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Abstract: Antimicrobial peptides (AMPS) are ancestral components in the evolution of immunity from
protozoans to metazoans. Their expression can be constitutive or inducible by infectious challenge.
Although characterized in detail in their structure and activity, the temporal and spatial expression of
AMPS during vertebrate embryogenesis is still poorly understood. In the present study, we identified
selected AMPs in zebrafish, and characterized their expression during early development, and
upon experimental immune challenge in adult animals, with the goal of establishing this
genetically-tractable model system for further AMP studies. By mining available genomic databases,
zebrafish AMP sequences homologous to AMPs from other vertebrates were selected for further study.
These included parasin I and its enzyme cathepsin D, β-defensin (DB1), liver-expressed antimicrobial
peptide 2 (LEAP2), bactericidal permeability-increasing protein (BPI), and chromogranin-A and -B
(CgA and CgB). Specific primers were designed for RT-PCR amplification of each AMP gene of
interest and amplicons between 242 bp and 504 bp were obtained from RNA extracted from adult
zebrafish. Sequencing of the amplicons and alignment of their deduced amino acid sequences with
those from AMPs from other vertebrate species confirmed their identity. The temporal expression of
AMPs was investigated by RT-PCR analysis in fertilized oocytes, embryos, and adult individuals.
Parasin I and chatepsin D transcripts were detectable immediately after fertilization, while the
transcripts for CgA and CgB became evident starting at 48 h post fertilization. Mature transcripts of
LEAP2 and DB1 were detectable only in the adult zebrafish, while BPI transcripts were detectable
starting from the 12th day post fertilization. To explore the possible upregulation of AMP expression
by infectious challenge, experiments were carried out in adult zebrafish by intraperitoneal injection
of a cocktail of lipopolysaccharide and lipoteichoic acid. Except for CgA and CgB, amplicons
corresponding to all tested AMPs showed stronger signals in the experimental animals as compared
to the unchallenged controls. This study provided information on the early expression of AMPs in
zebrafish from ontogeny to adulthood and their inducibility by microbials. This information could be
useful to actuate new prophylactic strategies as an alternative to the use of antibiotics in culture.
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1. Introduction

Antimicrobial peptides (AMPs) are widely distributed in organisms playing important roles
in innate immune functions against pathogens by providing a first line of defense [1]. AMPs are
gene-encoded short (<100 amino acids), amphipathic molecules with hydrophobic and cationic amino
acids arranged spatially, which exhibit broad spectrum antimicrobial activity, many of which may
be constitutively present in the cells, and can be induced by pro-inflammatory stimuli [2,3]. In fish,
some AMPs are upregulated in response to pathogens and appear to have direct broad-spectrum
antimicrobial activity towards both human and fish pathogens [4]. To date, more than 2400 AMPs
have been reported in the Antimicrobial Peptide Database (http://aps.unmc.edu/AP/main.php),
and they exhibit remarkable sequence diversity [5] indicating a sort of specification for microorganisms.
The ability of AMPs to protect fish against infections by potential pathogens has been investigated
in the last two decades [6–13]. For example, parasin I is abundant in fish mucus, and is produced
from a precursor molecule, the histone H2A by the enzymatic action of cathepsin D [14]. β-defensin
is abundantly expressed in plants, invertebrates and vertebrates, and possesses a broad spectrum of
antimicrobial activity against Gram-negative and Gram-positive bacteria, fungi and some viruses [15].
In zebrafish, three isoforms of β-defensin have been identified and characterized [16]. However,
although they have been shown as expressed in several tissues (gills, gonads, muscle, kidney, skin,
liver and spleen) [16], at the present time, no studies on β-defensin expression during ontogeny have
been carried out. The liver-expressed antimicrobial peptide 2 (LEAP2) is an antimicrobial peptide
(belonging to the hepcidin family) expressed predominantly in the liver [17]. This peptide, found in
rainbow trout [18] and in embryos and larvae of catfish [19], is inducible by microbial challenge [17,19].
The bactericidal permeability-increasing protein (BPI) is a peptide produced merely from precursors
of phagocytes (macrophages and granulocytes) and is stored as granules in these cells [20]. Lastly,
chromogranins A and B (CgA and CgB) are peptides expressed in neuronal cells, such as chromaffin
cells, and involved in the regulation of the immune response of endocrine cells [21,22].

In this study, we examined the expression of selected AMPs in zebrafish from early embryos
to adults, with the ultimate goal of establishing this genetically-tractable model system for further
AMP studies. The zebrafish has proven invaluable not only for developmental studies, but it has also
more recently been shown to be an ideal whole organism model system for detailed investigations
in innate immune responses [23–25]. In this study, we focused on AMPs differentially localized
in distinct organs, tissues, or secretions: (a) parasin I and its enzyme cathepsin D, localized at
mucosal surfaces; (b) β-defensin (DB1) and LEAP-2, which are expressed in the liver; (c) BPI (bactericidal
permeability-increasing protein) present in circulating phagocytes, and (d) chromogranins A and B,
present in cells involved in both immune and neuroendocrine systems.

2. Results

2.1. Cloning and Identification of Zebrafish Antimicrobial Peptidess

A preliminary analysis of the zebrafish genome enabled the identification of sequences
homologous to those from AMPs already characterized in other vertebrate species, i.e.: chromogranin
A and B, parasin I and its corresponding proteolytic enzyme, cathepsin D, BPI, LEAP 2 andβ-defensin (DB1).
The zebrafish homologous sequences were used to design pairs of primers for partial or complete
amplification of each AMP gene of interest (Table 1). The absence of contamination with DNA was
confirmed using RNA samples as template, and by RT-PCR assays, employing specific primers for the
zebrafish β-actin.

The length of the seven sequences obtained was between 242 bp (DB1) and 504 bp (CgB).
Each amplicon was cloned and sequenced, and the translated amino acid sequence was verified
by alignment with those of known AMPs. Among peptides related to the neuroendocrine and immune
system, the partial sequences of zebrafish chromogranins A and B (zfCgA and zfCgB) were amplified
and characterized with specific primers (Table 1). The alignment of the zfCgA amino acid sequence
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with those of mammals and amphibians, exhibited between 31% and 34% identity (Table 2), showing a
greater conservation in the N-terminal (57%) and C-terminal (63%) regions, while no similarity was
found in the rest of the molecule (Figure 1). Alignment of the zfCgB sequence with that of amphibians
and mammals showed an identity between 20% and 37% (Table 2) with a higher homology in the
N-terminal region (Figures 1 and 2).

Table 1. Sequences of the pairs of primers (Forward and Reverse) employed for the reverse-transcriptase-
polymerase-chain-reaction (RT-PCR) analysis in zebrafish (zf). Parasin I (ParI), β-defensin 1 (DB1),
liver-expressed antimicrobial peptide 2 (LEAP2), catepsin D (CATD), bactericidal permeability-increasing
protein (BPI), Chromogranins A and B (CgA, CgB), β-actin (ACT); (*) Access number: NM_001081553.

Target Product Size (bp) Forward (5′–3′) Reverse (5′–3′)

zfParI 350 CGGCAAAGCTAGAGCTAAGG CAAGAAGACCGAGAAGGCTG
zfDB1 * 242 GAAAACTGGAGCTCCTGATC ATGCTCTGGGGCTTCATGTT
zfLEAP2 360 CAGTGCCTACTGCCAGAACA GGATTGGCATGACAGTTTTG
zfCATD 362 GGAGGATGTGAAGCCATTGT AACAGAGTGGGCTTCGCTAA

zfBPI 325 CATCTCAGCAAAGACGACGA TATGGATTTCAGGGGCATGT
zfChA 463 CATCTCCTGGGAGTTTCAGC TTTCGTCGGTTCCTCAGATC
zfChB 504 TTCCCTCACGTTTACCCTTG TCTCCTGTCTTTGTTATCCGG
zfACT 380 GACAACGGCTCCGGTATG TCTCTGTTGGTTTGGGATT
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Figure 1. Amino acid sequence alignment of Danio rerio ChromograninA (Dr, drCgA) with CgA from
Homo sapiens (Hs) Bos taurus (Bt) and Rana ridibunda (Rr). The boxes indicate the N- and C-termini of
drCgA protein, who share higher similarity with the reported sequences.
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Figure 2. Primary structure CgB of a 677-amino acid mature protein that encompasses 25%
acidic residues. The zebrafish (Dr, Danio rerio) CgB amino acid sequence was aligned with the human,
bovine and amphibian sequences (Bt, Bos taurus, Hs, Homo sapiens, Rr, Rana ridibunda). The amino
acids of zebrafish CgB that are conserved in the other species are in bold. The positions of the di- or
tribasic residues are indicated by highlight and represent amphiphilic part of the molecule active in
antimicrobial interaction. The hyphens represent gaps that have been introduced for the alignment.

The amino acid sequence of zebrafish parasin I (zfparasin I; 154 amino acid residues) shows
significant homology with the N-terminal region of histone H2A (Table 2).
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Table 2. Homology of amino acid sequences of zebrafish parasin I.

Gene Gene Product (aa/kDa) Similar Polypeptide (aa) % Identity Organism Accession n.

CgA 246/27,806 34 Bos taurus AAB21297
31 Rana ridibunda AAD38522
31 Homo sapiens EDW81506

CgB 677/81,950 37 Homo sapiens NP001810
22 Bos taurus 18142994
20 Rana ridibunda AAL76931

Par I 154/16,741 unamed protein product 100 Tetraodon negroviridis CAF98588
histone H2A 99 Oncorhynchus mykiss CAA25528
histone H2A 96 Xenopus tropicalis CAJ82985

similar to histone H2A 93 Canis familiaris XP545430
similar to histone H2A 86 Rattus norvegicus XP001062486

CatD 398/43,187.51 cathepsin D prepo 86 Silarus asotus AAM62283
cathepsin D precursor 85 Clupea harengus AAG27733

cathepsin D 83 Oncorhynchus mykiss AAC60301
cathepsin D1 80 Takifugu rubripes NP001072052

unanamed protein prod. 77 Tetraodon negroviridis CAF91576
cathepsin D precursor 75 Chionodraco hamatus CAA07719

67 Homo sapiens NP001900

BPI 487/54,463 unnamed protein product 73 Tetraodon negroviridis CAF90160
phospholipid transfer protein 70 Xenopus tropicalis AAI36237

similar to phospholipid 64 Gallus gallus XP425722
phospholipid 60 Homo sapiens EAW75784

pbi 23 Cyprinus carpio BAC56095
Om2 23 Oncorhynchus mykiss

LEAP-2 92/10,212 leap2 62 Ictalurus punctatus AAX45791
leap2 62 Ictalurus furcatus AAX45792

leap2 isoform A 61 Oncorhynchus mykiss AAR11766
unnamed protein product 59 Tetraodon negroviridis CAF87882

peptide2B 47 Oncorhynchus mykiss AAR11767
43 Homo sapiens NP443203

DB1 67/7263 unnamed protein product 85 Tetraodon negroviridis CAG02912
beta defensin like peptides 1 78 Oncorhynchus mykiss CAK54951

CgA, chromogranin A; CgB, chromogranin B; LEAP-2, liver-expressed antimicrobial peptide 2; ParI, parasin I; CatD,
cathepsin D; BPI, bactericidal permeability-increasing protein; DB1, Beta defensing.

In Figure 3, the alignment of zfparasin I with buforin I, an antimicrobial peptide characterized in
the Asian toad [26], and with hipposin, a polypeptide of 51 amino acids isolated from mucus of catfish
and Atlantic halibut, is shown. High identity is evident from amino acid residues 1 to 33 [27] (Figure 3).Fishes 2017, 2, 20  6 of 16 
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Dr  GSE-----GRFQYTINNVRIIELNLA-SDLRFQPDVGLLFEVQNSSITLNFQRRILYW-LFYDEG identity 
Hs  GKE-----GHFYYNISEVKVTELQLTSSELDFQPQQELMLQITNASLGLRFRRQLLYW-FFYDGG   47% 
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Figure 3. The deduced amino acid sequence of zebrafish parasin I was aligned with those of hipposin,
buforin, scallop (from H2A histome) and parasin. The different residues are bolded. The box indicates
the high conservation of the amino acid sequence in zebrafish parasin and hipposin. Hh, Hippoglossus
hyppoglossus; Bb, Bufo bufo; Cc Cyprinus carpio, Pa, Parasilurus asotus; Dr, Danio rerio.
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Cat-D, a protease that could be responsible for production of Parasin I from histone H2A, was
also identified in zebrafish (zfCat-D). zfCat-D showed similarity to an eukaryotic lysosomal aspartic
protease (Table 2) and BLAST analysis indicated that zfCat-D displays a conserved motif, approximately
39 amino acid residues, in which a cleavage site and a pre-domain, typical regions of many eukaryotic
endo-peptidase, can be identified (Figure 4).
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Figure 4. The first 57 N-terminus residues, deduced from CatDcDNA of zebrafish, is aligned with
those of Mp (Macroscelide sproboscideus), Ch (Clupeaharengus), Rt (Rainbow trout, Oncorinchus mikissis)
and Tarku (Takifugu rubripes, Tf). The typical motifs (signal peptide, A1 propetide, and mature protein)
are indicated.

Analysis of the amino acid sequence of zfBPI indicated that this protein shows a significant identity
with other members of BPI family (Table 2). In particular, the sequence of zfBPI shows a possible
functional domain in the N-terminal region (residues 59–118) similar to the lipopolysaccharide(LPS)-
binding domain found in human, carp and trout BPI proteins (Figure 5).
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Figure 5. Alignment of the predicted lipopolysaccharide(LPS)-binding domain (LPD) of zebrafish
(Dr; Danio rerio) BPI/LDP with that of rainbow trout, LBP/BPI-1 and -2, human, and carp. Identical and
similar amino acid residues are indicated by asterisks (*) and colon (:), respectively. Bars (–) indicate
gaps that are introduced for optimal alignment. The number at the end of each sequence represents
amino acid identities (%) to zebrafish BPI/LBD. The positive charged amino acid residues (K or R)
conserved in BPI/LPD of carp (Cc; Cyprinus carpio), rainbow trout (Om1,2; Oncorinchus mikissis), human
(Hs, Homo sapiens) are indicated by shaded region.

The analyses of encoded primary structure of the zfLEAP2, a member of the tissue-expressed
AMP family, indicated that the protein contains92 amino acids, and includes a putative signal sequence
(identified using the Signal P 3.0 program, (http://www.cbs.dtu.dk/services/SignalP-3.0/) suggesting
that the peptide is secreted. A comparison of the sequences shows that the percentage identity between
zfLEAP2 and equivalent proteins in other species is between 43% (H. sapiens) and 62% (I. punctatus)
(Table 2), and that the mature functional region is more conserved than the signal peptide region
and pre-domain (Figure 6). Interestingly, amino acid residues in the region between the pre-domain
and the mature region are conserved from fish to mammals. Moreover, it is possible localize a motif
(RXXR) in the cleavage site found in zfLEAP2 and all other LEAP2 sequences analyzed. In addition,
the zfLEAP2mature protein contains four cysteines that have been found in the same position in
other species [18]. The coding region for the β-defensin (another member of the tissue-expressed
AMPs) of zebrafish (zfβ-defensin) corresponds to that described by [16].

http://www.cbs.dtu.dk/services/SignalP-3.0/
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Figure 6. Multiple alignment of zebrafish (Dr, Danio rerio) liver-expressed antimicrobial peptide
2(LEAP2) protein sequence with known LEAP-2 sequences. The multiple alignment was generated
using the Clustal W program (version 1.8) using the LEAP-2 sequences from Ictalurus furcatus
(AAX45792), Ictalurus punctatus (AAX45791), Oncorhynchus mykiss (AAS49157, AAR11766), Tetraodon
nigroviridis (CAF87882) and Homo sapiens (NP_443203). The arrow indicates the known cleavage
site in the human molecule and cleavage motif is boxed. The cysteine bridges are also indicated.
Asterisks show identity whilst (.) or (:) indicate similarity.

2.2. Ontogeny of AMP Gene Expression in Zebrafish and Response to Experimental Immune Challenge

The temporal expression of each gene for AMPs was analyzed in eggs, embryos and adult
zebrafish by semi-quantitative RT-PCR analysis (Figure 7A,B). To check quality and concentration of
RNA obtained a series of RT-PCR was carried out employing specific primers for the zebrafish β-actin
as an internal control for the normalization of band intensity. Both transcripts of zfCgA and zfCgB
are evident starting from 48 hours post fertilization (hpf), while zfParI and zfCat-D transcripts were
already detectable in the fertilized zygote (0 hpf) (Figure 7A,B) and resulted in being higher expressed
during all of the development period. The mature transcripts zfLEAP2 and zfDB1 were only detectable
in the adult stage, while zfBPI transcripts are evident from the 12th day post fertilization (dpf) onwards
(Figure 7A,B).

Experimental immune challenge with an LPS/LTA (lipoteichoic acid) cocktail in adult zebrafish
showed that, except for zfCgA and zfCgB, which are under expressed, all other AMP mRNAs
tested showed a stronger signal 48 h after the intraperitoneal injection as compared with untreated
controls (Figure 8).
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and in adult zebrafish. (A) the products separated on agarose gel by electrophoresis show expression 
of chromogranin A (cgA), chromogranin B (cgB), BPI (bpi), cathepsin D (catD), parasin I (ParI), db1 
(β-defensin), and liver-expressed antimicrobial peptide (LEAP2); (B) densitometric analysis 
performed with Totallab software (CLIQS 1D pro; http://totallab.com/). In abscissa: stages of 
development; hours (h) and days (d). In ordinate: relative expression of AMPs. Results were 
obtained from a mean of triplicate experiments. Standard deviations are indicated on top of the bars. 
(*) From 0 h to 14 d: statistically higher vs. other AMPs, p < 0.001; in adult stage: parI, statistically 
higher vs. other AMPs; LEAP2, statistically higher vs. PBI, CgA, CgB, DB1 (Student t-test, two tails). 

Figure 7. RT-PCR analysis of AMP expression during development (0, 6, 48 h and 7, 12 and 14 days)
and in adult zebrafish. (A) the products separated on agarose gel by electrophoresis show expression
of chromogranin A (cgA), chromogranin B (cgB), BPI (bpi), cathepsin D (catD), parasin I (ParI),
db1 (β-defensin), and liver-expressed antimicrobial peptide (LEAP2); (B) densitometric analysis
performed with Totallab software (CLIQS 1D pro; http://totallab.com/). In abscissa: stages of
development; hours (h) and days (d). In ordinate: relative expression of AMPs. Results were obtained
from a mean of triplicate experiments. Standard deviations are indicated on top of the bars. (*) From 0 h
to 14 d: statistically higher vs. other AMPs, p < 0.001; in adult stage: parI, statistically higher vs.
other AMPs; LEAP2, statistically higher vs. PBI, CgA, CgB, DB1 (Student t-test, two tails).

http://totallab.com/
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β-Actin. (A) samples treated with LPS (above line), and untreated control (below line); (B) 
densitometric analysis performed by Totallab software; in abscissa: antimicrobial peptides, in 
ordinate: relative expression of AMPs. Results were obtained from a mean of triplicate experiments. 
Statistically different (Student t-test, two tails) not treated (CTRL) vs. LPS p < 0.001 for all AMPs 
tested. Data represented the mean ± standard deviation of three different experiments of LPS 
injection in adult zebrafish. 
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microorganisms [28]. AMPs have been described as inducible components with bacteriostatic or 
bacteriocidal activity [29], and their presence in fluids (blood, connective tissue and mucus) and 
tissues of vertebrates has been reported since the mid-20th century [30]. The model of the AMP 
action mechanism involves the electrostatic contact between the negative charge of bacterial 
membrane and the positive charge of peptide. As a consequence, a conformational change of the 
membrane occurs, bringing about the formation of a channel or pore, through which occurs the 
passage of the peptide until the blockage of internal metabolic processes, leading to the death of the 
bacterial cell [31]. An interesting relationship of some endogenous peptides with the specific 
immune system has been highlighted [11,32,33]. Several AMPs, such as pleurocidin, daxin, 
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Figure 8. RT-PCR analysis of AMP expression in adult zebrafish challenged by LPS/LTA injection:
(1) parasin I (Par1), (2) Cathepsin D (CatD), (3) BPI, (4) LEAP-2, (5) DB1, (6) CgA, (7) CgB, and (8) β-Actin.
(A) samples treated with LPS (above line), and untreated control (below line); (B) densitometric
analysis performed by Totallab software; in abscissa: antimicrobial peptides, in ordinate: relative
expression of AMPs. Results were obtained from a mean of triplicate experiments. Statistically different
(Student t-test, two tails) not treated (CTRL) vs. LPS p < 0.001 for all AMPs tested. Data represented
the mean ± standard deviation of three different experiments of LPS injection in adult zebrafish.

3. Discussion

AMPs are present in all metazoans (plants, fungi, invertebrates and vertebrates) and probably
represent one of the earliest modalities of action of multicellular organisms against invading
microorganisms [28]. AMPs have been described as inducible components with bacteriostatic
or bacteriocidal activity [29], and their presence in fluids (blood, connective tissue and mucus)
and tissues of vertebrates has been reported since the mid-20th century [30]. The model of the
AMP action mechanism involves the electrostatic contact between the negative charge of bacterial
membrane and the positive charge of peptide. As a consequence, a conformational change of the
membrane occurs, bringing about the formation of a channel or pore, through which occurs the
passage of the peptide until the blockage of internal metabolic processes, leading to the death of
the bacterial cell [31]. An interesting relationship of some endogenous peptides with the specific
immune system has been highlighted [11,32,33]. Several AMPs, such as pleurocidin, daxin, misgurin,
piscidin, chrysophsin, morocidin, parasin, defensin, hepcidin and dicentracin have been identified
in fish, and the results of these investigations have revealed the AMPs’ capability to protect fish
from infections. Recently, a study on synthetic hepcidin injected in sea bass has confirmed the
capability to potentiate the antimicrobial activity against bacteria by administration of AMPs as a new
frontier of therapeutic application in farmed fish species [34]. The aim of this study was to evaluate,
through the biomolecular approach, the dynamic of expression of a panel of various AMPs during
development and in the adult zebrafish. Taking advantage of homologous genes identified in the
zebrafish genome, pairs of specific primers were designed for AMPs of interest already identified in
fish and other vertebrate species (chromogranin A and B; parasin I and cathepsin D; BPI, LEAP2, DBI).

Chromogranins A and B represent AMPs belonging to the endocrine and neuroendocrine systems
and are expressed in many animal species [21,22,35]. Chromogranins are released in mammals
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during stress from the adrenal medulla, along with the adrenaline [36,37]. Our data indicate that
D. rerio chromogranins are relatively different from those of tetrapods [38,39], as, although the identity
with amphibians and mammals is high in the C-terminal region of the peptide (60–70%), in other
regions, the identity is lower than 14–30%. The presence of chromogranins in 48 hpf embryos is
noteworthy and is probably related to the protection of the nervous system during early development.
Furthermore, our study showed that zebrafish chromogranins are not inducible by LPS; indeed,
it seems depressed by this in the adult. Previous studies reported that chromogranins’ presence
is dependent on the hypothalamus-hypophysis-adrenal axis, and a depression of glucocorticoits
production could deplete their presence [40]. These results suggest the possibility, previously proposed
in other vertebrates [35,40], that chromogranins can exert their function with tissue and organ
specificity, conferring an early protection before the activation of the humoral and cellular adaptive
immune system.

Parasin I has a molecular weight of approximately 2.4 kDa and consists of 19 amino acids,
including three arginins and five lysines [41]. On the mucosal surfaces of injured catfish [14], parasin
I showed a strong antimicrobial and extracellular activity, which seems to be about 12–100 times
more potent than magainin 2 [41,42]. This evidence indicates that parasin I, coating the mucosal
surface, could contribute to the effective local microbial control. Parasin I is produced by the cleavage
of histone H2A by the cathepsin D [14,41]. The conservation of amino acid sequence of histone
H2A and cathepsin D in fish suggests that the sequence of parasin I is a biologically important
part of the molecule, and confers a benefit during fish evolution [42]. Since the biological roles of
ubiquitous molecules, such as histones, for different functions (DNA condensation and antimicrobial
action) have been characterized in trout (histone H1 and oncorincin II, [43]) and Atlantic halibut
(H1 and H2A histones and hipposin), it is possible that similar functions could be attributed to the
zebrafish homologues. The Atlantic halibut hipposin, a polypeptide of 51 amino acids isolated from
mucus of skin, is similar to the amino acid sequence of parasin I. Like parasin I, hipposin is endowed
with strong antimicrobial activity against both Gram-positive and Gram-negative bacteria [44], and
probably highly conserved in teleost fish. The results of LPS/LTA injection experiments performed in
the present study supports this hypothesis. After 48 h, LPS/LTA stimulated transcription of zfCat-D
and histone H2A catalysis in zfParasin I. These results suggest possible alternative approaches for the
stimulation of mucosal immunity. Moreover, as zfParasin I and zfCat-D appear to be constitutively
expressed in the newly formed zygotes and during zebrafish ontogeny, their roles in immune defense
are probably critical during early development.

BPI proteins belong to the family of lipid binding proteins, including LPS-binding proteins (LBP),
cholesterol transferase proteins (CETP) and phospholipid transferase proteins (PLTP) [45]. Both LBP
and BPI bind LPS, but with opposite biological modality [20]. The peptide has revealed in the
amino terminal half of the molecule a high concentration of basic residues, mostly lysines, which
represents an advantage in blocking the replicative activity of bacteria [46]. The primary role of the
amino-terminal domain of BPI has been shown by a similar sequence of 21–25 residues in zebrafish
and in other species [47]. At first, this peptide was isolated from the secondary granules of neutrophil
granulocytes of rabbit [48]; subsequently, in human eosinophil granulocytes and epithelial cells, low
expression levels have been highlighted [20]. After isolation of the cDNA of BPI gene from Atlantic
cod (Gadus morhua L.), its expression has been observed primarily in the head kidney leukocytes
and, only as a result of a bacterial stimulation, in the blood [49]. The study of expression of BPI in
ontogenesis and in adulthood revealed higher expression starting from the 12th dpf. In cyprinid fish,
phagocytes, which are responsible of BPI production, differentiate very early (in the carp at second day
post-fertilization [50]), but no information are available about BPI production. It could be assumed
that, in zebrafish, these cells are fully functional in secreting BPI at 12 dpf, but further studies are
needed to localize and quantify the AMP presence because the analysis has done in total body, and
it is possible that a very low amount of peptide was undetected. Our study revealed that 48 h after
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LPS/LTA injection, mRNA transcription of BPI is significantly enhanced, suggesting that it can be
inducible by infectious challenge as reported in previous research in other vertebrates [35,40].

The LEAP-2 gene was only identified and characterized in a few teleost fish species, including
trout [18] and catfish [19]. In both species, LEAP-2 is constitutively expressed in the liver. However,
after experimental bacterial challenge, a stronger signal was shown in the intestine, skin (in trout, [18])
and spleen (in catfish, [19]). The zfLEAP-2 protein shows a signal peptide, as a pre-domain motif
RXXR that is located before to the cutting site. The terminal part of the mature peptide is linked by the
two disulfide bridges typical of LEAP-2 proteins, as reported in other species [18]. Our study showed
that zfLEAP-2 transcripts are detectable only in the adult zebrafish and, consistently with observations
in catfish and trout, that zfLEAP-2 is inducible by infectious challenge.

The vertebrate defensins can be classified into three sub-families α, β, and θ, on the base of the
pairs of cysteines that form intramolecular disulphide bridges [51–54]. The β-defensins are expressed
in a wide range of tissues and organs such as the intestine and epithelium [55]. They are expressed in
pre-peptidic form by many cell types (keratinocytes, macrophages, neutrophils, lymphocytes), and
stored in vesicles that are released upon infection [56]. Multiple β-defensin genes have been identified
in puffer fish (Takifugu rubripes), spotted puffer fish (Tetraodon nigroviridis), zebrafish (Danio rerio), and
trout (Oncorhynchus mykiss) [16,57]. The β-defensin gene is constitutively expressed in all below species
during adulthood, and their expression and localization includes gills, head kidney, liver, intestine,
gonads, and spleen. Our study revealed that the β-defensin gene is not expressed in zebrafish embryos,
and not only confirmed the presence of β-defensin in the adult zebrafish, but also that it is inducible
by infectious challenge.

Considering the resistance to antibiotics that has been observed in aquaculture settings, and in line
with the practice of prophylaxis adopted on January 2006 and the new EU directives (COM (2005/297)),
new preventive and therapeutic approaches based on AMPs could represent an innovative strategy
for addressing infectious disease in farmed fish [34]. Even if this study is pivotal research and further
studies are needed to localize the different AMPs in the adult and during development, our study
supports the zebrafish as a suitable model system for rigorous investigations on the roles of AMPs in
infectious disease. The aim is to suggest that AMPs employ as an alternative to antibiotics in therapeutic
interventions in aquaculture of commercially relevant fish species. Moreover, the expression of some
AMPs during early development suggests that new prophylactic strategies, actuated during larval
stages, may represent a promising alternative, where parasine I could be a good candidate to use in
combination with other AMPs.

4. Materials and Methods

4.1. Animals

Zebrafish (D. rerio, wild type) were reared in freshwater 80 L aquaria at 28 ◦C, placed in small
tanks for egg deposition and fertilization, and the fertilized eggs collected and maintained in an
incubator at 28 ◦C. Approximately 100 embryos were collected at each time point (0, 6, 24, 48 hpf and
5, 7, 12, 14 dpf), euthanized by immersion in water with 0.03 g/L Tricaine methansulphonate (Crescent
Research Chemicals, Phoenix, AZ, USA), and processed for RNA extraction.

4.2. Extraction of Total RNA

For the extraction of total RNA from zebrafish embryos and adult tissues, samples were
homogenized in TriReagent (Sigma-Aldrich, St. Louis, MO, USA) following the manufacturer’s
instructions, using either disposable or electric homogenizers. Then, 0.2 mL of chloroform per ml of
initial TriReagent were added to each sample, followed by vortexing for 15 s, incubated for 10 min at
room temperature, and subsequently centrifuged at 12,000× g for 15 min at 4 ◦C. RNA precipitation
was performed by adding 0.5 mL of isopropanol per mL of initial TriReagent for 10 min at room
temperature, and then centrifuged at 12,000× g for 10 min at 4 ◦C. The supernatant was discarded and
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1 mL of ethanol 75% (v/v) was added for each ml of initial TriReagent, and the mixtures centrifuged at
7500× g for 5 min at 4 ◦C. The supernatant was discarded and any remaining ethanol in the RNA pellet
was removed by evaporation. The RNA was re-suspended in diethyl pyrocarbonate-treated water
(DEPC) 0.1%. RNA quantification was carried out by measuring the absorbance at 260 nm (A260).

4.3. RT-PCR Analysis

cDNA was synthesized from 5 µg of total RNA, using the SuperScript III kit (Invitrogen, Carlsbad,
CA, USA). In addition, 5 µg of total RNA were mixed with 1 mL of dNTP (10 mM), 1 µL of oligo
(dT), and nuclease-free water added to a total volume of 10 µL. The mixtures were incubated for 5
min at 65 ◦C and cooled in ice; subsequently, 2 µL of reaction buffer 10×, 4 µL of MgCl2, 2 µL of DTT
(0.1 M), 1 µL of RNase OUT, and 1 µL of Superscript III RT were added. The mix was incubated at
50 ◦C for 50 min, subsequently at 85 ◦C for 5 min, and then in ice. Then, 1 µL of RNase H was added,
and samples were placed at 37 ◦C for 20 min. To check the quality and quantity of RNA, a PCR was
performed, using primers specific for zebrafish β-actin (generally used in AMPs research, 7). For each
gene of interest, one or more pairs of primers were designed (Table 1), using the program Primer 3
(Rozen and Skaletsky, 2000, http://www-genome.wi.mit.edu) available online). The PCR program
was the following: 94 ◦C for 5 min, 35 cycles at 94 ◦C for 30 s, 50–55 ◦C for 1 min, 72 ◦C for 1 min, and
72 ◦C for 5 min.

4.4. cDNA Electrophoresis

The separation and identification of the cDNA fragments was performed by electrophoresis on
agarose gels. For the preparation of a 1% (w/v) gel, 1 g of agarose was dissolved in 100 mL of 1× TAE
(Tris-acetate-EDTA) buffer (50× TAE: 2M Tris-acetate, 50 mM EDTA). The same buffer was employed
for the electrophoretic run at a constant voltage of 90 V, using a Power Pac Basic Bio-Rad apparatus
(Bio-Rad, Hercules, CA, USA). cDNA bands were identified by adding ethidium bromide (10 ng/µL)
and visualized under UV light.

4.5. cDNA Purification from Agarose Gel and Cloning of cDNA Fragments

cDNA from the specific bands of interest was purified from the gel using the Qiagen kit (QIAquick
Gel Extraction, Quiagen, Carlsbad, CA, USA), following the manufacturer’s instructions. The bands
were cut out from the gel, transferred to 1.5 mL Eppendorf tube and weighed. Buffer QG (5.5 M
guanidine thiocyanate (GuSCN); 20 mM Tris HCl pH 6.6; three times the gel volume) was added, and
samples were incubated at 50 ◦C for 10 min, inverting the tube every 2–3 min to facilitate the dissolution
of the gel. A volume of isopropanol equal to the volume of the extracted gel bands was added. Then,
the samples were transferred to chromatographic columns, and these were centrifuged at 13,000× rpm
for 1 min. To remove any trace of agarose, 0.5 mL of buffer QG were added to each column and
repeating the centrifugation. A final wash was carried out by adding 0.75 mL of PE buffer (10 mM
Tris-HCl pH 7.5, 80% ethanol; Qiagen) and centrifuging at 13,000× rpm for 1 min. To eliminate all of the
PE buffer, a “vacuum” centrifugation was performed, and to elute the DNA, columns were transferred
to a new tube of 1.5 mL; in addition, 10 µL of nuclease-free water were added and the samples
were centrifuged at 13,000× rpm for 1 min. The concentration of purified samples was assessed by
gel electrophoresis. The cDNA fragments were cloned in pGEM-T Easy (Promega, Madison, WI, USA)
(details in supplementary data).

4.6. Bacterial Cultures and Transformation

Bacteria were grown in Luria Bertani agar medium (LB, Sigma-Aldrich). The individual colonies,
obtained from plates with recombinant bacteria, were incubated in the growth medium LB + ampicillin
(100 µg/mL), leaving in stirring overnight at 37 ◦C. Furthermore, 3 µL of each ligation mixture were
added to an aliquot of 50 µL of competent JM109 cells (High Efficiency Competent Cells, Promega).
After 20 min in ice, the sample was exposed to heat-shock at 42 ◦C for 45 s and then placed on ice

http://www-genome.wi.mit.edu
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for 2 min. Then, 1 mL of bacterial growth medium LB was added and sample was incubated at
37 ◦C for 45 min, after which 50 µL of cell suspension were taken from the sample and plated on LB
medium+ agar + ampicillin (100 µg/mL). The remaining sample was centrifuged at 6000× rpm for
5 min and approximately 800 µL of the supernatant were discarded; the pellet was resuspended in the
remaining 200 µL, and 100 µL were plated in a second plate. The recombinant transformants were
selected by means of the “blue-white screening” method (Sigma-Aldrich). The plates were incubated
at 37 ◦C overnight.

4.7. Extraction of Plasmid DNA

The kit employed was the Miniprep DNA Purification System (Promega) following the
manufacturer’s instruction (Supplementary data). The sequences obtained by using the ABI PRISM
(BigDye Terminator Cycle Sequencing, Applied Biosystems, Foster City, CA, USA) were analysed for
similarity to using the BLAST program [58].

4.8. Semi-Quantitative Analysis of AMP Expression Levels

Total RNA from zebrafish embryos at 0, 6, 48 hpf, at 7, 12, 14 dpf, and from adult animals, was
amplified by RT-PCR using primers specific for the AMPs of interest. The bands were analyzed
densito-metrically using TotalLab software, and the transcript levels were expressed as the relative
ratio of each transcript to β-actin.

4.9. Experimental Immune Challenge of Adult Zebrafish

Adult wild type zebrafish were challenged with a cocktail of lipopolysaccharide (LPS,
Sigma-Aldrich)) and lipoteichoic acid (LTA Sigma-Aldrich) 1:1. LPS from the producer is constituted
from Klebsiella pneumoniae, Salmonella typhimurium, Salmonella minnesota, Vibrio cholerae, Shigella
flexneri 1A, Escherichia coli 0111:B4, and Escherichia coli 055:B5; and LTA from Bacillus subtilis,
Streptococcus aureus, S. pyrogenes, S. faecalis (liquid, the LPS/LTA cocktail components powder
were reconstituted in saline buffer (PBS) at a final concentration of 0.5 mg/mL. The experimental
zebrafish group (6 fish, males and females) was injected intra-peritoneally with 20 µL of the cocktail
following [59]. A similarly composed control group received only PBS. Animals were sacrifice with
an overdose of anesthetic (MS222, as described above) 48 h after the injection, RNA was extracted
(Dynalkit, Carlsbad, CA, USA) from whole animal and cDNA synthesized (Life Technologies, Carlsbad,
CA, USA) as described above. RT-PCR was performed in 25 µL of final volume with the following
components: 10× NH4 buffer, 100 mM dNTP, 50 mM MgCl2, µL Taq(500 U), 100 µM primers and
MQ water. The PCR program employed was the following: 94 ◦C for 5 min, 35 cycles at 94 ◦C for 30 s,
50–55 ◦C for 1 min, 72 ◦C for 1 min, and 72 ◦C for 5 min.

Supplementary Materials: The following are available online at www.mdpi.com/2410-3888/2/4/20/s1.
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