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Abstract: Hepcidin antimicrobial peptides are difficult to produce in prokaryotic expression systems
due to their complex structure and antimicrobial activity. Although synthetic hepcidin provides
an alternative to solve this issue, its high cost limits its practical application in various industries.
The present study used zebrafish eggs as bioreactors to produce convict cichlid (Amatitlania nigrofasciata)
hepcidin (AN-hepc) using the oocyte-specific zona pellucida (zp3) promoter. The expression plasmid
pT2-ZP3-AN-hepc-ZP3-EGFP, using EGFP as a reporter of AN-hepc expression, was designed to
establish the transgenic line Tg(ZP3:AN-hepc:ZP3:EGFP) for the expression of AN-hepc. The AN-hepc
peptide was produced successfully in fertilized eggs, as evidenced by RT-PCR and Western
blotting. The AN-hepc-expressing eggs exhibited antimicrobial activity against a variety of
aquatic pathogens and antibiotic-resistant pathogens, suggesting that the AN-hepc expressed in
fish eggs was bioactive. The immunomodulatory effects of AN-hepc-expressing fertilized eggs on
zebrafish innate immunity were evaluated by determining the expression of indicator genes after
feeding with AN-hepc-expressing fertilized eggs for two months. Zebrafish supplementation with
AN-hepc-expressing fertilized eggs significantly increased the expression of innate immunity-related
genes, including IL-1β, IL-6, IL-15, TNF-α, NF-κb, complement C3b, lysozyme and TLR-4a.
The zebrafish administered AN-hepc-expressing eggs exhibited higher cumulative survival than
fish supplemented with wild-type and control eggs after infection with Aeromonas hydrophila
and Streptococcus iniae. In conclusion, the present results showed that supplementation with
AN-hepc-expressing fish eggs enhanced zebrafish innate immunity against pathogenic infections,
suggesting that fertilized eggs containing AN-hepc have the potential to be developed as a food
supplement for improving health status in aquaculture.
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1. Introduction

Fish diseases caused by bacterial pathogens result in high mortality of cultured fish and substantial
economic loss, making them one of the major causes impeding the sustainable development of
aquaculture. For example, Aeromonas hydrophila and Streptococcus iniae are typical pathogens that cause
red fin disease and hemorrhagic septicemia in several freshwater fish species [1,2]. To address these
diseases, antibiotic and antimicrobial chemicals are widely used in aquaculture for prophylactic and
therapeutic purposes. However, the abuse of antibiotic and antimicrobial chemicals has led to the rapid
spread of antimicrobial-resistant pathogens, which impacts on microbial ecology and food-related
risks for human health due to residual chemicals in aquatic products. In light of this issue, alternatives
to antibiotics for disease control are urgently needed. Antimicrobial peptides (AMPs), as critical
components of innate immunity, exert antimicrobial activity and immunomodulatory functions to
enhance piscine host defenses against pathogenic infection. Thus, AMPs offer a promising alternative
for the modulation of immunity in aquatic animals for disease control [3].

Hepcidin is a small cysteine-rich cationic AMP that was first isolated from human urine and
named based on its primary expression in hepatocytes and antimicrobial properties [4]. In addition
to having antimicrobial activity, hepcidin also plays an important role in a variety of physiological
functions, including controlling iron homeostasis [5], depleting extracellular iron to protect against
infection by invading pathogens [6], inhibiting iron metabolism by causing degradation, and occluding
transportation of ferroportin (Fpn), the only known cellular iron exporter in vertebrates [7]. Since the
first piscine hepcidin was isolated from hybrid striped bass [8], hepcidin genes have been isolated and
characterized in more than 40 species of teleost fish [3,9–14]. Among these studies, several reports
have shown that the hepcidin genes are expressed in the liver and immune tissues and respond
to pathogen challenge and inflammation, suggesting that their physiological function is primarily
associated with immunity [15–18]. This hypothesis was verified by examining the antimicrobial
activities and immunomodulatory effects of hepcidin in various fish using synthetic hepcidin peptides.
However, the use of synthetic hepcidin may not completely reveal the structure and biological activity of
native hepcidin. Furthermore, the high cost of synthetic hepcidin is unsuitable for practical aquaculture
applications. Investigators have attempted to produce hepcidin using a prokaryotic expression system
such as recombinant E. coli. However, even though large amounts of AMPs are produced in bacterial
cells, almost all recombinant hepcidin is expressed as insoluble inclusion bodies due to the presence of
complex disulfide bonds [19]. Although bioactive hepcidin peptide can be obtained from inclusion
bodies by denaturation, refolding and purification procedures, the complexity of the process usually
increases the cost and time consumption. Investigations have attempted to solve this issue by fusing
hepcidin with highly soluble partner proteins [20,21]. Pan reported that epinecidin fused with DsRed
protein was expressed as soluble form, and the soluble fusion protein-expressed E. coli could be used
as immunostimulant by oral administration [22]. However, in certain cases, the partner proteins may
cause inactivation of the target hepcidin [23]. Moreover, the separation of hepcidin from its fusion
partner for purifying hepcidin using proteolytic enzymes is highly expensive. Thus, although hepcidin
peptides are efficient immunostimulators of fish against bacterial infection, in practice, it is difficult to
obtain sufficient hepcidin peptide for disease control in aquaculture. Given this issue, a practical and
low-cost strategy to acquire enough bioactive hepcidin is necessary.

The use of transgenic fish as bioreactors is an emerging application for the production
of recombinant proteins. Herein, zebrafish provided an excellent model due to a series of
advantages, including the ease and relatively low cost of maintenance, short generation time
(approximately 3 months), spawning capability throughout the year under optimal temperature
control (approximately 28◦C), ability to acquire large numbers of fertilized eggs (200~300 eggs) from
each pair, ability to achieve complex post-translational modification of eukaryotic proteins, and no
virus that can infect humans and the fish. In addition, gene transfer using the Tol2 transposon
system can be easily manipulated in zebrafish, which exhibits high germline transmission efficiency.
For example, human coagulation factor VII (hVFII) was successfully expressed in zebrafish embryos



Sustainability 2020, 12, 4057 3 of 15

by the cytomegalovirus (CMV) promoter, suggesting that human therapeutic proteins can potentially
be produced in fish eggs [24]; bovine lactoferricin (LFB), ubiquitously expressed in zebrafish under
the β-actin promoter, demonstrates that bactericidal peptides can effectively be produced in zebrafish
eggs for use as a supplement to improve fish immunity against pathogenic infection [25]; tilapia
insulin-like growth factor (IGF)-1 and -2 could be biologically produced and purified from zebrafish
eggs, suggesting that the use of fish eggs as bioreactors is a promising strategy for the production of
heterologous proteins [26]. These examples highlight the fact that transgenic zebrafish, as bioreactors,
can produce highly valuable recombinant proteins in a practical and economical manner.

In our previous study, the convict cichlid (Amatitlania nigrofasciata) hepcidin gene (AN-hepc) was
cloned from liver tissue. The expression of AN-hepc was demonstrated to be significantly induced in the
liver and most tissues after lipopolysaccharide (LPS) challenge. The synthetic AN-hepc peptide showed
a wide spectrum of antimicrobial activity in vitro against a variety of pathogens and revealed in vivo
efficacy in the improvement of disease resistance in pathogen-infected zebrafish [18]. To practically
and economically apply AN-hepc in aquaculture, the present study aimed to use zebrafish eggs as
bioreactors for the production of bioactive AN-hepc peptide using the oocyte-specific zona pellucida
(zp3) promoter. The antimicrobial activity against pathogens and immunomodulatory function of
AN-hepc-expressing zebrafish eggs in fish were evaluated in zebrafish. We expected that the results
could provide reference values for practical applications of AN-hepc in aquaculture.

2. Materials and Methods

2.1. Fish and Bacterial Strains

Adult AB strain wild-type (WT) zebrafish (Danio rerio) were obtained from the Taiwan Zebrafish
Core Facility at Academia Sinica (Taipei, Taiwan). The fish were reared with acclimation in a 120-L
freshwater recirculating aquarium at 28 ◦C with a controlled light cycle of 14 h light/10 h dark and fed
twice daily with a commercial diet (MeM Prime, BERNAQUA, Olen, Belgium). All fish were treated
according to local animal welfare regulations. The experimental protocol was approved (approval no.
NPUST-108-019) by the Institutional Animal Care and Use Committee (IACUC) of NPUST. Zebrafish
embryos used for microinjection were acquired from intercross mating of the AB strain zebrafish.
The source and origin of indicator pathogens, culture conditions and maintenance of pathogens were
performed as described in previous reports [27–29].

2.2. Construction of the AN-hepc Expression Plasmid

The pT2-ZP3-NTR-EGFP vector, including the expression cassette (zona pellucida (zp3) promoter,
nitroreductase (ntr) gene, egfp gene, SV40 polyadenylation signal) and flanks to the expression cassette
of Tol2 transposon arms (500 bp left arm and 500 bp right arm), was used as the backbone to construct
the expression plasmid [30]. A sequence fragment, which comprised the mature AN-hepc gene,
6 histidine tag and SV40 polyadenylation signal, was synthesized and cloned into pT2-ZP3-NTR-EGFP
to replace the ntr gene between the AgeI and EcoRI restriction sites, thereby generating the construct
pT2-ZP3-AN-hepc-EGFP. A 2.2-kb 5′ flanking region of the zona pellucida gene, which is capable of
driving oocyte-specific expression, was synthesized and cloned into pT2-ZP3-AN-hepc-EGFP between
the EcoRI and BamHI restriction sites to generate the expression plasmid pT2-ZP3-AN-hepc-ZP3-EGFP,
in which AN-hepc and EGFP expression were triggered by two independent zp3 promoters.
Moreover, a synthetic EGFP gene was cloned into the pT2-ZP3-NTR-EGFP vector between the
AgeI and ClaI restriction sites to generate the pT2-ZP3-EGFP control plasmid, in which EGFP was
expressed alone under the zp3 promoter.

2.3. Establishment of Transgenic Zebrafish Lines

Transgenic zebrafish lines were generated by the Tol2 transposon system, which was isolated
from medaka (Oryzias latipes) and encoded a functional transposase capable of catalyzing transposition
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and improving the transgenic efficiency of germline transmission. The pCS-TP plasmid encoding the
Tol2 transposase was kindly provided by Dr. Kawakami [31]. Linearization of pCS-TP was performed
by NotI, and the linearized DNA was used as a template for preparing Tol2 transposase mRNA by
using the mMessage mMachine Kit (Ambion, Foster City, USA). To generate stable Tg(ZP3:EGFP)
and Tg(ZP3:AN-hepc:ZP3:EGFP) lines, 100 ng/µl pT2-ZP3-EGFP and pT2-ZP3-AN-hepc-ZP3-EGFP
plasmids, respectively, were coinjected with 100 ng/µl capped Tol2 transposase mRNA into
one-cell-stage embryos. The injected embryos were reared to adults, which, with oocyte-specific
expression of EGFP, were considered transgenic female founders. F1 transgenic offspring were obtained
from the intercrossed transgenic founders by detecting EGFP expression using fluorescence microscopy.
The F2 transgenic eggs from intercrossed F1 transgenic fish were used to characterize AN-hepc
expression and feeding trials.

2.4. Detection of AN-hepc in Fertilized Eggs

For detecting protein expression of AN-hepc in fertilized eggs, two hundred fertilized eggs at 8 h
postfertilization (hpf) were washed with 500 µL of PBS buffer (140 mM NaCl, 2.7 mM KCl, 10 mM
Na2HPO4_12H2O, 1.8 mM KH2PO4; pH 7.3). The washed fertilized eggs were suspended in 200 µL PBS
buffer and homogenized with a small plastic pestle in a 1.5 mL microcentrifuge tube. The supernatant
was collected by centrifugation at 10,000× g for 10 min at 4 ◦C, and then determined the protein
concentration by the Bradford protein assay method using BSA as the standard. A 10 ug of supernatant
protein was separated by 16.5% Tricine SDS-PAGE, and then the blot was electrophoretically transferred
to a PVDF membrane using Bio-Rad protein mini gel apparatus. The membranes were blocked overnight
at 4 ◦C in Tris-buffered saline containing 0.1% Tween 20 and 5% skimmed milk. The blots were probed
with anti-mouse 6x-his tag monoclonal antibody (MA1-21315, Thermo), anti-rabbit GFP polyclonal
antibody (GTX 113617, GeneTex) and anti-rabbit β-actin polyclonal antibody (GTX 109639, GeneTex).
Following washes, the blots were incubated with horseradish peroxidase (HRP)-conjugated goat
anti-mouse IgG (GTX 213111-01, GeneTex) and goat anti-rabbit IgG (GTX 213110-01, GeneTex) at
a 1:5000 dilution for 2 h. Detection of immunoreactive proteins was performed with an ECL system
(Amersham Biosciences Corp., Piscataway, NJ, USA).

2.5. Bacteriostatic Activity of Tg(ZP3:AN-hepc:ZP3:EGFP) Zebrafish Eggs by Disk Diffusion Assay

One hundred fertilized eggs at 6 h postfertilization (hpf) from WT, Tg(ZP3:EGFP) and
Tg(ZP3:AN-hepc:ZP3:EGFP) zebrafish, respectively, were collected in a 1.5-mL microcentrifuge
tube containing 100 µL of PBS and homogenized by a plastic homogenizer probe. After centrifuging
at 17,500× g for 15 min at 4 ◦C to collect the supernatant fraction, 100 µL of the supernatant was
loaded on an 8-mm filter disk (Tokyo Roshi Kaisha, Ltd., Japan) that was attached on the surface
of a TBS agar plate containing a variety of indicator pathogens at a concentration of approximately
1.0 × 106 CFU/mL. The TSB agar plate was incubated at 28 ◦C for 24 h, and then the diameter of the
clear zone surrounding the filter disks was measured to evaluate the antimicrobial potency of the
AN-hepc-expressing fish eggs.

2.6. Fish Husbandry and Feeding Trial

Two-month-old juvenile zebrafish (D. rerio) with an average body weight of 0.82 ± 0.06 cm and
body length of 3.86 ± 0.36 g were randomly divided into three groups. Thirty fish per group were
cultured in a 10-L acrylic tank at 28 ◦C, and each group was tested in triplicate. The formulation and
preparation of the basal diet, which comprised 39.2% crude protein and 8% crude lipid, were described
in a previous report [28,32]. Fertilized zebrafish eggs at the one-cell stage used as a supplement were
collected respectively from intercrosses of WT, F1 Tg(ZP3:EGFP) and F1 Tg(ZP3:AN-hepc:ZP3:EGFP).
The fish were fed twice daily with the basal diet at 1% of body weight and supplemented with 150 WT
fertilized zebrafish eggs (WT group) or fed the basal diet and supplemented with 150 F2 Tg(ZP3:EGFP)
fertilized eggs (Con group) or 150 F2 Tg(ZP3:AN-hepc:ZP3:EGFP) fertilized eggs (AN-hepc group) for
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two months. After two months feeding trial, innate immune parameter genes and pathogen challenge
tests were evaluated.

2.7. Detection of Innate Immune-Related Genes by Real-Time Polymerase Chain Reaction

Six zebrafish from the WT, Con and AN-hepc groups were sampled, and total RNA from the
whole bodies of the fish was extracted using TriPure isolation reagent (Roche, Mannheim, Germany).
cDNA synthesis was carried out by an iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA)
according to the manufacturer’s instructions. The expression levels of indicator genes involved in
innate immune responses were determined by quantitative PCR (Applied Biosystems StepOnePlus,
Foster City, CA, USA). The expression of elongation factor (EF)-1α was used as an internal control.
The specific primers used for detecting each gene are described in previous reports [28,33] and listed
in Table 1. Quantitative PCR was conducted using SYBR Green PCR reagent, and the amplification
program was carried out as follows: 60 ◦C for 2 min; 95 ◦C for 10 min; and 40 cycles of denaturing at
95 ◦C for 15 s, annealing and primer extension at 60 ◦C for 1 min. Equal quantities of total RNA from
three fish were mixed and examined in triplicate for each condition. The relative expression level of
each gene normalized to EF-1α expression was expressed as the mean ± standard error (S.E.).

Table 1. Primer sequences used in this study.

Gene Name Forward Primer Sequence Reverse Primer Sequence PCR Product Size (bp) Accession
Number

Interleukin-1β (IL-1β) TGGACTTCGCAGCACAAAATG CACTTCACGCTCTTGGATGA 147 AY340959
Interleukin-6 (IL-6) TCAACTTCTCCAGCGTGATG TCTTTCCCTCTTTTCCTCCTG 73 JN698962
Interleukin-15 (IL-15) ATGTCATTGGAACTCAGAGGTTT CTGTTCTGGATGTCCTGCTTGA 100 BC162843
Tumor necrosis factor-α (TNF-α) AAGGAGAGTTGCCTTTACCG ATTGCCCTGGGTCTTATGC 152 BC165066
Nuclear factor kappa B (NF-κB) AAGAGGACCAAAATAAGCACAG TCCAAGGTACATCGCCATGA 100 AY163838
Complement component C3b CGTCTCCGTACACCATCCATT GGCGTCTCATCAGGATTTGTTAC 100 NM_131243
Lysozyme CGTGGATGTCCTCGTGTGAAG CCAATGGAGAATCCCTCAAA 100 NM_139180
Toll-like receptor-4a (TLR-4a) TTTCAGATGCCACATCAGA TCCACAAGAACAAGCCTTTG 150 EU551724
Elongation factor-1α (EF-1α) AACAGCTGATCGTTGGAGTCAA TTGATGTATGCGCTGACTTCCT 100 AY422992

2.8. Evaluation of Disease Resistance by Challenge Test

The cultivation, preparation and determination of the median lethal dose (LD50) of the pathogens
A. hydrophila and S. iniae for the challenge test were conducted according to a previously described
protocol [28]. Briefly, A. hydrophila and S. iniae were cultured in TSB and incubated at 28 ◦C for 24 h.
Bacterial cells were collected after centrifugation at 6100× g for 15 min at 4 ◦C and resuspended in
distilled water to adjust the cell concentration. The 7-day LD50 was determined by intraperitoneal
(i.p.) injection of serial doses of A. hydrophila and S. iniae separately (105, 106, 107, and 108 CFU/fish)
into 10 fish. At the end of the feeding experiment, the effect of AN-hepc-expressing zebrafish eggs
on cumulative survival was evaluated by intraperitoneal (i.p.) injection of each fish with 20 µl of
A. hydrophila and S. iniae solution (equal to the LD50 dose of 1.0 × 106 CFU and 1 × 105 CFU per fish,
respectively). Fish fed the basal diet and WT zebrafish eggs and injected with saline or pathogens were
used as the negative and positive controls, respectively. Injected fish (15 fish per tank) were cultured
in a cylinder aquarium containing 10 L of fresh water at 28 ◦C. Each group was tested in triplicate.
Challenged fish with infectious symptoms and dead fish were removed from the tanks. The cumulative
survival in each group was recorded for 7 days post injection.

2.9. Statistical Analysis

Statistical differences in multiple-group comparisons of relative gene expression levels between
groups were performed using one-way analysis of variance (ANOVA) and Tukey’s multiple comparison
tests. A probability value of less than 0.05 (p < 0.05) was considered a significant difference between the
data presented in each group. Data analysis of cumulative survival in the challenge test was conducted
by the Kaplan–Meier method using SAS software (SAS Institute, Cary, NC, USA).
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3. Results

3.1. Establishment of Transgenic Zebrafish with Oocyte-Specific Expression of AN-hepc

The expression plasmids pT2-ZP3-AN-hepc-ZP3-EGFP encoding recombinant A. nigrofasciata
hepcidin (AN-hepc) and EGFP were triggered by the oocyte-specific zp3 promoter (Figure 1A).
The chimeric plasmid utilized EGFP as a reporter to monitor the oocyte-specific expression of
recombinant hepcidin, which included the first amino acid methionine at the N-terminus of the
mature hepcidin and six histidine residues at the C-terminus for detecting hepcidin expression
by a His-tag antibody (Figure 1B). In addition, the plasmid pT2-ZP3-EGFP encoding EGFP alone
was used to establish a control transgenic line. Both plasmids (pT2-ZP3-AN-hepc-ZP3-EGFP and
pT2-ZP3-EGFP) and Tol2 transposon mRNA were coinjected into fertilized zebrafish eggs at the
one-cell stage to establish transgenic lines. Subsequently, the control transgenic lines Tg(ZP3:EGFP)
and Tg(ZP3:AN-hepc:ZP3:EGFP) were successfully generated by Tol2 transposon-mediated integration
of expression cassettes integrated into genomic DNA and characterized by EGFP specifically expressed
in oocytes. The injected fish with genomic integration of the expression cassette were considered
transgenic female founders (F0). EGFP expression was specifically located in the oocytes of F0 female
Tg(ZP3:EGFP) and Tg(ZP3:AN-hepc:ZP3:EGFP) at one month post fertilization (Figure 2B,C). The F1
fertilized eggs from the intercrossed F0 transgenic fish exhibited maternal expression of EGFP protein
and appeared intensely green under fluorescence (Figure 2E,F). These results potentially elucidated that
AN-hepc is strongly expressed in F1 Tg(ZP3:AN-hepc:ZP3:EGFP) fertilized eggs and that transgenic
fertilized eggs are a potential source of AN-hepc production.
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Figure 1. The expression plasmid pT2-ZP3-AN-hepc-ZP3-EGFP was used in this study. (A) The
expression cassette of the pT2-ZP3-AN-hepc-ZP3-EGFP plasmid expressed AN-hepc and enhanced
green fluorescent protein (EGFP) separately under the oocyte-specific zona pellucida (zp3) promoter.
The Tol2 transposon elements were flanked with expression cassettes to enhance genomic integration.
(B) EGFP was used as a reporter to monitor AN-hepc expression. Six histidine residues fused to the
C-terminus of AN-hepc were easily detected by a His-tag antibody.
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Figure 2. Transgenic zebrafish with oocyte-specific expression of AN-hepc and/or EGFP. (A) Wild-type
zebrafish at 30 days post fertilization. (B and C) The expression of EGFP was specifically localized
on the ovaries of F0 Tg(ZP3:EGFP) and Tg(ZP3:AN-hepc:ZP3:EGFP) at 30 days post fertilization.
(D, E and F) F1 fertilized eggs harvested from intercrossed wild type, F1 Tg(ZP3:EGFP) and F1
Tg(ZP3:AN-hepc:ZP3:EGFP), respectively.

3.2. Expression of AN-hepc in Transgenic Fish Eggs

To confirm that the expression plasmids were integrated into F1 transgenic fish, the AN-hepc and
EGFP genes were detected by PCR using genomic DNA as a template. The AN-hepc gene was only
detected in F1 female Tg(ZP3:AN-hepc:ZP3:EGFP), and the EGFP gene was detected in Tg(ZP3:EGFP)
and Tg(ZP3:AN-hepc:ZP3:EGFP), suggesting that genomic integration of the expression cassette
had occurred in the F1 female transgenic line (Figure 3A). The mRNA expression of AN-hepc in F2
Tg(ZP3:AN-hepc:ZP3:EGFP) fertilized eggs was confirmed by RT-PCR. Naturally, the mRNA expression
of EGFP was detected in EGFP-expressing F2 Tg(ZP3:EGFP) and Tg(ZP3:AN-hepc:ZP3:EGFP) fertilized
eggs. The mRNA expression of the AN-hepc gene was detected in only Tg(ZP3:AN-hepc:ZP3:EGFP)
fertilized eggs, suggesting that the AN-hepc gene was expressed in F2 Tg(ZP3:AN-hepc:ZP3:EGFP)
fertilized eggs (Figure 3B). To further confirm the production of the AN-hepc peptide, 16.5%
Tricine-SDS-PAGE of soluble protein extracts from F2 Tg(ZP3:EGFP) and Tg(ZP3:AN-hepc:ZP3:EGFP)
fertilized eggs was conducted and characterized by EGFP and the His-tag antibody. Similarly, EGFP was
detected in F2 Tg(ZP3:EGFP) and Tg(ZP3:AN-hepc:ZP3:EGFP) fertilized eggs. A band with a size
lower than 5 kDa corresponding to the molecular weight of recombinant AN-hepc peptide was
detected in the protein sample of Tg(ZP3:AN-hepc:ZP3:EGFP) fertilized eggs by the His-tag antibody
(Figure 3C). These results showed that EGFP could adequately reflect the extent of AN-hepc expression,
and zebrafish eggs could be effectively used as bioreactors to produce the AN-hepc peptide
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(A) Genomic integration and germline transmission of the expression cassette in the F1 fertilized
eggs of Tg(ZP3:AN-hepc:ZP3:EGFP) inherited from transgenic founders was confirmed by PCR.
(B) AN-hepc mRNA expression was detected in fertilized eggs of F2 Tg(ZP3:AN-hepc:ZP3:EGFP) by
RT-PCR. EF-1a was used as an internal control. (C) AN-hepc peptide produced in fertilized eggs of F2
Tg(ZP3:AN-hepc:ZP3:EGFP) was detected by western blotting using His-tag antibody. β-actin was
used as an internal control. Lane M: molecular marker; lane WT: wild-type zebrafish; lane C-TG:
Tg(ZP3:EGFP); lane A-TG: Tg (ZP3:AN-hepc:ZP3:EGFP).

3.3. Antimicrobial Spectrum of the AN-hepc Peptide from Transgenic Fish Eggs

Antimicrobial activity is an important indicator of antimicrobial peptide bioactivity. To confirm
whether the fish egg-expressed AN-hepc exhibited biological activity, the antibacterial activity of cell-free
extracts of transgenic zebrafish fertilized eggs was determined by a disk diffusion test. An obvious
inhibitory zone was observed in the protein extract sample of F2 Tg(ZP3:AN-hepc:ZP3:EGFP) fertilized
eggs, whereas samples from F2 Tg(ZP3:EGFP) fertilized eggs had no inhibitory zone (Supplementary
Figure S1). The results demonstrated that AN-hepc expressed from transgenic zebrafish eggs is bioactive.
The antimicrobial spectrum of AN-hepc from transgenic fish eggs was evaluated against a variety
of pathogens. As shown in Table 2, the F2 Tg(ZP3:AN-hepc:ZP3:EGFP) fertilized eggs exhibited
antimicrobial activity against the aquatic pathogens A. hydrophila, S. agalactiae, S. iniae, Vibrio alginolyticus,
Vibrio parahaemolyticus, Vibrio vulnificus, and Debaryomyces hansenii. Notably, the AN-hepc peptide
from F2 Tg(ZP3:AN-hepc:ZP3:EGFP) fertilized eggs exhibited antimicrobial potency against the
antibiotic-resistant pathogens V. alginolyticus and V. parahaemolyticus, suggesting its potential as an
alternative to antibiotics for treating antibiotic-resistant pathogenic infections (Table 2).

Table 2. Antimicrobial potency of the AN-hepc-expressing zebrafish eggs against various pathogens.

Pathogens Antimicrobial Activity a

Aeromonas hydrophila +++
Streptococcus agalactiae ++
Streptococcus iniae +++

Vibrio alginolyticus b ++

Vibrio parahaemolyticus b ++
Vibrio vulnificus ++
Debaryomyces hansenii +

a Antimicrobial potency was determined by the disk diffusion test. +++, ++ and + indicate clear zone diameters
of >1.2 cm, between 1.0 and 1.2, and <1.0 cm, respectively. All assays were performed in triplicate. b indicates
antibiotic-resistant pathogens.

3.4. Supplementation with Zebrafish Eggs Containing AN-hepc Improves Innate Immunity

The expression levels of immune-related genes, including interleukin (IL)-1β, IL-6, IL-15,
tumor necrosis factor (TNF)-α, nuclear factor (NF)-κB, complement component 3b (C3b), lysozyme and
toll-like receptor (TLR)-4α, were used as parameters to judge the health status of fish. The expression
levels of IL-1β (p < 0.001 for AN-hepc vs. WT and AN-hepc vs. Con), IL-6 (p = 0.002 for AN-hepc
vs. WT and AN-hepc vs. Con), IL-15 (p = 0.002 for AN-hepc vs. WT and AN-hepc vs. Con), TNF-α
(p < 0.001 for AN-hepc vs. WT and AN-hepc vs. Con), NF-κB (p = 0.002 for AN-hepc vs. WT and
AN-hepc vs. Con), C3b (p = 0.002 for AN-hepc vs. WT and AN-hepc vs. Con), lysozyme (p < 0.001 for
AN-hepc vs. WT and AN-hepc vs. Con) and TLR-4a (p < 0.001 for AN-hepc vs. WT and AN-hepc vs.
Con) in fish from the AN-hepc group were significantly higher than those in fish from the WT and
Con groups. The expression levels of the tested genes in fish were not significantly different between
the WT and Con groups (Figure 4). The obvious induction in the expression of immune parameters
in fish from the AN-hepc group suggested that supplementation with eggs expressing the AN-hepc
antimicrobial peptide improved innate immunity in zebrafish.
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Figure 4. Relative expression levels of immune-related genes in zebrafish supplemented with wild-type
zebrafish fertilized eggs (WT), Tg(ZP3:EGFP) fertilized eggs (Con) and Tg(ZP:AN-hepc:ZP3:EGFP)
fertilized eggs (AN-hepc) for 2 months. (A) IL-1β (B) IL-6 (C) Il-15 (D) TNF-α (E) NF-κB (F) C3b (G)
lysozyme (H) TLR-4a. The data are presented as the mean ± S.E. from six individual samples (n = 6).
Values indicated by the bars with different letters indicate significant differences.

3.5. Zebrafish Eggs Containing AN-hepc Enhance Disease Resistance

Dietary supplementation with AN-hepc-expressing fish eggs improved innate immunity in
zebrafish, prompting us to investigate the efficacy of AN-hepc on disease resistance against A. hydrophila
and S. iniae. As shown in Figure 5, the survival rate at 7 days post infection was maintained at 98
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± 3.84% and 100% for fish fed WT zebrafish eggs and injected with saline. The survival rate in
zebrafish fed WT zebrafish eggs and injected with A. hydrophila or S. iniae dramatically declined
during the first 4 days post infection, and then, a stable survival rate was maintained until 7 days
post infection. The survival rates of fish in the WT and Con groups at 7 days post infection challenge
with A. hydrophila or S. iniae were 24% ± 3.84% and 27% ± 6.67% or 13% ± 6.67%, and 18% ± 3.84%,
respectively. The cumulative survival of fish exhibited no significant difference between the WT and
Con groups challenged with A. hydrophila (p = 0.961) or S. iniae (p = 0.47). Notably, the survival rates
of fish in the AN-hepc groups at 7 days post infection challenge with A. hydrophila or S. iniae were
48.9% ± 3.84%, and 48.8% ± 6.67%, respectively. The fish in the AN-hepc group exhibited an obviously
increased survival rate at 7 days post infection with A. hydrophila or S. iniae compared to fish from
the WT (p = 0.029 for A. hydrophila; p = 0.002 for S. iniae) and Con groups (p = 0.03 for A. hydrophila;
p = 0.005 for S. iniae). The results suggested that fish supplemented with fish eggs containing AN-hepc
showed enhanced disease resistance against A. hydrophila or S. iniae infection.
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Figure 5. Cumulative survival rates of zebrafish challenged with (A) A. hydrophila and (B) S. iniae after
supplemented with wild-type zebrafish fertilized eggs (WT), Tg(ZP3:EGFP) fertilized eggs (Con) and
Tg(ZP:AN-hepc:ZP3:EGFP) fertilized eggs (AN-hepc) for 2 months. The cumulative survival curve
with different letters indicates a significant difference according to Kaplan–Meier analysis.

4. Discussion

Prokaryotic expression systems such as E. coli bacteria are widely used for the production of
heterologs; however, the production of the antimicrobial peptide hepcidin cannot be executed very
successfully in E. coli. This may be attributed to the complex structure of the multiple disulfide bonds
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than prevent correct folding in the reductive environment of the cytoplasm and to the bactericidal
activity, which is harmful to the E. coli host. Thus, hepcidin is usually produced as an inactive
inclusion body in E. coli and requires complex renaturation procedures prior to the purification
step [19]. Given this issue, an alternative strategy was required for hepcidin production. The present
study established transgenic zebrafish in which AN-hepc was specifically expressed in eggs by the
oocyte-specific zp3 promoter. Unlike other cases in which recombinant proteins are ubiquitously
expressed in transgenic fish [24,25,34], the present study showed that AN-hepc can specifically
accumulate during oogenesis; thus, fertilized eggs can be used as a source to produce AN-hepc
without sacrificing fish. Expression of AN-hepc in transgenic fertilized eggs has been shown at the
mRNA and protein levels by RT-PCR and Western blotting, demonstrating that AN-hepc is indeed
produced in transgenic zebrafish eggs. In the present study, the biological activity of AN-hepc
from transgenic fish eggs was confirmed by demonstrating its antimicrobial activity against diverse
pathogens. Although AN-hepc was not purified from transgenic fish eggs, the cell-free supernatant
from transgenic fish eggs exhibited antimicrobial activity, demonstrating that AN-hepc is produced as
a soluble and bioactive protein in zebrafish eggs.

AMPs differ from conventional antibiotics and are often gene encoded and ribosomally synthesized
peptides that respond to pathogens invading the innate immunity of the host. AMPs have been
suggested as a potential alternative to classic antibiotics due to their immunomodulatory function
and relatively low potential to elicit resistance [35]. In the present study, the AN-hepc-expressing
fish eggs exhibited antimicrobial activity against aquatic pathogens and antibiotic-resistant aquatic
pathogens, suggesting the potential of AN-hepc as an antimicrobial alternative to antibiotics in
aquaculture. The present results showed that zebrafish fed AN-hepc-expressing eggs exhibited
significantly increased cumulative survival after challenge with A. hydrophila and S. iniae, suggesting that
supplementation with AN-hepc-expressing eggs can enhance resistance to pathogenic infections in
fish. Although zebrafish is not a farmed fish in aquaculture, zebrafish have been widely have been
used as model for several aquaculture-relevant infectious agents [36]. Investigations have reported
that the probiotic immunostimulant exerts similar beneficial effects on zebrafish and Nile tilapia
(O. niloticus), suggesting that the research performance in zebrafish could be reflected in farmed fish.
Moreover, investigations have reported that grass carp (Ctenopharyngodon idellus) supplemented with
recombinant Ctenopharyngodon idellus hepcidin (CiHep) could modulate immune responses and protect
C. idellus against Flavobacterium columnare infection [37,38]. Grouper (Epinephelus lanceolatus) dietary
supplemented with recombinant tilapia hepcidin 2-3 enhances immunity against Vibrio alginolyticus
infection [39]. These results potentially implied the immunomodulatory function and protective
effect of AN-hepc-expressing eggs on the zebrafish response to bacterial infection can be presented in
farmed fish.

Biological compounds, such as β-Glucans, bioactive alginate, plant and animal extracts, vitamin E
and probiotics, as immunostimulants have been widely studied in aquaculture for enhancing innate or
non-specific cellular and humoral defense mechanism and preventing diseases in fish and shellfish. It is
quite important to apply the immunostimulants at effective dosage. Treatment of immunostimulants
overdose may cause adverse impacts in host [40]. In preliminary experiment, zebrafish supplement
with 50, 100 and 150 of F2 Tg (ZP3:AN- hepc:ZP3:EGFP) fertilized eggs were evaluated in challenge test,
respectively. Zebrafish reveled protect potency against S. iniae infection only in the presence of 150 F2
Tg(ZP3:AN-hepc:ZP3:EGFP) fertilized eggs, and exhibited healthy physiological state. Thus, the dose
was choice to evaluate the immunomodulatory function on zebrafish. In this study, the expression
of innate immune indicator genes in zebrafish after feeding with AN-hepc-expressing fish eggs
was investigated to demonstrate the immunostimulatory function of AN-hepc. Cytokines secreted
by specific immune cells act as intercellular messenger molecules in initiating the innate immune
response to regulate the host defense against pathogenic infections. The proinflammatory cytokines
IL-1β, IL-6 and TNF-α are produced predominantly by activated macrophages or monocytes during
phagocytosis and assist the host in initiating an inflammatory response and activating immune cells to
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eliminate the invading pathogens. IL-15 secreted primarily from activated macrophages, monocytes
and lymphocytes plays an important role in maintaining the development, differentiation, and survival
of natural killer (NK) cells, which are bone marrow-derived lymphocytes that play crucial roles in the
immune defense against pathogenic infections [41]. The transcription factor NF-kB acts as a central
regulator of the proinflammatory signaling pathway to trigger the expression of cytokines, chemokines,
and adhesion molecules and modulate innate immune functions [42]. Reports have shown that
the NF-kB subunit regulates IL-6 transcription in flounder [43] and rainbow trout (Oncorhynchus
mykiss) [44] and mediates TNF-α-activated IL-6 expression in gilthead seabream (Sparus aurata) [45],
suggesting the importance of NF-κB in teleost immunity. Moreover, TNF-α cloned from grass carp
(Ctenopharyngodon idella) has been characterized as being involved in the NF-κB signaling pathway
to regulate TNF-α and IL-1β expression in head kidney leukocytes, suggesting the importance of
the link between TNF-α and NF-κB in modulating fish immunity [46]. The present study showed
a significant increase in IL-1β, IL-6, IL-15, TNF-α and NF-κB in zebrafish fed AN-hepc-expressing
fish eggs, suggesting that AN-hepc-expressing fish eggs could modulate innate immunity. TLR-4
is a class of pattern recognition receptors (PRRs), which are highly conserved receptors that can
recognize pathogen-associated molecular patterns (PAMPs). TLR-4 has been recognized as a sensor of
gram-negative LPS; thus, it is presented as the first line of defense against infections. The complement
system is made up of a series of distinct complement proteins that react with one another to augment
the opsonization of pathogens by activating phagocytic cells and enhance the antibody-mediated
killing of pathogens by attacking the cell membrane [47]. C3b, which is the main effector molecule of
the complement system, acts as an opsonin that binds covalently to the surface of the pathogen and
mediates the destruction of the pathogen by phagocytes [48]. Lysozyme produced by neutrophils and
macrophages is an antimicrobial enzyme that plays a pivotal role in the prevention of bacterial infections
by hydrolyzing the 1,4-β-linkages between N-acetylmuramic acid and N-acetyl-D-glucosamine in
the peptidoglycan of the bacterial cell wall. Moreover, the lysozyme-mediated lysis of peptidoglycan
can be recognized by PPRs, thereby activating phagocytosis and the complement system in the
host [49]. The present results showing increased expression of the TLR-4a, C3b and lysozyme genes in
zebrafish supplemented with AN-hepc-expressing eggs suggest that AN-hepc can improve lysozyme
and complement activity in the innate immune system and enhance defensive recognition against
pathogenic infection.

In conclusion, the present study demonstrated that AN-hepc was successfully expressed in
transgenic fish eggs using an oocyte-specific promoter. The AN-hepc-expressing eggs exhibited
antimicrobial bioactivity against diverse aquatic pathogens, suggesting the potential application
of AN-hepc in aquaculture. Zebrafish supplemented with AN-hepc-expressing eggs exhibited not
only increased expression of innate immune-related genes but also enhanced disease resistance to
A. hydrophila and S. iniae infections. The present study is the first to use fish eggs to produce AN-hepc,
and the results suggest that AN-hepc-expressing eggs could be used to produce AN-hepc and be
developed as a supplement for immunomodulation in aquaculture.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/12/10/4057/
s1, Figure S1 Antibacterial activity of AN-hepc from transgenic fish eggs against (A) V. vulnificus and (B)
methicllin-resistance S. aureus. (C) and (D) represented V. vulnificus and methicllin-resistance S. aureus resistant
to ampicillin and kanamycin.
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