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ARTICLE INFO ABSTRACT

Myeloid differentiation factor 88 (MyD88) and tumor necrosis factor receptor-associated factor 6 (TRAF6) are
two critical signal transducers in toll-like receptor (TLR) pathway. In the present study, we identified and
characterized the homologues of MyD88 and TRAF6 in Qihe crucian carp Carassius auratus, termed as CaMyD88
and CaTRAF6, respectively, and examined their roles during pathogenic infection. Full-length cDNA of CaMyD88
was 2463 bp, including a 191 bp 5’-untranslated region (UTR), a 1417 bp 3’-UTR, and an 855 bp open reading
frame (ORF) encoding for a putative protein with 284 amino acids. Full-length cDNA of CaTRAF6 was identified
to be 2555 bp, consisting of a 52 bp 5-UTR, an 871 bp 3’-UTR, and a 1632 bp ORF encoding a protein of 543
amino acids. Deduced amino acid sequences of CaMyD88 and CaTRAF6 contained the typical domains
(CaMyD88: death domain and TIR domain; CaTRAF6: one RING-type zinc finger domain, two TRAF-type zinc
finger domains, one coiled-coil region, and one conserved C-terminal meprin and TRAF homology domain) as in
other fish. Quantitative Real-Time PCR (qRT-PCR) analysis revealed that both CaMyD88 and CaTRAF6 were
ubiquitously expressed throughout the development stages and appeared to be developmentally regulated. In
addition, CaMyD88 and CaTRAF6 had a broadly distribution of expression in all examined eleven tissues of
healthy fish, although the transcript levels varied among the different tissues. Moreover, it was found that mRNA
expressions of CaMyD88 and CaTRAF6 were generally up-regulated after stimulation by polyI:C, flagellin, and
Aeromonas hydrophila in spite of the down-regulation appeared at some time points or tissues. These results
indicated that CaMyD88 and CaTRAF6 play the critical roles in the immune defense of Qihe crucian carp against
pathogenic invasion. The present findings will provide the valuable information for understanding the innate
immune responses of Qihe crucian carp and contribute to develop the preventive way against pathogens.
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1. Introduction proteins [3-5]. The TLR signaling pathways are largely classified into

myeloid differentiation factor 88 (MyD88)-dependent and MyD88-in-

The innate immune system is the most ancient and universal form of
host defense in animals, and plays a central role in immune response
against pathogen invasion [1]. It is triggered by germline-encoded
pattern recognition receptors (PRRs) which are conserved in in-
vertebrate and vertebrate lineages and responsible for sensing the
conserved molecular structure of pathogens, known as pathogen-asso-
ciated molecular patterns (PAMPs) [2,3]. As the first and best char-
acterized pattern recognition receptors (PRRs), toll-like receptors
(TLRs) recognize the PAMPs such as lipopolysaccharide (LPS), pepti-
doglycan (PGN), flagellin, DNA containing unmethylated CpG motifs
(CpG DNA), lipopeptides, and polyinosinic:polycytidylic acid (polyI:C),
etc. and trigger the signaling pathways that activate immune cells in
response to pathogen infection via recruiting the different adaptor

dependent pathway [1]. MyD88 and tumor necrosis factor receptor-
associated factor 6 (TRAF6) are two of the critical signal transducers in
the MyD88-dependent pathway [5].

MyD88, as the first identified TIR domain containing adaptor pro-
tein, was recruited by all TLRs except TLR3 in mammals [6]. Principal
functional domains of MyD88 consisted of C-terminal Toll-like/IL-1
receptor (TIR) domain and N-terminal death domain [7]. The TIR do-
main interacted with the TIR domain of activated TLRs, and the death
domain was involved in recruiting downstream molecule IL-1 receptor-
associated protein kinases (IRAKs) [8]. Subsequently, the MyD88-IRAK
complex induced the auto-ubiquitination of tumor necrosis factor re-
ceptor-associated factor 6 (TRAF6), the only member of TRAFs family
that participates in the MyD88-dependent pathway [9,10]. Then, the
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nuclear factor kB (NF-kB) and activator protein (AP-1) were activated,
and led to the production of pro-inflammatory cytokines and eventually
to eliminate pathogens [5]. MyD88 and/or TRAF6 have been identified
in several teleost species, such as orange-spotted grouper (Epinephelus
coioides) [11,12], common carp (Cyprinus carpio) [13], grass carp
(Ctenopharyngodon idella) [14,15], blunt snout bream (Megalobrama
amblycephala) [16], Japanese eel (Anguilla japonica) [17], silvery
pomfret (Pampus argenteus) [18], and black carp (Mylopharyngodon Pi-
ceus) [19]. These studies provided valuable information for under-
standing the molecular characteristics and functions of MyD88 and/or
TRAF®6 in fish.

Qihe crucian carp (Carassius auratus), an endemic triploid fresh-
water fish with natural gynogenesis, is one of the most commercially
important fish and has been widely cultured throughout the north of
Henan Province, China [20]. However, in recent years, the high density
and intensive farming has resulted in the weaker immunity and out-
break of fish diseases, which causes extensive losses in aquaculture. We
have found that TLR5 and TLR22 played the important roles in the
immune response of Qihe crucian carp against pathogenic invasion
[21,22]. MyD88 and TRAF6 were the critical signal transduction pro-
teins in TLR5/22 pathways [5]. However, MyD88 and TRAF6 have not
been identified in Qihe crucian carp, and their functions are still un-
clear. Therefore, in order to further understand the mechanism under-
lying the immune responses during infection and develop preventive
and therapeutic measures against pathogens, in the present study,
MyD88 and TRAF6 were cloned and characterized in Qihe crucian carp
(designated as CaMyD88 and CaTRAF6), and tissue distribution, ex-
pression levels during embryonic development, transcription responses
in different tissues were investigated after challenges of Aeromonas
hydrophila, flagellin, and polyl:C. The aims of this study were to de-
termine the structures, functions, and expressions of CaMyD88 and
CaTRAF6 in Qihe crucian carp respectively, and to reveal the process
and mechanism of immune responses involved in MyD88-dependent
pathway against pathogen infection in Qihe crucian carp.

2. Materials and methods
2.1. Fish, immune challenge and sample collection

Healthy fish were purchased from the original breeding farm of
Qihe crucian carp in Henan Province. Fish with an average body weight
of 35 + 5g were acclimated to laboratory conditions for two weeks in
aerated freshwater at 25 * 2°C and were fed twice daily with com-
mercial feed until 24 h before the treatment.

The immune challenge was performed according to the method as
described previously [22]. In brief, experimental fish were randomly
divided into one control group and three treatment groups (20 fish per
group). As treatment groups, fish were injected intraperitoneally with
200 uL polyI:C (Sigma, USA) (0.2 mg/mL), flagellin (Salmonella typhi-
murium strain 14028, Sigma, USA) (2 pug/mL), and A. hydrophila sus-
pension (5 x 107 CFU/mL), respectively. Fish injected with 200 pL
0.65% physiological saline were used as the control group. After 3, 6,
12, 24, and 48 h post infection (hpi), four tissues (gill, liver, spleen, and
head kidney) from each fish were collected, respectively, and im-
mediately stored at —80°C until RNA extraction. Three fish were
sampled from each group at each time point, and the experiments were
performed in triplicate.

To investigate expression patterns during the early development,
embryos at eight embryonic stages (fertilized egg, cleavage, blastula,
gastrula, neurula, tail-bud, heart-beating, and hatching stage) and
larvae [1, 5, 10, 20, and 30d post hatching (dph)] were collected re-
spectively. The different embryonic stages for samples were identified
microscopically. To profile expression difference in different tissues,
eleven tissues (gill, head kidney, trunk kidney, spleen, live, intestine,
heart, skin, muscle, brain, and blood) were excised from healthy fish.
All the samples were immediately stored at —80°C until RNA
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extraction.
2.2. DNA and RNA isolation, cDNA synthesis

Genomic DNA was isolated in muscle of Qihe crucian carp using the
classical phenol-chloroform procedure followed by ethanol precipita-
tion [23]. Total RNA was isolated using RNAiso Plus (TaKaRa, Japan)
according to the manufacturer's instructions. RNA integrity and con-
centrations were determined by electrophoresis on 1% agarose gel and
NanoDrop 2000 spectrophotometer (Thermo Scientific, USA), respec-
tively. First-strand cDNAs were synthesized using the PrimeScript™ II
1st Strand cDNA Synthesis Kit (TaKaRa, Japan) for cloning cDNA se-
quences and the PrimeScript™ RT Master Mix (Perfect Real Time)
(TaKaRa, Japan) for quantitative Real-Time PCR (qRT-PCR), respec-
tively. Then the cDNA stored at —20 °C until used.

2.3. Cloning the full-length cDNA and genomic DNA of CaMyD88 and
CaTRAF6

The cDNA derived from healthy spleen was used as the template to
clone the cDNA sequences. Partial sequences amplification, 5’ and 3’
rapid amplification of cDNA ends (RACE), and purification, cloning,
and sequencing of PCR products were performed according to the
methods in our previous research [22]. The degenerate primers, gene-
specific primers, and adapter primers were listed in Table S1A. Partial
sequences, 5’- and 3’-fragments with overlap were assembled to obtain
the full-length ¢cDNA of CaMyD88 and CaTRAF6.

To obtain the genomic DNA sequences of CaMyD88 and CaTRAF6,
PCR was carried out using the primers (Table S1B) based on the ob-
tained cDNA sequences, and genomic DNA isolated in section 2.2 was
used as template. The PCR products were purified, cloned, and se-
quenced as described in Zhang et al. [21]. The obtained genomic se-
quences of CaMyD88 and CaTRAF6 were aligned with the cDNA se-
quences to identify the genomic structures of these two genes.

2.4. Bioinformatics

BLAST algorithm (http://blast.ncbi.nlm.nih.gov/Blast.cgi) was used
to search homologous sequences. Multiple sequence alignments were
performed using the DNAMAN 8.0 software. MEGA 6.0 was used to
construct the neighbor-joining phylogenetic trees based on the deduced
amino acid sequences and the bootstrap value was set to 1000 re-
plicates to assess reliability. EXPASY (http://web.expasy.org/translate/
) was used to translate the deduced amino acid sequences. Compute pl/
Mw (http://web.expasy.org/compute_pi/) was used to calculate the
theoretical isoelectric point (pI) and molecular weight (Mw) of the
deduced amino acid. The protein domains were predicted by SMART
program (http://smart.embl-heidelberg.de) and the three dimensional
structure was constructed using the Swiss-Model (http://swissmodel.
expasy.org/) and analyzed by the software SPDBV 4.01 and POV-Ray
v3.6.

2.5. Quantitative Real-Time PCR

Samples collected in section 2.1 were used to investigate the tissue
distribution, expression levels during embryonic development, and
transcription responses in different tissues after challenges, respec-
tively. The cDNA obtained in section 2.2 were diluted five times using
EASY Dilution (for Real Time PCR) (TaKaRa, Japan) and then used as
the templates for qRT-PCR. Gene-specific primers were designed based
on the partial cDNA sequences in the present study and listed in Table
S1C, and f-actin was used as the internal control. The qRT-PCR was
performed using AceQ” qPCR SYBR® Green Master Mix (Vazyme, China)
according to the manufacture's protocol with the LightCycler 96 Real
Time PCR System (Roche, Switzerland). Each sample was detected in
triplicate.
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2.6. Statistical analysis

The relative expression levels of target genes to reference gene were
analyzed using the 2~ 24" method and presented as fold changes for the
calibrator [24]. All data were expressed as mean + standard deviation
(n = 3), and the statistical differences was assessed using one-way
analysis of variance (ANOVA) implemented in software Microsoft Excel
2010. The significant level was set as p = 0.05.

3. Results
3.1. ¢cDNA and genomic DNA sequences of CaMyD88 and CaTRAF6

Full-length c¢DNA of CaMyD88 (GenBank accession number:
MK246404) was 2463 bp, including a 191 bp 5-untranslated region
(UTR), a 1417 bp 3’-UTR including five mRNA instability motifs (attta),
and an 855 bp open reading frame (ORF) encoding for a putative
protein with 284 amino acids, with an estimated Mw of 33.1 kD and a
theoretical pI of 5.53 (Fig. S1A). Deduced amino acid sequence were
analyzed using SMART program, and the result indicated that
CaMyD88 possessed the characteristic N-terminal death domain and C-
terminal TIR domain (Fig. S1B). As shown in Fig. 1A, the 3D model of
death domain consisted of a-helixes and coils, while the TIR domain
consisted of six (-sheets surrounded by six o-helixes that formed a
global fold. Five conserved amino acid residues (Argl84, Aspl85,
Lys205, GIn270, and Arg276) involved in signal transduction were
found in the TIR domain and located on the spherical surface. Multiple
sequences alignment revealed that the death domain contained three
conserved amino acids (Trp70, Leu81, and Leu85) which were
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associated to activate NF-kB promoter (Fig. S2). The TIR domain of
CaMyD88 also harbored three conserved regions: box 1 (F/YDA), box 2
(RD-PG), and box 3 (a conserved W surrounded by basic residues) (Fig.
S2). Genomic DNA sequence of CaMyD88 was aligned with the cDNA
sequence, as shown in Fig. 2A. The CaMyD88 gene was comprised of
five exons interrupted by four introns. The exon showed the same size
(304, 123, 181, 92, and 155 bp for exon 1 to 5, respectively) in cyprinid
fish, particularly, the size of fourth and fifth exon was absolutely con-
sistent among the reported fish from GenBank database. However, the
intron sizes were largely different in various fish species.

Full-length c¢DNA of CaTRAF6 (GenBank accession number:
MK246405) was identified to be 2555 bp, consisting of a 52 bp 5-UTR,
an 871 bp 3’-UTR including four mRNA instability motifs (attta), and a
1632 bp ORF encoding a protein of 543 amino acids with an estimated
Mw of 61.7 kD and a theoretical pI of 5.81 (Fig. S3A). SMART analysis
showed that CaTRAF6 contained five domains including one N-terminal
RING-type zinc finger domain, two TRAF-type zinc finger domains, one
coiled-coil region (CCR), and one conserved C-terminal meprin and
TRAF homology (MATH) domain (Fig. S3B). Using Swiss-Model online
software, as shown in Fig. 1B, CaTRAF6 was found to have the similar
3D model with that in human [25,26]. The coding sequence of Ca-
TRAF6 consisted of six exons and five introns as similar as that in
common carp and zebrafish, while it contained seven exons and six
introns in rock bream and orange-spotted grouper (Fig. 2B). Although
two types of genomic structures were found in these fish species, the
exon 2 to 5 in coding sequence showed the same length (151, 159, 72,
and 78 bp, respectively) in all analyzed TRAF6 (Fig. 2B).

N-Terminus

C-Terminus

TIR

z ) N-Terminus C-Terminus
Sy 1//;1 /’) ’\0/
: \_\ ;- (\(\ - .\g\
Ny 7 C/ 73
WY F
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Fig. 1. The 3D model of CaMyD88 (A) and CaTRAF6 (B). The a-helices, 3-sheets, and coils are shown in green, yellow, and black, respectively. Conserved amino acid
residues in CaMyD88 TIR domain are shown in red. Z1-Z3 in TRAF6 indicates the zinc fingers as illustrated in human counterpart [25]. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Comparison of genomic structure of MyD88 (A) and TRAF6 (B) in various fish species. Exons are indicated with boxes (untranslated regions with white boxes
and translated regions with black boxes) and introns with horizontal lines. The numbers showing the length (bp) of exons and introns are marked above and below
the corresponding elements, respectively. Accession numbers of DNA sequences used in this figure are as follows: Crucian carp MyD88, KF317670.1; Common carp
MyD88a, GU321986.2; Common carp MyD88b, GU321987.2; Rainbow trout MyD88, HG325726.1; Japanese flounder MyD88, AB221347.1; Orange-spotted grouper
MyD88, JF271883.1; Common carp TRAF6b, HM535646.1; Zebrafish TRAF6, ENSDARG00000028058; Rock bream TRAF6, KM034912.1; Orange-spotted grouper

TRAF6, KF137656.1.

3.2. Homology alignment and phylogenetic analysis

To determine the similarities and identities of CaMyD88/CaTRAF6
among different species, homology alignment of the deduced protein
sequences was analyzed respectively. As shown in Table 1A, CaMyD88
showed the relatively high similarity (95.1-98.6%) and identity
(90.5-96.5%) with that in Cyprinid fish. With other fish species, the
similarity and identity of CaMyD88 were 79.3-84.6% and 69.0-75.5%,
respectively. And CaMyD88 shared similarity (70.9%, 71.3%) and
identity (59.5%, 58.1%) with that from human and mouse, respec-
tively. With regard to CaTRAF®6, it exhibited the highest similarity
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(98.2%) and identity (96.1%) to common carp TRAF6b, whereas the
similarity and identity of CaTRAF6 to other fish species was
72.2-97.2% and 61.1-94.7%, respectively. And it also exhibited simi-
larity (68.4%, 68.2%) and identity (55.5%, 55.1%) respectively to
human and mouse (Table 1B).

To reveal the evolutionary relationship for CaMyD88/CaTRAF6
among different species, phylogenetic trees were constructed based on
full-length amino acid sequences. As shown in Fig. 3A, the phylogenetic
tree constructed based on MyD88 was clustered into two branches: one
for mammals and the other for bony fish, and the bony fish were further
classified into two subgroups: freshwater fish and marine fish.
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Table 1
Comparisons of the deduced amino acid sequences of CaMyD88 or CaTRAF6
with those from other species (BioEdit Sequence Alignment Editor).

Species Accession Similarity (%) Identity (%)
number

(A) CaMyD88

Crucian carp MyD88 AGO57937.1 98.6 96.5

Zebrafish MyD88 NP_997979.2 97.5 91.2

Blunt snout bream MyD88 AKC45380.1 96.5 93.0

Common carp MyD88 ADQO08685.1 95.1 90.5

Channel catfish MyD88 NP_001187207. 84.6 75.5
1

Ayu MyD88 BAI68386.1 84.3 74.6

Rainbow trout MyD88 CDG03206.1 84.2 72.6

Atlantic salmon MyD88 ABV59003.1 84.2 71.2

Japanese flounder MyD88 BAE94195.1 80.8 69.6

Turbot MyD88 AKM49934.1 80.1 69.6

Fugu MyD88 NP_001106666. 79.6 68.9
1

Orange-spotted grouper ADZ53063.1 79.3 69.0

MyD88

Mouse MyD88 AAC53013.1 71.3 58.1

Human MyD88 AAC50954.1 70.9 59.5

(B) CaTRAF6

Common carp TRAF6b ADM45855.1 98.2 96.1

Common carp TRAF6a ADF56651.2 97.2 94.7

Blunt snout bream TRAF6 AKC45381.1 95.6 91.7

Grass carp TRAF6 AGI51678.1 95.4 91.3

Zebrafish TRAF6 NP_001038217. 93.2 86.7
1

Ayu TRAF6 BAI68388.1 75.4 65.9

Large yellow croaker TRAF6 ~ XP_019128980.2  74.0 63.0

Orange-spotted grouper AGQ45557.1 74.0 63.0

TRAF6

Greasy grouperTRAF6 AHN13885.1 74.0 63.0

Japanese flounder TRAF6 AJE25833.1 72.2 61.1

Human TRAF6 NP_665802.1 68.4 55.5

Mouse TRAF6 BAA12705.1 68.2 55.1

Additionally, all Cyprinid fish were grouped into one cluster. The
phylogenetic tree constructed based on TRAF6, as shown in Fig. 3B, was
similar with phylogenetic relationship based on MyD88.

3.3. CaMyD88 and CaTRAF6 gene expression during development process
of embryo and larva

Both CaMyD88 and CaTRAF6 were ubiquitously expressed during
the developmental stages of embryos and larva (Fig. 4) and appeared to
be developmentally regulated. As shown in Fig. 4A, the highest ex-
pression level of CaMyD88 was detected in fertilized eggs, followed by
continually decreased level, and reached the lowest level at tail-bud,
heart-beating, and hatching stages. After hatching, the mRNA expres-
sion of CaMyD88 was gradually increased from 1 dph to 10 dph fol-
lowed by a slight decline at 20 dph but not significant (p > 0.05), and
then elevated steeply at 30 dph. However, it was still lower than that in
fertilized eggs at this last stage we studied (0.376-fold, p < 0.05). The
expression level of CaTRAF6 was also the highest in fertilized eggs si-
milar as CaMyD88, and then it was decreased sharply at cleavage stage
(0.350-fold, p < 0.05). Thereafter, mRNA expression level was gra-
dually decreased until hatching stage, although a slight but not sig-
nificant (p > 0.05) increasing was observed at blastula stage. Subse-
quently, it was significantly elevated (p < 0.05) at 5 dph, about 4-fold
compared with 1 dph. After this stage, no significant increase was found
at the later stages. The expression level was only 0.14-fold compared
with that in fertilized eggs until 30 dph, the last stage we studied
(Fig. 4B).
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3.4. CaMyD88 and CaTRAF6 gene expressions in different tissues

Quantitative RT-PCR was performed to respectively detect the
mRNA expression levels of CaMyD88 and CaTRAF6 gene in various
tissues. As shown in Fig. 5, CaMyD88 and CaTRAF6 showed a broadly
expression distribution in the examined eleven tissues but the transcript
level varied considerably among the different tissues. The highest ex-
pression of CaMyD88 was detected in the spleen (5.372-fold) followed
by the liver, blood, muscle, head kidney, trunk kidney, and gill, and the
lowest expression was observed in skin (Fig. 5A). The expression of
CaTRAF6 was significantly higher in muscle (6.787-fold) and blood
(4.202-fold) than in other tissues, and moderate in spleen, trunk kidney,
head kidney, skin, and intestine, and the lowest in gill (Fig. 5B).

3.5. CaMyD88 and CaTRAF6 expression profiles in response to polyI:C,
flagellin, and A. hydrophila challenges

The expression profiles of CaMyD88 were different in four tissues
after polyl:C, flagellin, and A. hydrophila challenges (Fig. 6). In gill,
compared with the control, CaMyD88 expression was up-regulated
significantly but not much at 6 h post infection with polyI:C (1.575-fold,
p < 0.05), 6h and 24h post infection with flagellin (1.564-fold and
1.634-fold, respectively, p < 0.05). However, it was down-regulated
significantly (p < 0.05) at all the time points after fish were challenged
by A. hydrophila and the minimum value was observed at 12 hpi (0.180-
fold, p < 0.05) (Fig. 6A). In liver, the highest expression level was
found at 24 h post infection with polyl:C and flagellin (5.457-fold and
6.768-fold, respectively) and significantly up-regulated compared with
the control (p < 0.05), while it was down-regulated at 12 hpi and 24
hpi in A. hydrophila treated fish (about 0.2-fold, p < 0.05) and up-
regulated at other time points (Fig. 6B). In spleen, the CaMyD88 ex-
pression was increased and then declined in fish treated by polyl:C and
flagellin, and the peak value also appeared at 24 hpi, then decreased at
48 hpi and was significantly lower than that in the control (p < 0.05)
(Fig. 6C). Meanwhile, compared with the control, it was down-regu-
lated significantly at 3 h post infection with A. hydrophila followed by
increasing dramatically at 6 hpi (2.679-fold, p < 0.05) and declined
steeply at 12 hpi (0.287-fold, p < 0.05) (Fig. 6C). The CaMyD88 ex-
pression in head kidney increased at first and then decreased, the
highest value appeared at 24 h post infection with polyI:C (2.677-fold,
p < 0.05), flagellin (1.472-fold, p > 0.05), and A. hydrophila (3.78-
fold, p < 0.05) (Fig. 6D).

In general, the CaTRAF6 expression was elevated early and then
decreased to the basal level (Fig. 7). However, similar as CaMyD88, the
expression of CaTRAF6 in gill of fish treated by A. hydrophila was also
significantly down-regulated compared with the control (Fig. 7A). In
liver, the highest level was detected at 24 h post infection with polyI:C
(2.532-fold, p < 0.05), 24 h post infection with flagellin (8.004-fold,
p < 0.05), and 6h post infection with A. hydrophila (5.676-fold,
p < 0.05), respectively (Fig. 7B). The peak value of CaTRAF6 expres-
sion in spleen of fish stimulated with polyl:C, flagellin, and A.hydrophila
was significantly higher than that in the control and respectively ob-
served at 24 hpi (3.002-fold, p < 0.05), 6 hpi (2.335-fold, p < 0.05),
and 6 hpi (3.748-fold, p < 0.05), whereas no significant change was
found at other time points (Fig. 7C). In head kidney, CaTRAF6 ex-
pression levels respectively touched peak value at 24 h post infection
with polyl:C (2.140-fold), 12h post infection with flagellin (2.343-
fold), and 24 h post infection with A. hydrophila (2.948-fold), which
were significantly higher than that in the control (p < 0.05) (Fig. 7D).

4. Discussion

MyD88 and TRAF6 were two crucial factors in the TLR signaling
pathway. In the present study, MyD88 and TRAF6 were cloned and
identified in Qihe crucian carp, and the full length cDNA sequence was
2463 bp and 2555 bp, respectively. The protein structure, homology
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Fig. 3. Phylogenetic tree constructed based on CaMyD88 (A) or CaTRAF6 (B). Based on full-length amino acid sequences, the phylogenetic trees were constructed
according to the neighbor-joining method using the Poisson correction model with MEGA6.0. All positions containing gaps and missing data were eliminated from
the dataset (pairwise deletion). The numbers at the branches indicate bootstrap values. The GenBank accession numbers of sequences used to build the tree are shown

in Table 1.

alignment and phylogenetic analysis based on the deduced amino acid
indicated that the identified genes from Qihe crucian carp are indeed
the homologue of MyD88 and TRAF6 in other species, and termed as
CaMyD88 and CaTRAF6.

As a crucial adaptor molecule, MyD88 plays an important role in

TLR signaling pathway. Our results showed that the CaMyD88 had the
death domain and TIR domain as its orthologs in other fish species and
mammals. Several conserved amino acid residues were found in
CaMyD88, such as Trp70, Leu81, and Leu85 in death domain and
Argl84, Aspl85, Lys205, GIn270, and Arg276 in TIR domain. In
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Japanese eel, mutation of three conserved amino acids in death domain
were modestly impaired the ability to activate NF-kB promoter, sug-
gesting their importance in signaling transduction [17]. The five con-
served amino acid residues in TIR domain were involved in the inter-
action between human MyD88 and Mal in TLR4 signaling pathway
[27]. In addition, three conserved boxes (boxes 1, 2 and 3) were also
present in TIR domain of CaMyD88, and it has been suggested that the
interaction with its cognate domains located in the cytoplasmic tails of
activated TLRs or IL-1R was primarily depended on box 1, while the
formation of loop structure that probably regulates downstream ele-
ments was depended on box 2 and the controlling trafficking and lo-
calization of the receptors in IL-1R family was depended on box 3, re-
spectively [28-30]. Taken together, MyD88 maybe share similar
functions with that in mammalian and other fish species.

TRAFs family, consist of seven members (TRAF1-7), regulated the
immune and inflammatory through transmission of signal which came
from cell surface receptors [31]. Among these seven members, TRAF6
emerged earlier than other during evolution and was the core molecule
in several immune receptors signaling pathways such as TLRs and IL-1R

[32,33]. In mammals, TRAF6 contained a RING-type zinc finger do-
main, five TRAF-type zinc finger domains, a CCR, and a conserved
MATH domain [34]. In the present study, CaTRAF6 was identified and
also contained these four types of conserved domains, together with
high level similarity and identity between sequences of TRAF6 in fishes
and mammals, these results implied that they perform similar functions
possibly. However, CaTRAF6 only contained two TRAF-type zinc finger
domains as well as in other piscine TRAF6s such as greasy grouper
(Epinephelus tauvina) [35], rock bream (Oplegnathus fasciatus) [36], and
Nile tilapia (Oreochromis niloticus) [37]. Whether the reduction in the
number of TRAF-type zinc finger domains has effect on the function of
TRAFG is still unclear.

Gene evolution and role could be partly understood based on its
genomic organization [36]. In the present study, the genomic structures
of CaMyD88 and CaTRAF6 were identified. The exons of MyD88 showed
very similar sizes among the reported fish from GenBank database,
while their intron sizes were largely different in various fish species.
With regard to TRAF6, in spite of the appearance of two types of
genomic structures, the exon 2 to 5 in coding sequence showed the
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Fig. 5. Expression analysis of CaMyD88 and CaTRAF6 in different tissues. The
mRNA expression levels of target genes relative to -actin were analyzed using
the 2~ 4% method. For the gene CaMyD88 (A), the expression level in skin was
chosen as calibrator (set as 1), and for the gene CaTRAF6 (B), the expression
level in gill was set as 1. The relative expressions of CaMyD88 and CaTRAF6
were presented as fold change for the calibrator. All data were expressed as
mean *+ standard deviation (n = 3). Different letters above the bars indicate
significant difference (p < 0.05).

same size in TRAF6. Conservation of exons indicated that CaMyD88 (or
CaTRAF6) could share the similar function with those in other fish
species, and the variations of the intron sizes among different fish might
imply the information of genetic evolution.
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The expression patterns of CaMyD88 and CaTRAF6 in the develop-
mental embryos and larva indicated that they were maternal genes, as
the highest expression levels were detected in fertilized eggs. The ex-
istence of maternal mRNA have been reported in other fish species, e.g.,
MyD88 and TRAF6 in mrigal (Cirrhinus mrigala) were detected in var-
ious embryonic developmental stages and higher expression level of
zebrafish MyD88 was detected as early as the 4-cell stage [38,39].
Presence of maternal mRNA indicated that TLR signaling pathway in-
cluding MyD88 and TRAF6 may play an important role in immune
defense during ontogenic early stage. Consistent with this finding, our
previous research suggested that CaTLR5 and CaTLR22 were con-
stitutively expressed throughout the developmental stages and ap-
peared to be developmentally regulated [22]. Similar with MyD88 in
zebrafish and TRAF6 in mrigal [38,39], reductions of CaMyD88 and
CaTRAF6 expressions after fertilization maybe result from consumption
of maternal mRNA, and the increase after hatching maybe result from
the up-regulation expression of these two genes at the later stages.
Whatever, the lower expression level appeared at hatching stage im-
plied that the immunity of embryos was very weak, and intensive care
was needed to protect embryos from pathogens infection at this stage.
However, MyD88 in mrigal was almost stably expressed in all devel-
opmental stages from Oh to 20h after fertilization [38]. In addition,
TRAF6 expression pattern during development of half-smooth tongue
sole (Cynoglossus semilaevis) was different from our study [40]. The
expression difference was observed in different fish species, and further
studies are required for confirmation.

With regard to mRNA expression in various tissues, CaMyD88 and
CaTRAF6 were broadly expressed in all examined tissues, although
tissue specific differences appeared among the different tissues. The
extensive expressions of MyD88 or TRAF6 were also detected in other
fish species such as silvery pomfret [18], rainbow trout (Oncorhynchus
mykiss) [41], and Nile tilapia [37]. These results implied that these two
genes may be important in the immune surveillance system in various
tissues of the host. However, the expression profiles were different in
several fish species. For example, MyD88 in Qihe crucian carp, silvery
pomfret [18], and turbot (Scophthalmus maximus) [42] showed the
highest expression level in spleen, liver, and heart, respectively. The
expression of TRAF6 in rainbow trout was most abundant in liver and
lowest in skin [41]. In Nile tilapia, the highest expression of TRAF6 was
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found in spleen and lowest in head-kidney [37]. In the present study,
CaTRAF6 was significantly higher expressed in muscle and blood than
other tissues, and lowest in gill. The differences of mRNA expression
profiles among the various tissues may result from the variations of fish
species, development stages, and genetic background. MyD88 and
TRAF6 were highly expressed in non-immune tissues such as liver and
muscle may imply that these two genes have other functions besides the
critical role in immune system.

MyD88 and TRAF6 were important signal transducers in TLRs
pathway, linked upstream TLRs and downstream elements, and acti-
vated the signaling cascade, which resulted in the production of pro-
inflammatory cytokines finally to eliminate the pathogens [5]. In the
present study, mRNA expressions of CaMyD88 and CaTRAF6 were
mostly up-regulated after stimulation in spite of down-regulation
sometimes appeared at some time points or in some tissues. This result
was supported by several previous studies in other fish species which
showed the responses of MyD88 and TRAF6 to challenges by bacterial,
virus, or their PAMPs. In Japanese eel, mRNA expression of MyD88
reached the peak value at 24h post infection with polyl:C in head
kidney, spleen, and liver [17]. In liver, spleen, and kidney of blunt
snout bream infected with A. hydrophila, MyD88 and TRAF6 expression
was up-regulated at the early stage and then returned to normal level or
even below at the late stage [16]. The mRNA expression of TRAF6 was
up-regulated in live, spleen, head kidney, and gill of rock bream ad-
ministrated with flagellin [36]. In together, these research results
mentioned above indicated that MyD88 and TRAF6 were involved in
immune defense of host against pathogenic invasion. However, mRNA
expression of CaMyD88 and CaTRAF6 was down-regulated significantly
in gill of fish treated by A. hydrophila, and this finding was in agreement
with the results of the previous studies in mrigal and black carp. In
mrigal, the expressions of MyD88 and TRAF6 were down-regulated in
gill, liver, and kidney after infected with A. hydrophila or Edwardsiella
tarda [38]. LPS stimulation led to the obvious decrease of black carp
TRAF6 transcription in Mylopharyngodon piceus fin (MPF) cells [19].
Unfortunately, the mechanism of down-regulation of gene expression in
challenged fish was still unclear. Research in mouse demonstrated the
existence of an intricate regulatory network of cross-talk of the TLR2,
TLR4, and TLR5 pathways in intestinal epithelial cells. Activations of

TLR2 and TLR4 could weaken the responses of TLR5 signaling [43].
This negative feedback mechanism also occurred in human [44]. Future
study should be performed to determine whether fish MyD88 and
TRAF6 in TLR signal pathway were down-regulated by a similar me-
chanism. Interestingly, TRAF6 expression was detected to find two peak
values in Nile tilapia stimulated by formalin-inactivated Streptococcus
agalactiae or polyl:C [37], and it was proposed that TRAF6 plays an
important role in innate immunity, sometimes in adaptive immune.
This finding was not found in the present study. With respect to the role
of TRAF6 in adaptive immune, the more studies need to be performed
to confirm this viewpoint.

In conclusion, the full-length ¢cDNA and genomic DNA of CaMyD88
and CaTRAF6 were successfully achieved in Qihe crucian carp in the
present study. Protein structure of CaMyD88 and CaTRAF6 respectively
contained the typical domains as in other fish species. The character-
istic analysis of CaMyD88 and CaTRAF6 showed the high conservation
with their homologues in mammals and other fish species. Both
CaMyD88 and CaTRAF6 were ubiquitously expressed throughout the
embryonic development with the obvious change, and in various tissues
with tissue specificity. In addition, both CaMyD88 and CaTRAF6 in-
dicated the significant responses to stimulation by polyl:C, flagellin,
and A. hydrophila. Therefore, it was suggested that CaMyD88 and
CaTRAF6 play an important role in immune response and immune
defense in Qihe crucian carp.
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