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Abstract: One of the main families of antimicrobial peptides (AMPs) derived from the skin secretions of Hylidae
frogs are dermaseptins. Among them, dermaseptin 54 (DSs) is characterized by its broad spectrum of activity
against bacteria, protozoa and fungi. This study determined the physicochemical properties of the native
peptide DS4(1-28) and its derivatives [DSs(1-28)a and DS4(1-26)a] isolated from the skin of the frog Phyllomedusa
sauvagii and examined their antimicrobial properties against two marine pathogenic bacteria (Vibrio harveyi and
V. anguillarum). The results indicate that DSs(1-26)a has high bacteriicdal activity against the tested strains and
low hemolytic activity (> 30 % lysis at the highest tested concentration of 100 ug mL) compared to the other
two peptides. In addition, all three peptides affected the membrane and cell wall integrity of both pathogenic
bacteria, causing leakage of cellular contents, with DS4(1-26)a having the most severe impact. These properties
were corroborated by tansmission electron microscopy and by the variation of cations in their binding sites
due to the effect of AMPs. These results suggest that DSs and its derivatives, particularly the truncated and
amidated peptide DSs(1-26)a, could potentially be effective in the treatment of infections caused by these
marine pathogenic bacteria. Future experiments are required to validate the use of DS4 in vivo in the prevention
of fish bacterial diseases.

Keywords: dermaseptin; antimicrobial peptides; amphibian; aquaculture; vibriosis

1. Introduction

In recent decades, the prevalence of drug-resistant pathogenic bacteria has surged, presenting a
serious problem for the global health of both humans and livestock animals [1,2]. The Food and
Agriculture Organization of the United Nations (FAO) reported that antibiotics were widely used in
the aquaculture industry for their efficacy against bacterial infections. However, over the last decade,
antibiotic residues (about 40-90%) have been detected in animals, due to their massive addition as
growth promoters, surpassing their use as therapeutic agents for fish [3]. Consequently, this can have
adverse effects on human health and the ecosystem in general [4]. Indeed, prolonged exposure of
bacteria to antibiotics reinforced the selection of superbugs, facilitated by the horizontal transfer of
their drug-resistant genes (horizontal gene transfer, HGT) between pathogenic and non-pathogenic
bacteria [5]. In addition, these residues can have ecotoxic effects on humans through the consumption
of agricultural products [6], exacerbating the critical state of fisheries [7]. Therefore, it is now urgent
to search for alternative compounds to antibiotics that are effective against bacteria and safe for
humans and the environment [8]. Currently, some most promising alternatives include acidifiers,
probiotics, prebiotics and enzymes [9]. However, a promising strategy involves the use of
antimicrobial peptides (AMPs) due to their potential in combating antibiotic resistance [10]. AMPs,
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also known as host defense peptides, are short and generally positively charged peptides, present in
a wide variety of organisms, from microorganisms to plants and insects [11], fish [12], amphibians
and humans [13]. Ranging from 10 to 50 residues, AMPs exhibit cationic and amphipathic structures.
All these characteristics allow them to interact with the bacterial membrane through different
mechanisms [14].

Among AMPs with a potent antimicrobial action, amphibian peptides are special due to their
structural diversity provided by the lifestyle and habitat of these animals [15]. In particular, frog skin
contains interesting AMPs, including dermaseptins [16]. Dermaseptins belong to the family of AMPs
extracted from the skin of the frog Phyllomedusa sauvagii and typically range between 28 and 34 amino
acids (aa) in length [17,18]. These sequences contain a conserved tryptophan (Trp) residue at position
three, C-terminal amidation and a highly repeated AAA/GKAAL/G/NA pattern [16]. In an
amphiphilic medium, they can form an a-helicoidal conformation, facilitating their interaction with
bacterial lipid bilayers [19]. They are characterized by a positive charge, which plays a key role in the
interaction with the negatively charged membrane [20]. This explains their broad microbicidal
spectrum [21] since dermaseptins exhibit in vitro activity against bacteria, parasites, and fungi [22].
Consequently, changes in their positive charge can affect their antimicrobial activity. Similar to their
charge, many studies have indicated that changes in the number of residues of AMPs can alter their
activity and hydrophobicity [23]. Available studies illustrate the effective mechanism of action of
dermaseptin S4 (DS4), characterized by destabilization of cell membranes, leakage of contents to the
outside, depolarization and the possibility of causing bacterial death [24]. In addition to their high
anticancer and antimicrobial activity, they possess low hemolytic activity for mammalian red blood
cells [25,26]. To further understand the properties and functions of dermaseptins, DSs peptide with
28aa, derived from the frog P. sauvagii, and its modified derivatives at the C-terminal were used in
the present study [27]. This study aimed to explore the therapeutic use of DSs peptide and its
derivatives in fish. In this way, we examine their expected powerful mechanism of action against
marine pathogenic bacteria (V. harveyi and V. anguillarum), and their hemolytic impact was assessed
on red blood cells of gilthead seabream (Sparus aurata), one of the most important marine farmed fish
in the Mediterranean area.

2. Results

2.1. Properties and structural analysis of the DS« peptide and its derivatives

The physicochemical characteristics of the three DSs peptides are presented in Table 1, In fact,
compared to the native peptide named DSa(1-28), both analogs showed some modifications such as
truncation and amidation on the C-terminal side. Moreover, both peptide analogs showed a positive
charge (+5) higher than that of the parent molecule (+4), caused by this amidation. Furthermore,
DS4(1-26)a has an aliphatic index (AI) of 154.32 which is superior to the other two, as it has a high
hydrophobic index of 73% and has a positive value (1.17) for general average hydropathicity
(GARVY). This is an indication of the thermal stability of this peptide in comparison to other peptides,
such as DSs (1-28) and DSs (1-28)a. The predicted secondary structure of the DSs peptide is an a-
helical structure (78.57%) (Figure 1a).

Table 1. Sequence and main characteristics of the native antimicrobial peptide DSs and its derivatives
used in this study. MW: Molecular Weight; PI: Isoelectric Point; GRAVY: Grand Average of
Hydropathicity; II: Instability Index; HR: Hydrophobic Ratio; Al: Aliphatic Index.

Peptide sequence MW Charge PI GRAVY II HR AI  Structure
a- B-

helix turn

NH2-A-L-W-M-T-L-L-K-K-V-L-K-A-A-A-K-A-A-L-N-A-
DS4(1-28) V-L-V-G-A-N-A-COOH 2850.55 +4 10.48 1.032 10.3772%146.7978.57% 0.00%
DS4«(1- NH2-A-L-W-M-T-L-L-K-K-V-L-K-A-A-A-K-A-A-L-N-A-
28)a V-L-V-G-A-N-A-CONH2
DS4(1- NH2-A-L-W-M-T-L-L-K-K-V-L-K-A-A-A-K-A-A-L-N-A- 2665.36
26)a V-L-V-G-A-CONH2

2850.55 +5 10.48 1.032 10.3772%146.7978.57% 0.00%

+5 10.04 1.17 10.4073%154.2384.62% 0.00%
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Figure 1. Secondary structure of the dermaseptin S4 antimicrobial peptides predicted by the PEP-
FOLD server, N-t and C-t are shown in blue and red respectively (a). Diagrams of helical wheel
projection of DSs (1-28) (b) and DS4(1-26) a (c) peptides. The blue and red circles represent the
positively and the negatively charged amino acids, respectively. Hydrophilic residues are colored
purple, hydrophobic residues are colored yellow, small residues are colored gray and amides are
colored pink. Hydrophobic moment is indicated by arrows.

The helical diagram of DS4 (1-28) and DSs(1-26)a respectively, indicated that the location of the
positive charge, due to the presence of four lysines (K) (in blue) is located on the near N-terminal
face, while hydrophobic residues such as alanine (A), leucine (L) and valine (V) are distributed near
the C-terminal end (in yellow and grey) giving rise to hydrophobic spots (arrow) (Figures 1b, c).

2.2. Antibacterial activity

The three tested peptides exhibited strong antibacterial activity. With a MIC range of 3.03 to 3.84
pug mL- for V. harveyi and V. anguillarum, DS4(1-26)a was the most active, while DS4(1-28)a had 4.84
and 4.94 for V. harveyi and V. anguillarum respectively, and DS4(1-28) had 9 and 5.67 for V. harveyi and
V. anguillarum, respectively. In addition, all peptides showed higher bactericidal activity when used
at concentrations above 12 ug mL-, for both bacteria. Finally, the antimicrobial activity of the three
peptides was consistently higher against V. harveyi than against V. anguillarum, even at low
concentrations (3 ug mL") (Figure 2).
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Figure 2. Antibacterial activity determined by the percentage (%) of inhibition of the three
dermaseptin S4 peptides tested against Vibrio harveyi and V. anguillarum. Data represent the mean +
standard error of the mean (SEM) (n = 3). P*<0.1; P**<0.01 and P***<0.001.

2.3. Antibacterial mechanisms of D54 and its derivatives

Cell membrane integrity was assessed by nucleic acid leakage. Nucleic acid optical density
values of both bacteria (V. harveyi and V. anguillarum) augmented significantly (p < 0.01) with
increasing AMPs concentration (from 1 to 2 MIC) used in the assays. Such leakage was dose-
dependent, and it was higher when bacteria were incubated with the higher AMP concentration

(Figures 3 and 4).
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Figure 3. Release of intracellular nucleic acids (determined by optical density, O.D.) from V. harveyi
after being incubated with the three dermaseptin 5S4 peptides. Values shown as the mean + SEM, (n =
3). P-values were calculated by two-way ANOVA; *** P <0.001 vs. control group.
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Figure 4. Release of intracellular nucleic acids (determined by optical density, O.D.) from V.
anguillarum after being incubated with the three dermaseptin 54 peptides. Values shown as the mean
+ SEM, (n = 3). P-values were calculated by two-way ANOVA; ** P < (0.001 vs. control group.

The impact of AMPs on bacterial cell wall permeability was determined through AKPase
activity. After 6 h of incubation of the bacteria with AMPs, the extracellular AKPase activity of both
bacteria (V. harveyi and V. anguillarum) was significantly increased compared to the activity
determined in control samples. Indeed, extracellular AKPase activity increased after 3h of incubation
with DS4(1-26)a and DS«(1-28)a in both bacteria compared to the native DS«(1-28) peptide, which
started to increase after 5h of incubation (Figure 5).

A DS(1-28) B Ds(1-28)a c DS(1-26)a

T T T T T T
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Figure 5. Extracellular AKPase activity (units mL) for V. harveyi (a, b, c) and V. anguillarum (d, e, f)
after being incubated with the three dermaseptin 54 peptides. **p < 0.001 indicated statistically
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significant differences of AMP treatment vs. negative control. Data represent the mean + standard
error of the mean SEM (n=3).

In addition, transmission electron microscopy was used to observe possible ultrastructural
alterations caused by DSs in the bacterial cells. In the control samples (bacteria not incubated with
AMPs), the appearance of both bacteria was similar, showing a continuous cell wall with no evident
alterations. Both bacteria had the typical bacillus shape and a flagellum (Figure 6).

M

2pm ] 2 pm_

2m
4
@ ®) © @

Figure 6. Representative transmission electron micrographs of V. anguillarum (A, B) and V. harveyi
(C, D), after incubation for 120 min without (0 pug mL-, control) AMPs. Bar =2 pum.

However, both bacteria lost their structure and curiously, some of them also the flagellum, due
to cationic AMPs. This caused ruptures in the cell wall of V. anguillarum. In the case of V. harveyi, cells
underwent a significant change in shape as the formation of hollows after being incubated with AMPs
(Figures 7 and 8).

(a) ) (c)

Figure 7. Representative transmission electron micrographs of V. anguillarum (a, b, c) after incubation
for 120 min with dermaseptin S4 peptides, DS4(1-28), DSs(1-28)a and DSs(1-26)a, respectively, at
1'MIC. Bar = 2pm.
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Figure 8. Representative transmission electron micrographs of V. harveyi (a, b, c) respectively after
incubation for 120 min with dermaseptin S4 peptides, DSs(1-28), DS4(1-28)a, and DSs(1-26)a at 1 MIC.
Bar = 2pm.

2.4. Effect of divalent cations on peptide—membrane interaction

The cation displacement assay also provides information on the mode of action of the peptides
studied. The antimicrobial activity of peptides against V. harveyi and V. anguillarum was influenced
by different salt ions (20 pg Ca?/Mg?), but they were always effective in physiological environments
with salt. All peptides had a MIC value that was approximately fourfold and six-fold higher against
V. harveyi and V. anguillarum, respectively. Among the peptides, DS«(1-26)a was particularly more
resistant to physiological salts than other peptides in both bacteria, and the native peptide DS4(1-28)
appeared to be the most susceptible to cations (Figure 9).
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Figure 9. Effects of divalent cations Mg?*, Ca?* (0, control and 20 pg mL-") on the antimicrobial activity
of the three dermaseptin S4 peptides tested against Vibrio harveyi (a, b) and V. anguillarum (c, d).
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2.5. Hemolytic activity

The hemolytic activity of the three AMPs was studied against pig and fish red blood cells (Figure
10). DSs (1-28)a, and DS4 (1-26)a exhibited less than 30% hemolysis for fish red blood cells, even at
the maximum concentration of 100 ug mL-1. However, the native peptide showed more than 30%
hemolysis at the same concentration. Notably, only 4-5% hemolysis was observed at 3 pg mL".
However, for the pig's red blood cells, all peptides demonstrated around 60% hemolysis, with DS4
(1-26)a showing again the lower hemolytic activity of the three AMPs.

o, i - . 40~
. &~
n w mm D5(1-28)
= a0 W 20
© = = DS(1-28)a
S g 1 = DS(1-26)a
I ]
8- T
3 25 50 100 3 25 50 100
concentration (ug mL") concentration (pg mL™")
(@) ]

Figure 10. Hemolytic activity of the three dermaseptin S4 peptides tested against red of pig (a) or
gilthead seabream (b) blood cells. Data represent the mean + SEM (n=3). P*<0.1; P**<0.01.

3. Discussion

In the present study, we evaluated the antibacterial properties against V. harveyi and V.
anguillarum of three antimicrobial peptides obtained from DSa. These bacteria were selected because
Vibrio is an opportunistic and ubiquitous bacterium in the marine environment [39,40] causing
serious diseases in fish [41,42]. Outbreaks of vibriosis can directly cause fish kills or can slow the
growth of farmed marine fish. Both situations lead to decreased production and significant economic
losses [43,44]. In addition, another problem related to these bacteria is that it is necessary to use
antibiotics to combat vibriosis. The prolonged and sometimes excessive use of antibiotics has led to
the emergence and development of resistance phenomena in many bacteria [45]. Currently, the
discovery of new antibacterial agents can help to alleviate or solve this serious problem of antibiotic
resistance, which poses a great threat to human health and the health of ecosystems. At present, the
discovery of new antibacterial agents can solve this resistance problem [46]. According to previous
research, the dermaseptin family is an important source of AMPs [47], characterized by a broad
spectrum of activity against various microorganisms including bacteria [48], protozoa, viruses and
fungi [49]. In this work, we have focused on three DSs peptides [DSs(1-28), DS4(1-28)a and DSs(1-26)a].
These peptides belong to an AMP family isolated from the skin of P. sauvagii frog [50] and could be
considered potential therapeutic agents. This makes our research significant in exploring new
avenues for drug development. It has been suggested that the size, net charge, and amphipathic
structure adjust the biological activity of the AMPs by allowing them to bind, insert and destabilize
the membrane of pathogenic bacteria [51]. Due to the inclusion of certain residues (arg / lys / hist), in
the current work, both analog peptides DSs(1-28)a and DSs(1-26)a have a positive charge of +5
compared to the original molecule, which has a +4 charge [52]. In fact, the C-terminal amidation was
responsible for increasing the charge of the peptide [53].Additionally, all AMPs have an aliphatic
index greater than 100 as proteins from thermophilic organisms, ensuring the stability of AMPs over
a wide temperature spectrum. In particular, DS4(1-26)a exhibited the highest aliphatic index of 154.23
compared to other peptides [54]. Moreover, the instability index is less than 40, which means that it
is a stable AMP [55,56]. All of these physicochemical characteristics promote electrostatic interactions
between the AMPs and the surface of bacteria [24]. To better understand these interactions, in the
present study, the antimicrobial activity of the AMPs was directly measured calculating the MIC of
each AMPs. We found that an increase in the AMPs concentration is accompanied by an increase in
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the antimicrobial activity against the two pathogenic bacteria assayed (lower MIC; minimum
inhibitory concentrations). Therefore, all AMPs showed potent antibacterial activity in vitro against
the strains tested. Among them, DSs(1-26)a was found to be much more active than the native
molecule. This suggests that cationicity favors the initial electrostatic interaction between AMPs and
the anionic bacterial membrane [57]. Furthermore, a low ability to destabilize erythrocyte membranes
of gilthead seabream was detected after being incubated with the peptides compared to pigs red
blood cells. This is not surprising because it is known that there is a similar structure between certain
fish peptides and the peptide dermaseptin. One of such peptide is the pleurocidin, extracted from the
skin mucous secretions of the winter flounder Pleuronectes americanus, which shares homology with
frog dermaseptin [58]. The results suggest that it could be beneficial to use DS4(1-26)a in marine fish
aquaculture. Furthermore, these results are in agreement with those found for cathelicidin (HR-
CATH), and dermaseptin-PS3 (in which a double lysine residue was introduced at positions 5 and
17), peptides that also have high antimicrobial activity against Gram-positive bacteria and V.
parahaemolyticus, with low levels of hemolysis activity [59-61]. These results confirm the property
more extended and characteristic of the AMPs, which is their bactericidal activity [62].

Previous studies have indicated that AMPs act on the membrane of bacteria causing nucleic acid
leakage through the cell wall, which ultimately destroys the bacteria [63,64]. This is consistent with
our results, which show that AMPs caused a transformation of the bacterial membrane permeability
and integrity. It is known that one of the main mechanisms of antimicrobial drugs is to damage cell
membrane integrity and inhibit nucleic acid synthesis [65]. To better understand the antimicrobial
action of DS4 and demonstrate the permeability of bacteria's cell wall after incubation with AMPs,
the study of AKPase was conducted. The AKPase results show that the cell membrane was damaged,
which leads to an increase in cell wall permeability. After incubating both bacteria with AMPs, the
extracellular content of AKPase rapidly increased compared to the values obtained for control
bacteria (not incubated with AMPs). These results are consistent with those obtained with the peptide
Brevinin-1 from the frog Hydrophylax bahuvistara, which caused bacterial death by altering the
permeability of the membrane of V. cholerae [66]. It has been already confirmed for many frog AMPs
that they cause degradation of the bacterial cell membrane and changes in the cell morphology
[67,68]. For this reason, the transmission electron microscopy technique was used to further analyze
the effects of AMPs on the bacterial membrane and wall. Typically, natural AMPs concentrate their
primary aim on the cell membrane [69]. Gram-negative bacteria possess an outer membrane that
contains negatively charged phospholipids (phosphatidylserine and phosphatidylglycerol), which
help to attach cationic AMPs [70]. The peptide is then introduced into the lipid bilayer of the
cytoplasmic membrane, causing disruption of membrane integrity and permeability or pore
formation [69,71]. Furthermore, our results indicate that all cationic peptides exhibit the ability to
damage membranes and alter their morphology by formation of bulge and/or pore depending on the
bacteria used [72,73]. Therefore, these results supported previous research and demonstrated the
varying effects of dermaseptin on different types of Vibrio-bacteria. Likewise, to better understand
the mode of action of the AMPs studied, we performed the cation displacement assay. Mg?" and Ca?*
cations have binding sites on the membrane of lipopolysaccharide located in Gram-negative bacteria
[74]. The potential negative impact of these cations on AMPs was estimated in both bacteria. Indeed,
the activity of all peptides was decreased for the two tested bacteria when incubated with the highest
concentration of both cations. Similarly, it has been shown that peptides, s-thanatin and p-defensins
HD-5 are salt sensitive and lose their activity in the presence of cations [37,75]. The above results
show that these antagonisms are the result of competitive blockade. Bacterial membrane permeability
and fluidity decrease due to degradation of the membrane structure (inner and outer) by the
movement of these ions (such as Ca > and Mg %) from their binding sites on LPS. The same results
were observed with the peptide brevininl, which is considered to be salt-resistant and could be a
potent molecule for drug development [66]. Many previous studies have shown that the cationic
peptide caerinl (from frog skin) is more effective, not only against pathogenic bacteria, but also
against fish viruses, than a fish-derived AMP, dicentracin [76]. Furthermore, the human peptide LL-
37 and the insect peptide LSB-37 tested in vitro and in vivo showed higher activity against fish
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pathogenic bacteria [10,77]. Based on our results, we found that all peptides were capable of killing
the two tested marine pathogenic bacteria. The present results agree with previous research and
opens the door to their possible use against virus. Among the tested peptides, DSs(1-26)a displayed
the highest activity level. All this makes this peptide a good candidate for future in vivo studies that
support these results.

4. Materials and Methods

4.1. Peptides synthesis and physicochemical properties

Dermaseptin 54 (DSs) peptide and its derivatives [DS4(1-28), DS4(1-28)a, and DSs(1-26)a] were
obtained using the previously reported method [28]. Briefly, the box strategy and teabag
methodology were used to perform the solid-phase peptide synthesis in parallel. First, 100 mg of p-
methylbenzdrylamine (pMBHA) resin per peptide was sealed in a mesh tea bag, neutralized with 5
% diisopropylethylamine (DIEA) in dichloromethane (DCM), and then swollen with additional DCM
washes. In the presence of diisopropylcarbodiimide (DIC, 6 eq.), for 60 min the first amino acid was
introduced by coupling the amino acid Boc (6 eq) in dimethylformamide (DMF 0.1 M). After 30 min
the Boc protecting group was removed with 55 % TFA/DCM and then neutralized with 5 %
DIEA/DCM (3x). The final products were cleaved for 1.5 h from the resin support in the presence of
HF/anisole (95:5) at 0 °C. The products were extracted with 95 % acetic acid for 1 h, transferred to a
vial and lyophilized after freezing and removal of HF. Freezing and lyophilization were repeated
three times, after which the samples were transferred to a 50/50 mixture of acetonitrile and water in
pre-weighed vials. Finally, the samples were reweighed, and their crude masses were recorded after
drying.

The physicochemical properties of DSs and its derivatives, such as molecular weight, net charge,
hydrophobicity, aliphatic number (Al), and instability index (II) were determined with the APD3
antimicrobial peptide database (http://aps.unmc.edu/AP/). Furthermore, the organization of amino
acids in the alpha-helix was performed with HELIQUEST (http://heliquest.ipmc.cnrs.fr/) [29]. The
secondary structure of DS AMP was predicted with PEP-FOLD3 (http://bioserv.rpbs.univ-paris-
diderot.fr/services/PEP-FOLD3) [30], and with the self-optimized prediction method with alignment
(SOPMA) (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_server.html) [31].

4.2. Antibacterial assay

Antimicrobial activity was evaluated against V. harveyi (isolated from infected European
seabass) and V. anguillarum (ATCC 19264). Bacteria were grown on Tryptic Soy Agar (TSA, Difco
Laboratories) at 25 °C, and then inoculated in liquid Tryptic Soy Broth (TSB, Difco Laboratories). Both
media were supplemented with NaCl to a final concentration of 1.5 % (w/v). The number of bacteria
was adjusted to 10¢ colonies forming units (c.f.u.) mL! after estimation by optical density at 620 nm
against a standard curve [32].

The minimum inhibitory concentration (MIC) was defined as the lowest peptide concentration
that inhibits bacterial growth and was determined by microdilution methods. Briefly, in a 96-well
microplate, 50 uL aliquots of bacterial suspension were previously adjusted to 10¢ c.f.u. mL* were
added per well, followed by 50 uL of different peptides [DSs(1-28), DS4(1-28)a, and DS4(1-26)a] added
at different concentrations (3, 25, 50 and 100 pg mL-! in TSB medium). The medium with bacteria was
used as a positive control and the medium without peptides as a negative control. The plate was
incubated at 25 °C for 18 h. MIC was determined by measuring OD at 620 nm (BMG,
SPECTROstarNano). Three runs were performed on three different days as replicates [33]. Percent
inhibition (PI) was determined by the following equation:

PI=1-(DO test/DO control) *100 1)
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4.3. Effects of DS+ and its derivatives on cell membrane integrity and cell wall permeability

When cellular contents leak, it indicates that the cell membrane has been damaged. Nucleic acid
leakage was used to estimate the cell membrane integrity of V. harveyi and V. anguillarum using the
time-varying 260 nm UV absorption method (from 1, 3, 5 and 7 h). For this purpose, native peptide
and its derivatives at 0, MIC, 1.5 MIC, and 2 MIC, were added to a final bacterial suspension adjusted
to 106 c.f.u. mL-1, with PBS alone or with PBS plus 3 uM bovine serum albumin (BSA), for negative
and positive controls, respectively [34].

To assess the permeability of the bacterial cell wall, the bacteria were adjusted to 106 c.f.u. mL-
and then added to each peptide solution at a final concentration of MIC, 1.5 MIC, or 2 MIC. After
incubation at different times (from 1 to 6 h), the samples were centrifuged (12000 rpm, 5 min).
Bacterial supernatants were collected each time to measure extracellular alkaline phosphatase
(AKPase) activity with the AKPase detection kit. Samples with bacteria but without peptides were
used as negative control [35].

The morphology of bacteria with peptides was examined using transmission electron
microscopy. V. harveyi and V. anguillarum (10¢ c.f.u. mL") were incubated with each peptide at MIC
for 120 min at 25 °C. The samples were then centrifuged (400 x g, 10 min, 4 °C), fixed with 2.5%
glutaraldehyde in a 0.1 M cacodylate buffer, pH 7.2-7.4 (4 °C, 1h), post-fixed in 1 % OsOs for 2 h and
embedded in Epon-812 [36]. Ultrathin sections were counterstained with uranyl acetate and lead
citrate and examined under a transmission electron microscope (JEOL 1011).

4.4. Effects of divalent cations on peptide—membrane interaction

The ability of DS+ AMPs to bind divalent cations, localized on the bacterial cell membrane, was
measured by determining the MIC of each peptide in the TSB supplemented with 20 ug of Mg?* and
Ca?". The bacterial cells were incubated with all of the peptides at the MIC (at 10° c.f.u. mL- in TSB
containing the cations) for 24 h at 25 °C. Standard samples without ions were used as controls [37].

4.5. Ethics statement

Ethical approval for all experimental procedures realized with fish was obtained from the Ethics
Committee of the University of Murcia (protocol code A13150104) following the European Union
guidelines for animal handling (2010/63/EU).

4.6. Hemolytic activity of DS4 and its derivatives

Fresh blood samples were obtained from pigs (D. gaditano) at a local butchery (Murcia, Spain)
for the hemolysis test. Plasma was separated after centrifugation (500 x g, 5 min, 4 °C), and
erythrocytes were washed three times with PBS. Similarly, gilthead seabreams (S. aurata L.), with a
mean weight of 250 g and a mean length of 21 cm were obtained from a local farm (Murcia, Spain).
These specimens were placed in recirculating seawater aquaria (450 L) at the Marine Fish Facility of
the University of Murcia for a quarantine period of one month. Environmental conditions included
a water temperature of 20 + 2°C, a flow rate of 900 L h-!, a salinity of 28 %o, a photoperiod of 12 h light
to 12 h dark and continuous aeration. The tank water was carefully maintained to keep ammonium
and nitrite levels below species-specific limits (0.1 mg L and 0.2 mg L, respectively). Fish were fed
a commercial diet (Skretting, Spain) at a rate of 2% of their body weight per day.

For erythrocyte isolation, six fish were randomly selected and anesthetized with clove oil (20 mg
L-1, Guinama®). Subsequently, 1 mL of blood samples were drawn from the tail vein using a
heparinized syringe. These samples were immediately placed in 7 mL of PBS (phosphate buffered
saline) containing 0.35% sodium chloride to adjust the osmolarity of the medium, along with 10 mM
glucose (termed PBS-glu). The fish were then returned to the tank. The blood was layered on a 51 %
Percoll density gradient (Pharmacia) and centrifuged (400 x g, 30 min, 4 °C) to separate leucocytes
from erythrocytes.

Erythrocyte suspensions (from pigs and gilthead seabream) at 1% were incubated with various
concentrations of different peptides (3, 25, 50 and 100 pg mL") for 1 h at 28 °C and absorbance was

doi:10.20944/preprints202312.0782.v1
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then measured at 540 nm. PBS and 1 % Triton X-100 were used as negative and positive controls,
respectively. Each assay and condition were repeated in triplicate [38]. The percent lysis was
calculated using the following formula:

% of lysis = (As— APBS)/ (ATriton— APBS) x 100 @)

4.7. Statistical study

All results are presented as mean + standard error of the mean (SEM). Differences between each
group were obtained by Student's t-test, and two-way ANOVA (followed by Tukey's post-hoc
analysis). Shapiro-Wilk and Levene's tests were used to determine normality and homogeneity of
variance, respectively. Non-normally distributed data were log-transformed before analysis. The U-
Mann-Whitney test was used when data did not meet parametric assumptions. Statistical tests were
performed with SPSS 24 software. For all statistical analyses, the significance level used was p < 0.05.

5. Conclusions

To conclude, this study examines the mode of action of three types of dermaseptin 5S4, AMPs
identified from the skin secretions of P. sauvagii. The interaction between AMPs and bacteria was
found to show potent antibacterial activity through the disruption of cell membranes and cell walls.
The divalent cations Mg 2* and Ca 2* lose their binding sites in Gram-negative bacteria after peptide
administration. Even at high concentrations, these peptides have little hemolytic effect on fish
erythrocytes. Moreover, dermaseptin and other AMPs can be utilized to prevent infections in
aquaculture species. Nonetheless, efficient methods for their administration are needed to be
addressed. Before using this therapy strategy, it is necessary to research how the peptides affect other
environmental bacteria.
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