes in decapod crustaceans, but the names

of TLRs were not unified. Therefore, the accurate number of TLRs in

L. vannamei should be determined initially. The TLRs reported by

Li et al. (2018) and Habib et al. (2021) in L. vannamei (Li et al.,

2018; Habib et al., 2021), as well as the coding sequences (CDS) of

other species (Carcinus maenas, Daphnia pulex, D. melanogaster, E.

sinensis, F. chinensis, M. rosenbergii, M. japonicas, P. monodon, P.

trituberculatus, P. clarkii and S. serrata) obtained from the NCBI

database, were placed into the same FASTA file for sequence

alignment using MEGA7.0 software (Kumar et al., 2016) (Table

S1, Supplementary file 1). In this process, all nucleotide sequences of

the CDS region were initially translated into the amino acid

sequence, and then the sequence alignment was performed using

Muscle v5 software (Edgar, 2004).

The phylogenetic tree of L. vannamei was constructed using the

neighbor-joining (NJ) method in MEGA7.0 software by comparing

the amino acid sequences. The Kimura 2-parameter model (K2P)

was selected, and an optimal tree was obtained using the bootstrap

method. The number of copies was set at 1000.

After confirming the accurate number of TLR genes in L.

vannamei, the genomes of E. sinensis, P. trituberculatus, P.

platypus, and F. chinensis were searched for using BLASTP. The

number of TLR genes in the other four genomic species was initially

determined, and the number of TLR genes from the transcriptome

data was then determined. The obtained TLR sequences from the

genome and transcriptome data were verified using MEGA7.0. The

BLASTP program was used to search for homologous TLR protein

sequences, and the results were compared with the nucleotide

sequences. TLR genes with identical sequences were merged, and

various TLRs were considered as single TLR genes. The integrity of

TLR genes obtained from the transcriptome data was verified using

cDNA libraries. If TLR sequences were incomplete, those larger

than 300 bp were retained for subsequent analysis. The evolutionary

relationships among different species of TLR proteins in decapods

were analyzed using MEGA7.0 and FigTree v1.4.4 (Rambaut et al.,

2018). Conserved protein functional domains were analyzed and

annotated using the Simple Modular Structure Research Tool

(SMART) program (https://smart.embl.de/smart/set_mode.cgi?

NORMAL=1) (Letunic et al., 2021).
2.4 Selective pressure analysis of TLRs in
decapod crustaceans

To investigate whether members of the TLR family in decapod

crustaceans were affected by positive selection, selective pressure

analysis was performed using PAML software (Yang, 2007). The

CodeML program was used to estimate the synonymous

replacement rates (dS) and non-synonymous replacement rates

(dN). The ratio of w (dS to dN) represents the change in selection

pressure; w > 1, w < 1, and w = 1 denote positive, purified, and
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neutral selection, respectively (Zhou et al., 2013). The site model

(M8 and M8a site models) was used to detect the selection pressure

on TLR genes in decapod crustaceans, and the branch-site model

was evaluated for the main branches of shrimp and crabs

(Brachyura B, L. vannamei and F. chinensis) (Yang and Nielsen,

2000). All the positive selected sites in both the site and branch-site

models were identified by using Bayes Empirical Bayes (BEB)

analysis with posterior probabilities greater than or equal to 0.80

(Yang, 2007). The significance of differences between the two nested

models was conducted via likelihood ratio tests (LRTs) by

calculating twice the log-likelihood (2InL) of the difference

following a Chi-square distribution. The degrees of freedom were

the difference in the number of free parameters between models

(Guo et al., 2018).
2.5 WSSV challenges in F. chinensis

According to the method described by Sun et al. (2013), WSSV

detection had been taken by One-step PCR before the infection

experiment, and the sample was free of WSSV. Healthy F. chinensis

were temporarily reared for a week after being returned to a

temperature of 25°C and a salinity of 25%. During the temporary

rearing process, oxygenation was continued to ensure an adequate

oxygen supply. The water was changed daily, and the prawns were

fed twice daily.

WSSV extracted from a WSSV-infected dying prawn was

provided by Professor Fuhua Li at the Institute of Oceanology,

Chinese Academy of Sciences. According to the method described

by Sun et al. (2013), the DNA fragment of VP28 gene encoding the

extra-cellular part of the WSSV envelope protein VP28 was cloned

into the pMD19T vector (TAKARA, Japan) and transfected into E.

coli competent cells. The recombinant plasmids were extracted and

quantified, and the copy number of WSSV was calculated. The

plasmids were gradient diluted by ddH2O to generate the standard
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curve of WSSV copy numbers ranging from 108 to 103. qRT-PCR

was used to determine the concentration of virus particles and

performed with primers qVP28F and qVP28R (Table 1) (Sun et al.,

2013). The reaction system was as follows: 10 mL 2 × SuperReal

PreMix Plus (TIANGEN, China), 2 mL diluted DNA template, 0.6

mL forward primer (10 mmol/L), 0.6 mL reverse primer (10 mmol/L),

and 6.8 mL ddH2O. The mixture was introduced into the ABI

QuantStudio 3 quantitative PCR instrument (Applied Biosystems,

USA), and the following procedure was procedures were conducted:

pre-denaturation at 95°C °C for 15 min; denaturation at 95°C for 10

s, annealing at 55°Cfor 20 s, elongation at 72°C for 20 s, 45 cycles;

dissolution curves were 95°C for 10 s, 65°C for 60 s, and 97°C for 1 s.

The WSSV copy number per mL was calculated based on the

standard curve. WSSV was diluted with PBS for further study.

The experiment was divided into two groups: the WSSV group

(experiment group) and the PBS group (control group), with 20

healthy F. chinensis in each group. The prawn in the experimental

group was injected with 0.1 mL of WSSV virus (106 CFU/mL) in the

third or fourth segments of their tails. The tails of prawns in the

control group were injected with 0.1 mL of PBS solution. After 1 h

and 24 h of injection, F. chinensis from the experimental and

control groups were dissected separately, and hepatopancreas

tissues were quickly frozen in liquid nitrogen.
2.6 Total RNA extraction and TLRs
expression analysis

RNA was extracted from hepatopancreas tissues of F. chinensis

using TRIzol reagent (TAKARA, Japan). cDNA libraries of different

tissues were constructed according to the instructions of the

PrimeScript™ Master Mix (TAKARA, Japan). Quantitative

primers were designed using Primer 5.0 (Table 1). The expression

levels of TLR genes in the WSSV and PBS groups at different

infection time points were detected and analyzed using qRT-PCR.
TABLE 1 Primers used for quantitative real-time PCR.

Gene Name Forward primer sequence (5’-3’) Reverse primer sequence (5’-3’)

FcTLR1 TGGCAAACCTTACCATTCCCTA CTCCTCACCATCACTGGCACA

FcTLR2 GTTTCTTCTATGGTGGCG CAGTTTGGGCGTGTATTT

FcTLR3 CTCCGACGACCGAGATAA TGTCACTGGCGTAGATGC

FcTLR4 GAACTTAGCCTTGAACCC GACCCATCATACCTGTGC

FcTLR5 TCTGGTAGTGATGGCGATGC TGTCCTTTAGCCCATCAACGT

FcTLR6 CGCACAAAGTGAACATACGCC GAGACGCCTACCTCGGACA

FcTLR7 GCTGCGTGAGGAGCTTGTCGT TGAGTCCGCTGGCATCGTTTG

FcTLR8 CTCCATTCCCTTCACATC GTAGTCTCGGTCTCGTTGT

FcTLR9 TTCAAGTGCGACTGTAGCCT TACTTGTCCGCTTCATCGTG

FcTLR10 CGAGCACCACAGAGCCAAGA CACAGCCACCACGACGAACAT

ACTIN GCGAGAAATCGTGCGTGAC AGGGTGCGAGGGCAGTGAT

VP28 AAACCTCCGCATTCCTGTGA TCCGCATCTTCTTCCTTCAT
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The reaction system was as follows: 10 mL 2 × SuperReal PreMix

Plus (TIANGEN, China), 2 mL cDNA template (50-fold dilution),

0.6 mL forward primer (10 mmol/L), 0.6 mL reverse primer

(10 mmol/L), and 6.8 mL ddH2O. The mixture was introduced

into an ABI QuantStudio 3 quantitative PCR instrument (Applied

Biosystems, USA), and the following procedures were conducted:

pre-denaturation at 95°C for 15 min; denaturation at 95°C for 10 s,

annealing at 55°C for 20 s, elongation at 72°C for 20 s, 45 cycles;

dissolution curves were 95°C for 10 s, 65°C for 60 s, and 97°C for 1 s.

The 2−DCT method (Visser et al., 2011) was used to calculate the

relative expression level of the target gene relative to the internal

reference ACTIN. The calculation method is as follows: DCT=CTT-

CTG; relative transcript level = 2−DCT(CT, cycle threshold; CTT is

CT value of target gene; CTG is CT value of internal reference

gene ACTIN).

Significance was conducted using Independent-Samples T Test

by SPSS Statistics 23 (Field, 2013). Different experiment groups (1 h

PBS vs. 1 hWSSV group, or 1 hWSSV group vs. 24 h WSSV group)

were set as Grouping Variable, whereas the relative expression level

of FcTLRs was set as Test Variable. * and ** indicated statistically

significant differences at P<0.05 and P<0.01, respectively.

Histogram drawing was performed using GraphPad Prism 7.0

(Swift, 1997).
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3 Result

3.1 Identification of TLR genes

Nine TLR genes reported by Li et al. (2018) and 11 genes

reported by Habib et al. (2021) were aligned to construct

phylogenetic trees for L. vannamei (Li et al., 2018; Habib et al.,

2021). A total of eight TLRs genes were conserved between the two

study groups (PTL-2 and Lv-Toll2, PTL-1 and Lv-Toll1, TLR-13x and

Lv-Toll9, TLR-Tollo4 and Lv-Toll5, TLR-6 and Lv-Toll6, TLR-Tollo2

and Lv-Toll4, TLr-Tollo3 and Lv-Toll8, TLR and Lv-Toll3) and

clustered in the near branch. The remaining Lv-Toll7, TLR-13,

TLR-3, and TLR-4 were grouped dispersedly in separate branches.

Therefore, 12 TLR genes were identified in L. vannamei (Figure 1,

Table S2). In the present study, Toll1–9, reported by Li et al. (2018),

were named LvTLR1–9, whereas TLR-3, TLR-4, and TLR-13 in the

Habib et al. (2021) were named as LvTLR10, LvTLR11, and

LvTLR12, respectively (Figure 1, Table S2). Ten TLR genes were

identified using a BLASTP search with genomic and transcriptome

data in both F. chinensis (FcTLR1–10) and P. trituberculatus

(PtTLR1–9, PtTLR11), seven complete TLRs genes were identified

in E. sinensis (EsTLR1–5 and EsTLR7–8), and seven TLRs genes were

identified in P. gigas (PgTLR1–6 and PgTLR9). There were relatively
FIGURE 1

Construction of a unified naming system of TLR genes in decapods according to the previous two naming systems in L.vannamei.
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few complete TLR genes from the other transcriptome data, and

most of the sequences were incomplete (Table 2). Eight TLR gene

sequences were found in P. clarkii, and only four had complete CDS

(PcTLR1–3 and PcTLR6). Only the intermediate sequences of

PcTLR4, PcTLR5 and the 3’UTR of PcTLR7 and PcTLR8 were

obtained. Seven TLR gene sequences were found in C. armatum,

and CaTLR2, CaTLR4, CaTLR7, and CaTLR8 had complete CDS

sequences, CaTLR1 and CaTLR3 had incomplete 5’UTR, and

CaTLR6 had only partial intermediate sequences. Transcripts

longer than 300 bp were retained for subsequent analysis.

Phylogenetic analysis displayed that different TLR proteins were

clustered in similar clusters, which were divided into 10 categories,

and each type of TLR protein was concentrated in the same category.

Prawns were further aggregated, and the internal genetic distances

were relatively close (Figure 2).
3.2 Prediction of the functional domain of
the TLR proteins

SMART was used for protein domain prediction to determine

whether the nucleotide sequence obtained from BLASTP

represented TLR genes. Most typical TLRs contain a signal

peptide, LRR domains, a transmembrane domain, and an

intracellular toll-interleukin receptor (TIR) domain; similar

characteristics were found in L. vannamei and F. chinensis. The

number of LRR domain repeats in L. vannamei (Figure 3), F.

chinensis (Figure 4), and E. sinensis (Figure 5) ranged from 5

(LvTLR12 to 25 (LvTLR8), 4 (FcTLR7) to 25 (FcTLR8), and 9

(EsTLR1) to 25 (EsTLR3), respectively.
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3.3 Selective pressure analysis of TLRs in
decapod crustaceans

M8 andM8a of the site model are used to represent the selection

pressure received by each site. In the present study, the positive

selection model M8 of the TLR1, TLR2, TLR7, and TLR9 genes was

better than the neutral model M8a, and the w values of the four

genes were 5.16, 8.07, 1.53, and 5.14 (w>1), indicating a strong

positive selection. There were two positively selected sites in TLR1

(325 0.812, 505 0.838), one positively selected site in TLR2 (599

0.816), 11 positively selected sites in TLR7 (172 0.932, 175 0.899,

186 0.838, 359 0.922, 361 0.803, 388 0.894, 391 0.870, 856 0.839, 959

0.923, 965 0.848, and 975 0.918), and four positively selected sites in

TLR9 (239 0.803, 616 0.813, 699 0.957, and 904 0.821) (Table 3).

We then used the branch-site model to analyze the branches of

Brachyura (B), L. vannamei (Lv), and F. chinensis (Fc) in the TLR

gene dataset of decapod crustaceans. Four (TLR1, TLR6, TLR7, and

TLR9) of nine TLR family genes were also found to be under

positive selection in decapod crustaceans, where the LRTs of the

branch-site model were statistically significant (Table 4). TLR1 and

TLR9 detected positive selection signals in Brachyura (B), which

had three (153, 218, and 25) and seven (368, 378, 380, 390, 412, 415,

and 859) positively selected sites, respectively. TLR9 also detected

positive selection signals in L. vannamei (Lv) with two (605 and

760) positively selected sites. TLR7 did not detect positive selection

signals in Brachyura (B), F. chinensis (Fc), and L. vannamei (Lv), but

detected positive selection signals in F. chinensis (Fc) with seven

(368, 378, 380, 381, 383, 412, and 859) positively selected sites. In

addition, TLR6 detected a positive selection signal in L. vannamei

(Lv) with one (545) positively selected site (Table 4).
TABLE 2 Identification of TLR genes in decapod crustaceans*.

TLR1 TLR2 TLR3 TLR4 TLR5 TLR6 TLR7 TLR8 TLR9 TLR10 TLR11 TLR12

L. Vannamei ● ● ● ● ● ● ● ● ● ● ● ●

F. chinensis ● ● ● ● ● ● ● ● ● ●

E. sinensis ● ● ● ● ● ● ●

P. trituberculatus ● ● ● ● ● ● ● ● ● ●

P. gigas ● ● ● ● ● ● ●

P. clarkii a ● ● ● ▲ ▲ ● 3’ 3’

C. Armatum a 5’ ● 5’ ● ▲ ● ●

E. sinensis a ▲ 3’ ▲ ▲ ●

M. pacificus a ▲ ▲

M. quadridentatus a ▲ 3’ ●

S. plicata a 5’

P. Pictum a ▲ 5’

S. sinensis a ▲

A. bellulus a ▲
front
*● represents complete coding sequence;▲ represents the middle part of the sequence; 5’ and 3’ represent the 5’ and 3’ end of CDS region, respectively. a indicates the data was obtained from
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FIGURE 2

Phylogenic analysis of TLR protein sequences in decapods (neighbor-joining tree).
FIGURE 3

Protein domain analysis of the 12 LvTLR proteins in L. vannamei.
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3.4 Expression analysis of FcTLRs in
F. chinensis under WSSV challenge

The expression levels of FcTLR1–10 in F. chinensis were

detected by 1-h short-term infection and 24-h long-term WSSV

infection in the experimental group, and PBS solution was injected
Frontiers in Ecology and Evolution 08
in the PBS group as a control. The expression levels of FcTLR7 and

FcTLR9 significantly increased in the 1-h short-term WSSV

infection, while their expression levels decreased following 24-h

WSSV infection. The expression level of FcTLR1 had no significant

difference in the 1-h WSSV infection, compared with 1-h PBS, but

FcTLR1 represented a significant response in the 24-h infection
FIGURE 4

Protein domain analysis of the 10 FcTLR proteins in F. chinensis.
FIGURE 5

Protein domain analysis of the 7 EsTLR proteins in E. sinensis.
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TABLE 3 Selective pressure analyses (M8 and M8a site models) of nine TLR genes in decapod crustaceansa.

Gene ln_M8a ln_M8 2lnL P value w value Positive selected sites

TLR1 −12745.23326 −12741.82251 6.821496 0.009006 5.15682 325 0.812 505 0.838

TLR 2 −15435.04939 −15430.52841 9.041974 0.002638 8.07432 599 0.816

TLR 3 −12946.60537 −12946.60537 0.000 1.000 1.000000

TLR 4 −15656.20063 −15656.20063 0.000 1.000 1.000000

TLR 5 −14041.98676 −14041.98676 0.000 1.000 1.000000

TLR 6 −16747.38272 −16747.38272 −4E−06 1.000 1.000000

TLR 7 −10645.07466 −10644.57474 0.99984 0.317349 1.53089

172 0.932 359 0.922
391 0.870 965 0.848
175 0.899 361 0.803
856 0.839 186 0.838
959 0.923 975 0.918
388 0.894

TLR 8 −12977.70037 −12977.70037 0.000 1.000 1.000000

TLR 9 −15635.05141 −15628.85063 12.40155 0.000429 5.14341
239 0.803 616 0.813
699 0.957 904 0.821
F
rontiers in Ecolog
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aIn M8: Assume all sites 0 < w <1 or w>1, with beta distribution; InM8a, Assume all sites 0 < w <1 or w=1, with beta distribution; 2InL, twice the logarithmic likelihood. w value: The ratio (w =
dN/dS) of nonsynonymous to synonymous substitutions rate was estimated for selective constraint, where w > 1, = 1, and <1 respectively indicate positive, neutral, and purifying selection.
TABLE 4 Selective pressure analyses (branch-site model) of nine TLR genes in decapod crustaceansa.

Gene Model lnL 2lnL P level Parameters Positive selected sites

TLR1 B

ma −12784.846 w0 = 0.093 w1 = 1.0
w2 = 2.715

153 0.950* 218 0.954* 25 0.953*

ma0 −12787.896 6.100142 0.013517 w0 = 0.09 w1 = 1.0 w2 = 1.0

Fc

ma −12798.47 w0 = 0.098 w1 = 1.0 w2 = 1.0

ma0 −12798.47 0 1 w0 = 0.098 w1 = 1.0 w2 = 1.0

Lv

ma −12797.514 w0 = 0.096 w1 = 1.0 w2 = 1.0

ma0 −12797.514 0 1 w0 = 0.096 w1 = 1.0 w2 = 1.0

TLR2 B

ma −15485.769 w0 = 0.11 w1 = 1.0 w2 = 1.0

ma0 −15485.769 0 1 w0 = 0.11 w1 = 1.0 w2 = 1.0

Fc

ma −15480.564 w0 = 0.111 w1 = 1.0
w2 = 8.791

ma0 −15483.362 5.595322 0.018009 w0 = 0.11 w1 = 1.0 w2 = 1.0

Lv

ma −15486.948 w0 = 0.113 w1 = 1.0 w2 = 1.0

ma0 −15486.948 0 1 w0 = 0.113 w1 = 1.0 w2 = 1.0

TLR3 B

ma −13010.772 w0 = 0.037 w1 = 1.0
w2 = 998.984

(Continued)
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TABLE 4 Continued

Gene Model lnL 2lnL P level Parameters Positive selected sites

ma0 −13014.628 7.712554 0.005484 w0 = 0.036 w1 = 1.0 w2 = 1.0

Fc

ma −13029.506 w0 = 0.039 w1 = 1.0 w2 = 1.0

ma0 −13029.506 0 1 w0 = 0.039 w1 = 1.0 w2 = 1.0

Lv

ma −13029.506 w0 = 0.039 w1 = 1.0 w2 = 1.0

ma0 −13029.506 0 1 w0 = 0.039 w1 = 1.0 w2 = 1.0

TLR4 B

ma −15664.312 w0 = 0.03 w1 = 1.0
w2 = 65.709

ma0 −15666.895 5.167332 0.023016 w0 = 0.028 w1 = 1.0 w2 = 1.0

Fc

ma −15689.899 w0 = 0.03 w1 = 1.0 w2 = 1.0

ma0 −15689.899 0 1 w0 = 0.03 w1 = 1.0 w2 = 1.0

Lv

ma −15689.401 w0 = 0.03 w1 = 1.0 w2 = 1.0

ma0 −15689.401 0 1 w0 = 0.03 w1 = 1.0 w2 = 1.0

TLR5 B

ma −14049.918 w0 = 0.036 w1 = 1.0
w2 = 999.0

ma0 −14065.634 31.43218 0 w0 = 0.031 w1 = 1.0 w2 = 1.0

Fc

ma −14090.91 w0 = 0.037 w1 = 1.0 w2 = 1.0

ma0 −14090.91 0 1 w0 = 0.037 w1 = 1.0 w2 = 1.0

Lv

ma −14091.749 w0 = 0.038 w1 = 1.0 w2 = 1.0

ma0 −14091.561 −0.37605 1 w0 = 0.037 w1 = 1.0 w2 = 1.0

TLR6 B

ma −16823.765 w0 = 0.029 w1 = 1.0
w2 = 44.54

ma0 −16794.793 −57.9425 1 w0 = 0.026 w1 = 1.0 w2 = 1.0

Fc

ma −16823.765 w0 = 0.029 w1 = 1.0 w2 = 1.0

ma0 −16823.765 0 1 w0 = 0.029 w1 = 1.0 w2 = 1.0

Lv

ma −16821.402 w0 = 0.029 w1 = 1.0
w2 = 13.521

545 0.957*

ma0 −16823.765 4.726142 0.029707 w0 = 0.029 w1 = 1.0 w2 = 1.0

TLR7 B

ma −10643.226 w0 = 0.049 w1 = 1.0
w2 = 999.0

(Continued)
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group. The expression levels of FcTLR2 and FcTLR8 decreased in

the 1-h WSSV infection, but their expression levels had no

significant difference in the 24-h WSSV infection. Besides, the

expression levels of FcTLR3, FcTLR4, FcTLR5, FcTLR6, and

FcTLR10 have no significant difference following WSSV

infection (Figure 6).
4 Discussion

TLRs are essential membrane receptors in the TLR signaling

pathway and play an important role in innate immunity against
Frontiers in Ecology and Evolution 11
pathogens. To date, TLR genes have been extensively acknowledged

in vertebrates, such as humans, mice, common carp, and spotted sea

bass, but are relatively rare in decapod crustaceans (Roach et al.,

2005; Gong et al., 2017; Fan et al., 2019; Habib et al., 2021). Decapod

crustaceans exhibit a broad distribution across diverse habitats, and

their growth characteristics are influenced by a range of ecological

factors, including temperature. The TLR gene is a crucial

component of innate immunity in invertebrate, and its reaction to

environmental stimuli may vary among distinct crustacean species.

This study compared TLR gene sequences of decapod crustaceans

from NCBI and our laboratory, and a unified naming system was

developed. A total of nine TLR genes from Li et al. (2018) and 11
TABLE 4 Continued

Gene Model lnL 2lnL P level Parameters Positive selected sites

ma0 −10646.594 6.73536 0.009452 w0 = 0.042 w1 = 1.0 w2 = 1.0

Fc

ma −10635 w0 = 0.042 w1 = 1.0
w2 = 19.648

368 0.994** 378 0.996** 380 0.998**
381 0.983* 383 0.988* 412 0.991**
859 0.992**

ma0 −10635.599 1.381402 0.239862 w0 = 0.036 w1 = 1.0 w2 = 1.0

Lv

ma −10645.018 w0 = 0.047 w1 = 1.0
w2 = 6.474

ma0 −10644.915 −0.20504 1 w0 = 0.049 w1 = 1.0 w2 = 1.0

TLR8 B

ma −13082.354 w0 = 0.023 w1 = 1.0
w2 = 14.801

ma0 −13082.353 −0.00147 1 w0 = 0.023 w1 = 1.0 w2 = 1.0

Fc

ma −13082.231 w0 = 0.023 w1 = 1.0 w2 = 1.0

ma0 −13082.231 0 1 w0 = 0.023 w1 = 1.0 w2 = 1.0

Lv

ma −13082.353 w0 = 0.023 w1 = 1.0 w2 = 1.0

ma0 −13082.353 0 1 w0 = 0.023 w1 = 1.0 w2 = 1.0

TLR9 B

ma −15701.442 w0 = 0.075 w1 = 1.0
w2 = 999.0

368 0.994** 378 0.996** 380 0.998**
390 0.990** 412 0.991** 415 0.994**
859 0.992**

ma0 −15726.22 49.55767 0 w0 = 0.07 w1 = 1.0 w2 = 1.0

Fc

ma −15735.486 w0 = 0.07 w1 = 1.0 w2 = 1.0

ma0 −15735.486 0 1 w0 = 0.07 w1 = 1.0 w2 = 1.0

Lv

ma −15726 w0 = 0.065 w1 = 1.0 w2 = 1.0 605 0.991** 760 0.965*

ma0 −15725.985 0 1 w0 = 0.065 w1 = 1.0 w2 = 1.0
aInL, logarithmic likelihood; 2InL, twice the logarithmic likelihood; B, Brachyura; Fc, F. chinensis; Lv, L. vannamei; The alternative (ma, positive selection: 0<w0<1, w1=1, w2≥1) and the null
model (ma0, neutral evolution with w2=1 fixed) in the branch-site test were used to detect selective pressure on each branch.
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TLR genes from Habib et al. (2021) in L. vannamei were renamed as

12 TLR genes (Li et al., 2018; Habib et al., 2021). In the present

study, two relatively complete TLRs gene families in F. chinensis (10

TLRs) and E. sinensis (7 TLRs) were annotated using the BLASTP

program to BLAST other available RNA and genome databases in

decapod crustaceans. Because of some limitations in the genome

and transcriptome data quality, some TLR genes obtained
Frontiers in Ecology and Evolution 12
contained only the 5’UTR, 3’UTR, or intermediate cDNA

fragments. Complete TLR9 was annotated in E. sinensis and M.

quadridentatus in the RNA database of our lab, and partial

sequences of the TLR genes were obtained for the remaining

species (P. clarkia, C. armatum, M. pacificus, M. quadridentatus,

S. plicata, P. pictum, S. sinensis, A. bellulus) in our databases. This

may be related to the tissue-specific expression of the Toll gene and
B

A

FIGURE 6

The relative expression level of 10 FcTLRs in F. chinensis infected with WSSV. (A) the relative expression level of FcTLRs between the 1 h PBS group
and 1 h WSSV group at the 1-h time point; (B) the relative expression level of FcTLRs in the WSSV group between the 1-h time point and the 24-h
time point. The data are the mean± SD of three independent biological replicates, n=3 hepatopancreas. * and ** indicate statistical significance at
P<0.05 and P<0.01 by Student’s t-test, respectively.
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the size restriction of the transcriptome. In the future, high-quality

publications of shrimp and crab genomes will allow for the

discovery of TLR genes. According to multiple sequence

alignment and NJ phylogenetic tree construction, different species

of TLR proteins were clustered in one group. F. chinensis and L.

vannamei had the highest TLR homology and were clustered in the

near branch. They have higher homology with shrimp families and

a greater relationship with carbs, such as E. sinensis (Figure 2). This

suggests that more closely related species have a higher

sequence homology.

Analysis of the gene-conserved protein domain revealed

domains typical of TLRs in mammals, bony fish, and crustaceans,

including signaling peptides, extracellular LRR domains,

transmembrane domains, and intracellular toll-interleukin

receptors (TIR). LRRs are associated with pathogen recognition,

and the intracellular TIR domain acts as a connector to initiate

downstream signaling. Furthermore, TLR domain analysis revealed

the existence of multiple extracellular LRR domains in PtToll1,

ranging from 5 to 25, similar to the 13–25 LRR domains reported in

previous studies (Zhang et al., 2018). In the present study, 4–25 LRR

domains of FcTLRs were also found in F. chinensis, indicating that

the TLRs were highly conserved and that various TLRs might be

used to respond to different pathogens. This result was similar to

that of protein domain analysis of TLRs in L. vannamei. TLRs, an

important pattern recognition protein, are essential for innate

immunity. The analysis of protein domains revealed that they had

different repeats of LRR domains, indicating that TLRs may have

changed differently in response to various pathogen invasion

environments during the long evolutionary process.

The adaptation of gene function is based on the long-term

adaptive evolution of the genome sequence and the rapid

adaptation of changes in gene expression to environmental

changes. There are few systematic descriptions of the interspecific

genomic changes in TLR pathway genes in decapod crustaceans,

especially in specific variation sites, functional analysis at the

domain level, and the study of gene evolution rate. The

phylogenetic relationship tree of the TLR gene family can help us

to understand the functional differentiation of family genes. This

provides substantial evidence for determining TLR gene function.

In general, the w values of most genes are equal to one, that is,

neutral selection. When w > 1 and the posterior probabilities at the

positive selection site is greater than 0.8, the site is considered under

positive selection pressure (Zhou et al., 2013). Positive selection

signals were detected in the TLR1 (5.16), TLR2 (8.07), TLR7 (1.53),

and TLR9 (5.14) genes of decapod crustaceans by site model

analysis. Moreover, positive selection signals were detected in

TLR1 (P<0.05, w2 = 2.72) and TLR9 (P<0.01, w2 = 999.00) in

Brachyura (B), TLR6 (P<0.05, w2 = 13.52) in L. vannamei (Lv)

using a branch-site model. By combining the site and branch-site

model analysis results, TLR1 and TLR9 were subjected to positive

selection during the evolutionary process in decapod crustaceans.

RNAi of Toll4 in L. vannamei showed that prawns became more

sensitive to WSSV infection as the virus load increased (Li et al.,

2018). TLRs in S. serrata (SsToll), P. clarkia (PcToll3, PcToll5, and

PcToll6), S. paramamosain (SpToll2) exhibited positive responses to

the WSSV challenge (Vidya et al., 2014; Lan et al., 2016; Chen et al.,
Frontiers in Ecology and Evolution 13
2018; Huang et al., 2018). qRT-PCR was used to detect TLR genes in

the hepatopancreas of F. chinensis infected with WSSV, and the

results indicated that FcTLR1, FcTLR7, and FcTLR9 exhibited positive

responses, suggesting that they may play an essential role in WSSV

stress adaptation. This study also provides a reference for other health

aquaculture systems. Positive selection signals were detected for

TLR1, TLR7, and TLR9, suggesting that different TLR genes in

decapod crustaceans may respond differently to various pathogens.

This study identified 10 FcTLR family genes and analyzed their

functional domains in F. chinensis. The expression level of FcTLR

family genes under WSSV challenge was detected in F. chinensis,

and it was examined whether the TLR genes in decapod crustaceans

were driven by positive selection to explore the gene adaptation and

functional differentiation of TLRs. Discussing these issues provides

new insights into the immune defense mechanism and cultivation

of healthy decapod crustaceans to prevent environmental damage,

such as pathogens and temperature.
5 Conclusion

This study comprehensively studied the molecular

characterization, adaptive evolution, and expression analysis of

TLR genes in F. chinensis. Ten TLR genes in F. chinensis and

seven TLR genes in E. sinensis were identified using genome-wide

analysis, and their protein domains were relatively conserved. Most

TLR proteins contain a typical leucine repeat domain, a

transmembrane region, an interleukin receptor domain, and other

structures, but the number of LRR in different TLRs varies from 4

(FcTLR7) to 25 (FcTLR8), which might be related to their response

to various pathogens. In the selection pressure analysis, M8 and

M8a of the site model and branch-site models were used to

determine the selection pressure of the currently available TLR

genes in decapod crustaceans. Positive selection signals were

detected in some genes, such as TLR1 and TLR9, indicating that

these genes were subjected to positive selection during the

evolutionary process. Finally, the expression of the FcTLR genes

after WSSV infection was detected in F. chinensis. The stress time

was detected at 1 h and 24 h. FcTLR7 and FcTLR9 revealed strong

positive responses at the 1-h time point, whereas FcTLR1 revealed

strong positive responses at the 24-h time point. These results

indicate that FcTLR1, FcTLR7, and FcTLR9 could be essential in

response to WSSV infection in F. chinensis, consistent with protein

domain and selective pressure analyses.
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