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Abstract: Antimicrobial peptides are a fundamental component of mollusks’ defense systems, though
they remain a thinly investigated subject. Here, infection by Vibrio parahemolyticus triggered a
significant increase in antimicrobial activity in oyster plasma. By using PBS-challenged oysters as a
control, plasma peptides from immunologically challenged oysters were subjected to peptidomic
profiling and in silico data mining to identify bioactive peptides. Thirty-five identified plasma
peptides were up-regulated post infection, among which, six up-regulated peptides (URPs) showed a
relatively high positive charge. URP20 was validated with significant antibacterial activity. Virtually,
URP20 triggered aggregation of bacterial cells, accompanied by their membrane permeabilization.
Interestingly, URP20 was found to be active against Gram-positive and Gram-negative foodborne
pathogens as well as Candida albicans, with no cytotoxicity to mammalian cells and mice. Our study
provides the first large-scale plasma peptidomic dataset that identifies novel bioactive peptides in
marine mollusks. Further exploration of peptide diversity in marine invertebrates should prove a
fruitful pursuit for designing novel AMPs with broad applications.

Keywords: oyster; plasma; peptidome; antimicrobial peptides; cytotoxicity

1. Introduction

Overconsumption of antibiotics has led to the rapid emergence and dissemination of
antimicrobial resistance in multidrug-resistant pathogens against virtually all classes of
existing antimicrobials [1], which threatens to jeopardize the sustainable development of
clinical medicine, animal husbandry, aquaculture, and the food industry [2,3]. Meanwhile,
rising public needs for safe, fresh, minimally processed, and naturally sourced foods
have posed challenges on food security worldwide, and urged research on innovative
antimicrobials [4]. Antimicrobial peptides (AMPs) are key effector molecules in host innate
defenses in both vertebrates and invertebrates; cationic AMPs possess broad-spectrum
activities against microorganisms [5] and have been increasingly recognized as templates
for developing alternative antimicrobials to combat multidrug-resistant superbugs [6].
An extensive body of literature has been devoted to investigating AMPs’ structures and
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modes of action [7], with an emerging focus on potential antimicrobial constituents of food
products [8].

To date, over 3200 AMPs from various kingdoms (11% from plants, 11% from bacteria,
0.6% from fungi, 74% from animals), along with a more modest inventory of synthetic
peptides, have been described. Among those from natural sources, only 2% of the peptides
were identified from mollusks [9]. Mollusks are the second largest phylum of invertebrate
animals, comprising 23% of all named marine organisms. These sessile marine organisms
lack adaptive immunity, and instead depend heavily on the innate immune system includ-
ing cell-mediated and humoral components for recognition and elimination of invading
microbes [10]. Antimicrobial peptides constitute one of the most important components of
the innate immunity in mollusks that provides protection against pathogenic microorgan-
isms [11]. While mollusks are increasingly being appreciated as a rich, accessible source
of AMPs, only AMPs from mussels have been studied in detail, which include mussel
defensins, mytilins, myticins, and mytimycin [12–16]. Moreover, previous works have
focused on the purification and characterization of defensins in other mollusk species, such
as oyster defensin from gill extracts of the American oyster (Crassostrea virginica) [17], the
Pacific oyster (Crassostrea gigas) [18], and two defensins from H. discus discus [19], whereas
the pharmaceutical potential of AMPs from marine mollusks remains scarcely explored.
Given that innate immune defenses via AMPs prove sufficient to contain microbial infec-
tions in mollusks, it seems logical that at least some of such immune components could
act as efficient and potent inhibitors of microbial growth [20]. In applied contexts, despite
that mollusk AMPs have been characterized in limited species, some have shown great
potential as antiviral agents [21].

The Hong Kong oyster (Crassostrea hongkongensis) is a commercially and nutritionally
valuable mollusk species in aquaculture, and is endemic to coasts of the South China Sea. As
filter feeders dwelling in intertidal zones, oysters are prone to infections. The haemolymph
is a circulating body fluid found in invertebrates, which serves as an immune tissue func-
tionally analogous to the blood of vertebrates [22]. It is primarily composed of haemolymph
cells (hemocytes) and the haemolymph plasma. During infections, a variety of specialized
proteins are secreted via exocytosis from hemocytes into the plasma, for mounting humoral
responses [23]. In our study, we observed that activated plasma from haemolymph follow-
ing bacterial challenge exhibited great inhibitory activity against Vibrio parahaemolyticus
growth, suggesting the existence of abundant antimicrobial components in the plasma,
presumably including endogenous peptides with potential antimicrobial activity. Thus
far, only a very small number of plasma-derived AMPs from marine mollusks have been
studied [9]. In addition, due to the complexity of the origins and composition of plasma
components in mollusks, it has been relatively difficult to directly purify and identify
any endogenous peptides from the plasma. Therefore, it is highly desirable to develop a
novel methodological platform for distinguishing plasma peptides from interfering species
that occur in high concentration, such as proteins, lipids, and salts, in the marine mollusk
C. hongkongensis.

Here, we utilized a mass spectrometry approach as a fundamental tool for profiling
and analyzing plasma peptidome in conjunction with peptide isolation and enrichment to
improve the workflow of detecting endogenous peptides from C. hongkongensis plasma.
Candidates of plasma peptidome based on extracts from the bacterially challenged control
groups were identified and subsequently subjected to antimicrobial susceptibility assays to
further validate potential AMPs in the plasma. We also assessed the cytotoxicity of identi-
fied plasma peptides to mammalian cells and in laboratory mice. Thus, we hypothesized
that it would be possible to develop potential AMPs from oyster plasma, and provided
evidence supporting its applications as potentially relevant to anti-infective treatment, food
preservatives, cosmetics, and agricultural uses.
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2. Results
2.1. Large-Scale Peptidome Applied to Oyster Plasma

Oyster plasma contains various soluble factors secreted by hemocytes and other cells,
which were separated from the haemolymph and collected for antibacterial activity assays.
Plasma was collected after V. parahaemolyticus injection, with PBS injection being set as a
control. Plasma of the V. parahaemolyticus challenged group was markedly more bactericidal
than that of the PBS-treated control, as shown in Figure 1A (upper right panel), suggesting
that bacterial challenge rapidly stimulated the expression of bactericidal factors, while
the positive control (incubation with LB agar liquid medium for 2 h) contained more
V. parahaemolyticus cells.

Figure 1. Collection of oyster plasmas for isolation and identification of bactericidal peptides.
(A) Oysters were treated with V. parahaemolyticus or PBS by injection or for 24 h, followed by plasma
collection. Bactericidal effects were assessed by incubating (V. parahaemolyticus versus PBS-treated)
plasmas and LB (positive control) with V. parahaemolyticus, whose colony-forming units (CFUs) were
subsequently visualized and enumerated in LB agar plates. Peptides of interest were purified from
the plasma via indicated steps and subjected to analysis by LC-MS/MS. (B) Lengths of the identified
peptides in each sample. The names of the samples are shown on the horizontal axis, and the number
of polypeptides on the vertical axis. (C) Principal component analysis (PCA) score plot of the plasma
samples. Colors mark for different samples.

In addition to reported plasma proteins such as lectin [24], other novel antibacterial
effector proteins may exist. Peptidomics was herein employed to identify new bioactive
peptides with antibacterial activity from plasma based on liquid chromatography and
tandem mass spectrometry. To apply large-scale peptidomics to oyster plasma proteins,
oyster plasma was extracted from the V. parahaemolyticus challenged group (P4, P5, P6)
and PBS-treated control (P1, P2, P3). Figure 1A summarized the workflow of the technical
processes, which includes peptide purification, peptide filtering, and MS sequencing. To
exclude larger protein fragments, these were removed by molecular-weight cutoff (10 kD)
spin filters, before MS sequencing of the resultant peptide samples was performed. Peptides
were identified by using the MaxQuant integrated Andromeda engine, with filtering at
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PM-level FDR ≤ 1%, and further filtering at peptide-level FDR ≤ 1% to obtain significant
identification results.

2.2. Peptide Identification and Informatics Analysis

Each sample in the bacteria-challenged group and PBS-treated control was divided
into two sub-samples, respectively, for performing technical repetition. The total spectral
count ranged around 617,210 in all the samples, and 39,000 were identified (Table S1). As
this study focused mainly on peptides, large proteins (>10 kD) were filtered out manually.
Most of the fragments had peptide lengths of 8 to 34 amino acids. Only a few fragments
were shorter than 8 amino acids or longer than 34 amino acids (Figure 1B). Then, principal
component analysis (PCA) was performed on the subset of identified peptide in each
sample, showing that the samples in control group (P1, P2, and P3) formed together and
the samples in infection group (P4, P5, and P6) formed in distinct groups, illustrating the
individual difference post infection.

2.3. Comparative Analysis on Peptide Expression and General Function

The resulting peptidomes were analyzed, which shows that fewer peptides in the PBS-
treated plasma were identified than in the case of bacteria-challenged plasma (Figure S1).
A considerable fraction of the peptides was derived from intracellular proteins likely
arising from tissue damage under bacterial infection, and was thus not assumed to con-
stitute bioactive peptide. Then, comparative analysis on peptide expression following
V. alginolyticus infection and PBS infection was performed to elucidate positive active
peptides during infection. Differentially expressed peptides (DEPs) were analyzed by
comparing peptide abundance in the V. alginolyticus infection group with the PBS infection
group. In Figure 2A, we use a volcano plot to summarize the magnitude, significance and
variability in V. alginolyticus infection group. Thirty-five identified peptides indicate an
ascending trend in peptide expression, whereas 67 peptides were down-regulated during
V. alginolyticus infection. Significant protein expression in this study was defined as a
p value of less than 0.05, with fold changes greater than 1.4 and below 0.7. To illustrate this,
the peptide expression level of 35 up-regulated peptides (URPs) is exhibited in Figure 2B.

To facilitate screening of up-regulated peptides (URPs) with antimicrobial potential,
the URPs were submitted to the HeliQuest website for prediction on general physico-
chemical features, in terms of hydrophobicity, hydrophobic moment, and net charge (z)
(Table S2). Consequently, a total of six up-regulated peptides (URP20, URP22, URP31,
URP32, URP33, and URP34) were selected for chemical synthesis, since they possessed
a positive charge ≥ +2. Then, synthetic peptides were applied for antibacterial activity
assay to evaluate their biological activities. We found that URP20 exhibited remarkable
inhibitory activity on all bacterial cells tested, in comparison with five other up-regulated
peptides (Figure 2C). Furthermore, URP20 showed a medium degree of hydrophobicity
(0.25667), compared to peptides with higher hydrophobicity (URP14, 0.601; URP15, 0.629)
or lower hydrophobicity (URP17, −0.134), as shown in Table S2. In addition, URP20 has a
net charge of +3, which may favor its binding to cell membranes.



Mar. Drugs 2021, 19, 420 5 of 15

Figure 2. Comparative analysis of the identified peptides. (A) Volcano plots show the relationship
between fold-changes and significance for vibrio infection group vs control group. The y-axis shows
the −log10 (p-values) and the x-axis shows the difference in expression as measured in log2 (fold
change). (B) Heatmaps of gene expression levels of the differentially expressed peptides (DEPs).
Peptide expression levels were normalized by z-score normalization method. (C) Bactericidal effects
of potential antimicrobial peptides (net charge ≥ 2 in up-regulated peptides) at 5 µM on the growth
of E. coli, V. alginolyticus, V. parahaemolyticus, and S. aureus. Bacterial cells were treated with an equal
amount of PBS as a control group. Bactericidal effects were assessed by counting bacterial CFUs
on LB agar plates, which were then expressed as percent survival rate relative to that of the control
group. Data are presented as means ± SD.

2.4. URP20 Showed Broad-Spectrum Antimicrobial Activity against Bacteria and Fungi

To establish the antimicrobial mode of action of URP20, MICs and MBCs were ana-
lyzed, along with its peptide structure and helical wheel projection. The peptide structure
was predicted on the PEP-FOLD server, which confirmed the formation of α-helix. As
shown in Table S2, URP20 is a positively charged peptide. The helical wheel projection of
URP20 (Figure 3A) indicates where the positively charged amino acids, namely lysines
(in blue), are localized. Hydrophobic residues (grey and yellow) are situated on different
sides of the wheel, giving rise to a hydrophobic moment (arrow) in the URP20 molecule.
Based on this, it is anticipated that URP20 could embed itself in phospholipid membranes
with its positive charges pointing outside and its hydrophobic elements facing the hy-
drophobic core of the membrane.
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Figure 3. Antimicrobial activity of URP20. (A) Peptide structure and helical wheel projection of
URP20. Peptide structure was predicted by the PEP-FOLD server. Amino acids are indicated by
abbreviations. The peptide helical wheel was predicated on the HeliQuest website. The amino acid
composition is indicated by one-letter symbols, namely, Lys (K), Met (M), Leu (L), Ile (I), Ala (A),
and Asp (D). Group coloring key: yellow and grey represent nonpolar and hydrophobic amino acids;
blue represents basic and charged amino acid; red represents acidic amino acids. The amino acids in
red color mark the N- and C-termini of the peptide. An arrow represents the hydrophobic moment.
(B) Antimicrobial activity of URP20 at various concentrations against Gram-negative bacteria (E. coli,
V. parahaemolyticus, and V. alginolyticus), Gram-positive bacteria (S. aureus), and fungi (C. albicans).
(C) MIC and MBC were calculated based on statistical data on URP20-dependent killing efficiency in
the microbial samples. Data are expressed as a percentage of killing (mean ± SD) relative to that of
the control group. IC50 values are also indicated. Tests were performed in triplicates.

Antimicrobial susceptibilities of E. coli, V. alginolyticus, V. parahaemolyticus, S. aureus,
and C. albicans toward URP20 were tested. The results (Figure 3B,C) show that URP20
exerted obvious but differential inhibitory effects on the growth of several bacteria. At low
concentrations (0.5 µM), URP20 was not inhibitory to bacterial growth. Minimum inhibitory
concentrations (MICs) for Gram-negative bacteria (E. coli, V. alginolyticus, V. parahaemolyticus)
ranged from 1 to 10 µM (MIC50 = 1.338 µM, 4.21 µM, 2.572 µM, respectively), and corre-
sponding minimum bactericidal concentrations (MBCs) ranged from 10 to 20 µM. MICs for
Gram-positive bacteria (S. aureus) were 1 µM~5 µM (MIC50 = 2.84 µM), and corresponding
MBCs were 5 µM~10 µM. The MICs for the fungi (C. albicans) ranged from 1 µM to 10 µM
(MIC50 = 3.283 µM), and corresponding MBCs ranged from 10 to 20 µM. According to
statistical results (Figure 3C), 0.5 µM of URP20 also had some inhibitory effects on the
growth of bacteria.

2.5. URP20 Triggered Aggregation of Bacterial Cells, Accompanied by Microbial
Membrane Permeabiliation

In order to elucidate the antimicrobial mode of action of URP20, we proceeded to
observe URP20-treated E. coli in confocal fluorescence microscopy (Figure 4A). Bacterial
cells were found to adhere to each other in the presence of URP20 (10 µM), while the blank
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control E. coli without peptide treatment showed a dispersed and uniform distribution in
the bright field, suggesting that URP20 triggered aggregation of the bacterial cells.

Figure 4. Antimicrobial mechanisms of URP20. (A) URP20 triggered aggregation of bacterial cells.
Confocal microscopy images were acquired after URP20 challenge (10 min) of bacteria (E. coli). DNA
was stained with DAPI (blue), and GFP-labelled bacteria emitted green fluorescence. In the control
group, URP20 was replaced by an equal amount of PBS. (B) Permeabilization efficiency of URP20
after 5 min peptide incubation in bacterial or fungi cells. Membrane permeabilization of bacterial
or fungal cells was measured by the Sytox Green assay. Bacterial or fungal cells were exposed to
URP20 (20 µM) or an equal amount of water (control). (C) Time-lapse study on the effects on URP20
on membrane permeabilization in bacterial or fungal cells. Bacterial or fungal cells were exposed to
URP20 (20 µM) or an equal amount of water (control, white circles) at indicated time points (0, 5, 30,
60, and 120 min).

We reasoned that detrimental modifications of the microbial cell surface may occur
upon URP20 challenge. We thus focused our subsequent study on the effects of URP20
on microbial membrane permeabilization. SYTOX Green stain is a green-fluorescent
nuclear and chromosome counterstain that is impermeant to living cells but can penetrate
membranes of dead cells, making it a useful indicator of dead cells within a population.
As membrane porosity increases, microbial DNA is stained by internalized SYTOX Green,
which accumulates at different levels of fluorescence intensity in flow cytometry. Figure 4B
shows the extent of damage to microbial cell membranes by URP20 (at MIC for 5 min).
Remarkably, URP20 incubation sharply increased the fluorescence density by 50%, whereas
fluorescence density was low in the group without URP20 incubation (5 min) and there
was nearly no fluorescence in the group without URP20 incubation and SYTOX Green
staining (microbial group added with water only). Then, time-dependent incubation of
URP20 and microbial cells were performed (Figure 4C), which shows that membrane
permeabilization progressed over time. For example, after URP20 incubation for 30 min,
membrane permeabilization of E. coli, V. alginolyticus, V. parahaemolyticus, and C. albicans
became stable, while that of S. aureus occurred more gradually. The results indicate time-
dependent damage of URP20 to microbial cells membranes.
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2.6. URP20 Was Not Cytotoxic to Mammalian Cells or Laboratory Mice

Since AMPs may exert toxic effects on host cells, we set out to assess any potential
toxicity of URP20 to mammalian cells in vivo or to laboratory mice. In vitro, URP20
elicited negligible LDH release in HEK293T cells (Figure 5A), with minor effects seen in the
induction of a proinflammatory response (reflected by IL1α levels) in murine J774.1 cells
(Figure 5B) across a broad range of concentrations of up to 50 µM, compared to the control
group (no peptides).

Figure 5. In vitro and in vivo toxicity of URP20. (A) HEK293T cells were treated with URP20 in
different concentrations (0, 1, 5, 10, 20, 50 µM) for 24 h. Cell death was quantified by measuring
lactic dehydrogenase (LDH) release. Data represent means ± SD of optical densities from three
independent experiments. Blank: wells with no medium and cells. (B) Standard curve of IL1α
concentration was established, as displayed in the left panel. Murine J774.1 cells were treated with
URP20 at different concentrations (1, 5, 10, 20, 50 µM) for 24 h, followed by detection of IL1α levels
by ELISA, as shown in the right panel. Colored dots represent IL1α response corresponding to
different URP20 concentrations in treatment. (C) C57BL/6 mice were treated with URP20 at indicated
concentrations (0, 0.045, 0.45, and 4.5 mg/kg) by intratracheal (i.t.) instillation and subsequently
euthanized at 24 h after determination of mobility. Survive rate is displayed above.

To further assess any toxic effects of URP20 in vivo, we tested this in C57BL/6 mice
(20 g in weight) by intratracheal (i.t.) instillation of the compound at up to 4.5 mg/kg. The
URP20 treatment resulted in no fatalities and appeared to be well tolerated by observation
of apparent effects in physical traits such as mobility (Figure 5C), which likewise suggests
no toxicity to the host in vivo.

3. Discussion

In this study, we presented a novel approach to the extraction of plasma peptides,
empowered by mass spectrometric identification and bioinformatics analysis to tease out
potential antimicrobial peptides. To our knowledge, ours is the first comprehensive large-
scale plasma peptidomic dataset that describes a large number of endogenous peptides
from marine mollusk plasma, based on mass spectrometry. Similar peptidomic analysis
was performed in Freshwater Mollusk Pomacea poeyana, revealing promising antimicro-
bial candidates [25]. In this study, low-abundance endogenous peptides were enriched by
filtering with an ultrafiltration tube with a 10 kD filter membrane from a highly complex
plasma environment with proteins of large heterogeneity in sizes and charges. This thresh-
old was established for the generally accepted size of AMPs [26]. Thereafter, MS detection
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was performed with an emphasis on in depth peptide identification. Additional functional
characterization of endogenous peptides by bioinformatics was employed to decipher their
biological meanings.

Interestingly, plasma from bacteria-challenged oysters showed significantly higher
bactericidal activity, implying an increased expression level of antimicrobial components
in bacteria-challenged samples. It is clear that some peptides occurred as degradation
products from endogenous proteins, due to immunologically induced tissue damage and
proteolysis [27]. Previously, it has been demonstrated that some bioactive peptides are
well-defined peptides from specific proteolytic degradation of larger proteins [28,29]. For
example, histone-derived AMP, known as Abhisin, is an endogenous AMP derived from
the N-terminal region of histone H2A in disk abalone, with typical antimicrobial peptide
characteristics [30]. In addition, another type of endogenous peptides is encoded by
DNA coding sequences, such as short reading frames (sORF) [31] and non-coding RNA
(ncRNA) [32]. Therefore, it is relatively challenging to develop novel bioactive peptides
plainly on the basis of their biological sources. Thus, the analytical strategy and procedural
framework used in our study have been proven robust for high-throughput identification
of bioactive peptides.

AMPs are regarded as promising candidates for novel food preservatives in indus-
trial and pharmaceutical applications, due to their relative safety and broad-spectrum
antimicrobial activity. Here, we mainly focused on the antimicrobial activity of identified
plasma peptides, but not the origin of the peptides, to reduce the peptidomic complex-
ity. Antimicrobial activity of these peptides varied in different bacteria strains, and only
URP20-selected plasma peptides showed strong antimicrobial activity. While AMPs are
characterized by a wide antimicrobial spectrum, several previous works described speci-
ficity of some AMPs toward certain bacterial species. For example, the mussel defensins,
MGDs, mytilins, and myticins have shown greater antibacterial activity against Gram-
positive than against Gram-negative bacteria [15]. Generally, AMPs target membranes
and directly kill microbes by disruptive forces of electrostatic and hydrophobic interac-
tions [33]. Nevertheless, there has been no unifying principles on the actual modes of
bacterial killing by AMPs to different species, resulting in limited understanding on the
diversity of antimicrobial activity.

It has been proposed that biophysical determinants of antimicrobial activity include
small size, cationicity, and amphipathicity [34]. In this study, URP20 was a plasma peptide
identified with potent anti-bacterial and anti-fungal activity. It displayed robust and
broad-spectrum antimicrobial activity, which reflected its amino acid composition. Among
them, lysine (K), leucine (L), and isoleucine (I) helps to effectively form antimicrobial
peptides. The positively charged lysine (K) can bind to negatively charged bacterial
components, allowing an AMP to be more tightly attached to a membrane surface. Lysine
(K), along with alanine (A), is known for boosting antimicrobial activity [35]. Leucine
(L) and isoleucine (I) provide hydrophobic groups to bind bilayers with high affinity,
thereby disrupting lipid vesicles and bacterial membranes [36]. Most of the antimicrobial
peptides are positively charged alkaline peptides, which interact with anionic substances
to increase local osmolality, disrupt cell membranes, and eventually induce cell death [37].
URP20 showed a significant ability to damage to cell membranes of Gram-negative and
Gram-positive bacteria and fungi, which suggests a broad spectrum of antimicrobial
activity against a microbes. Indeed, major bacterial pathogens that cause foodborne
infections include Staphylococcus aureus, Escherichia coli, Vibrio cholera, among others [38].
The robust and broad-spectrum antimicrobial activity of URP20 allowed it to target Vibrio
spp., E. coli, and S. aureus, raising the possibility of its use as a potential preservative to
extend the shelf-life of food products. Additionally, Candida albicans is a fungal species
of the human microbiota with the ability to asymptomatically colonize many parts of
the body [39]. Although few mollusk AMPs have been tested for antifungal activities,
the antimicrobial activity of URP20 against Candida albicans seen in this study points to
potential of mollusk peptides as lead compounds for developing antifungal agents. In
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addition, we also showed that, within the range of bactericidal concentrations, URP20 was
not cytotoxic or proinflammatory toward mammalian cells and mice, which lends further
support to its safe use as naturally occurring antibacterial agents.

Overall, antimicrobial peptides are a promising new class of naturally sourced com-
ponents as alternative food preservatives [8,40]. Selective cytotoxicity of cationic AMPs
against a broad spectrum of human cancer cells supports their exploration as novel antitu-
mor agents, which may avoid the disadvantages of conventional chemotherapy. Marine
invertebrates have been increasingly appreciated as a rich source of novel and AMPs [20].
The development of a large-scale plasma peptidomic strategy has patently facilitated bio-
logical characterization and in silico mining of novel marine AMPs. Collectively, we believe
that future analysis on peptide diversity in marine invertebrates will inspire new designs
of functionally attractive AMPs for biotechnological applications.

4. Materials and Methods
4.1. Oyster Collection

Hong Kong oysters, Crassostrea hongkongensis (two-year old individuals with an av-
erage 100 mm shell length), were obtained from oyster culture facilities in Zhanjiang,
Guangdong Province, China, and maintained at 22–25 ◦C in tanks with re-circulating
seawater before experiments. The oysters were fed twice a daily with Tetraselmis suecica
and Isochrysis galbana, during acclimation (two weeks) prior to study.

4.2. Bacterial Challenge and Plasma Collection

To investigate bactericidal effects of plasma components, 100 oysters were randomly
assigned into 2 groups and placed in 2 tanks: the bacterial challenge and control groups. For
the experimental group, oysters were challenged by injecting 100 µL Vibrio parahaemolyticus
(1 × 108 CFU/mL) suspended in phosphate buffer saline (PBS) into the adductor mus-
cle. For the control group, an equal volume of PBS was injected. At 24 h post-challenge,
hemolymph was collected from the pericardial cavity through the adductor muscle and
immediately centrifuged (700 × g for 10 min at 4 ◦C) to separate the plasma from hemo-
cytes. Every three samples (ten oyster/sample) oysters in one sample were randomly
collected in each group after injection (P1, P2, P3 for PBS injection group; P4, P5, P6 for
V. parahaemolyticus injection group).

4.3. Bacterial Clearance Assay

Twenty microliters of the plasma from individual samples were mixed and incubated
with 20 µL V. parahaemolyticus (1 × 106 CFU/mL) at 37 ◦C for 2 h. Equal amounts of PBS
and LB agar liquid medium were determined as the negative control and positive control.
After two hours of incubation, 10 µL of the mixture was drawn as an inoculum for agar
plating. Enumeration of survivors’ colonies (CFU) was performed on LB (Luria-Bertani)
agar plates in triplicates.

4.4. Peptide Purification

Appropriate amounts of the samples were taken and centrifuged at a high speed of
20,000× g for 10 min to remove impurities such as precipitation. The supernatant was
placed on ice and diluted with 8 M urea to a final concentration of 10 µg/µL, followed by
incubation in the presence of 1 × protease cocktail and 2 mM EDTA for 5 min. Then, DTT
(dithiothreitol) was added to a final concentration of 10 mM, followed by incubation for
1 h at 56 ◦C, and a final concentration of 55 mM IAM (iodoacetamide) was added to the
mixture in a darkroom, followed by further incubation for 45 min at room temperature.
Next, equal amounts of proteins in each sample were filtered in ultrafiltration tubes with
a 10 kD filter membrane and centrifuged in a volume of 400 µL at a time at 14,000× g
for 15 min. The resultant filtrates were collected, which were then further purified by a
C18 solid-phase extraction column (following a standard protocol involving activation,
balance, sample loading, washing, and elution). The eluent was cold-frozen and drained.
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The drained polypeptides were re-dissolved by 0.1% FA (Formic acid) of an appropriate
volume, and their trace amounts were detected by MALDI-TOF mass spectrometry (MS)
for quality control, followed by analysis by LC-MS/MS (Thermo Q-Exactive).

4.5. MS Sequencing

LC-MS/MS analysis was performed on an UltiMate 3000 UHPLC (Thermo Scientific,
Waltham, MA, USA), a prominence nano-HPLC system (Shimadzu, Tokyo, Japan) coupled
with Q-Exactive (Thermo Fisher Scientific, Waltham, MA, USA). The peptides were re-
dissolved and loaded on trap column (30 µm × 5 mm, µ-Precolumn, Thermo Scientific,
Waltham, MA, USA) with buffer A (2% ACN, 0.1% FA) in 5 min, followed by a 55 min
gradient: from 5% B (98% ACN, 0.1% FA) to 25% B in 40 min, to 35% B in 5 min, to 80%
B in 2 min, to 80% B for 2 min, dropped to 5% within 0.5 min and then kept at 5% B for
5.5 min at a flow rate of 300 nL/min. The sample was then separated and transferred to
the mass spectrometry system.

After liquid-phase separation, peptides were ionized by a nanoESI source and then
transferred to a Q-Exactive tandem mass spectrometer (Thermo Fisher Scientific, San Jose,
CA, USA) for data-dependent acquisition (DDA) mode detection. The main parameters
used were: ion source voltage set to 1.6 kV, and the scanning range of primary mass
spectrometry to 350~1600 m/z; resolution set to 70,000; and an initial m/z of secondary mass
spectrometry fixed as 100, at a resolution of 17,500. The parent ion screening conditions
for secondary fragmentation were: charge, 2+ to 7+; and peak strength of the parent ion,
> 10,000 and ranks in the first 20. Ion fragmentation mode was HCD, and fragmentation
ions were detected in Orbitrap. The dynamic exclusion time was set to 15 s. The mass
spectrometry proteomics data have been deposited to the ProteomeXchange Consortium
via the PRIDE partner repository with the dataset identifier PXD025247.

4.6. Peptide Identification and Bioinformatics Analysis

The raw MS/MS data were converted to MGF files and searched against the protein
sequences from the genome database of Crassostrea hongkongensis [41], using MaxQuant
1.5.3.30. The parameters were set as follows: no enzyme selected; fixed modifications
of carbamidomethyl (C); variable modification of oxidation (M); acetyl (protein N-term);
4.5 ppm ppm of precursor mass tolerance; 20 ppm of fragment ion tolerances; used match-
between-runs (using default parameters); minimal peptide length, 7; and maximal peptide
length, 45. The credible peptide identifications were obtained with FDR < 0.01 at both
peptide spectrum matches (PSMs) and peptide levels. The identified peptides were applied
to gene Ontology (GO) annotation by Blast2GO (version 5.2).

4.7. Prediction on Antimicrobial Activity

Physicochemical properties of up-regulated peptides (URPs) were subjected to analy-
sis by HeliQuest (https://heliquest.ipmc.cnrs.fr/, 2020-07-29), with regard to hydrophobic-
ity, hydrophobic moment, and net charge (z).

4.8. Antimicrobial Susceptibility Assay

Candidate antimicrobial peptides was synthesized by Bankpeptide (Hefei, Anhui, China).
For testing antimicrobial activities of the peptides, suspensions (about 106~107 CFU/mL)
of Escherichia coli DH5α, Vibrio alginolyticus ZJ51, Vibrio parahaemolyticus E151, Staphylococcus
aureus ATCC 29213, and Candida albicans ATCC 96901 were first prepared. The candidate
antimicrobial peptides (5 µM) were separately incubated with the microbial suspensions
for 1 h. Subsequently, a sample was taken as an inoculum for agar plating. CFUs (colony
forming units) were enumerated on LB (for bacteria) and peptone (for C. albicans) agar
plates following overnight culture for 16 h at 37 ◦C. A control group was set up by adding
equal amounts of PBS. Antimicrobial susceptibilities were determined as a percentage of
survival compared to that of the control group, and expressed as means ± SD. All tests
were performed in triplicates and repeat for three times.

https://heliquest.ipmc.cnrs.fr/
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4.9. Determination of Minimum Inhibitory Concentrations (MICs) and Minimum Bactericidal
Concentrations (MBCs) of URP20

For antibacterial and antifungal assays, MICs and MBCs were determined by plating
bacterial/fungal cells on LB or peptone agar plates following incubation with different
concentrations of URP20 (0, 0.5, 1, 2, 5, 10, 20, and 50 µM). Bacterial or fungal cells harvested
from overnight cultures were washed three times to remove all traces of culture media and
adjusted to a density of 105~106 CFU/mL in sterile PBS before exposure to URP20. The
bacterial or fungal suspensions were then incubated with or without peptides in PBS for 2 h
at 37 ◦C. Subsequently, 10 microliters of the mixture from each sample were serially diluted
in 1000 µL PBS, from which a 10 µL inoculum was plated in LB agar plates in a 12 well
plate for overnight culture, followed by imaging and bacterial or fungus colony counts.
Data were analyzed using GraphPad Prism (8.0) software and expressed as a percentage
(means ± SD) of killing compared to that of the control group. All tests were performed in
triplicates and repeated for three times.

4.10. Confocal Imaging of URP20 Triggered Assembly of the Bacterial Cells

Following overnight culture, bacteria (E. coli DH5α) were washed three times to
remove all traces of culture medium and adjusted to a density of 107 CFU/mL in sterile
PBS before exposure to URP20. E. coli DH5α cells were transformed with a pFPV25.1
plasmid, which enabled them to emit green fluorescence (GFP). After 10 min exposure to
URP20, the bacterial cells were washed three times, placed in confocal dishes, and fixed for
10 min in cold paraformaldehyde (4%). Then, cells were stained for DNA for 10 min with
0.25 µg/mL DAPI (4, 6-diamidino-2-phenylindole). Finally, images were acquired with a
Leica LP8X confocal fluorescence microscope.

4.11. Membrane Permeabilization Assay

Bacterial and fungal cells harvested from overnight cultures were washed and re-
suspended at a density of 109 CFU/mL in PBS, before being incubated with 1 µM Sytox
green (Invitrogen, Waltham, MA, USA). Cells (100 µL) were then exposed to URP20 (20 µM)
for different durations of time (0, 5, 30, 60, and 120 min), followed by washing three times
with PBS. Cells were then subjected to flow cytometry to assess the extent of membrane
permeabilization. For the untreated control group, PBS was added to replace the URP20,
and the corresponding sample was subjected to flow cytometry, after incubation periods
of 0, 5, 30, 60, and 120 min. The cells with no Sytox green and peptide were set as a blank
control. Fluorescence intensity was measured at indicated time points. Permeabilization
efficiency was determined by the percentage of cells emitting fluorescence.

4.12. Cytotoxicity Assay

Potential cytotoxicity of URP20 was assessed through measurement of the release of
lactate dehydrogenase (LDH) in the HEK293T cells, purchased from Guangzhou Cellcook
Biotech Co.,Ltd. (Guangzhou, China). First, the cells were cultured overnight in DMEM
(10% FBS, 1% penicillin-streptomycin solution) and then exposed to URP20 (0–50 µM) for
another 24 h incubation under serum-free conditions. Then, cell viability was assessed by
measuring the release of LDH with a commercial lactate dehydrogenase assay kit (ab102526;
Abcam, Cambridge, UK).

Mouse J774.1 cells, purchased from Guangzhou Cellcook Biotech Co.,Ltd., were cul-
tured overnight in DMEM (10% FBS, 1% penicillin-streptomycin solution) and allowed
to attach. Then, cells were incubated with fresh medium, and treated with the peptide at
different concentrations (1, 5, 10, 20, 50 µM) for another 24 h. Subsequently, cytokine levels
were measured using an IL1α ELISA kit (PI561; Beyotime, Haimen, China).

4.13. In Vivo Toxicity in Mice

Animal experiments were carried out at the Guangdong Laboratory Animals Monitor-
ing Institute, approved and reviewed by Institutional Animal Care and Use Committee of
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the institute. Wide-type C57BL/6J mice with an average weight of 20 g were anesthetized
by isoflurane inhalation and instilled intratracheally with different doses (0, 0.045, 0.45,
4.5 mg/kg) of URP20 in PBS (50 µL) and again 6 h later. Control mice were instilled with an
equal amount of PBS without peptide. Survival of the mice was monitored over a period of
24 h after secondary instillation. Statistical analyses on the data were carried out by using
GraphPad Prism software.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/md19080420/s1, Table S1. An overview of the peptide indetification in each sample; Table S2.
Physicochemical properties of up-regulated peptides (URPs); Figure S1 Abundances of identified
peptides in each sample.

Author Contributions: Conceptualization, Y.Z. and Z.Y. (Ziniu Yu); methodology, F.M.; software,
F.M.; validation, F.M., M.H. and K.L.; formal analysis, Z.Y. (Zhuo Yan), Z.X. and W.Y.; investigation,
F.M. and Y.B.; resources, X.Z. and X.S.; data curation, F.M.; writing—original draft preparation, F.M.;
writing—review and editing, Y.Z. and N.-K.W.; visualization, F.M.; supervision, Y.Z. and Z.Y. (Ziniu
Yu); project administration, N.-K.W. and Y.B.; funding acquisition, F.M., Y.B., Y.Z. and Z.Y. (Ziniu Yu).
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded bygrants from the National Science Foundation of China
(No. 32073002, 31902404), Key Special Project for Introduced Talents Team of Southern Marine
Science and Engineering Guangdong Laboratory (Guangzhou) (GML2019ZD0407), Natural Sci-
ence Foundation of Guangdong Province (2020A1515011533), the China Agricultural Research
System (No. CARS-49), the Demonstration Project for Innovative Development of Marine Econ-
omy (NBHY-2017-S4), the Zhejiang Provincial Top Key Discipline (KF2020009), Institution of South
China Sea Ecology and Environmental Engineering, Chinese Academy of Sciences (ISEE2018PY01,
ISEE2018PY03, ISEE2018ZD01), and Science and Technology Planning Project of Guangdong Province,
China (2017B030314052, 201707010177).

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved and reviewed by Institutional Animal Care and Use
Committee of Guangdong Laboratory Animal Monitoring Institute (No. 20201104039, approved on
4 November 2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: The mass spectrometry proteomics data have been deposited to the Pro-
teomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD025247
(https://www.ebi.ac.uk/pride/archive/projects/PXD025247).

Acknowledgments: We are deeply grateful to our lab members and collaborators, who have provided
us with able assistance or valuable advice at all stages of this study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Alos, J.I. Antibiotic resistance: A global crisis. Enferm. Infecc. Microbiol. Clin. 2015, 33, 692–699. [CrossRef]
2. Martin, M.J.; Thottathil, S.E.; Newman, T.B. Antibiotics Overuse in Animal Agriculture: A Call to Action for Health Care

Providers. Am. J. Public Health 2015, 105, 2409–2410. [CrossRef] [PubMed]
3. Capita, R.; Alonso-Calleja, C. Antibiotic-resistant bacteria: A challenge for the food industry. Crit. Rev. Food Sci. Nutr. 2013, 53,

11–48. [CrossRef]
4. Sierra, J.M.; Fuste, E.; Rabanal, F.; Vinuesa, T.; Vinas, M. An overview of antimicrobial peptides and the latest advances in their

development. Expert Opin. Biol. Ther. 2017, 17, 663–676. [CrossRef] [PubMed]
5. Hancock, R.E.; Diamond, G. The role of cationic antimicrobial peptides in innate host defences. Trends Microbiol. 2000, 8, 402–410.

[CrossRef]
6. Mishra, B.; Reiling, S.; Zarena, D.; Wang, G.S. Host defense antimicrobial peptides as antibiotics: Design and application strategies.

Curr. Opin. Chem. Biol. 2017, 38, 87–96. [CrossRef]
7. Lee, T.H.; Hall, K.N.; Aguilar, M.I. Antimicrobial Peptide Structure and Mechanism of Action: A Focus on the Role of Membrane

Structure. Curr. Top. Med. Chem. 2016, 16, 25–39. [CrossRef]
8. Rai, M.; Pandit, R.; Gaikwad, S.; Kovics, G. Antimicrobial peptides as natural bio-preservative to enhance the shelf-life of food. J.

Food Sci. Tech. 2016, 53, 3381–3394. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/md19080420/s1
https://www.mdpi.com/article/10.3390/md19080420/s1
https://www.ebi.ac.uk/pride/archive/projects/PXD025247
http://doi.org/10.1016/j.eimc.2014.10.004
http://doi.org/10.2105/AJPH.2015.302870
http://www.ncbi.nlm.nih.gov/pubmed/26469675
http://doi.org/10.1080/10408398.2010.519837
http://doi.org/10.1080/14712598.2017.1315402
http://www.ncbi.nlm.nih.gov/pubmed/28368216
http://doi.org/10.1016/S0966-842X(00)01823-0
http://doi.org/10.1016/j.cbpa.2017.03.014
http://doi.org/10.2174/1568026615666150703121700
http://doi.org/10.1007/s13197-016-2318-5
http://www.ncbi.nlm.nih.gov/pubmed/27777445


Mar. Drugs 2021, 19, 420 14 of 15

9. Wang, G.S.; Li, X.; Wang, Z. APD3: The antimicrobial peptide database as a tool for research and education. Nucleic Acids Res.
2016, 44, D1087–D1093. [CrossRef]

10. Gerdol, M.; Gomez-Chiarri, M.; Castillo, M.G.; Figueras, A.; Fiorito, G.; Moreira, R.; Novoa, B.; Pallavicini, A.; Ponte, G.;
Roumbedakis, K.; et al. Immunity in Molluscs: Recognition and Effector Mechanisms, with a Focus on Bivalvia. In Advances in
Comparative Immunology; Cooper, E., Ed.; Springer: Cham, Switzerland, 2018; pp. 225–341.

11. De Zoysa, M. Antimicrobial Peptides in Marine Mollusks and Their Potential Applications; John Wiley & Sons Ltd.: Hoboken, NJ, USA,
2013; pp. 695–707.

12. Mitta, G.; Vandenbulcke, F.; Hubert, F.; Roch, P. Mussel defensins are synthesised and processed in granulocytes then released
into the plasma after bacterial challenge. J. Cell Sci. 1999, 112, 4233–4242. [CrossRef]

13. Mitta, G.; Vandenbulcke, F.; Roch, P. Original involvement of antimicrobial peptides in mussel innate immunity. FEBS Lett. 2000,
486, 185–190. [CrossRef]

14. Mitta, G.; Hubert, F.; Noel, T.; Roch, P. Myticin, a novel cysteine-rich antimicrobial peptide isolated from haemocytes and plasma
of the mussel Mytilus galloprovincialis. Eur. J. Biochem. 1999, 265, 71–78. [CrossRef]

15. Mitta, G.; Vandenbulcke, F.; Hubert, F.; Salzet, M.; Roch, P. Involvement of mytilins in mussel antimicrobial defense. J. Biol. Chem.
2000, 275, 12954–12962. [CrossRef]

16. Mitta, G.; Vandenbulcke, F.; Noel, T.; Romestand, B.; Beauvillain, J.C.; Salzet, M.; Roch, P. Differential distribution and defence
involvement of antimicrobial peptides in mussel. J. Cell Sci. 2000, 113, 2759–2769. [CrossRef]

17. Seo, J.K.; Crawford, J.M.; Stone, K.L.; Noga, E.J. Purification of a novel arthropod defensin from the American oyster, Crassostrea
virginica. Biochem. Biophys. Res. Commun. 2005, 338, 1998–2004. [CrossRef]

18. Schmitt, P.; Wilmes, M.; Pugniere, M.; Aumelas, A.; Bachere, E.; Sahl, H.G.; Schneider, T.; Destoumieux-Garzon, D. Insight into
Invertebrate Defensin Mechanism of Action oyster defensins inhibit peptidoglycan biosynthesis by binding to lipid II. J. Biol.
Chem. 2010, 285, 29208–29216. [CrossRef] [PubMed]

19. De Zoysa, M.; Whang, I.; Lee, Y.; Lee, S.; Lee, J.S.; Lee, J. Defensin from disk abalone Haliotis discus discus: Molecular cloning,
sequence characterization and immune response against bacterial infection. Fish Shellfish Immunol. 2010, 28, 261–266. [CrossRef]

20. Sperstad, S.V.; Haug, T.; Blencke, H.M.; Styrvold, O.B.; Li, C.; Stensvag, K. Antimicrobial peptides from marine invertebrates:
Challenges and perspectives in marine antimicrobial peptide discovery. Biotechnol. Adv. 2011, 29, 519–530. [CrossRef] [PubMed]

21. Roch, P.; Yang, Y.; Toubiana, M.; Aumelas, A. NMR structure of mussel mytilin, and antiviral-antibacterial activities of derived
synthetic peptides. Dev. Comp. Immunol. 2008, 32, 227–238. [CrossRef] [PubMed]

22. Campos, A.; Apraiz, I.; da Fonseca, R.R.; Cristobal, S. Shotgun analysis of the marine mussel Mytilus edulis hemolymph proteome
and mapping the innate immunity elements. Proteomics 2015, 15, 4021–4029. [CrossRef]

23. Soderhall, K.; Cerenius, L. Role of the prophenoloxidase-activating system in invertebrate immunity. Curr. Opin. Immunol. 1998,
10, 23–28. [CrossRef]

24. Breitenbach Barroso Coelho, L.C.; Marcelino Dos Santos Silva, P.; Felix de Oliveira, W.; de Moura, M.C.; Viana Pontual, E.; Soares
Gomes, F.; Guedes Paiva, P.M.; Napoleao, T.H.; Dos Santos Correia, M.T. Lectins as antimicrobial agents. J. Appl. Microbiol. 2018,
125, 1238–1252. [CrossRef] [PubMed]

25. Gonzalez Garcia, M.; Rodriguez, A.; Alba, A.; Vazquez, A.A.; Morales Vicente, F.E.; Perez-Erviti, J.; Spellerberg, B.; Stenger, S.;
Grieshober, M.; Conzelmann, C.; et al. New Antibacterial Peptides from the Freshwater Mollusk Pomacea poeyana (Pilsbry, 1927).
Biomolecules 2020, 10, 1473. [CrossRef] [PubMed]

26. Joerger, R.D. Alternatives to antibiotics: Bacteriocins, antimicrobial peptides and bacteriophages. Poult. Sci. 2003, 82, 640–647.
[CrossRef]

27. Carrillo, J.L.M.; Rodríguez, F.P.C.; Coronado, O.G.; García, M.A.M.; Cordero, J.F.C. Physiology and Pathology of Innate Immune
Response Against Pathogens. In Physiology and Pathology of Immunology; Rezaei, N., Ed.; IntechOpen: London, UK, 2017.

28. Bohle, L.A.; Brede, D.A.; Diep, D.B.; Holo, H.; Nes, I.F. Specific degradation of the mucus adhesion-promoting protein (MapA) of
Lactobacillus reuteri to an antimicrobial peptide. Appl. Environ. Microbiol. 2010, 76, 7306–7309. [CrossRef]

29. Rubinsztein, D.C. The roles of intracellular protein-degradation pathways in neurodegeneration. Nature 2006, 443, 780–786.
[CrossRef]

30. De Zoysa, M.; Nikapitiya, C.; Whang, I.; Lee, J.S.; Lee, J. Abhisin: A potential antimicrobial peptide derived from histone H2A of
disk abalone (Haliotis discus discus). Fish Shellfish Immunol. 2009, 27, 639–646. [CrossRef]

31. Andrews, S.J.; Rothnagel, J.A. Emerging evidence for functional peptides encoded by short open reading frames. Nat. Rev. Genet.
2014, 15, 193–204. [CrossRef]

32. Zhu, S.; Wang, J.; He, Y.; Meng, N.; Yan, G.R. Peptides/Proteins Encoded by Non-coding RNA: A Novel Resource Bank for Drug
Targets and Biomarkers. Front. Pharmacol. 2018, 9, 1295. [CrossRef]

33. Lai, Y.P.; Gallo, R.L. AMPed up immunity: How antimicrobial peptides have multiple roles in immune defense. Trends Immunol.
2009, 30, 131–141. [CrossRef]

34. Yount, N.Y.; Bayer, A.S.; Xiong, Y.Q.; Yeaman, M.R. Advances in antimicrobial peptide immunobiology. Biopolymers 2006, 84,
435–458. [CrossRef]

35. Taniguchi, M.; Takahashi, N.; Takayanagi, T.; Ikeda, A.; Ishiyama, Y.; Saitoh, E.; Kato, T.; Ochiai, A.; Tanaka, T. Effect of substituting
arginine and lysine with alanine on antimicrobial activity and the mechanism of action of a cationic dodecapeptide (CL(14-25)), a
partial sequence of cyanate lyase from rice. Biopolymers 2014, 102, 58–68. [CrossRef]

http://doi.org/10.1093/nar/gkv1278
http://doi.org/10.1242/jcs.112.23.4233
http://doi.org/10.1016/S0014-5793(00)02192-X
http://doi.org/10.1046/j.1432-1327.1999.00654.x
http://doi.org/10.1074/jbc.275.17.12954
http://doi.org/10.1242/jcs.113.15.2759
http://doi.org/10.1016/j.bbrc.2005.11.013
http://doi.org/10.1074/jbc.M110.143388
http://www.ncbi.nlm.nih.gov/pubmed/20605792
http://doi.org/10.1016/j.fsi.2009.11.005
http://doi.org/10.1016/j.biotechadv.2011.05.021
http://www.ncbi.nlm.nih.gov/pubmed/21683779
http://doi.org/10.1016/j.dci.2007.05.006
http://www.ncbi.nlm.nih.gov/pubmed/17628674
http://doi.org/10.1002/pmic.201500118
http://doi.org/10.1016/S0952-7915(98)80026-5
http://doi.org/10.1111/jam.14055
http://www.ncbi.nlm.nih.gov/pubmed/30053345
http://doi.org/10.3390/biom10111473
http://www.ncbi.nlm.nih.gov/pubmed/33113998
http://doi.org/10.1093/ps/82.4.640
http://doi.org/10.1128/AEM.01423-10
http://doi.org/10.1038/nature05291
http://doi.org/10.1016/j.fsi.2009.08.007
http://doi.org/10.1038/nrg3520
http://doi.org/10.3389/fphar.2018.01295
http://doi.org/10.1016/j.it.2008.12.003
http://doi.org/10.1002/bip.20543
http://doi.org/10.1002/bip.22399


Mar. Drugs 2021, 19, 420 15 of 15

36. Saint Jean, K.D.; Henderson, K.D.; Chrom, C.L.; Abiuso, L.E.; Renn, L.M.; Caputo, G.A. Effects of Hydrophobic Amino Acid
Substitutions on Antimicrobial Peptide Behavior. Probiotics Antimicrob. Proteins 2018, 10, 408–419. [CrossRef]

37. Brogden, K.A. Antimicrobial peptides: Pore formers or metabolic inhibitors in bacteria? Nat. Rev. Microbiol. 2005, 3, 238–250.
[CrossRef]

38. Kirk, M.D.; Pires, S.M.; Black, R.E.; Caipo, M.; Crump, J.A.; Devleesschauwer, B.; Dopfer, D.; Fazil, A.; Fischer-Walker, C.L.; Hald,
T.; et al. World Health Organization Estimates of the Global and Regional Disease Burden of 22 Foodborne Bacterial, Protozoal,
and Viral Diseases, 2010: A Data Synthesis. PLoS Med. 2015, 12, e1001921.

39. Nobile, C.J.; Johnson, A.D. Candida albicans Biofilms and Human Disease. Annu. Rev. Microbiol. 2015, 69, 71–92. [CrossRef]
40. Palmieri, G.; Balestrieri, M.; Proroga, Y.T.; Falcigno, L.; Facchiano, A.; Riccio, A.; Capuano, F.; Marrone, R.; Neglia, G.; Anastasio,

A. New antimicrobial peptides against foodborne pathogens: From in silico design to experimental evidence. Food Chem. 2016,
211, 546–554. [CrossRef]

41. Zhang, Y.; Mao, F.; Xiao, S.; Yu, H.; Xiang, Z.; Xu, F.; Li, J.; Wang, L.; Xiong, Y.; Chen, M.; et al. Comparative genomics reveals
evolutionary drivers of sessile life and left-right shell asymmetry in bivalves. bioRxiv 2021.

http://doi.org/10.1007/s12602-017-9345-z
http://doi.org/10.1038/nrmicro1098
http://doi.org/10.1146/annurev-micro-091014-104330
http://doi.org/10.1016/j.foodchem.2016.05.100

	Introduction 
	Results 
	Large-Scale Peptidome Applied to Oyster Plasma 
	Peptide Identification and Informatics Analysis 
	Comparative Analysis on Peptide Expression and General Function 
	URP20 Showed Broad-Spectrum Antimicrobial Activity against Bacteria and Fungi 
	URP20 Triggered Aggregation of Bacterial Cells, Accompanied by Microbial Membrane Permeabiliation 
	URP20 Was Not Cytotoxic to Mammalian Cells or Laboratory Mice 

	Discussion 
	Materials and Methods 
	Oyster Collection 
	Bacterial Challenge and Plasma Collection 
	Bacterial Clearance Assay 
	Peptide Purification 
	MS Sequencing 
	Peptide Identification and Bioinformatics Analysis 
	Prediction on Antimicrobial Activity 
	Antimicrobial Susceptibility Assay 
	Determination of Minimum Inhibitory Concentrations (MICs) and Minimum Bactericidal Concentrations (MBCs) of URP20 
	Confocal Imaging of URP20 Triggered Assembly of the Bacterial Cells 
	Membrane Permeabilization Assay 
	Cytotoxicity Assay 
	In Vivo Toxicity in Mice 

	References

