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A B S T R A C T

Myeloid differentiation factor 88 (MyD88) is a key adaptor of Toll-like receptors (TLR), an important pattern
recognition receptor of the innate immune system. To study the origin and evolution of the vertebrate TLR
signaling pathway in innate immune systems, we analyzed the biological characteristics and functions of the
MyD88 gene in Northeast Chinese lamprey (Lethenteron morii) using PCR amplification, real-time PCR analysis,
dual luciferase reporter gene assay, immunofluorescence assay, and other methods. Bioinformatics analysis
showed that LmMyD88 has a modular structure consisting of Toll/IL-1R domain (TIR) and death domain (DD),
which is typical of the MyD88 family. A phylogenetic tree showed that the homology of LmMyD88 was con-
sistent with the phylogenetic status of lampreys. Tissue expression analysis indicated that the mRNA expression
was expressed in some normal tissues of larval and adult L. morii. Real-time PCR analysis showed that the
expression of LmMyD88 in tissues, such as gill and kidney, of the adult increased significantly after infection by
Pseudomonas aeruginosa. Subcellular localization results showed that LmMyD88 was expressed in the nucleus,
cytoplasm, and other parts. A dual luciferase reporter assay indicated that LmMyD88 activated nuclear factor
kappa B downstream of the TLR signaling pathway. This study suggested that LmMyD88 might play an im-
portant role in the innate immune signal transduction process of L. morii.

1. Introduction

Pathogens that invade vertebrates are first identified by the innate
immune system through various pattern recognition receptors (PRRs)
[1]. Pathogens recognized by PRRs are called pathogen-associated
molecular patterns (PAMP), such as bacterial lipopolysaccharide and
viral double-stranded RNA [2]. PRRs recognize the pathogen and ac-
tivate relevant immune cells through downstream signaling pathways,
inducing immune cells to participate in inflammation and various im-
mune responses. Toll-like receptors (TLRs) are a major family of PRRs,
which can recognize various microbial components and initiate sig-
naling pathways to induce the expression of innate immune-related
genes [3]. The TLR signaling pathway is regulated by a variety of
adaptor proteins containing the Toll/IL-1R (TIR) domain. The adaptor
proteins that have been found so far are myeloid differentiation factor
88 (MyD88), a TIR domain-containing adaptor protein (TIRAP), TIR

domain-containing adaptor inducing IFN-β (TRIF), TRIF-related
adaptor molecule (TRAM), and the sterile α and armadillo-motif-con-
taining protein (SARM) [4–7]. The TLR signaling pathway can be di-
vided into MyD88-dependent or MyD88-independent pathways ac-
cording to the adaptor proteins [8].

In mammals, TLR receptors other than TLR3 are involved in the
signaling of the MyD88-dependent pathway. MyD88 acts as a key
adaptor protein that participates in the signaling process of the MyD88-
dependent pathway [7]. MyD88 was originally discovered in the dif-
ferentiation process of myeloid cells and contains a C-terminal TIR
domain and an N-terminal death domain (DD) [9]. MyD88 interacts
with the TLR receptor that recognizes the pathogen through the TIR
domain and then recruits and interacts with IRAK (interleukin-1 re-
ceptor-associated kinase)-4 through the DD leading to IRAK1 phos-
phorylation by IRAK4. Activated IRAK-1 associates with and further
phosphorylates TNF receptor-associated factor (TRAF) 6, thereby
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activating downstream transcription factor activator protein (AP)-1
signaling and the transcription factor nuclear factor kappa B (NF-κB)
signaling pathway which ultimately regulates the expression of in-
flammatory cytokines and growth factors [10,11].

MyD88 has been found in several species since it was first cloned in
mice in 1990 [9], such as Homo sapiens [12], Gallus gallus [13], Xenopus
laevis [14], and others. Similarly, MyD88 is known to be found in Danio
rerio [15], Paralichthys olivaceus [16], Oncorhynchus mykiss [17], Salmo
salar [18], Miichthys miiuy [19], and other teleost species. Sequence
analysis showed that MyD88 is highly conserved among different spe-
cies and has a TIR domain and DD in fish, amphibians, birds, and
mammals. The results suggest that fish MyD88 may have similar
functions and characteristics as mammals. However, the specific me-
chanism of MyD88 and its involvement in the immune signaling path-
ways of primitive vertebrates remains to be resolved.

Northeast Chinese lamprey (Lethenteron morii) is one of the extant
jawless vertebrates that belong to Cyclostomata, Petromyzontiformes,
Petromyzontidae, and Lampetra. They are classified as Agnatha, which
are evolutionary more primitive than fish. As the oldest vertebrate
group, Lampetra are the bridge between invertebrates and verte-
brates. A study has found that modern Lampetra have not changed
that much from its ancestors of 360 million years ago and is one of the
few living fossils [20]. As lampreys are the ancestors of vertebrates,
studying the mechanism of their innate immune system can provide
an important reference for the origin and evolution of innate im-
munity. Multiple TLRs have been identified in Petromyzon marinus
and Lampetra japonicum [21], and MyD88-dependent pathway-asso-
ciated proteins have been found in Lampetra japonicum [22]. How-
ever, the specific signaling mechanism of the lamprey MyD88-de-
pendent pathway is not yet clear. In this study, the MyD88 gene of L.
morii was first cloned, and its molecular structure and expression in
tissues and cell localization were further explored. LmMyD88 was
found to promote the activity of the NF-κB promoter by luciferase
reporter gene assay, which laid the foundation for the L. morii MyD88
signaling pathway research.

2. Materials and methods

2.1. Sample collection and bacteria

This research used healthy L. morii from tributaries of the Yalu River
in Dandong City, Liaoning Province, China. They were temporarily bred
in a water temperature of 8 ± 1 °C. The average body length of larvae
was 11.5 ± 0.8 cm, and the body weight was 5.2 ± 0.6 g. The average
body length of adults was 30.1 ± 3.2 cm, and the body weight was
36.1 ± 2.1 g.

Pseudomonas aeruginosa PA11 strain, which was isolated from dis-
eased L. morii and stored at −80 °C in our laboratory, was used to
challenge the healthy larvae and adult lampreys.

2.2. Northeast Chinese lamprey (L. morii) RNA extraction and cDNA
synthesis

Three healthy larvae and adult Northeast Chinese lamprey (L.
morii) and nine tissues including brain, intestine, heart, gill, liver,
muscle, kidney, supraneural body, and skin were selected for this
study. The Trizol (Invitrogen, Carlsbad, CA, USA) method was used
to extract total RNA from L. morii and RNA samples using 1% agarose
gel electrophoresis validation and spectrophotometry (NanoDrop,
Thermo Scientific, USA) to assess sample concentration and stored at
−80 °C. Northeast Chinese lamprey adults received an abdominal
cavity injection (500 μL/100 g) of P. aeruginosa (1.96 × 106 CFU/
mL). Total RNA was extracted from the supraneural body, gill, in-
testine and kidney at 0, 6, 12, 24, 48, 72 h and stored at −80 °C. RNA

samples were reverse transcribed into cDNA using the
PrimeScriptTM RT reagent kit with gDNA Eraser (Takara Bio, Beijing,
China), and the actual procedure was performed according to the kit
instructions.

2.3. LmMyD88 clone and sequence analysis

The preliminary sequence of MyD88 was obtained from the tran-
scriptome data of closely related species, such as Lampetra japonica
(http://jlampreygenome.imcb.a-star.edu.sg/) and Petromyzon marinus
(https://genomes.stowers.org/organism/Petromyzon/marinus) by
BLAST. The open reading frame (ORF) sequence of MyD88 was cloned
using MyD88-F/R primers designed by using highly conserved MyD88
sequence from species of Agnatha vertebrates (STable.1). The primers
were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China).

PCR amplification was performed using mixed cDNA of healthy
tissue from L. morii as a template. The PCR system (25 μL) was as fol-
lows: DNA polymerase 12.5 μL, ddH2O 9.5 μL, MyD88-F 1.0 μL, MyD88-
R 1.0 μL, and cDNA 1.0 μL. The PCR conditions were as follows: pre-
denaturation at 98 °C for 2 min; denaturation at 98 °C for 30 s, an-
nealing at 58 °C for 30 s, extension at 72 °C for 1 min, amplification for
35 cycles; extension at 72 °C for 5 min, storage at 12 °C. The PCR pro-
duct was detected by 2% agarose gel electrophoresis, and the target
fragment was purified by a DNA Fragment Purification Kit (Takara Bio).
The target fragment was ligated into a pMD-19T vector and trans-
formed into competent bacteria DH5α (Tiangen, Beijing, China), which
were screened for blue/white colonies. After PCR identification, the
positive clones were sent to Sangon Biotech Co., Ltd for sequencing.
Homologous sequence was identified using the BLASTP tool from NCBI
(http://www.ncbi.nlm.nih.gov/BLAST); Getorf software (http://
emboss.bioinformatics.nl/cgi-bin/emboss/getorf) was used to predict
ORFs; ExPASy software (http://web.expasy.org/protparam/) was used
to predict the relative mass and theoretical isoelectric point; SMART
software (http://smart.embl-heidelberg.de/) was used to predict and
analyze protein domains; SignalP 4.1 software (http://www.cbs.dtu.
dk/services/SignalP/) was used to predict protein signal peptides;
TMHMM software (http://www.cbs.dtu.dk/services/TMHMM-2.0/)
was used to predict protein domains; PROSITE software (http://prosite.
expasy.org/) was used to predict protein subcellular localization;
ClustalX 2.0 software was used to align multiple protein sequences;
MEGA 7.0 software and iTOL software (http://itol.embl.de/) were used
to build a phylogenetic tree.

2.4. Expression of LmMyD88 in tissues of L. morii

Real-time PCR was used to detect the expression of MyD88 in dif-
ferent tissues and adults of L. morii after P. aeruginosa infection. β-actin
was used as a reference gene (SFig. 1) with the primers β-actin-qF and
β-actin-qR; MyD88-qF and MyD88-qR were designed as MyD88 specific
primers (STable 1). The primers were synthesized by Sangon Biotech
Co., Ltd. The real-time PCR reaction was carried out using a LightCycler
480 II real-time PCR machine. The real-time PCR reaction system was
as follows: Master Mix (Takara Bio) 10.0 μL, ddH2O 7.0 μL, upstream
primer 1.0 μL, downstream primer 1.0 μL, and cDNA 1.0 μL. The real-
time PCR reaction conditions were as follows: 50 °C for 2 min, 95 °C for
10 min; 95 °C for 10 s, 60 °C for 30 s, amplification for 40 cycles; 95 °C
for 30 s, 60 °C for 30 s, 40 °C for 30 s. Each sample was repeated three
times, and the relative expression of LmMyD88 was calculated by using
the 2−ΔΔCT method. The results were expressed as the mean ±
standard error of the mean (SEM), and significant difference analysis
was performed with SPSS 19.0 software. P < 0.05 indicates significant
differences.
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Fig. 1. Multiple sequence alignment of L. morii
MyD88 with other species MyD88.
The multiple sequence alignment is based on
MyD88 sequences from Homo sapiens (accession
number NP_001166038.2), Mus musculus (ac-
cession number NP_034981.1), Gallus gallus
(accession number NP_001026133.2), Chrysemys
picta bellii (accession number XP_005297196.1),
Xenopus tropicalis (accession number
NP_001016837.1), Danio rerio (accession
number NP_997979.2), Salmo salar (accession
number NP_001130017.1), Takifugu rubripes
(accession number NP_001106666.1), Physeter
catodon (accession number XP_007127842.1),
and L. morii (accession number AYP27510.1).
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2.5. LmMyD88 subcellular location

Amplification of the LmMyD88 gene fragment without the stop
codon (TGA) using the upstream primer containing the BamHI restric-
tion site and the downstream primer containing the HindIII restriction
site. The target fragment was double-digested with the corresponding
restriction endonuclease, and T4 ligase was used to connect to the
pCMV-tag 2B eukaryotic expression vector that could be expressed in
mammalian cells. The ligation product was transformed into competent
DH5α bacteria cells, positive clones were selected, and the recombinant
plasmid was subjected to double enzyme digestion for verification.

HEK293T cells were seeded in 35 mm glass bottom culture dish at

2 × 105 cells per 24 h before transfection and then transfected at a cell
fusion rate of 60%–70%. pCMV-LmMyD88 and pCMV empty plasmid
were transfected 500 ng per culture dish with Fugene® HD transfection
reagent (Promega, Madison, WI, USA). Cells were fixed with 4% par-
aformaldehyde after transfection for 24 h, rinsed three times with
1 × PBS, and permeabilized with 100% methanol at −20 °C. The
samples were incubated after rinsing with 1 × PBS in blocking buffer
(1 × PBS/5% normal goat serum/0.3% Triton X-100) for 1 h. After
blocking, antibody buffer was added [1 × PBS/1% BSA/0.3% Triton X-
100/1:100 PDI Rabbit mAb or 1:400 AIF XP Rabbit mAb (Cell Signaling
Technology, Danvers, MA, USA)/1:1,000 Monoclonal ANTI-FLAG® M2
antibody produced in mouse (Sigma-Aldrich, St. Louis, MO, USA)]. The

Fig. 2. Similarity between the amino acid sequence of L. morii MyD88 and the MyD88 of other species. (a) Similarity comparison based on the sequences of MyD88
from Homo sapiens (accession number NP_001166038.2), Mus musculus (accession number NP_034981.1), Gallus gallus (accession number NP_001026133.2),
Chrysemys picta bellii (accession number XP_005297196.1), Xenopus tropicalis (accession number NP_001016837.1), Danio rerio (accession number NP_997979.2),
Salmo salar (accession number NP_001130017.1), Takifugu rubripes (accession number NP_001106666.1), Physeter catodon (accession number XP_007127842.1), and
L. morii (accession number AYP27510.1). (b) Comparison of MyD88 death domains in H. sapiens (accession number NP_001166038.2), M. musculus (accession
number NP_034981.1), G. gallus (accession number NP_001026133.2), C. picta bellii (accession number XP_005297196.1), X. tropicalis (accession number
NP_001016837.1), D. rerio (accession number NP_997979.2), S. salar (accession number NP_001130017.1), T. rubripes (accession number NP_001106666.1), P.
catodon (accession number XP_007127842.1), and L. morii (accession number AYP27510.1). (c) Comparison of MyD88 TIR domains in H. sapiens (accession number
NP_001166038.2), M. musculus (accession number NP_034981.1), G. gallus (accession number NP_001026133.2), C. picta bellii (accession number XP_005297196.1),
X. tropicalis (accession number NP_001016837.1), D. rerio (accession number NP_997979.2), S. salar (accession number NP_001130017.1), T. rubripes (accession
number NP_001106666.1), P. catodon (accession number XP_007127842.1), and L. morii (accession number AYP27510.1).
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secondary anti-buffer buffer containing the coupled fluorescein sec-
ondary antibody [goat anti-mouse IgG (H+L) cross-adsorbed secondary
antibody, Alexa Fluor 488/goat anti-rabbit IgG (H+L) cross-adsorbed
secondary antibody, Alexa Fluor 594 (Invitrogen)] and the Hoechst
33342 nuclear stain (Solarbio, Beijing, China) was prepared by adding
the antibody dilution buffer (1 × PBS/1% BSA/0.3% Triton X-100),
and the specimen was incubated for 1–2 h at room temperature in the
dark. After rinsing three times in 1 × PBS, the specimen was observed
under a confocal microscope and photographed.

2.6. Luciferase analysis

In order to study the effect of MyD88 on NF-κB activity, we cloned
NF-κB promoter from L. morii by homologous sequence comparison,
and constructed pGL3-NF-κB promoter reporter gene (accession number
MN368861) HEK293T cells were seeded in 24-well plates at
5 × 104 cells per well 24 h before transfection and then transfected at a
cell fusion rate of 70%–80%. Transfection was performed according to
the instructions of the Fugene® HD kit. Seven groups were set up and
each group was transfected with pCMV-LmMyD88 0 (control group),
50, 100, 150, 200, 250, and 300 ng. The transgenic amount of the L.
morii NF-κB promoter was 100 ng. The phRL-TK reference plasmid was
added in a ratio of 10:1. The remainder of the system was com-
plemented with pCMV empty plasmid. After transfection for 24 h, the
dual luciferase reporter gene assay was performed according to the
Dual Luciferase® Reporter Assay System (Promega) instructions. Three
sets of technical replicates were performed in each group, and the ex-
periment was repeated three times. The results were expressed as the
mean ± SEM, and significant difference analysis was performed using
SPSS 19.0 software, P < 0.05 indicates a significant difference,
P < 0.01 indicates a highly significant difference.

2.7. Key resource table

Resource Source Identifier

Antibodies

PDI (C81H6) Rabbit mAb Cell Signaling
Technology

AB_2156433

AIF (D39D2) XP Rabbit mAb Cell Signaling
Technology

AB_10634755

Monoclonal ANTI-FLAG® M2 antibody Sigma-Aldrich AB_262044
Goat anti-Mouse IgG (H+L) Cross-Adsorbed S-

econdary Antibody, Alexa Fluor 488
Invitrogen AB_2534069

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed S-
econdary Antibody, Alexa Fluor 594

Invitrogen AB_2534079

Chemical

Normal Goat Serum Jackson
Bovine Serum Albumin (BSA) Sigma-Aldrich
Paraformaldehyde Sigma-Aldrich
Hoechst 33342 Solarbio
Methanol Sangon
20× PBS Solution Sangon
Triton X-100 Sangon

3. Results

3.1. Molecular cloning and sequence analysis of LmMyD88

The ORF of LmMyD88 gene was 852 bp, encoding 283 amino acids
(SFig. 2). The relative molecular mass was 32.432 kD and the

Fig. 3. Neighbor-joining method to construct a MyD88 phylogenetic tree. The sequences used to construct the phylogenetic tree are shown in STable 2. The bootstrap
value is set to 1,000.
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theoretical isoelectric point was 6.25 with no signal peptide and
transmembrane domain. The sequence was submitted to GenBank (ac-
cess number AYP27510.1). The SMART predictive analysis of the
MyD88 protein domain revealed that the sequence contains typical
domains of the MyD88 protein: the N-terminal DD (15–105 aa) and the
C-terminal TIR domain (148–282 aa) (SFig. 3). PSORT II software
predicted and analyzed the subcellular localization of MyD88 which
showed that MyD88 protein occurred at 34.8% in the cytoplasm, 30.4%
in the mitochondria, and 26.1% in the nucleus.

3.2. Multiple sequence alignment and phylogenetic tree analysis of
LmMyD88

Sequence alignment between LmMyD88 and the MyD88 of other
vertebrates showed that the Death domain and TIR domain existed in
all species. The modular structure of LmMyD88 contains three DD
conserved sites (E48A, Y54A, K91A) and three TIR domain conserved
regions (box1 (149FDAFVCY155), box2 (178KLC-RD-PG189), box3
(273FW274)) (Fig. 1). The similarity of MyD88 amino acid sequence
between L. morii and other species was 47%–54%, of which the simi-
larity of the DD domain was 42%–51%, and that of the TIR domain was
61%–66% (Fig. 2). The phylogenetic tree showed that the MyD88 of
Mammalia, Aves, and Reptilia were clustered on a branch, Osteichthyes
was clustered on a branch, and lampreys and other vertebrates were
clustered on a big branch. Meanwhile, MyD88 had a high homology

between lampreys and Osteichthyes. The phylogenetic tree of MyD88
was in line with the evolutionary position of species, and MyD88 of L.
morii was between vertebrates and invertebrates (Fig. 3).

3.3. Expression of LmMyD88 in tissues of L. morii

Real-time PCR analysis results showed that LmMyD88 was ex-
pressed in the heart, brain, muscle, skin, gill, intestine, liver, supra-
neural body, and kidney of larvae and adult L. morii. The expression of
LmMyD88 was relatively high in the skin, gill, and liver of larvae L.
morii, but relatively low in the kidney and muscle. LmMyD88 was ex-
pressed relatively highly in the kidney and muscle of adult L. morii
(Fig. 4).

Real-time PCR analysis was used to detect the expression level of
LmMyD88 in different tissues at different times after infection by P.
aeruginosa. The results showed that after P. aeruginosa infection, the
expression level of MyD88 in adults showed an increasing trend from 0
to 48 h, and reached a peak at 48 h, which was significantly different
from that at 0 h (P < 0.05). The expression level of MyD88 in the in-
testine of L. morii increased after 72 h, but there was no significant
difference compared with 0 h (P > 0.05). The expression level of
MyD88 in the gill was significantly increased at 12 h and 72 h, and
significantly different from that at 0 h (P < 0.05). The expression level
of MyD88 in the kidney was significantly increased at 24 h compared
with 0 h (P < 0.05). After 24 h, the expression level of LmMyD88
gradually decreased and tended to be stable (Fig. 5).

3.4. LmMyD88 cell localization

The results of cellular immunofluorescence confirmed the location
of LmMyD88 in cells. Under confocal microscopy, LmMyD88 was
clustered in HEK 293T cells and expressed in the nucleus and cyto-
plasm. However, although LmMyD88 overlapped with markers of mi-
tochondria and endoplasmic reticulum, it had no specific co-localiza-
tion with these markers (Fig. 6).

3.5. Overexpression of LmMyD88 on NF-κB promoter activity

The results of the dual luciferase reporter assay showed that the
activity of the NF-κB promoter in L. morii was significantly increased
compared with the control group after transfection with pCMV-
LmMyD88 (p < 0.01), and with increments of pCMV-LmMyD88
transfection, NF-κB promoter activity increased slightly. However,
when the pCMV-LmMyD88 transfection was greater than 200 ng the
NF-κB promoter activity was not affected (Fig. 7).

4. Discussion

Northeast Chinese lamprey is one of the oldest Agnatha, therefore,
studies of the immune system in this species could reveal the origins of
the early immune system. This study found that LmMyD88 has an ORF
of 852 bp, encoding 283 amino acids. Alignment with sequences from
other species showed that LmMyD88 had a conserved DD and TIR do-
main. Though LmMyD88 was less similar to other vertebrates (the DD is
relatively less similar than the TIR domain), it had multiple conserved
regions. In the typical MyD88-dependent pathway, the TIR domain of
MyD88 binds to the TIR domain of the TLR. Specifically, box1 and box2
are involved in the signaling binding sites in TLR signaling pathway,
whereas box3 is involved in directing the protein localization [23].
After the upstream interaction, MyD88 recruits downstream IRAK4 and
other linker molecules through the DD for further signaling. However,
the defect of MyD88 DD conserved sites can affect the recruitment of
IRAK1 and IRAK4 [24]. Combining domain sequence alignment results,
it is speculated that the further signaling mechanism of MyD88 in L.
morii after binding to TLR might be similar to other vertebrates. The
results of the phylogenetic tree were consistent with the evolutionary

Fig. 4. Relative expression of L. morii MyD88 in different tissues of larvae and
adults. L. morii MyD88 relative expression in the brain, intestine, heart, gill,
liver, muscle, kidney, supraneural body, and skin of (a) the larvae and (b) the
adults. The relative expression was calculated by the 2−ΔΔCT method, β-actin
was used as the reference gene, and the experimental results were expressed as
mean ± standard error (SEM), ∗Indicates a significant difference compared
with the control group (n = 3, P < 0.05).

Z. Zhou, et al. Fish and Shellfish Immunology 94 (2019) 539–547

544



status of the species. Previous studies have shown that fish and mam-
malian MyD88 are more conservative in evolution, which was con-
sistent with the results of the phylogenetic tree analysis [25]. Multiple
sequence alignments and phylogenetic tree results indicated that
Northeast Chinese lamprey had certain specificity compared with
higher vertebrate animals.

The results of tissue expression analysis showed that LmMyD88 was
expressed in the larval and adult tissues of Northeast Chinese lamprey,
which was consistent with the expression of MyD88 in other species.
However, the tissue expression profiles of MyD88 in different species
were not the same. For example, in Pelteobagrus fulvidraco, MyD88 has
the highest expression in the spleen and the lowest expression in the
intestine [26]; duck MyD88 has the highest expression in the spleen but
expression is relatively low in muscle and liver [27]. Moreover, the
relative expression of MyD88 is also different in different genders of the
same species. In female Sepiella japonica, MyD88 has the highest ex-
pression in the ovary and the lowest expression in the brain; while the
male MyD88 has the highest expression in the gill and the lowest ex-
pression in the optic lobe [28]. This study showed that LmMyD88 was
relatively high in the skin, gill, and liver of Northeast Chinese lamprey
larvae, but relatively low in kidney and muscle. The expression of

LmMyD88 in the kidney and muscle of Northeast Chinese lamprey were
relatively high, and the expression in the heart was relatively low. The
MyD88 relative expression of different species in tissues may be related
to specific differences, sex differences, and different growth stages. For
example, in this study, the Northeast Chinese lamprey larvae were in
the developmental stage, and the adults were in the reproductive stage.
On the whole, MyD88 was expressed in different tissues of basal ver-
tebrates.

Previous studies have shown that MyD88 is widely involved in the
innate immune response to pathogens such as bacteria and viruses.
Patinopecten yessoensis MyD88 has significant expression 3–6 h after
infection with Gram-positive and Gram-negative bacteria [29]. Artemia
sinica MyD88 was significantly upregulated after a bacterial challenge
[30]. Also in fish, Anguilla japonica MyD88 was significantly increased
in the head-kidney, spleen, and other tissues after 8 h of infection with
E. tarda. The expression level of MyD88 in the head-kidney and spleen
was significantly increased after stimulation with a double-stranded
RNA analogue poly I:C for 16–24 h [31]. The P. aeruginosa used in this
study belonged to Gram-negative bacteria. In the typical innate immune
recognition mode, the lipopolysaccharide in the outer structure of the
cell wall can be recognized by Toll-like receptors and further stimulate

Fig. 5. Changes in the expression of L. morii MyD88 in various tissues after Pseudomonas aeruginosa infection. Relative expression of MyD88 in (a) the supraneural
body, (b) gill, (c) intestine, and (d) kidney of L. morii adults after P. aeruginosa infection at 0, 6, 12, 24, 48, and 72 h. The relative expression was calculated by the
2−ΔΔCT method, β-actin was used as the reference gene, and the experimental results were expressed as mean ± standard error (SEM), ∗Indicates a significant
difference compared with the control group (n = 3, P < 0.05).
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the innate immune response by MyD88-dependent pathway. The results
showed that the relative constitutive expression of MyD88 was higher
in the kidney of adults. After 24 h of infection with P. aeruginosa, the
expression of MyD88 in the kidney was significantly increased. After
12 h of P. aeruginosa infection, the expression of MyD88 in the gill also
increased significantly, which was in direct contact with the living

environment. The results showed that P. aeruginosa infection induced
the expression of LmMyD88.

The results of LmMyD88 localization showed that LmMyD88 clus-
tered in the cells. Specifically, LmMyD88 was localized in both the
nucleus and cytoplasm. While LmMyD88 was distributed in mi-
tochondria and endoplasmic reticulum, it was not specifically present in
these organelles. The result was roughly the same as the predicted re-
sults of protein localization. The morphology of LmMyD88 in cells was
similar to that of Danio rerio MyD88, and all of them were condensed
into clusters [32]. Similarly, mammalian MyD88 aggregates into var-
ious shapes in cells [33]. It can be seen that LmMyD88, like other
vertebrate MyD88, exists in condensed form in the cells, but it is not
specifically located in endoplasmic reticulum and mitochondria.

The typical MyD88-dependent pathway activates the nuclear tran-
scription factor NF-κB, prompting the NF-κB into the nucleus and the
subsequent generation of inflammatory cytokines. Paralichthys olivaceus
TLR7/8 signaling pathway study confirmed that the inhibition of
MyD88 activation can significantly reduce the activity of NF-κB [34].
Similarly, through targeting MyD88, studies in Miiuy croaker restrained
the activity of NF-κB, thus inhibiting the production of inflammatory
cytokines and avoiding excessive inflammation [35]. In this study,
LmMyD88 overexpression in cells confirmed that LmMyD88 enhanced
the activity of NF-κB promoter downstream of the TLR signaling
pathway. These results indicated that LmMyD88 activated NF-κB,
which was typical of the MyD88 in other species.

This study identified the ORF sequence of the LmMyD88 had the DD
and TIR domain of a typical MyD88 with multiple conserved regions
but had a certain specificity in amino acid arrangement compared with
mammals and fish. LmMyD88 was expressed in multiple tissues of the
Northeast Chinese lamprey, and was induced to express after P.

Fig. 6. Localization of LmMyD88 in HEK293T cells.
DAPI stained nuclei (blue fluorescence), FLAG-tagged antibody labeled pCMV-MyD88 fusion protein (green fluorescence), endoplasmic reticulum and mitochondria
are marked with red fluorescence, and bright field observations. Empty plasmid (pCMV) was used as a control, the scale is shown in the figure. . (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 7. Effect of LmMyD88 overexpression on the activity of the L. morii NF-κB
promoter in HEK293T cells. 7 groups were set up and each group was trans-
fected with pCMV-LmMyD88 0 (control group), 50, 100, 150, 200, 250, and
300 ng. The transgenic amount of the L. morii NF-κB promoter was 100 ng
phRL-TK was used as the reference plasmid. ∗Represents a significant difference
from the control group (n = 3, *P < 0.05, **P < 0.01).
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aeruginosa infection. It is suggested that LmMyD88 may be involved in
the bacterial-induced innate immune response. The existential state of
LmMyD88 in cells was similar to that of fish. The dual luciferase re-
porter gene assay showed that LmMyD88 had an association with the
downstream nuclear transcription factor NF-κB, like a typical MyD88.
Previous studies showed that MyD88 had more diverse functions in
other vertebrates. For example, in Danio rerio, MyD88 can synergisti-
cally activate IFN-β with IFN regulatory factor [36], speculating that
LmMyD88 may have other functions in the TLR signaling pathway of L.
morii like MyD88 in higher vertebrates. Consider the results so far,
whether LmMyD88 affects the NF-κB signaling pathway by recruiting
and interacting with IRAK4? Whether LmMyD88 can activate interferon
in L. morii? These questions which may reveal the similarities and di-
vergences between the biological function of LmMyD88 and that of
higher vertebrates need further research.
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