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Abstract
and virus infections. Tumor necrosis factor-alpha (TNF-a) as a cytokine could control the inflammatory

As an aquatic fish, the spotted halibut Verasper variegatus is highly susceptible to bacterial

responses. The functions of TNF-a in many species have been widely studied, particularly in mammals.
However, little is known about the TNF-a functions in V. variegatus. We first cloned and sequenced the
TNF-a gene in V. variegatus (VVINF-a). The two conserved cysteine residues, transmembrane sequence,
Thr-Leu motif, and TNF family signature, as well as the TA-rich motifs of its proteins related to inflammatory
responses had high similarity to those of the other teleost and mammalian TNF-a. The phylogenetic analysis
showed that VVTNF-a was consistent with TNF-a genes of other vertebrates. The VVINF-a transcripts
were extensively distributed in the peripheral blood leukocytes (PBLs), spleen, and gill, indicating that
the VVTNF-a had a role in immune function. Furthermore, treatment with pathogen-associated molecular
patterns (PAMPs) could induce a rapid and significant increase of VVTNF-a in the PBLs, which reveals that
VVTNF-a does participate in the host immune responses against bacterial and viral pathogens. We found that
VVTNF-a had an interesting expression pattern during metamorphosis, showing that the flatfish TNF-a may
have some novel functions during specific developmental stages. In addition, the 3D structure prediction of
VVTNEF-a provided an indication of how it is likely to interact with other proteins. Therefore, VVTNF-a has
multiple functions, and provides valuable information to explore novel functions of TNF-a.

Keyword: tumor necrosis factor-alpha (TNF-a); Verasper variegatus; metamorphosis; peripheral blood
leukocytes (PBLs); 3D modeling; pathogen-associated molecular patterns (PAMPs)

1 INTRODUCTION

Tumor necrosis factor-alpha (TNF-o) belongs to
the “TNF superfamily”, a large family of structurally
related proteins. TNF, a pleiotropic cytokine, is
critical to the control of an extensive array of
immunological responses of monocytes, macrophages,
T- and B-lymphocytes, and NK cells (Sherry and
Cerami, 1988; Camussi et al., 1991; Nascimento et
al., 2007; Li and Zhang, 2016). It can increase cell
survival, induce cellular differentiation, apoptosis,
and necrosis, and contribute to both physiological and
pathological processes (Li and Zhang, 2016).

Furthermore, TNF-a can serve as a signaling molecule
and interact with its receptors TNFR-1 and TNFR-2
to transduce the exterior signals into the cells
(Loetscher et al., 1991; Idriss and Naismith, 2000; Li
and Zhang, 2016; Qi et al., 2016).

The functions of TNF-a are manifold (Beg and
Baltimore, 1996; Blobel, 1997; Uysal et al., 1997;
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Idriss and Naismith, 2000; Ellis, 2001; Locksley et
al., 2001). First, this protein can confer resistance to
infections. TNF-a receptor knockout leads to less
resistance against pathogens and weaken the
inflammatory response (Acton et al., 1996). Second,
TNF-a has also been reported to be related to the
embryonic development process (Wride and Sanders,
1995). Third, TNF-a is involved in physiological
sleep regulation in animal models (Idriss and
Naismith, 2000). Fourth, TNF-a can regulate
apoptosis  either during normal embryonic
development or during organelle destruction (Wride
and Sanders, 1995; Idriss and Naismith, 2000). These
studies show that TNF-a is a crucial signaling protein
during an immune reaction, and it is also involved in
developmental and other biological processes.

TNF-a was first cloned in humans by Pennica et al.
(1984). It has been identified and characterized in
teleosts, such as Cynoglossus semilaevis (Li and
Zhang, 2016), Paralichthys olivaceus (Hirono et al.,
2000), Oncorhynchus mykiss (Zou et al., 2002; Hong
et al., 2013), Scophthalmus maximus (Ordas et al.,
2007), Sparus aurata (Garcia-Castillo et al., 2002;
Saeij et al., 2003), Ctenopharyngodon idella (Zhang
et al., 2012), Cyprinus carpio (Forlenza et al., 2009),
Oplegnathus  fasciatus (Hwang et al., 2014),
Dicentrarchus labrax (Nascimento et al., 2007),
Siniperca chuatsi (Xiao et al., 2007), Carassius
auratus (Grayfer et al., 2008), and Ictalurus punctatus
(Zou et al., 2003). TNF-a in C. idella was found
involved in the regulation of the NF-kB pathway
(Zhang et al., 2012). In O. my*kiss, two types of TNF-a
were found, of which TNF-a3 could induce the
expression of macrophage growth factor, antimicrobial
peptides, and proinflammatory cytokines (Hong et al.,
2013). The expression of I. punctatus TNF-a was
found up-regulated in the peripheral blood leukocytes
(PBLs) by phorbol-12-myristate-13-acetate (PMA)/
calcium ionophore treatment (Zou et al., 2003). Given
that TNF-o is generally regarded as an immunity
gene, many researchers have studied the
immunological function of TNF-a in fishes. However,
the role of TNF-a in cellular differentiation and
apoptosis in fishes has been rarely studied.

As V. variegatus has a high market value in Asia, it
is widely considered a promising candidate for
aquaculture and fishery enhancement. However, there
are several problems in the current culture process of
V. variegatus. In the process of artificial breeding, we
have not found an effective way to make its broodfish
mature and ovulate spontaneously (Xu et al., 2012).

In addition, V. variegatus is susceptible to virus and
bacterial infections, which makes it endangered.
Thus, the function studies of immunity genes could
help us to find effective methods to improve the
survival rate in its aquaculture. TNF-a has not been
identified, and its function remains unclear in
V. variegatus. To better understand the function of
TNF-o gene in V. variegatus (VVINF-0), we first
cloned its full-length ¢cDNA and predicted the
secondary and 3D structure of VVINF-a protein.
Then we studied its expression pattern in different
adult tissues and during embryonic development,
including metamorphosis. Additionally, we chose the
PBLs of V. variegatus to detect the immune challenge
response stimulated by pathogen-associated molecular
patterns (PAMPs). The above data are essential for us
to understand the functions of VVTNF-a in immune
response and its novel functions during the
metamorphic stages.

2 MATERTAL AND METHOD

2.1 Ethics statement

Verasper variegatus samples were obtained from a
commercial hatchery. This research was conducted in
accordance with the protocols of the Institutional
Animal Care and Use Committee of the Ocean
University of China (protocol number 11-06) and the
China Government Principles for the Utilization and
Care of Vertebrate Animals Used in Testing, Research,
and Training (State Science and Technology
Commission of the People’s Republic of China for
No. 2, October 31, 1988. http://www.gov.cn/gongbao/
content/2011/content 1860757.htm).

2.2 Sample collection

The V. variegatus used in this study were raised in
a commercial hatchery in Weihai, Shandong Province,
China. The fish were anesthetized (MS-222 at
30 pg/mL) and then killed by severing spinal cord. To
research the expression pattern in different tissues,
heart, liver, spleen, kidney, brain, gill, muscle,
intestine and PBLs were collected from three 1-year-
old samples. Each of these samples was collected in
triplicate. Samples were snap frozen in liquid nitrogen
and then stored at -80°C until further use. Fertilized
eggs were released by artificial fertilization. The eggs
and larvae were incubated and reared in plastic tanks
(length: 94.6 cm; width: 65.1 cm; height: 49.7 cm;
volume: 0.306 m*; fish density: 2.3 kg/m?®) with



456 J. OCEANOL. LIMNOL.,, 38(2), 2020

Vol. 38

Table 1 Primers used in this study

Primer Sequence (5'—3") Temperature (°C) Usage
TNF-Fw TGGAGWYGGGTCTKGAGG 52.7 Degenerate PCR
TNF-Rv CCTGGCTGTAGACGAAGTAR 52.5 Degenerate PCR

TNF-5'Rv1 TGCTTCAGTGTTTCGTGGTG 57.5 5S'RACE
TNF-5'Rv2 GGACGACTTCTTCTCCACCAG 58.6 5S'RACE
TNF-3'Fwl GCTCTGACCAAGACGGACTC 56.7 3'RACE
TNF-3'Fw2 CAGCCATCCATTTAGAAGGTAG 56.4 3'RACE
TNF-RT-Fw ATCGCGGCCCTTTGTTTA 60 qRT-PCR
TNF-RT-Rv TTCCACTCCAGCTTCTCTTTG 60 qRT-PCR

aerated seawater (dissolved oxygen: 4.6 mg/L;
salinity: 30; pH value: 7.9; light intensity: 800 Ix;
temperature: 11£1°C) for several days before random
sampling. The different embryonic stages were
observed under a stereomicroscope. Three pools of
samples at 10 embryonic stages and 6 metamorphic
stages were separately collected from mixed families
with a nylon net (100 mesh). The embryonic stages
includes unfertilized egg, 1-cell, 4-cell, morula,
blastula, gastrula, neurula, somite, tail bud, and
hatching stages. And the metamorphic stages includes
3 days post hatching, 10 days post hatching, pre-
metamorphosis, early-metamorphosis, mid-
metamorphosis, late-metamorphosis. The above
samples were immersed in 1.5 mL of RNAwait liquid
(Solarbio, Shanghai, China) overnight at 4°C and
then stored at -80°C until further use.

2.3 RNA extraction and cDNA synthesis

As per the manufacturer’s instructions, we used
TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) to
extract total RNA. The quality and quantity of the
total RNA were evaluated by 1.5% agarose gel
electrophoresis and spectrophotometry with the
NanoPhotometer Pearl (Thermo Scientific, Carlsbad,
CA, USA). We used RNase-free DNase I (TaKaRa,
Dalian, China) to remove the DNA contamination of
the extracted total RNA and then frozen at -80°C.

As per the manufacturer’s protocol of M-MLV kit
(TaKaRa, Dalian, China), reverse transcription and
cDNA synthesis were performed with 1 pg of the
above RNA and using random hexamer primers.

2.4 Molecular cloning and sequence analysis of
VVvINF-a

The genome information of V. variegatus has not
yet been available. To obtain the conserved region of

VVTNF-a, we designed a pair of degenerate primers
(TNF-Fw/Rv, Table 1) in accordance with the
conserved sequences of TNF-a in other teleosts. The
species and GenBank accession numbers utilized as
reference to the construction of the degenerated
primers were as follows: P. olivaceus TNF-a
(BAA94969.1), P. maxima TNF-o (ACN41911.1),
P. major TNF-a (AAP76392.1) and D. labrax TNF-a
(AAZ20770.1). The PCR reaction system in the
above experiment used to obtain the open reading
frame (ORF) sequence was as follows: 2.5 uL
10xbuffer (15 mmol/L), 0.5 uL. ANTP (10 mmol/L),
0.5 uL Primer-Fw (10 mmol/L), 0.5 pL Primer-Rv
(10 mmol/L), 1uL cDNA template (20 ng/uL),
0.25 uL Taq DNA polymerase (5 U/uL), and 19.75 pL
sterile water. PCR amplification program was as
follows: 95°C for 5 min; 30 cycles of 95°C for 30 s,
55°C for 30s, and 72°C for 1 min; and 72°C for
15 min. To obtain the TNF-a full-length cDNA from
the spleen sample of V. variegatus, we performed the
5'- and 3'-rapid amplification of cDNA ends (RACE)
by using the SMART RACE ¢cDNA Amplification Kit
(Clontech, CA, USA) based on the manufacturer’s
instruction. The gene-specific primers (GSPs) for the
nested PCR assay were TNF-5'Rv1/Rv2 for the 5'-
RACE and TNF-3'Fwl/Fw2 for the 3'-RACE
(Table 1). The PCR was conducted in accordance
with the SMART RACE amplification protocol. We
separated the PCR products by using 1.5% agarose
gel electrophoresis. The separated PCR products were
purified by using the Zymoclean Gel DNA Recovery
Kit (Zymo Research, CA, USA) and cloned into the
pMD-18T vector (TaKaRa) according to the
manufacturer's instruction, and then the above
products were sequenced.

ORF of VVTNF-a was predicted by using the ORF
Finder (http://www.ncbi.nlm.nih.gov/gorf/gorf.html).
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2.5 Quantitative real-time PCR (qRT-PCR)

TNF-o-RT-FW/RV ~ (Table 1, amplification
efficiency=0.99), the specific primer pair used in this
experiment, was designed according to the
characterized of TNF-a. Pre-experiments with qRT-
PCR amplification using specific primers and spleen
cDNA template were conducted to confirm whether
the melt curve was unimodal. The unimodal melt
curve corresponded to a single cDNA qRT-PCR
products that could be used for subsequent
experiments. As [8S rRNA was the most stable
reference gene in different tissues and at different
developmental stages, it was used as the reference
gene in the relative expression analysis of VVTNF-q.

Three biological replicates of each sample were
analyzed, with each sample ran in triplicate. The qRT-
PCR reaction system was as follows: 1 pL ¢cDNA
template (10 ng/uL), 0.4 uL Primer-Fw (10 mmol/L),
0.4 pL Primer-Rv (10 mmol/L), 8.2 uL sterile water,
and 10 pL SYBR Premix Ex Taq II (TaKaRa). qRT-
PCR was performed by using LightCycler 480 at
95°C for 5 min pre-incubation, followed by 45 cycles
of 95°C for 15 s and 60°C for 45 s. We detected single
amplification by analyzing the melting curve. Under
the control of LightCycler 480 Software 1.5,
fluorescent signal accumulation was recorded at the
60°C 45 s phase during each cycle. We used the 244
comparative Ct method to calculate the relative
quantities of VVTNF-a expressed as fold variation
over reference gene.

2.6 PAMPs-induced VVINF-a expression in PBLs

We collected the blood from the caudal veins of the
V. variegatus samples, and preared the PBLs using
Percoll as previously reported (Zhou et al., 2014). The
trypan blue exclusion method was used to determine
the viability of PBLs and the average percent viability
of PBLs is 93.6%. After full mixing, V. variegatus
PBLs were cultured in a 24-well plate (Thermal
Scientific, 9x10° cells/well) overnight at 24°C. And
then the V. variegatus PBLs were separately
stimulated with lipopolysaccharide (LPS) (50 pg/mL),
polyinosinic: polycytidylic acid (poly(I:C), Sigma)
(50 ug/mL), and PBS (control). After 0, 0.5, 1, 2, 4, 6,
12, and 24 h of PAMPs treatment, the samples were
separately obtained. In order to study the response of
VVTNF-a to LPS, poly(I:C), and PBS challenge, the
gqRT-PCR was constructed using [8S rRNA as
reference gene. The above experiment was repeated
three times, so three biological replicates of each

sample were analyzed, with each sample ran in
triplicate.

2.7 Bioinformatics analysis and phylogenetic tree
reconstruction

The homologous nucleotide and protein sequences
of VVINF-a were confirmed by a BLAST search
against the databases of NCBI and Ensembl. Multiple
sequence alignments were performed with ClustalX
2.1 and DNAMAN 7.0. The phylogenetic tree was
constructed through MrBayes 3.2.3.

The motifs of vertebrate TNF-a sequences were
searched using the Pfam and CCD databases. Use
Phyre2  (http://www.sbg.bio.ic.ac.uk/phyre2/html/
page.cgi?id=index) and PDBsum Generate (http://
www.ebi.ac.uk/thornton-srv/databases/pdbsum/Generate.
html) to predict the secondary and 3D structure of
protein VVINF-a. The docking simulation of protein
was performed with the ZDOCK server (http://zdock.
umassmed.edu/).

2.8 Statistical analysis

Use a one-way ANOVA to analyze qRT-PCR data
statistically followed by LSD test by SPSS 20.0 (IBM,
New York, USA). P<0.05 is considered statistically
significant. The data are showed as mean+SD (n=3).

3 RESULT AND DISCUSSION

3.1 VVTNF-a is highly conserved among vertebrates

The V. variegatus genome information has not yet
been available. Thus, we designed a pair of degenerate
primers (TNF-Fw/Rv, Table 1) in accordance with the
conserved sequences of other vertebrates TNF-o and
gained the conserved region of VVINF-a. Then, we
used the RACE method to obtain the unknown 5'- and
3'-regions of VVINF-o cDNA. To obtain the
VVTNF-a ¢cDNA sequence, we assembled all the
cloned sequences using SeqMan. The full-length
cDNA of VVINF-a is 1273-bplong (GenBank:
KY038170) and includes a 100-bp 5'-untranslated
region (UTR), a 417-bp 3’-UTR with a poly(A) tail,
and a 756-bp ORF. VvINF-o has a complete
polyadenylation signal in the 3’-UTR in comparison
with P. olivaceus TNF-a. In addition, TA-rich motifs
(TTATTTAT) in the 3'-UTR of mammalian TNF-a
are also present in the VVINF-a cDNA. These motifs
influence the half-life (Caput et al., 1986) and
translational efficiency (Han et al., 1990) of TNF-a
mRNA. The 3’-UTRs of human and mouse TNF, as
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well as those of human lymphotoxin, human CSF,
human and rat fibronectin, human and mouse IL-1,
and a majority of sequenced human and mouse IFNs,
have the consensus sequence TTATTTAT (Caput et
al., 1986). Except for lymphotoxin mRNA, all of
these mRNAs have no homology to the coding region
of TNF mRNAs (Caput et al., 1986). One of the
characteristic feature of inflammatory mediator genes
is the TTATTTAT instability motif (Sachs, 1993),
whose presence shows the VVINF-o transient
expression. TA-rich motifs are common in sequences
encoding inflammatory response-related proteins
(Caput et al., 1986).

The ORF of VVINF-a encoded a polypeptide
comprising 251 amino acid residues, whose molecular
weight is 27.94 kDa and theoretical isoelectric point
is 5.57. Like other vertebrates, there was a
transmembrane (TM) domain (residues numbers 37—
54) at the N-terminus of VvINF-a predicted by
Singer’s classification for membrane topology
(Singer, 1990). The predicted VVINF-a polypeptide
also contains the TNF domain in the C-terminus of
the protein. The sequence identities of VVTNF-a with
the TNF-a of S. maximus, O. fasciatus, P. olivaceus,
and Homo sapiens are 83%, 82%, 81%, and 54%,
respectively. These results imply that the TNF-a
protein may be highly conserved among vertebrates.

3.2 Phylogenetic and protein domains of VVTNF-a
are consistent with those of other teleosts TNF-a

The alignment of VVINF-o with the other
vertebrates TNF-a shows that the VVTNF-a contains
all the basic elements of the TNF gene family
characteristic in the fish and higher vertebrate. These
elements include the TNF family signature [VL]-x-
[LIVM]-x3-G-[LIVMF]-Y-[LIVMFY ]2-x2-[QEKHL ]
(with the exception of I instead of V or L at position
1), a TM domain, and two conserved cysteine
residues, which are critical for the correct folding of
mature TNF-a (Rink and Kirchner, 1996) (Fig.1a). As
shown in Fig.1a, like other fish TNF-a, the VVTNF-a
also contains the Thr-Leu motif which could be
recognized by the TACE metalloproteinase. In soluble
mouse TNF-a, the Thr-Leu motif was confirmed as
the cleavage site for the release of mature protein
(McGeehan et al., 1994). Moreover, most sequence
identities are located at the C-terminus domain, which
is consistent with the other teleosts TNF protein
(Praveen et al., 2006) (Fig.1a).

A search for all the proteins against the Pfam
database (http://pfam.xfam.org/) revealed that each of
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these proteins contains one TNF-a domain located at
the C-terminus of the protein (Fig.1b). As shown in
Fig.1b, the vertebrate TNF-o protein phylogenetic
tree constructed with MrBayes shows that TNF-a is
clustered into one group but separated from the out-
group H. sapiens TNF-B. This indicates that the
production of the TNF-a and TNF-f is due to TNF
ancestor gene duplication, which occurred before the
species formation. The fishes TNF-a are clustered,
and the TNF-a of V. variegatus, P. maxima, and
P. olivaceus are clustered into one group.

3.3 VVINF-a is highly expressed in the PBLs, gill,
spleen and at the hatching stage

The expression of TNF-o can be regulated
(Hawiger, 2001); thus, we explored the expression
patterns of VVINF-a in different tissues and at
different embryonic developmental stages with qRT-
PCR. The VVTNF-a expression level was normalized
to the housekeeping genes, /8S ¥rRNA. As shown in
Fig.2, VvINF-oa is widely expressed, which is
consistent with the tissue distribution results for
C. carpio, I. punctatus, S. aurata, and D. labrax (Zou
et al., 2003; Garcia-Castillo et al., 2004; Savan and
Sakai, 2004; Nascimento et al., 2007). The presence
of the VVTNF-a transcript in the brain is of interest,
given that TNF-a is believed to be involved in the
physiological sleep regulation in mammals (Garcia-
Castillo et al., 2002). However, our result shows that,
VVTINF-a had the least amount of expression in the
brain. The VVTNF-a transcripts are most expressed in
the PBLs, followed by the spleen and gill. The other
tissues, such as liver, heart, kidney, muscle, and
intestine show moderate level of VVTNF-a transcripts.
This result is similar to the phenomenon in C. auratus,
S. aurata, I. punctatus, and O. mykiss (Garcia-Castillo
et al., 2002; Zou et al., 2003; Grayfer et al., 2008;
Hong et al., 2013).

In the early stages of embryonic development, the
egg envelope protects the fish embryo from the attacks
by pathogens in the water environment. After hatching,
the fish embryos exposed to the environment are
vulnerable to pathogen. At present, we know very little
about the immune defense mechanism of fish embryo
in their hostile environment. Thus, we explored the
temporal expression pattern of VVINF-a during the
embryonic stages. The result showed that VVTNF-a
mRNA was detected until the somitestage (Fig.3). This
phenomenon indicates that VVTNF-a is not a maternally
expressed gene. During embryonic development,
TNF-a may have major roles in the programmed cell
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: . [ .
——AKTVVLVEKKSPAEWIWKVCAVLVVVALCLAGVLLFAWYWNTRPERMTQVGQPEALKAKNTGEKPEPHSTIKW 89

a D rerio TNF-a MVAYTTTPVDVEAGPE—
P. olivaceus TNF-a MVKYTSAPGDVESGLE- ———ESRVVLVEKKSSTDWMCKVLGGLE IVALCLGGVLAFSWYTN-KSEMMTQSGQTAALSQKDCAEKTEPHNTLRQ 88
E. coioides TNF-a MVAYTTAPGDVEMGPE——————————] ERTVVLVEKKSSAVQIWKVSVALLTVALCIGGVLLFAWYWSGKPDITTQSGQREALTKSDTAEKTDPHYNLSR 89
V. variegatus TNF-a MVNYTSTPGDVELGLE————=—————— ERRVVLVEKKSSTGWMCKVMGGLE TAALCLGGVLMESWYWN-RSE IMMESGQTAALTKTDSDKKTDHHETLKQ 88
0. mykiss TNF-a MEGYAMTPEDMERGLENSLVDSGPVYKTTVTAVAERKASRGWLWRLCGVLLTAALCAAAALLFAWCQHGRLATMQDGMEPQLETFTG———AKDTHNTLKQ 97
0.niloticus TNF-a MVAYTTTPVDVEAGPE—————————-, AKTVVLVEKKSPAEWIWKVCAVLVVVALCLAGVLLFAWYWNTRPERMTQLGQPEALKAKNTGDKTEPHSTLKR 89
D. labrax TNF-a MVAYTTAPGDVETGLE—————————] ERTVVMVEKKSSTQRIWTVSGATLIVALCFGGVLLFAWHWSGKPE IMTQSGQTEALTEKDTAEKTDPHYTLKR 89
P. major TNF-a MWKLSVTLLVAALCFGGVLLFAWYWNGKPQTLTQSGQTEALTKTDTAEKTDPHSTLRR 58
P. maxima TNF-a MVDYTTAPGDLEMGLE——————————— ARTVVLVEKKSATGWMWKV IRALT IMALCSGGVLLFAWHWN-GSEMRTQSSQTEALVVKDSAEKTDPHSTLRQ 88
T. rubripes TNF-a MVNYMTTASDVEMGLQ—————————— QKTVVLVEKKSSTGWMGKT TLATFVVVLCCGGALLEVSYWNGRQEMQAVPEKSETLTEK——KDTDPHYTLSR 86
M. musculus TNF-a ~MSTESMIRDVELAEE— ———ALPQKMGGFQNSRRCLCLSLFSFLLVAGATTLFCLLNFGVIGPQRDEKFPNGLPLISSMAQTLTLRSSSQ 85
H. sapiens TNF-a ~MSTESMIRDVELAEE———————————— ALPKKTGGPQGSRRCLFLSLFSFLIVAGATTLFCLLHFGVIGPQREE-FPRDLSLISPLAQ——AVRSSSR 82
koooknoL DR kn Lk Kk trok ke skkek, ok l DIk DX
D. rerio TNF-a ISSKAKAATHLEGSDS—————— KGHLEWRNGQGQAFAQGGFKLEANKI I TPHTGLYFVYSQASFRVICGNSDDNEDE———EKSLTILSHRIWRYSESVGS 180
P.olivaceus TNF-a TSSRAKAATHLEGRDEEDEETSENKLVWKNDEGLAFTQGGFELVDNHI T TPRSGLYFVYSQASFRVSCSSDDADDGKEAAEKHLTSTSHRVWLFTESLGT 188
E. coioides TNF-a TSSKAKAATHLEGNYE-DCESSKHQLEWRNGQGQAFAQGGFKLVKNQI ITPQTGLYFVYSQASFRVSCSDGDEKGAG———-RRLMPLSHRIWRYSDSIGS 184
V. variegatus TNF-a ISSKAKAATHLEGSYE-—EENSKEKLEWKNGQGQAFAQGGFELVNNQI T TPQTGLYFVYSQASFRVSCHDAESKDG——--EGKLTSVSHRIWRYSDSLGD 182
0. mykiss TNF-a TAGNAKAATHLEGEYN——PNLTADTVQWRKDDGQAFSQGGFKLQGNQILTPHTGLFEFVYSQASFRVKCN————— GPG————ERTTPLSHVIWRYSDSIGD 186
0. niloticus TNF-a TSSKAKAATHLEGSDS————— KGHLEWRNGQGQAFAQGGFKLEANKT T TPHTGLYFVYSQASFRVICGNTDENEDE-——EKSLTTLSHRTWRYSESMGS 180
D. labrax TNF-a TSSKAKAATHLEGSYD-D-ESLTAKLEWKDGQGQAFAQGGFRLANNQIVIPQTGLYFVYSQASFRVSCDDGEEESAG———-KRLTPLSHRIWSYSDSIGN 183
P. major TNF-a TSSKAKAATHLEGSYD-EDEGSKDQVGWKSGQGQAFAQGGFRLVDNK I VIPQTGLYFVYSQASFRVSCSDGEEEGAG———-GHHTPLSHRTSRSSESMGS 153
P.maxima TNF-a TSSNAKAATHLEGSYD-EDVSSQDKLEWKNGQGQAFAQGGFRLMENQI TTPQTGLYFVYSQASFRVSCD-DDSKDG———AGKRLTPLSHRIWRYSDSLGF 183
I. rubripes TNF-a ISSKAKAATHLEGSFD-EGENRKDQVEWKNGQGQAFAQGDFQLDNNTL I TPKTGLYFVYSQASFRVTCGEGDKHSPG———-KSHIPLSHRVWRYSDSIGT 181
M. musculus TNF-a NSS-DKPVAHVVANHQ—————VEEQLEWLSQRANALLANGMDLKDNQLVVPADGLYLVYSQVLFKGQGCP———————————] DYVLLTHTVSRFATSYQE 167
H. sapiens TNF-a TPS-DKPVAHVVANPQ———— AEGQLQWLNRRANALLANGVELRDNQLVVPSEGLYLIYSQVLFKGQGCPS————————— THVLLTHTISRIAVSYQT 165
TNF family signature
'*:"::*l . coLoskk, | skekekek sk sk ok sk T kooookek:oosksk

D. rerio TNF-a PSTLMSALRSACQDT IQDSFS——DHGWYNATYLGAVFQLNEGDTLWTETNQLSELETDE-GRTFFGVFAL 247

P.olivaceus TNF-a QVSLMSAVRSACQKSQEDAYR-DGQGWYNATYLGAVFQLNEGDKLWTETNMLSELETES-GKTFFGVFAL 256

E. coioides TNF-a KASLMSAVRSACQSTAQEDSDGSGKGWYNATYLGAVFQLNKGDQLWTETNQLSELETDE-GRTFFGVFAL 253
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0. niloticus TNF-a SSTLMSALRSACQDTIQDSFS—DHGWYNATYLGAVFQLNEGDTLWTETNQLSELETDE-GRTFFGVFAL 247

D. labrax TNF-a KASLMSAVRSACQNTAQEDSYRSGQGWYNATYLGAVFQLNRGDKLWTETNQPSQLETDE-GKTFFGVFAL 252

P. major TNF—a DVSLMSAVRSACQNTAQDDSYSDGRGWYNTIYLGAVFQLNRGDRLWTETNQLSELETEE-GKTFFGVFAL 222

P. maxima TNF-a NASLMSAVRSACQTAAQGDSHRDGQGWYNT IYLGAVFQLYKGDKLWTETNMLSELETEE-GKTFFGVFAL 252

I. rubripes TNF-a ETTLLNAVRSACQNSALEGGYSEGQSCYNATYLGAVFQLKMGDKLRTETNQLSELETEE-GKTFFGVFAL 250

M. musculus TNF-a KVNLLSAVKSPCPKDTP—EGAELKPWYEPTYLGGVFQLEKGDQLSAEVNLPKYLDFAESGQVYFGVIAL 235

M. sapiens TNF-a KVNLLSAIKSPCQRETP——EGAEAKPWYEPIYLGGVFQLEKGDRLSAEINRPDYLDFAESGQVYFGITAL 233
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Fig.1 The amino acid sequence alignment and phylogenetic tree analysis of vertebrates TNF

a. the alignment of fishes and mammals TNFs through ClustalW method. Asterisks, colons, and dots indicate different degree of conserved residues,
respectively. The TNF family signature is boxed, the putative TACE cleavage sites are in red letters and the two conserved cysteines are directed by two red
arrows; b. phylogenetic analysis showing the relationship between VVTNF-o and other vertebrates TNF-a. A phylogram was constructed through MyBayes
(meme=200 000 generations, sample freq.=10). H. sapiens TNF- served as the out-group. The species and GenBank accession numbers were as follows:
H. sapiens TNF-o. (NP_000585.2); M. musculus TNF-o. (AAI37721.1); A. sinensis TNF-o (XP_006036188.1); X. tropicalis TNF-o. (NP_001107143.1); P.
olivaceus TNF-o (BAA94969.1); P. maxima TNF-a (ACN41911.1); D. labrax TNF-o. (AAZ20770.1); E. coioides TNF-o (ACM45963.1); P. major TNF-a
(AAP76392.1); T. rubripes TNF-o. (NP_001033074.1); O. niloticus TNF-a. (NP_001266462.1); M. zebra TNF-o. (XP_004573618.1); O. mykiss TNF-a
(CAC16408.1); H. sapiens TNF-p (AAB59455.1). The TNF and other domains of TNFs were showed with the CDD server (Marchler-Bauer and Bryant,
2004; Marchler-Bauer et al., 2009, 2011, 2015).
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Fig.2 Relative expression of VVINF-a in different adult tissues

The relative expression variance is represented by a ratio (amount
of VVINF-a normalized to the values of /8S rRNA). The relative
expression level in brain is normalized to 1. The data are shown as
mean+SD (n=3). Columns with different letters show a significant
difference (P<0.05).

death, in the remodeling of the extracellular matrix and
in the cellular growth and differentiation (Wride and
Sanders, 1995). Furthermore, the embryonic cells
differentiate begin at the somite stage. The TNF-a
function during the embryonic development may be
supported by our results. Before the hatching stage, the
VVINF-o remained relatively low expression.
However, VVTNF-a had a high expression level at the
hatching stage (Fig.3). The exposed aquatic
environment of most fish embryos and hatchings is full
of a large number of different microorganisms,
including potential pathogens; and during this period,
the immune systems of those fishes have not yet fully
developed (Wang et al., 2016). Furthermore, during the
hatching stages, embryos are more susceptible to attack
by pathogens due to loss of egg envelope. Therefore,
high expression of VVTNF-a in the hatching stage
indicates that it may plays a role in resisting the
pathogens around the environment. However, TNF-a,
has not yet been identified in the other fish eggs. Thus,
the role of TNF-a in early developmental stage of fish
remains largely unclear. In this study, we found that
VVvTNF-a is not a maternal gene, but its transcripts
gradually increases and peaks at the hatching stage.
The VVTNF-a expression pattern are similar to those
of fish-egg lectin (FEL), which plays a critical role in
the immunity of zebra fish and rock bream (Kim et al.,
2011; Wang et al., 2016).

The presented results show that the expression of
inflammatory factor VVINF-a is tissue and stage
specific.

embryonic developmental stages

The relative expression variance is represented by a ratio (amount
of VVTNF-a normalized to the values of /8S rRNA). The relative
expression level in neurula stage is normalized to 1. The data are
shown as mean+SD (n=3). Columns with different letters show a
significant difference (P<0.05).

3.4 VVINF-a shows the highest expression at the
mid-metamorphosis stage

Metamorphosis of fish in which larva transited to
juvenile is a crucial development stage.
Pleuronectiformes could change from a symmetrical
larva to an asymmetrical juvenile during this stage,
which is a dramatic morphological reorganization.
Thus, Pleuronectiformes can be used as a
representative of teleost to study metamorphosis.
Also as flatfish, V. variegatus and P. olivaceus are
evolutionary relatives (Li et al., 2011, 2012; Xu et al.,
2012), and both undergo the metamorphic stage.
Metamorphosis arises from a series of processes
including apoptosis, biochemical changes and so on
(Power et al., 2001).T3 (Thyroid hormones 3), T4
(Thyroid hormones 4), and TR (thyroid hormone
receptor) have been reported to drive flatfish
metamorphosis (Inui and Miwa, 1985; De Jesus et al.,
1991; Yamano et al., 1994; Campinho et al., 2007),
which are related to apoptosis and cellular
differentiation (Yamano and Miwa, 1998; Power et
al., 2001; Liu and Chan, 2002; Marchand et al., 2004;
Klaren et al., 2008).

TNF-a gene plays an important role in cellular
differentiation, proliferation, and apoptosis (Wride
and Sanders, 1995; Li and Zhang, 2016) and interact
with T3, T4, and TR (Aust et al., 1996; Kalashnikova
et al., 2009; Kiss-Toth et al., 2013). For instance,
thyroid modulation is realized as more intense
induction of TNF-a apoptosis in the cells
(Kalashnikova et al., 2009) and TNF-a in the thyroid
can influence its functions (Aust et al., 1996; Kiss-
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Fig.4 Relative expression of VVITNF-a during metamorphosis

The relative expression variance is represented by a ratio (amount of
VVTNF-o normalized to the values of /8S rRNA). The relative expression
level in 10dph is normalized to 1. The dph stands for days post hatching.
The data are shown as mean+SD (n=3). Columns with different letters
show a significant difference (P<0.05).
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Fig.5 Expression analysis of VVTNF-o in PBLs treated with
50 pg/mL LPS

The fold change variance is represented by a ratio (amount of
VVTNF-a normalized to the values of /8S rRNA). The time zero is
normalized to 1. The data are shown as mean+SD (#=3). Columns
with different letters show a significant difference (P<0.05).

Toth et al., 2013). In V. variegatus development,
VVTNF-a expression began to decrease at 3 days post
hatching (dph) and gradually increased again during
metamorphic stage followed by another decline at the
end of metamorphosis (Fig.4). In this period,
VVTNF-a expression was predominantly detected in
mid-metamorphosis, which is the most violent period
of metamorphosis (Fig.4). The results show that
VVINF-0 has a consistent expression pattern in
comparison to T3, T4, and TR at the metamorphic
stage of S. maximus and P. olivaceus (Yamano and
Miwa, 1998; Marchand et al., 2004). The relative

5_
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Time (h)

Fig.6 Expression analysis of VVTNF-a in PBLs treated with
50 pg/mL poly(I1:C)
The fold change variance is represented by a ratio (amount of
VVTNF-a normalized to the values of /8S rRNA). The time zero is
normalized to 1. The data are shown as mean+SD (n=3). Columns
with different letters show a significant difference (P<0.05).

expression level of TR gene and concentration of T3
and T4 in P. olivaceus was gradually growing during
pre-metamorphosis, early-metamorphosis, and mid-
metamorphosis. They reached a peak in mid-
metamorphosis and then began to decline (Yamano
and Miwa, 1998). In summary, our results strongly
imply that VVTNF-a may be involved in a series of
regulated processes during flatfish metamorphosis.
These results contribute to the further understanding
ofthe molecular mechanism of flatfish metamorphosis.

3.5 Poly(I:C) and LPS induce significant and rapid
increase of VVINF-a

As an immunity gene, TNF-a participates in the
immune defense against pathogens. Mammalian
TNF-a plays a crucial role in the antibacterial immune
response induced by Mycobacterium tuberculosis,
Listeria monocytogenes and Mycobacterium bovis
(Pasparakis et al., 1996; Olleros et al., 2002; Saunders
et al., 2005). Because TNF-a is released from
macrophages, monocytes, neutrophils, NK cells, and
T-cells (Covello et al., 2009), we investigated the
VVTNF-a expression patterns in the PBLs exposed to
PAMPs. In our study, the V. variegatus PBLs were
co-incubated with LPS, poly(I:C) and PBS as a
control, respectively. In the qRT-PCR results, we
normalized the VVINF-a expression level to the
control. As shown in Figs.5 and 6, the VVTNF-a fold
change levels were significantly and rapidly up-
regulated at 0.5 h and 1 h after LPS and poly(I:C)
treatments, respectively. This result indicates that
TNF-0 expression may be more sensitive to the
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PAMPs of LPS than to those of poly(I:C).

TNF-a could be expressed in the human
lymphocytesp, monocytes/macrophages and eripheral
blood mononuclear cells stimulated by PAMPs (Jang
et al., 2006). In addition, reports showed that bacteria,
LPS, virus, poly(I:C) and parasites could induce the
high expression of TNF-a in a variety of fish (Chang
et al., 2006; Roca et al., 2008; Covello et al., 2009;
Teles et al., 2011; Hwang et al., 2014). In our study,
the VVTNF-a was expressed in various tissues under
normal physiological conditions; the VVINF-a
transcripts significantly and rapidly increased after
LPS and poly(I:C) challenges. These results indicate
VVTNF-a is involved in host immune responses
against bacterial and viral pathogens. As shown in
Figs.5 and 6, the VVTNF-a expression level decreased
at 24 h after co-incubation with the PAMPs. TNF-a
can induce cell necrosis, apoptosis and survival (Chu,
2013). Therefore, we speculate that the reduction of
TNF-a mRNA is to protect PBLs from damage.

3.6 Protein 3D modeling analysis and protein
docking simulation of VVvTNF-a predict its
potential function

The secondary structure of TNF-a was predicted
with Phyre2 tools (Fig.7a). Initially, the 3D structure
of VVINF-a was predicted by SWISS-MODEL
Workspace. However, the quality index, such as
QMEANSscore4 was -0.69, indicating that this tool
was unsuitable for the 3D structure prediction in this
study. Thus, we used Phyre2 to construct the 3D
model (Fig.7b) and selected d2tnfa as the template.
The coverage of the protein could reach 59%, which
is larger than that in SWISS-MODEL, and the
confidence level could reach 100.0%. The PDBsum
Generate software was used to illustrate the
Ramachandran figure and predict the stability of the
model (Fig.7c). There were only a few amino acid
residues in the forbidden zone. Thus, the predicted 3D
structure of the VVTNF-a protein has good quality.

The interaction of TNF-a and its receptor (TNFR)
is the basis of the function of TNF-a (Locksley et al.,
2001; Praveen et al., 2006; Xiao et al., 2007; Li and
Zhang, 2016). Thus, the interaction between the
predicted VVINF-a and a potential receptor of the
amyloid precursor protein (APP) (Fig.7d), which
belongs to the human TNFR super family, was tested.
As shown in Fig.7e, VVTNF-a can interact with APP
through the predicted receptor binding sites.

The above results show that the 3D structure of
VVTNF-a is similar to those of the other vertebrate

Vol. 38

TNF-o and imply that VVTNF-a may also perform its
function by interacting with its conserved receptor
binding domains.

4 CONCLUSION

We identified the mRNA sequence of VVINF-a
and characterized its signature. The two conserved
cysteine residues, TM sequence, Thr-Leu motif, and
TNF family signature of this gene, as well as the TA-
rich motifs of its proteins related to inflammatory
responses were similar to the TNF-a of mammals and
other reported fish. The VVTNF-a expression patterns
strongly imply that it has some universal immune
functions and may perform certain novel actions
during the metamorphic stages. The VVTNF-a could
significantly and rapidly respond to PAMPs (LPS or
poly(I:C)), which indicates that this gene actively
participates in host immune responses against
bacterial and viral pathogens. In addition, we used the
3D structure prediction and protein docking analysis
to find that the VvVINF-a function relies on the
interaction with its receptors.

5 DATA AVAILABILITY STATEMENT

The sequence of TNF-a gene in spotted halibut is
available from GenBank under the accession number
KY038170. Additional supporting data can acquire
from the corresponding author upon reasonable
request.
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