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Abstract: Interferon y (IFN—y) is now considered to be one of the key molecules in the regulation of
innate and adaptive immunity. The function of IFN—y is best described in humans, but less of IFN—y in
fish species has been described at protein level. In the present study, IFN—y from Gadus macrocephalus
(GmIFN—y) has been examined in terms of bioinformatics, prokaryotic expression, yeast expression,
antiviral activity and immune regulatory function. The cDNA of GmIFN-y contains an open reading
frame of 570 nucleotides, coding 189 amino acids. The mature protein contains a nuclear localization
signal motif and an obvious IFN—y signature sequence at the C-terminal. GmIFN-y is very similar to
that of Atlantic cod, with homology up to 89.89%, but less than 32% to other species. GmIFN—y can
be detected in the gills, spleen, intestine, brain and kidney. Interestingly, during early development,
a strong signal of GmIFN—y was not detected until 40 days post hatching. Prokaryotic expression
plasmid pET-32a-GmIFN—y was constructed, and the expression products in BL21 were confirmed
by Mass Spectrometry. Meanwhile, the plasmid pGAPZA-GmIFN—y with Myc tag was constructed
and transmitted into Pichia pastoris yeast GS115, and the products were tested using Western blot.
The purified GmIFN—y from either BL21 or yeast has a strong antivirus (Spring viremia of carp virus)
effect. The vector of pcDNA3.1-GmIFN—y was expressed in EPC cell lines; high transcript levels
of MHC class I chain-related protein A (MICA) gene were detected; and the exogenous GmIFN—y
protein could also induce MICA expression, indicating that GmIFN—y could stimulate immune
response. The yeast GS115 with GmIFN—y protein, which is an inclusion body, was given to zebrafish
orally, and the transcript of zebrafish IFN-y was upregulated significantly; however, genes of the
interferon type-I signal pathway were not well stimulated.
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1. Introduction

Interferon v (IFN—y) is the only member of type II cytokines in mammals and plays
a significant role in cell defense against intracellular pathogens. Unlike humans with
only one IFN—y, some fish species have a broader type Il interferon family, consisting of
two members, IFN—y and fish-specific IFN—y related (IFN—yrel) proteins. Comparative
studies of duplicated copies of IFN—y were performed for Atlantic salmon (Salmo salar) [1],
common carp (Cyprinus carpio) [2] and rainbow trout (Oncorhynchus mykiss) [3]. However,
only a few of the [IFN—y genes in fish have been described at protein level. The Fugu IFN—y
protein (UniProtKB—Q708]2) is expressed as a 189 amino-acid-long preprotein with a
signal peptide 22 amino acids long and one potential glycosylation site, similar to rainbow
trout (188 aa, AT rich) [4].
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The cellular response in fish activated by IFN—y is composed of a tetrameric complex
formed by IFN—yR1, which is mainly responsible for binding ligands, and IFN—yR2, which
is mainly responsible for transmitting cellular signals [5]. IFN—yR1 and IFN—yR2 recruited
Jakl and Jak2, respectively, to the cytoplasmic domain, and when activated by IFN—y ho-
modimers, they subsequently caused signaling and phosphorylation of signal transducers
and activators of transcription 1 (Statl). Phosphorylated Statl homodimers migrate to the
nucleus and bind to gamma IFN activation sites (GAS) in the promoter region of IFN—y
effector genes and initiate the expression of effector genes [6].

Gadus macrocephalus, as an important fishery species in the North Pacific, is now under
consideration as an aquaculture species in China. However, diseases inhibit artificial
breeding, especially the nervous necrosis virus (NNV), belonging to the BENNV genotype.
We try to explore some antivirus proteins or immune factors, including the interleukins,
INF-o and IFN—y, and then apply them in cod larvae via an oral route. In this study, we
aimed to clone IFN—y (GmIFN-y) from G. macrocephalus; to construct kinds of expression
vectors to get GmIFN—y protein; and to examine its antivirus and immunoregulatory
activities.

2. Materials and Methods
2.1. Fish, Cell Culture, Virus and Reagents

Several adult G. macrocephalus were captured from the Yellow Sea near Lvshun, Dalian
City. Tissues of the gill, brain, muscle, kidney and spleen were sampled for RNA extraction.
Five whole larvae at 5, 10, 20, 25, 30 and 45 days post hatching (dph) were sampled,
respectively. Epithelioma papulosum cyprinid (EPC) cells were provided by Prof. Qiya
Zhang from the Chinese Academy of Sciences and cultured at 25 °C in medium 199 with
10% fetal bovine serum (FBS). Spring viremia of carp virus (SVCV) was offered by Shenzhen
Customs, and it can infect the EPC cell line. All animal protocols required for this research
were approved by the Animal Care and the Biosafety Committee at Yazhou Bay Innovation
Institute, Hainan Tropical Ocean University.

2.2. Molecular Cloning and Sequence Analysis of GmIFN—y

Total RNA of the different organs was extracted using Trizol (Sangon Biotech, Shang-
hai, China). First, 1 ug of RNA was used to obtain cDNA using the Superscript Pream-
plification System (TaKaRa). Primers (IFN—yfl and IFN—yr1) for GmIFN—y cloning were
designed based on the previous transcriptome sequences [7] (Table 1). The open read-
ing frame (ORF) of GmIFN—y was obtained using PCR. The purified PCR products were
then subcloned into vector pMD-18T and sequenced by TSINGKE Biological Technology
(Guangzhou, China). The nucleotide sequence was compared to the GenBank/EMBL
databases using BLAST from the National Center for Biotechnology Information (NCBI)
(http:/ /www.ncbi.nlm.nih.gov /blast). Multiple sequence alignments were performed
with DNAMAN V6 (Lynnon). Molecular weight was calculated using Expasy ProtParam
(https:/ /web.expasy.org/protparam). The signal peptide was analyzed using the SignalP-
5.0 Server (http://www.cbs.dtu.dk/services/SignalP/). The functional domains were
predicted by gene structure analysis using the software IMGT (http://www.imgt.org).
The N—glycosylation sites were analyzed with the NetNGlyc 1.0 server (http://www.
cbs.dtu.dk/services/NetNGlyc/). A 3D model of GmIFN—y was predicted using SWISS—
MODEL (http://swissmodel.expasy.org); images were edited using Raswin (Windows
Version 2.7.5.2).
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Table 1. Sequence of primers used in this experiment.

Name 5'-3/Primer Sequence Purpose
IFN-f1 GAAAGGCTGTATCGTCCTGCCGGGG Cloning of GrlEN-
[FN—7rl TGAACCACCCGAGCCAGATAAAAAC & i
IFN-y£2 CAAGACTCTAAGCCTACAACA
[FN—7r2 ACACCTTCCCAAGCACAA 4PCR for GmIEN=y
ActinF1 CCAAAGCAACAGGGAGA Internal control gene of qPCR
ActinR1 GCAGTGGTGGTGAAGGAGTAG in Gadus macrocephalus
ActinF2 GGCACTGCTGCTTCCTC Internal control gene of qPCR
ActinR2 ACCGCAAGACTCCATACCC in EPC cell
pF1 CGGAATTCCTGCCAGTGGCTCCCGTT Plasmid construction of
pR1 CCGCTCGAGCATAGCCCTCCTAAATTT pET32a-GmIFN—y
pE2 CGGAATTCATGCTGCCAGTGGCTCCCGTTC Plasmid construction of
pR2 CCGCTCGAGGTCATAGCCCTCCTAAATTTAG — pGAPZA-GmIFN—y
pF3 CCGCTCGAGATGCTGCCAGTGGCTCCCGTTC  Plasmid construction of
pR3 CGGAATTCGTCATAGCCCTCCTAAATTTAG pcDNA3.1-GmIFN—y
MicaF1 GAGATTCTGCCCAACGG .
MicaR1 CAGCCACATCTGAAACAAA GPCR of MICA in EPC cell
ActinF3 CATGTTCGAGACCTT Internal control gene of qPCR
ActinR3 AGGCAGCTCATAGCT in D. rerio
PkrF ACCAAACCCAGCAAAGG . .
PkrR AGAAGTAGCGGACGATG qPCR of PKR in D. rerio
MxF TGGCTGGAGCAGGTGTT . .
MxR AATGCTTCTGTGGTGGC qPCR of Mx in D. rerio
Irf1F ATGCCCGTGTCCAGAAT . .
IrfIR CTGAGTCACTCCCTCCTTAT qPCR of IRFT in D. rerio
IfnrF1 GTCCAATCGCAATCCAC . .
IfnrR1 CCGTAAGCGTCTACAATA qPCR of IFN—yRT in D. rerio
TrfF1 CAGAATGACAGCGTGGAT ) .
I+R1 CTTTAGCCTGCCGTCTC GPCR of IFN=y1 in D. rerio
Trf7F GGCATCTATGGCTTTCG . .
Irf7R GGCAAATCAGAGGGACA qPCR of IRF7 in D. rerio

2.3. Expression Pattern of GmIFN— in G. macrocephalus

Specific primers (IFN—yf2 and IFN—yr2) of GmIFN-y were designed for qPCR, and
primers (ActinF1 and ActinR1) of f-actin as housekeeping gene were designed according
to our previous study [8]. Triplet repeats were set for each qPCR test. The transcript levels
of target genes were calculated relative to B—actin using the 2722¢T method.

2.4. Preparation of Recombinant Plasmid

Specific primers with restriction enzyme site were designed for plasmid construc-
tion (Table 1). The recombinant plasmid vectors pET32a-GmIFN—y, pGAPZA-GmIFN—y
and pcDNA3.1-GmIFN—y have been prepared by subcloning, according to the previous
work [9]. The products were sequenced by TSINGKE Biological Technology (Guangzhou,
China). pET32a-GmIFN—y was used for prokaryotic expression, and pGAPZA-GmIFN—y
was used for yeast expression. pcDNA3.1-GmIFN—y was transmitted into EPC cell for
function analysis.

2.5. Prokaryotic Expression and Purification

pET32a-GmIFN—y was transmitted into E. coli BL21(DE3), which was cultured in
LB medium with 1 mM isopropyl f-D-thiogalactoside (IPTG) at 37 °C. Expression of
the pET32a-GmIFN—y was induced using 1.0 mM IPTG at 37 °C. After centrifugation at
12,000 x g rpm at 4 °C, bacterial suspension was collected at 1, 2, 3, 4, 5 and 6 h, respectively,
for further detection by SDS—polyacrylamide gel electrophoresis (SDS-PAGE). The soluble
histidine (His)-tagged fusion GmIFN—y was further purified using Ni-NTA affinity column
(Sangon, Shanghai), according to the manufacturer’s instructions. The purified protein was
sent to Sangon Biotech and verified by Mass Spectrometry (MS).
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2.6. Yeast Expression and Isolation of GmIFN—y

The plasmid pGAPZA-GmIFN—y was linearized with BspH1 restriction enzyme. When
necessary, the plasmid was concentrated and purified using the isopropanol method [10]. The
linearized pGAPZA-GmIFN—y was transformed into Pichia pastoris yeast GS115, follow-
ing the instructions of the Quick & Easy Yeast Transformation Mix kit (TaKaRa). Yeast
recombinants were screened using different concentrations of Bleomycin (Thermo Fisher)
YPD (Yeast Peptone Dextrose) plates to select the positive yeast strains with high copy
of GmIFN—y gene. The positive strain was cultured in fresh YPD medium for continued
cultivation. Yeasts were sampled and centrifuged at 24, 72 and 96 h, respectively, and
the protein was extracted using the One Step Yeast Active Protein Extraction kit (Sangon),
according to the manufacturer’s instructions. Western blot was performed to identify the
isolated protein. The detection antibodies used in the experiment were Anti-Myc tag mouse
monoclonal antibody (Order NO. D191042, Sangon Biotech) and HRP-conjugated Goat
Anti-Mouse IgG (Order NO. D110087, Sangon Biotech).

2.7. Antivirus Effects of GmIFN—y

GmIFN—y from E. coli or yeast were evaluated for their antiviral function. In the
experiment, the GmIFN—y protein was diluted to 100 pg/mL, and 100 uL was added to
EPC cell lines, which were cultured to approximately 100% confluency. After that, 100 uL
of SVCV (titer 2.73 x 10~7 PFU/mL) was inoculated onto the cells. The negative group
was not treated with protein or inoculated with the virus, while the positive group was not
treated with protein but was inoculated with SVCV. Each group was performed in triplicate.
MEM (3% methylcellulose; 10% FBS; 2% Pen-Strep (GIBCO 600-5140)) was added to each
well of the 24-well plate in a constant temperature incubator at 25 °C for 4-5 d, and the
formation of plaques after staining with crystal violet was observed [11].

2.8. Immunoregulation of GmIFN—y in the EPC Cell Line

GmIFN—y from E. coli or P. pichia was diluted to 100ug/mL with PBS, then added
into EPC cell line for 24 h. pcDNA3.1-GmIFN—y was transmitted into EPC cells using
FuGENE 6 Transfection Reagent (Promega) and Opti-MEM (GIBCO), according to the
manufacturer’s instructions, and cells were sampled after 24 h. Each group was performed
in triplicate. RNAs were extracted from each group, and cDNAs were synthesized as PCR
templates. Primers (MicaF and MicaR) based on the MHC class I chain-related protein A
(MICA) gene (GenBank No. XM_042729996) were used to valuate cell response to GmIFN-
v. Carp B-actin (ActinF2 and AcinR2) was the housekeeping gene. The qPCR procedure
was performed according to Section 2.3.

2.9. Zebrafish Immune Response to GmIFN—y by Oral Route

The zebrafish (aged 24 weeks) were randomly divided into two groups, with 25 tails
in each group, and were keptin a 57 x 39 x 31 cm water tank for 5 d. The control group
was set with 1 g P. pichia GS115 feeding per day, and the experimental group was fed with
1 g of P. pichia G5115, which expressed GmIFN—y as inner cellular protein. The experiment
lasted for 5 d, and three zebrafish were randomly sampled every 24 h from each group. The
viscera were sampled for gene detection. Genes from interferon signal pathway including
PKR, Mx, IRF1, IFN=yR1, IFN-vy1 and IRF7 were tested using relative qPCR (primers were
shown in Table 1), and B-actin (ActinF3 and AcinR3) was used as the housekeeping gene.

3. Results
3.1. Bioinformatic Analysis of GmIFN—y

The nucleotide sequences of GmIFN—y have been deposited to the GenBank with
accession numbers of OK485132. The ORF of GmIFN—y encoded a 165 amino acid (aa)
mature peptide and a predicted 24-aa signal peptide sequence (Figure 1A). The mature
protein contains a nuclear localization signal (NLS) motif and an obvious IFN—y signa-
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ture sequence at the C-terminal (Figure 1B). A 3D model of the mature GmIFN—y was

constructed based on the template of the Japanese flounder IFN—y (Figure 1C,D).

[TGGAACATGACATGATTACGATTCGAGCTCGGTACCOGGGGATCCTCTAGAGATTGAAAGGCTGTATCGTCCTGCCGGGGATTCGAACAAGCGACTTTCAGCGTGTGCAGCTGCAGGG
ATGGCACTGGCGCTGGGGAGATGTCTATCGCTCTTCATCTTGGTCTGCATGTCTGTTTCTCTGTCAGTCTGTCTGCCAGTGGCTCCCGT TOCGGGAAGATGTTCGAAACCGTCAAGACTCTAAGCCTACAACAT
M ALALGRCLSLFMLVCMSVCLSVCLPYAPVPGKMLETVYIE KTTLSILA QH
CCACAGAAAGGCCAGTCGTTCAGCGGGTCCGTCTTCTCCAGAGAAACACTCAACAAGATGGATGATGGAGATAAGAGGGTTGTGCTTGGGAAGGTGTTGGAGGT TTACGACAAGCTGTTTGATCAGATGTTGAGT
PQKGQSFSGSVYFSRETLNEKMDDGDE KRYVLGKVYLEVYYDEKLTFDQMLS
CAGCCGCCAACCGACAGCCAATCAGAGGAGAATAAAACAGAGGAAGCTGGGATCCGG TACCTCCAGGAGATGGTTACACTGCTGAGGAGAACCCAGTACAAGAAACACCTGCTGCTCACCAGCACACTGGAGCAA
QPPTDSQSEENEKTEEAGTIRYLQEMYTLLRRT QY XKKHLLLTSTTLTEA® @
CTGGGCAACATACAGATCAATAACTCTGTAGTGCAGAGCAAGGCATTGTGGGAGCTGCCTTGGCTGTTCAACGAAGCAAGCTCATTGGCCGAGAGGAAGAGGAGGAGCCTACGACGCCGACGGGCGCCCAGGAAG
LGNTQINNSVVYQSKALWELPVWLFNEASSLAERIEKT RRSILRRRRAPR REK
AGGGCCGCTAMTTTAGGAGGGCTATGTGATTATTTTATACTTTTGTAAACGTTTTTATCTGGCTCGGGTGGTTCAATCGTCGACCTGCAGGCATGCAAGCTTGGCACTGGCOGTCGTTTTACAACGTCGTGACT
RAAKFREAM®=*

GGGAAAACCCTGGCGTTACCCAACTTAATCGOCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGT TGCGCAGCCTGAATGGCGAATGGCGCCTGA
TGCGGTATTTTCTCCTTACGCATCTGT

(B) Takifugu rubripes 52
Japanese flounder 56
Pacific cod 58
Takifugu rubripes I 108
Japanese flounder q 116
Pacific cod HOEMUSELIMREOMKKHLLIATS 107
Takifugu rubripes M#O P KALWE LENSUNIRT 7 S S T, s Ko REOTOMSIRGH- - 163
JupuﬂeJ‘g_ﬂ(),‘ndg}' GEHIT DG DEE K M BS NN TMQ RIOARKVKTPTRA 175
Sl ERKHRS PERKRAAKFRRAM- 165

Pacific cod THHEQOMMGNEIO T o

I B
Alowed

I

(C2) (D1) (D2) (D3)

Figure 1. Bioinformatic analysis of GmIFN—y gene. (A) cDNA and the deduced amino acid of
GmIFN—y. Signal peptide was underlined. (B) Mature IFN—y peptides among Takifugu rubripes,
Japanese flounder and G. macrocephalus were aligned. Identical or similar amino acids are shaded
(black: present in all species; dark gray: present in 80% of the species). The nuclear localization
signal and the putative IFN—y signature sequence are boxed in green. (C1-D3): 3D models of IFN—y

compared between Japanese flounder and G. macrocephalus. (C1,C2): a 3D model of Japanese flounder
displayed in Ribbons and Spacefill style, separately. PDB code is c6fleA. (D1,D2): a 3D model
of GmIFN—y was constructed based on the template c6f1eA. Both were displayed in Ribbons and
Spacefill style, separately. (D3) Secondary structure assignment was carried using PROCHECK. Good

quality is indicated in blue, while the bad quality is indicated in red.

Sequences of [IFN—y from cod and other species were gathered for multiple alignment
by the ClustalW program. Phylogenetic trees were shown in Figure 2. GmIFN—y is very
similar to that of Atlantic cod, with homology up to 89.89%, but less than 32% to other

species, indicating that GmIFN—y may have unique features.
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o XP 025956174.1 Dromaius novaehollandiae

“‘ _Z/!\\ XP 026723894.1 Athene cunicularia
Aves e B T XP 014734603.1 Sturnus vulgaris

\ // ————— XP019398803.1 Crocodylus porosus
= }'\{uplilc

TT——— XP 026523455.1 Notechis scutatus

_——— XP028602740.1 Podarcis muralis

Amphibia -
XP 002938555.1 Xenopus tropicalis

XP 018107195.1 Xenopus laevis
AHH39335.1 Jetalurus punctatus
BAD06253.1 Danio rerio

ACN37863.1 Salmo salar
CAERB2300.1 Oncorhynchus mykiss

NP 001347661.1 Monopterus albus
QDOI15115.1 Siniperca chuatsi
CAES82301.2 Takifugu rubripes  31.29%

~— _/ ACN41958.1 Gadus morhua

89.899
\ Gadus macrocephalus ’

Figure 2. Phylogenetic tree of vertebrate IFN—y peptides. The trees were computed using Neighbor-
Joining method by MEGA version 5.0. Different levels of evolution were highlighted in various color.

3.2. Expression Profiles of GmIFN—y

As shown in Figure 3A, GmIFN—y can be detected in all tissues and mainly expressed
in the immune related tissues, such as the gills and intestine. Interestingly, GmIFN—y was
at a relatively low level before 35dpf but increased significantly after 40 dpf (Figure 3B).
The expression pattern of GmIFN—y receptor (GmIFN—yR) was similar to that of GmIFN—y.
The result indicated that GmIFN—y expression is related to the development time.

B
(A) ( )160‘ L] GmIFN-y
GmIFN-y Py B GmIFN-/R
> 6] z |
e = E140
g :
2 4] 2120 F
£ =
& 2] © 20
Z 107 g=
0 [ S
L L I 5 10 15 20 25 30 35 40
M K B IN SP G (Day-post-hatching)

Figure 3. Expression profiles of GmIFN—y. (A) Expression levels of GmIFN—y in adult Pacific cod
muscle (M), kidney (K), brain (B), intestine (I), spleen (SP) and gill (G). (B) Expression pattern of
GmIFN—y and its receptor in cod larvae during the early developmental stages.

3.3. Exogenous Expression of GmIFN—y

Prokaryotic expression vector pET-32a-GmIFN—y was constructed with a 6 x His
tag, and the expression conditions were optimized. The target protein was induced with
1 mM IPTG for 4 h at 37 °C to obtain the highest yield, in the form of inclusion bodies and
monomers (Figure 4A). After purification, the protein concentration was 216 pg/mL. The
products were confirmed by MS (Supplementary Table S1).
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45KDa MYC

35KDa

45KDa

35KDa

(B)
Figure 4. Exogenous expression of GmIFN—y. (A) Optimization of prokaryotic expression conditions.
Nos. 1-5 indicate that the protein was induced for 1-5 h. No. 6 was set as the control. Target protein
was marked by arrow. (B) Purification of GmIFN—y from E. coli. Target protein was marked by
arrow. (C) GmIFN—y expressed in yeast G5115 and detected using Western blot at 24, 72 and 96 h,
respectively.

P. pichia GS115 was sampled at 24 h, 72 h and 96 h, and GmIFN—y protein was detected
using Western blot (Figure 4C). There are two bands in the figure. One is near 21 kD, and
another is near 22 kDa (Figure 4C). It was considered that part of the target protein in the
yeast was modified by N-glycosylation, leading to a larger molecular.

3.4. GmIFN—y Inhibits SVCV Growth

SVCV was cultured in EPC cells, and GmIFN—y protein was added into the cell line.
Compared with the control (Figure 5C,D), growth of SVCV was inhibited significantly by
GmIFN—y, whether it was from yeast or E. coli (Figure 5A,B).

Figure 5. GmIFN—y inhibits Spring viremia of carp virus (SVCV) growth observed by plaque assay.
(A) GmIFN—y from yeast expression. (B) GmIFN—y from prokaryotic expression. (C) EPC was used
as a negative control. (D) EPC was infected by SVCV as a positive control. Live cells were stained
red with neutral red indicator. The concentrations of purified GmIFN—y from yeast expression and

prokaryotic expression were both 100 pg/mL.
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3.5. MICA Expression in EPC Induced by GmIFN—y

MICA of EPC cell was up-regulated significantly when pcDNA3.1-GmIFN—y was
transferred into EPC cell line for 24 h (Figure 6A). On the other hand, MICA was also
upregulated when cells were treated with isolated GmIFN—y protein. The level of MICA
induced by yeast-expressed GmIFN—y was significantly higher than that induced by E. coli-
expressed GmIFN—y (Figure 6B).

(B)

<
- 2
E 40- ,
' S
S 30
kS
2 207
£
= 104 *
c-‘ e
T (]
@b E 0 y T
¢ e > > >
& = QO&* ®

Figure 6. MICA was induced by GmIFN—y. (A) pcDNA3.1-GmIFN—y was transferred into EPC cells,
and the endogenous GmIFN—y induced the MICA expression; ** indicates p < 0.01. (B) EPC cells
were incubated with 100 ug/mL GmIFN—y for 24 h. Prol was from E. coli BL21, while Pro2 was from
P. pastoris G5115; * indicates p < 0.05.

3.6. Response of Zebrafish Interferon System to Yeast Expressed GmIFN—y

pGAPZA is a well-known intracellular expression vector, and the target protein is
usually expressed as inclusion bodies in yeast. Zebrafish were fed with yeast containing
GmIFN—y for several days. The mRNA level of IFN-related genes was detected using
gqPCR. It was shown that IRF1, PKR and IFN—yR1 were down-regulated sometimes, while
the expression of Mx was up-regulated two days later. More interestingly, the endogenous
IFN—1 of zebrafish was significantly up-regulated in the experiment (Figure 7). It was
suggested that GmIFN—y could not stimulate IFN-I signal pathway effectively in zebrafish,
but it could evoke zebrafish [FN—y1 expression obviously.
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Figure 7. Expression levels of genes related to the IFN-I signal pathway of zebrafish fed with yeast
containing GmIFN—y. T tests were used for statistical analysis. * indicates significant differences
(p < 0.05), while ** indicates strong significant differences (p < 0.01).

4. Discussion
4.1. Evolution and Conservation of GmIFN—y Protein

Phylogenetic tree revealed that GmIFN—y is quite different from other fish species
except Gadus. The evolution feather is very similar to its receptor GmIFN—yR (data were
shown in Figure S1). However, the conserved structure indicates that GmIFN—y may share
the similar function to other fishes. According to the sequence alignment, C—terminal
of the IFN—y is more conserved than the N-terminal. It was reported that the absence
of varying degrees of C—terminal NLS region will make IFN—y inactive and unable to
resist virus invasion, which was verified by research on the effects on A549 cells against
encephalomyocarditis virus, by a variety of human IFN—y fusion proteins [12]. The IFN—y
recombinant protein of rainbow trout lacking NLS could not activate macrophages and
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induce the expression of immune genes such as yIP10 and STAT1 signal transduction
molecules [13]. Additionally, the structure of IFN—y receptor needed to be taken into
account, as it is the key structure used to receive the signal of INF—~y. Unfortunately, IFN—y
receptors are quite different among various species (data were shown in Figure S1), so we
have to confirm the function of GmIFN—y in various aspects.

4.2. Expression of GmIFN—y In Vivo and In Vitro

In vivo, GmIFN—y mainly expresses in gills, which are the first protective barrier of
fish, indicating that GmIFN—y plays roles in immune defense. Interestingly, the transcript
level of GmIFN—y was very low before 35 dpf, and it is suggested that GmIFN—y depends on
the development of immune organs. Our previous work has elucidated that recombination
activation gene 1 (Ragl), as one of the key genes in adaptive immune system, generally
expressing around 60 dpf in G. macrocephalus [7]. So this result indicates that GmIFN—y, as
an innate immune factor, will work before T or B cell maturing, and its expression will be
independent of the adaptive immune system.

In vitro, we have constucted several expression vectors for further study. Even though
exogenous GmIFN—y has been obtained from E. coli or P. pastoris, we do not know how its
structure is modified in the E. coli or P. pastoris; thus, we do not know whether the products
work or not. We believe that the eukaryotic expression system will be more credible for
protein function. In yeast expression system, two bands were detected in the products
using WB. It was reported that P. pastoris has the capability of N—glycosylation [14,15].
Glycosylation of protein will result in two bands in WB [16]. Glycosylation is one of the
most important modifications after protein translation, involving cellular immunity, protein
translation regulation and protein degradation [17,18].

4.3. Function analysis of GmIFN—y

It was reported that some antiviral effector genes, such as guanylate binding protein
1 (GBP1) gene, Mx gene and interferon stimulated gene 15 (ISG15), as well as genes related
to the activation of NADPH oxidase, can be induced by IFN—y [19,20]. In the present
study, Mx gene can be up-regulated by oral GmIFN—y. However, PKR, IFR1 and IRF7 were
down-regulated. Interestingly, the transcript level of zebrafish IFN—y was significantly
up-regulated. Some studies have found that crucian carp IFN can induce the expression of
its own genes through the Statl pathway, forming a positive feedback loop [21].

Different types of interferon induce cells to synthesize antiviral proteins at different
times. It was found that a type I interferon usually produces antiviral protein after 18 h of
treatment of cells, while type II interferon usually produces related proteins after 24 h of
treatment [22]. Therefore, in this experiment, GmIFN—y was co-cultured with cells for 24 h,
and then the virus was introduced. In the study, recombinant GmIFN—y has an anti-SVCV
effect, offering us a potential antivirus peptide for further application in cod larvae.

MHC molecules play a central role in immune response and non-self-recognition [23].
Among them, fish MHC I molecules are generally distributed on the surface of all nucleated
cells [23-25], and they mainly express endogenous pathways. Their main function is to
bind to endogenous protein polypeptides, such as viral protein, and present them to CD8+
cells and activated cells. In the experiment, the expression level of MICA of EPC was
tested to valuate the immunomodulatory effect of GmIFN—y, and it was up-regulated
significantly. The increased expression of MICA indicates that IFN—y plays an important
role in the process of antigen presentation [26].

We believe that food chain will be an excellent way to apply medicine in fish larvae or
juveniles. To our knowledge, this is the first time that IFN—y was passed from yeast to fish
by oral route, and it works. There is no doubt that it is an innovative method of medicine
application in fish larvae or juveniles, but more details need further study, depending on
different target medicine, such as vaccine, antibacteria peptides and antivirus peptides.
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mature peptide; Table S1: Mass Spectrometry (MS) analysis of Prokaryotic products.

Author Contributions: Data curation, ].J., ].G. and M.M.; Formal analysis, J.J., A.Z. and M.M,;
Funding acquisition, J.J., M.M. and Y.M.; Investigation, ]J.G., M.M. and H.W.; Methodology, M.M.
and Y.L.; Project administration, M.M.; Resources, A.Z., M.M. and H.W.; Software, ].G. and M.M.;
Supervision, M.M.; Validation, M.M.; Writing—original draft, ].G. and M.M.; Writing—review and
editing, J.J. and M.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Open Project Program of Yazhou Bay Innovation Institute
of Hainan Tropical Ocean University (No. 2022CXYKFKTO06), Hainan Provincial Natural Science
Foundation of China (322RC716, 422MS083), the Scientific Research Foundation of Hainan Tropical
Ocean University (RHDRC202119, RHDRC202206), the National Natural Science Foundation of
China (Grant No. 31302202), the National Key R&D Program of China (2020YFD0901101). Any
fieldwork in this study complied with the current laws of China, where it was performed.

Institutional Review Board Statement: This research was approved by the Animal Care and the
Biosafety Committee at Yazhou Bay Innovation Institute, Hainan Tropical Ocean University (No.
2022CXYKFKTO06, August 2022).

Informed Consent Statement: Not applicable.

Data Availability Statement: Sequence data reported in this study have been deposited in GenBank,
accession no. OK485132.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1.

10.

11.

12.

13.

McBeath, A.J.A.; Snow, M.; Secombes, C.J.; Ellis, A.E.; Collet, B. Expression kinetics of interferon and interferon-induced genes in
Atlantic salmon (Salmo salar) following infection with infectious pancreatic necrosis virus and infectious salmon anaemia virus.
Fish Shellfish Immunol. 2007, 22, 230-241. [CrossRef]

Fu,J.; Yi, Z.; Cui, H,; Song, C.; Yu, M; Liu, Y. Intein-mediated expression and purification of common carp IFN-y and its protective
effect against spring viremia of carp virus. Fish Shellfish Immunol. 2019, 88, 403—406. [CrossRef]

Zou, ].; Gorgoglione, B.; Taylor, N.G.H.; Summathed, T.; Lee, P.-T.; Panigrahi, A.; Genet, C.; Chen, Y.-M.; Chen, T.-Y.; Hassan,
M.U; et al. Salmonids Have an Extraordinary Complex Type I IEN System: Characterization of the IFN Locus in Rainbow Trout
Oncorhynchus mykiss Reveals Two Novel IFN Subgroups. J. Immunol. 2014, 193, 2273-2286. [CrossRef] [PubMed]

Zahradnik, J.; Koldfova, L.; Pafizkovd, H.; Kolenko, P.; Schneider, B. Interferons type II and their receptors R1 and R2 in fish
species: Evolution, structure, and function. Fish Shellfish Immunol. 2018, 79, 140-152. [CrossRef] [PubMed]

Boehm, U.; Klamp, T.; Groot, M.; Howard, J.C. Cellular responses to interferon-y. Annu. Rev. Immunol. 1997, 15, 749-795.
[CrossRef]

Darnell, .E., Jr.; Kerr, LM,; Stark, G.R. Jak-STAT pathways and transcriptional activation in response to IFNs and other extracellular
signaling proteins. Science 1994, 264, 1415-1421. [CrossRef]

Mao, M.-G.; Li, X,; Peralvarez-Marin, A ; Jiang, J.-L.; Jiang, Z.-Q.; Wen, S.-H.; L, H.-Q. Transcriptomic analysis and biomarkers
(Ragl and Igu) for probing the immune system development in Pacific cod, Gadus macrocephalus. Fish Shellfish Immunol. 2015,
44, 622-632. [CrossRef]

Mao, M.-G,; Jiang, J.-L.; Jiang, Z.-Q.; Liu, R.-T.; Zhang, Q.-Y.; Gui, ].-F. Molecular characterization of caspase members and
expression response to Nervous Necrosis Virus outbreak in Pacific cod. Fish Shellfish Immunol. 2018, 74, 559-566. [CrossRef]

Gu, J.; Zhan, A.-]; Jiang, ].-L.; Chen, Y.; Xu, J.; Ye, L.; Mao, M.-G. Conserved function of pacific cod caspase-3 in apoptosis. Gene
2020, 732, 144370. [CrossRef]

Green, M.R.; Sambrook, ]J. Molecular Cloning: A Laboratory Manual (Fourth Edition): Three-Volume Set; Cold Spring Harbor
Laboratory Pr.: New York, NY, USA, 2012.

Jiang, H.; Qiao, HW.; Cong, Z.; Tong, W.; Wei, Q. Plaque Assay in SARS-CoV Titration. Chin. ]J. Comp. Med. 2009, 8, 65-66.
[CrossRef]

Zou, J.; Carrington, A.; Collet, B.; Dijkstra, ].M.; Yoshiura, Y.; Bols, N.; Secombes, C. Identification and Bioactivities of IFN-y in
Rainbow Trout Oncorhynchus mykiss: The First Th1-Type Cytokine Characterized Functionally in Fish. J. Immunol. 2005, 175,
2484-2494. [CrossRef] [PubMed]

Menzella, H.G. Comparison of two codon optimization strategies to enhance recombinant protein production in Escherichia coli.
Microb. Cell Factories 2011, 10, 15. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/v14102304/s1
https://www.mdpi.com/article/10.3390/v14102304/s1
http://doi.org/10.1016/j.fsi.2006.05.004
http://doi.org/10.1016/j.fsi.2019.03.022
http://doi.org/10.4049/jimmunol.1301796
http://www.ncbi.nlm.nih.gov/pubmed/25080482
http://doi.org/10.1016/j.fsi.2018.05.008
http://www.ncbi.nlm.nih.gov/pubmed/29742458
http://doi.org/10.1146/annurev.immunol.15.1.749
http://doi.org/10.1126/science.8197455
http://doi.org/10.1016/j.fsi.2015.03.032
http://doi.org/10.1016/j.fsi.2018.01.004
http://doi.org/10.1016/j.gene.2020.144370
http://doi.org/10.3969/j.issn.1671-7856.2009.08.018
http://doi.org/10.4049/jimmunol.175.4.2484
http://www.ncbi.nlm.nih.gov/pubmed/16081820
http://doi.org/10.1186/1475-2859-10-15
http://www.ncbi.nlm.nih.gov/pubmed/21371320

Viruses 2022, 14, 2304 12 of 12

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

Chen, J.; Zhang, Y.; Tang, Z.; Mao, J.; Kuang, Z; Qin, C.,; Li, W. Production of recombinant orange-spotted grouper
(Epinephelus coioides) follicle-stimulating hormone (FSH) in single-chain form and dimer form by Pichia pastoris and their
biological activities. Gen. Comp. Endocrinol. 2012, 178, 237-249. [CrossRef] [PubMed]

Karbalaei, M.; Rezaee, S.A.; Farsiani, H. Pichia pastoris: A highly successful expression system for optimal synthesis of heterologous
proteins. |. Cell. Physiol. 2020, 235, 5867-5881. [CrossRef] [PubMed]

Aird, S.D. Nucleoside composition of Heloderma venoms. Comp. Biochem. Physiol. Part B Biochem. Mol. Biol. 2008, 150, 183-186.
[CrossRef] [PubMed]

Apweiler, R.; Hermjakob, H.; Sharon, N. On the frequency of protein glycosylation, as deduced from analysis of the SWISS-PROT
database. Biochim. Biophys. Acta-Gen. Subj. 1999, 1473, 4-8. [CrossRef]

Jun, L.L; Xin, D.U.; Moghaddam, S.H.; Chen, Y. The research progress in protein glycosylation modification. Bull. Sci. Technol.
2009, 6, 773-778. [CrossRef]

Pijanowski, L.; Scheer, M.; Verburg-van Kemenade, B.M.L.; Chadzinska, M. Production of inflammatory mediators and extracellu-
lar traps by carp macrophages and neutrophils in response to lipopolysaccharide and/or interferon-y2. Fish Shellfish Immunol.
2015, 42, 473-482. [CrossRef] [PubMed]

Sun, L.; Xiao, J.; Miao, Q.; Feng, W.-X.; Wu, X.-R.; Yin, Q.-Q.; Jiao, W.-W,; Shen, C ; Liu, E; Shen, D.; et al. Interferon gamma release
assay in diagnosis of pediatric tuberculosis: A meta-analysis. FEMS Immunol. Med. Microbiol. 2011, 63, 165-173. [CrossRef]
[PubMed]

Yu, E-F; Zhang, Y.-B,; Liu, T.-K,; Liu, Y,; Sun, E; Jiang, J.; Gui, J.-F. Fish virus-induced interferon exerts antiviral function through
Statl pathway. Mol. Immunol. 2010, 47, 2330-2341. [CrossRef] [PubMed]

Zhang, Z.R. Cultural Cytology and Technique for Cell Culture; Shanghai Science and Technology Press: Shanghai, China, 2004.

Xu, TJ.; Chen, S.L. Progress of major histocompatibility complex (MHC) and relevant gene research in fish. Mar. Fish Res. 2008,
29, 116-126.

Cuesta, A.; Meseguer, J.; Esteban, M. Cloning and regulation of the major histocompatibility class I alpha gene in the teleost fish
gilthead seabream. Fish Shellfish Immunol. 2007, 22, 718-726. [CrossRef] [PubMed]

Lu, M.-W,; Chao, Y.-M.; Guo, T.-C.; Santi, N.; Evensen, &.; Kasani, S.K.; Hong, J.-R.; Wu, ].-L. The interferon response is involved in
nervous necrosis virus acute and persistent infection in zebrafish infection model. Mol. Immunol. 2008, 45, 1146-1152. [CrossRef]
[PubMed]

Li, D.M. Immunoprotection of Grass Carp (Ctenopharyngodon Idella) with Recombinant Interferon rCilFN; Nanchang University:
Nanchang, China, 2013.


http://doi.org/10.1016/j.ygcen.2012.05.009
http://www.ncbi.nlm.nih.gov/pubmed/22684083
http://doi.org/10.1002/jcp.29583
http://www.ncbi.nlm.nih.gov/pubmed/32057111
http://doi.org/10.1016/j.cbpb.2008.02.012
http://www.ncbi.nlm.nih.gov/pubmed/18430599
http://doi.org/10.1016/S0304-4165(99)00165-8
http://doi.org/10.3969/j.issn.1001-7119.2009.06.015
http://doi.org/10.1016/j.fsi.2014.11.019
http://www.ncbi.nlm.nih.gov/pubmed/25453727
http://doi.org/10.1111/j.1574-695X.2011.00838.x
http://www.ncbi.nlm.nih.gov/pubmed/22077219
http://doi.org/10.1016/j.molimm.2010.05.282
http://www.ncbi.nlm.nih.gov/pubmed/20627394
http://doi.org/10.1016/j.fsi.2006.08.005
http://www.ncbi.nlm.nih.gov/pubmed/17052917
http://doi.org/10.1016/j.molimm.2007.07.018
http://www.ncbi.nlm.nih.gov/pubmed/17727953

	Introduction 
	Materials and Methods 
	Fish, Cell Culture, Virus and Reagents 
	Molecular Cloning and Sequence Analysis of GmIFN– 
	Expression Pattern of GmIFN– in G. macrocephalus 
	Preparation of Recombinant Plasmid 
	Prokaryotic Expression and Purification 
	Yeast Expression and Isolation of GmIFN– 
	Antivirus Effects of GmIFN– 
	Immunoregulation of GmIFN– in the EPC Cell Line 
	Zebrafish Immune Response to GmIFN– by Oral Route 

	Results 
	Bioinformatic Analysis of GmIFN– 
	Expression Profiles of GmIFN– 
	Exogenous Expression of GmIFN– 
	GmIFN– Inhibits SVCV Growth 
	MICA Expression in EPC Induced by GmIFN– 
	Response of Zebrafish Interferon System to Yeast Expressed GmIFN– 

	Discussion 
	Evolution and Conservation of GmIFN– Protein 
	Expression of GmIFN– In Vivo and In Vitro 
	Function analysis of GmIFN– 

	References

