
Identification of Peptides Implicated in Antibacterial Activity of Snow
Crab Hepatopancreas Hydrolysates by a Bioassay-Guided Fractionation
Approach Combined with Mass Spectrometry

Emna El Menif1,2 & Clément Offret1,2 & Steve Labrie1 & Lucie Beaulieu1,2

Published online: 15 November 2018
# Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract
Snow crab (Chionoecetes opilio) by-products are a rich source of biomolecules, such as lipids, proteins, and chitin, which have
not been extensively investigated. This study aims to identify antibacterial peptides to enhance the value ofC. opilio by-products.
After hydrolysis of different component parts using Protamex®, and concentration by solid-phase extraction, the resulting
fractions were tested for antibacterial activity against Escherichia coli, Listeria innocua, and Vibrio parahaemolyticus.
Hepatopancreas was the only tissue to display antibacterial activity detected using this protocol. Four fractions obtained with
and without enzymatic hydrolysis of hepatopancreas followed by SPEC18 fractionation and elution with 50 and 80% acetonitrile
demonstrated bacteriostatic activity against L. innocuaHPB13, from concentrations of 0.30 to 43.05 mg/mL of peptides/proteins.
Eleven peptides sharing at least 80% amino acid homology with four antimicrobial peptides were identified by mass spectrom-
etry. Two peptides had homology to crustin-like and yellowfin tuna GAPDH antimicrobial peptides belonging to the marine
organisms Penaeus monodon and Thunnus albacares, respectively. Other peptide sequence homologies were also identified:
Odorranain-C7 from the frogOdorrana grahami and a predicted antibacterial peptide in the Asian ladybeetleHarmonia axyridis.
These active peptides may represent a novel group of bioactive peptides deserving further investigation as food preservatives.
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Introduction

Canada’s long coastline from the Atlantic Ocean to the Pacific
Ocean means access to a large variety of marine products for
processing industries. According to the ministère de
l’Agriculture des Pêcheries et de l’Alimentation Québec

(MAPAQ), of all crustaceans, the snow crab, Chionoecetes
opilio, represented the highest export value at about 55,360 t
($683 M) in 2014 [1]. C. opilio is principally found in three
provinces: Newfoundland and Labrador, Nova Scotia, and
Quebec [2]. Its exploitation generates important volumes of
by-products, such as hemolymph (HE), shell (SH), hepatopan-
creas (HP), or gills (GI), corresponding to around 35% of the
total crustacean biomass [3]. By-products are discarded, caus-
ing environmental concerns [4] which could be solved by
finding new valorization channels. Otherwise, marine organ-
isms are rich in bioactive compounds [5] that could represent a
valuable source of food with high nutritional value [6]. These
compounds could be used as functional food ingredients to
increase positive effects on human health [5].

Previous studies have identified marine bioactive com-
pounds, such as oligosaccharides [7], phospholipids [8], vita-
mins, carotenoids, minerals, fiber [9], and also steroids, terpe-
noids, proteins, and polypeptides [10]. Indeed, in marine in-
vertebrates, antimicrobial peptides (AMPs) are the most abun-
dant component involved in innate immunity, generating both
humoral and cellular responses [11]. These AMPs can be na-
tive [12] or produced by enzymatic hydrolysis, which releases
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active peptides from their parent protein [13]. Antimicrobial
peptides are divided into six classes (α-helices, small proteins
and β-sheets, peptides with thio-ether rings, macrocyclic cys-
tine knot peptides, lipopeptides, and peptides with one or two
repeated amino acids) and have a molecular weight of less
than 10 kDa [11]. Most AMPs are cationic and amphiphilic
with both hydrophilic and hydrophobic surfaces [11]. Their
antimicrobial effect is caused by forming pores in the micro-
bial membrane or disturbing the membrane integrity of micro-
organisms [14].

Previous studies have reported the presence, in crustaceans,
of AMPs in HE [15], respiratory organs, and gut because these
tissues are regularly exposed to pathogens [11]. Crustacean
AMPs exhibited antimicrobial activity mediated by positive
charges, for example, crustins from Penaeus monodon hemo-
cytes [16] and anti-lipopolysaccharide factor (ALF) isolated
from Miyakea nepa hemocytes [17]. Other AMPs identified
which were particularly active against bacteria include
penaeidins from Litopenaeus vannamei HE, astacidin from
the crayfish Pacifastacus leniusculus hemocyanin, and Ls-
stylicin-1 from Litopenaeus stylirostris [18, 19] and fungi
[17].

In crab, many AMPs have been identified and char-
acterized, such as tachyplesin I, polyphemusins I and II,
hyastatin, arasin-1, callectin, and crustin [15, 20–22].
Tachyplesin, a cationic peptide, and polyphemusins I
and II have been isolated from hemocytes of the horse-
shoe crab, Tachypleus tridentatus. These peptides have
been characterized by three tandem repeats of a
tetrapeptide sequence, which contributes to their biolog-
ical activity through antimicrobial effects against Gram-
negative and Gram-positive bacteria and fungi, such as
Candida albicans M9 [12, 15]. Thus, hyastatin, an 11.7-
kDa glycine-rich peptide, and arasin 1, a proline-
arginine-rich antimicrobial peptide, have been both iso-
lated from Hyas araneus hemocytes and demonstrated
antimicrobial activity against Gram-positive and Gram-
negative bacteria [20, 21]. Callinectin, with 32 amino
acids, is a proline-arginine-rich AMP with a primary
structure similar to arasin and has been isolated and
identified in the blue crab [23]. In addition, crustin, a
cysteine-rich 11.5-kDa protein isolated from hemocytes
of the shore crab, Carcinus maenas, exhibited antibac-
terial effects against Gram-positive marine strain bacte-
ria, such as Micrococcus luteus and Aerococcus viridans
[22].

Other AMPs have been found in C. opilio by-prod-
ucts. In fact, a recent study has shown that these by-
products represent a source of antibacterial peptide frac-
tions with copper residues and possible glycosides part
[24]. These hydrophobic peptides, generated after enzy-
matic hydrolysis of C. opilio by-products, were nega-
tively charged with a low molecular weight around

800 Da and had antibacterial effects against Gram-
positive and Gram-negative bacteria [24]. However, the
antimicrobial peptides and the tissues producing them
have not yet been elucidated.

This work highlights, for the first time, the protein
precursors of antibacterial peptides originating from
C. opilio by-products, specifically from HP. Fractions
obtained from hydrolyzed component parts were charac-
terized to determine the degree of hydrolysis (DH), total
protein content, peptide concentration in an extracted
aqueous fraction (soluble peptides), and antibacterial ac-
tivity using indicative strains. Active fractions were an-
alyzed by liquid chromatography coupled with mass
spectrometry (LC-MS/MS) to identify active peptides.

Materials and Methods

Snow Crab Samples

Nine crabs fished from the Gulf of St. Lawrence (Eastern coast
Canada) were purchased from a fish shop in Rimouski (QC,
Canada) in May 2015. The crabs were dissected on ice, and
the component parts, HE, HP, SH, GI, claws (CL), and legs
(LE), were separated, collected immediately, and treated as
follows. The HE was filtered through cheesecloth, poured into
a tube, and frozen in liquid nitrogen before being stored at −
80 °C. The other component parts were lightly blotted to re-
move water, immersed in liquid nitrogen for 30 s, then ho-
mogenized by cryomilling using a 12-mm stainless steel
grinding ball in a Mixer Mill MM 400 system (Retsch,
Germany) [25]. Each powdered sample was transferred into
a cryotube and stored at − 80 °C.

Protein and Moisture Content

Each component part (100 mg) obtained from snow crab dis-
section was analyzed in duplicate by the Dumas method [26]
using a LECO FP-2000 carbon and nitrogen analyzer
(Truspec N, Leco®, St. Joseph, Michigan, USA) to character-
ize the total nitrogen (Ntot). A nitrogen conversion factor of
6.25 was used to calculate the total protein content (% P), as
shown in the following equation [6]:

%P ¼ 6:25� N totð Þ � 100 ð1Þ

The percentage of chitin (%Chitin) in SHwas obtained using
the Spinelli method [27] with extraction and demineralization
treatment using 2%NaOH (v/v) and 5%HCl (v/v), respective-
ly [28]. The percentage of nitrogen in SH was measured by
subtracting the percentage of nitrogen in chitin (NChitin) mul-
tiplied by the %Chitin from Ntot. Analyses were performed in
duplicate, and the total protein content was expressed as a
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percentage of nitrogen multiplied by the protein conversion
factor 6.25 [6].

%PShell ¼ 6:25� N tot−
%Chitin � NChitin

100

� �� �
� 100 ð2Þ

The moisture of each component part (100 mg) was deter-
mined by weighing before and after incubation at 60 °C over-
night. The moisture content analysis was performed in dupli-
cate and calculated according to the following equation [29]:

%Moisture ¼ wet mass−dry mass
wet mass

� �
� 100 ð3Þ

Hydrolysis of Samples

Enzymatic Hydrolysis

Snow crab component parts were hydrolyzed separately.
Briefly, commercial enzyme Protamex® (Novozymes,
Bagsvaerd, Denmark; 1 mg/mL) was added to each sample
at a ratio of 1:1 (v/w). Depending on the nature and the vis-
cosity of each component part, it was diluted in different vol-
umes of distilled water (1:2 for HE, 1:10 for SH, and 1:6 for
the other component parts, all (w/v)). Samples with
Protamex® were incubated at 40 °C and constantly agitated
at 325 rpm (Innova 44R incubator shaker, New Brunswick
Scientific, Edison, NJ, USA). After one hour, the hydrolysis
was stopped by transferring samples to a water bath at 85 °C
for 10min. Soluble peptides/proteins were extracted overnight
at 4 °C using 5 mM HCl and centrifuged at 21,000 ×g for
10 min to collect the aqueous fraction [30]. The supernatant
was kept at 4 °C for 2 h until use in antibacterial assays. For
each component part, controls, corresponding to the non-
hydrolyzed component parts (without Protamex®), were sub-
jected to the same treatments.

Degree of Hydrolysis

The DH was calculated in triplicate according to Church
(1983) using o-phthaldialdehyde to measure the amino acids
generated after sample hydrolysis [31]. The calculation was
performed as described in the following equation [30]:

%DH ¼ h
htot

� �
� 100 ð4Þ

where htot corresponds to the total number of peptide bonds of
protein equivalent and h is the number of hydrolyzed bonds.
htot = 8 and h = [((ODsample − ODblank) / (ODstandard −
ODblank)) × 0.9516 × ((V × 100) / (X × P)) − b] / a, with a = 1,
b = 0.4, P = % protein in the sample, X = (g) sample, and
V = (L).

Soluble Protein/Peptide Concentrations

The soluble protein/peptide concentration in each supernatant
sample was determined in triplicate using the bicinchoninic
acid (μBCA) method (BCA Protein Assay kit, Pierce, Fisher,
MA, USA) according to the supplier’s guidelines.

Purification of Fractions

Solid-Phase Extraction

The fractionation of supernatant samples was performed by
solid-phase extraction (SPE) (Sep-Pak C18 1 g cartridges,
Waters, Life Sciences, MA, USA). Briefly, after cartridge
equilibration in methanol (100%) followed by deionized wa-
ter, samples were loaded and sequentially eluted using dis-
tilled water containing 50 and 80% (v/v) of acetonitrile
(ACN). The samples were dried using a Speed Vac concen-
trator (Thermo Scientific Savant, Fisher, MA, USA) and
stored at − 20 °C until use for antibacterial screening. Dried
fractions were reconstituted in 50mM sodium phosphate buff-
er at pH 8 and tested for antimicrobial activity as described
subsequently. The peptide concentration in each SPE C18
fraction was determined in triplicate using the μBCA method
(BCA Protein Assay kit, Pierce, Fisher, MA, USA) according
to the supplier’s guidelines.

Antibacterial Screening

Bacterial Strains and Culture Conditions

Based on previous work [24, 32], the three indicative bacterial
strains used for antibacterial assays were as follows:
Escherichia coli ATCC 25922 (37 °C, Luria Broth), Listeria
innocuaHPB 13 (30 °C, Tryptic Soy Broth; TSB supplement-
ed wi t h 0 .6% yeas t ex t r ac t (YE) ) , and Vibr io
parahaemolyticus ATCC 17802 (30 °C, TSB + 0.6% YE).

Antibacterial Assay

Antibacterial activity against the Gram-positive and Gram-
negative bacterial strains noted previously was tested in dupli-
cate. The inhibitory activity of samples was determined by
liquid growth inhibition assays using a microdilution method
[24]. Briefly, the samples were centrifuged for 10 min at
15,000 ×g, and serial dilutions were made for each sample
by transferring 100 μL of the sample into 100 μL of TSB
supplemented with 0.6% YE in a 96-well microplate
(Falcon, Corning, NY, USA). Into each well, 50 μL of the
appropriate bacterial strain, grown overnight, was added
[24]. The kinetics of bacterial growth was recorded using
Tecan (Nano Quant Infinite F200 Pro, Life Sciences
TECAN) with an optical density (OD) of 595 nm, for 22 h.
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A positive control of bacterial growth inhibition was per-
formed using gentamycin at 200 μg/mL, and a negative con-
trol was performed using bacteria in both the culture medium
and the sodium phosphate buffer. The bacterial growth curve
was established for all fractions in stock concentrations. Once
active fractions were identified, the bioassay was repeated at
the same concentrations for comparative purposes (0.3 mg/
mL for all non-hydrolyzed fractions and 0.5 mg/mL for all
hydrolyzed fractions).

The bacterial count was established for active fractions in two
replicates. Briefly, after Tecan incubation, a dilution series have
been made until 10−6 in a 0.1% (w/v) peptone solution [33]. A
volume of 20 μL from the last dilution was incubated overnight
in a Petri plate with the appropriate culture medium and temper-
ature. Bacterial count was calculated using the following equa-
tion, and obtained values have been converted into log.

CFU=mL ¼ colonies number*volumeð Þ= dilution*1000 μLð Þ
ð5Þ

The maximum specific growth rates (μmax) for active frac-
tions were calculated from stock concentrations according to
the following equation [34]:

μmax h−1
� � ¼ Δln OD600ð ÞΔt ð6Þ

Identification of Antibacterial Peptide

Liquid Chromatography Coupled with Mass Spectrometry
Analysis

Analyses were performed by the Proteomics Platform of the
CHU de Québec-Université Laval Research Center (Quebec,
QC, Canada). Briefly, samples were desalted using a C18
Empore filter (Stage-Tip) and then analyzed by LC-MS/MS.
Experiments were performed with Ekspert NanoLC425
(Eksigent) coupled to a 5600+ mass spectrometer (Sciex,
Framingham, MA, USA) with an ion source. Separation was
carried out on picofrit columns (Reprosil 3u, 120A C18,
15 cm × 0.075 mm) followed by elution with a linear gradient
(5–35% solvent B (ACN, 0.1% formic acid)) for 35 min at
300 nL/min.

Analyst software version 1.7 was used to establish mass
spectra. After the mass spectrum full scanning (400 to
1250 m/z), collision-induced dissociation of the twenty most
intense ions was performed with a dynamic exclusion set for
12 s and 50 mDa of tolerance.

Database Searching Mascot

Protein pilot version 5.0 software (Sciex) was used to create
MGF peak list files. The files were analyzed by the Mascot

(Matrix Science, London, UK; version 2.5.1) using the
TAX_Pleocyemata_6692_20150309 database (19,228 en-
tries) with an ion mass tolerance and a parent ion tolerance
of 0.1 Da.

Protein Identification

Scaffold (version Scaffold_4.7.3, Proteome Software Inc.,
Portland, OR) was used to validate the results of MS/MS
and protein identification, and peptides with more than 95%
probability using the Peptide Prophet algorithm were accept-
ed. Protein identification was accepted if it had greater than
95% homology with other species and contained 2 identified
peptides. However, those containing similar peptides, which
could not be differentiated using MS/MS analysis, were gath-
ered according to the principles of parsimony.

The peptides obtained were subject to some research on the
CAMP R3 Collection Anti-Bacterial peptide online databases
to find homology with known active peptides.

Statistical Analysis

Data were analyzed using SAS (University edition, CA).
Statistical differences in protein and moisture content, DH,
or peptide concentration in samples were determined using
Student’s t test. Significant differences were reported at
p < 0.001 and p < 0.05. Bacterial growth results were ana-
lyzed using the Tukey’s test with significant differences
(p < 0.05 and p < 0.001), and bacterial counts results were
analyzed by Dunnett’s test with significant differences
(p < 0.05).

Results and Discussion

Total Protein Content

The total protein content, expressed as dry weight, varied ac-
cording to the nature of the snow crab’s component parts. The
results (Table 1) indicated a higher protein content in both LE
(88.75% ± 2.55) and CL (92.20% ± 1.52), with no significant
difference (Student’s t test, p < 0.05). However, the total pro-
tein content was lower in HP and SH at 22.36% ± 1.78 and
20.81% ± 0.25, respectively, with no significant difference
(Student’s t test, p < 0.05). Of the component parts, CL and
LE are known as the richest in muscular proteins [35, 36],
while SH is known to have a lower protein content as ob-
served by Shahidi and Synowiecki [37].

The protein content in SH, calculated by subtracting NChitin

from Ntot in SH, was 20.81% ± 0.25. The chitin content in
C. opilio SH was 13.48% ± 0.79; however, this value is about
8.3% in Atlantic rock crab SH [28, 38], and 12.6–14.5% in
green crab SH, using a chemical method, and 5.36% ± 2.1 in
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snow crab SH, using high-performance liquid chromatogra-
phy with a refractive index detector [39]. The difference ob-
tainedmight be due to the difference between crab species and
the different method used for snow crab quantification
(13.48% ± 0.79 vs 5.36% ± 2.1).

DH and Extraction Efficiency

The peptide/protein concentration in supernatants (soluble
peptides/proteins) recovered after extraction was measured
for hydrolyzed and non-hydrolyzed component parts to verify
the presence of endogenous proteolysis. However, DH was
calculated only for the hydrolyzed component parts. The re-
sults presented in Table 1 show the highest DH for SH
(12.88% ± 1.91) with a small difference of 1.18 mg/mL be-
tween peptide/protein concentrations of non-hydrolyzed and
hydrolyzed SH. These results suggested that soluble protein-
aceous compounds were easily extracted, with or without ad-
ditional enzymatic treatment (Table 1), with extraction effi-
ciencies of 31.61 and 45.72%, respectively. The highest DH
could be explained by protein availability linked to SH rigidity
[40]. Proteins are intimately associated with chitin fiber [41],
whereas water in SH plays a role in removing protein and salt
phases [42]. Indeed, snow crabs were sampled during molting
season when the SH was soft, implying an easier hydrolysis
after molt [40]. Also, SH rigidity depends on the temperature
and food available for crabs [41, 42]. Previous results obtained
from crabs fished in previous years exhibited a lower DH (data
not shown).

The DH obtained for GI (Table 1) was 3.72% ± 0.09, and
the peptide/protein concentration was 1.94 mg/mL after hy-
drolysis. This low DH could be due to the elastic properties of
gill cells and their calcified tissue [43, 44].

Because they are rich in muscular proteins, the highest
peptide/protein concentrations (Table 1) occurred in CL
(9.84 mg/mL ± 0.23) and LE (8.70 mg/mL ± 0.10), which in-
dicated a noticeable level of enzymatic hydrolysis (3.09% ±
0.13 and 6.93% ± 0.34, respectively). Furthermore, enzymatic

hydrolysis using Protamex® increased the extraction efficien-
cy of soluble peptides/proteins. As shown in Table 1, the per-
centage of extraction for CL, LE, and HE after enzymatic
hydrolysis increased at least three-fold. However, the percent-
age of extraction after hydrolysis for HP, GI, and SH increased
only 1.25×, 1.08×, and 1.44×, respectively, consistent with the
results obtained for peptide/protein concentrations. These re-
sults confirm that peptides obtained in fractions are also due to
enzymatic hydrolysis and not just endogenous hydrolysis.

Peptide Purification and Antibacterial Activity

All component parts fromC. opiliowere hydrolyzed and frac-
tionated by SPE C18 prior to antibacterial activity assays.
Antibacterial activity was only detected in non-hydrolyzed
HP eluted with 50 or 80% ACN (HP− 50%, HP− 80%) and
in hydrolyzed HP eluted with 50 or 80% ACN (HP+ 50%,
HP+ 80%), and different concentrations were active against
only L. innocua HPB13.

The four bioactive fractions delayed the L. innocua HPB
13 exponential phase (Fig. 1). This delay was more significant
in the presence of HP− 50%, HP+ 50%, and HP− 80% at
20.70, 43.05, and 0.30 mg/mL, respectively (Fig. 1), than in
the presence of HP+ 80% at 0.50 mg/mL. However, in com-
paring fraction concentrations and their activities against
L. innocua HPB13, it is worthwhile to note that HP− 80%
and HP+ 80% fractions had better antibacterial activity, even
if the total peptide/protein concentrations were lower. Thus,
the HP− 80% fraction may contain native bioactive peptides
that are partially degraded after hydrolysis. Above all, other
studies have shown that increased DH increases the amount of
small peptide below 500 Da, which influences bioactivity
[45].

To normalize the antibacterial results, concentrations of
non-hydrolyzed and hydrolyzed fractions were established at
0.30 and 0.50 mg/mL, respectively. At these concentrations,
HP− 50% and HP+ 50% fractions lost their antibacterial ac-
tivities (data not shown).

Table 1 Total protein percentage
on a dry weight basis, peptide/
protein concentrations in aqueous
fraction (supernatant containing
soluble peptides/proteins), extrac-
tion efficiency, and DH of each
compound from snow crab com-
ponent parts

Protein (%) (dry weight) Peptide concentration
(mg/mL)

Extraction efficiency
(%) (wet weight)

DH (%)

−Enzyme +Enzyme −Enzyme +Enzyme

CL 92.2 ± 1.52a 3.13 ± 0.03b 9.84 ± 0.23a 8.70 30.44 3.09 ± 0.13c

LE 88.75 ± 2.55a 2.61 ± 0.06c 8.70 ± 0.10b 7.54 29.28 6.93 ± 0.34b

HE 46.23 ± 0.42c 1.15 ± 0.03d 2.98 ± 0.10d 7.85 23.57 10.64 ± 1.75a

HP 22.36 ± 1.78d 7.13 ± 0.25a 8.82 ± 0.28b 44.41 55.56 4.89 ± 0.73bc

GI 67.43 ± 0.84b 0.34 ± 0.00e 1.94 ± 0.09e 10.19 11.10 3.72 ± 0.09c

SH 20.81 ± 0.25d 3.29 ± 0.14b 4.47 ± 0.11c 31.61 45.72 12.88 ± 1.91a

Results are mean values of duplicate or triplicate ± standard deviation. Values within the same column followed
by the same letter are not significantly different (Student’s t test; p value < 0.05)
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These results showed that C. opilio HP is a source of anti-
bacterial peptides, as with Homarus americanus HP [46] or
Portunus segnis crab HP [47]. Also, it has been suggested that
this activity corroborates the presence of highly hydrophobic
peptides (such as tachyplesin I from the horseshoe crab) rich
in tryptophan residues that allow binding to the hydrophobic,
lipopolysaccharide-rich bacterial membrane [48]. Conversely,
non-hydrolyzed fractions HP− 50% and HP− 80% have
shown antibacterial activity, which supposes the possible pres-
ence of native antibacterial peptides. As described by
Destoumieux et al., the native peptide, panaeidin, was identi-
fied from hemocytes of the marine crustacean, Penaeus
vannamei [49]. Other native peptides, rich in hydrophobic
amino acids and exhibiting antimicrobial activity, have been
found in different crab species, such as tachyplesin in the
horseshoe crab Tachypleus tridentatus, hyastatin and arasin
1 in the spider crab Hyas araneus, and callinectin found in
the blue crab Callinectes sapidus [20, 21, 23, 48].
Additionally, peptides can be generated by endogenous prote-
olysis, for example, a proline-rich antibacterial peptide from
the shore crab C. maenas [50].

The μmax for four active fractions has been calculated from
the same stock concentrations. As seen in Fig. 2, μmax

increased at lower concentrations and decreased at higher con-
centrations. At low concentrations, fractions have a slightly
increased L. innocua growth rate that could be due to the pres-
ence of nutrients, such as free amino acids, as a carbon source.
However, by increasing the concentrations of HP− 50%, HP−
80%, HP+ 50%, and HP+ 80%, from 5.170, 0.075, 10.760,
and 0.125 mg/mL, respectively, to reach their stock concentra-
tions, the μmax decreased due to the active peptide concentra-
tion. Furthermore, the non-hydrolyzed fractions (HP− 50%
and HP− 80%) needed a lower concentration than the hydro-
lyzed fractions, meaning that the hydrophobic fractions com-
posed of native peptides are possibly more active.

In the presence of these four fractions at stock concentra-
tions, the concentration of L. innocuaHPB 13was significant-
ly decreased for HP− 50%, HP− 80%, and HP+ 80% at 0.28,
0.36, and 0.21 Log (Fig. 3), respectively, compared to the
control (Dunnett’s test, p < 0.05). The results obtained sug-
gested that these fractions had a bacteriostatic effect [51] on
L. innocua HPB 13 because bacterial colonies could be ob-
served on solid media after incubation.

After separation by RP-HPLC, the HP+ 50% fraction did
not show any bioactivity. This suggested that activity probably
results from the synergistic action of peptides, which could not

Fig. 1 Growth response of
Listeria innocua HPB13 in the
presence of four active fractions
from hepatopancreas (HP) at
stock concentrations (HP− 50%
(white triangle), HP+ 50% (black
triangle), HP− 80% (white circle),
and HP+ 80% (black circle)),
L. innocuaHPB13 (black square),
and gentamycin 200 μg/mL
(white square)
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Fig. 2 The maximum specific
growth rates (μmax) for four
active fractions in stock
concentrations diluted in
microplate (HP− 50% (white
triangle), HP+ 50% (black
triangle), HP− 80% (white circle),
and HP+ 80% (black circle))
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have been detected after purification using RP-HPLC [30].
Thus, all active fractions were analyzed directly using LC-
MS/MS.

Peptide Characterization

Mass spectrometry results show a higher percentage of poten-
tial active peptide in HP− 80% and HP+ 80% (32 and 19%)
than in HP− 50% or HP+ 50% (14 and 15%). These results
were consistent with those obtained from the antibacterial as-
says where more antibacterial activity was found in fractions
eluted with 80% ACN.

A total of 45 protein precursors identified from peptide
sequences corresponded to ribosomal proteins, tissue proteins,
and enzymes (Fig. 4). Eleven peptide sequences have a ho-
mology percentage greater than 80% with related AMPs
(Table 2). The peptides identified in non-hydrolyzed fractions
mostly originated from enzymes such as ATP synthase sub-
unit β, superoxide dismutase, and adenosylhomocysteinase
(41 and 63% for HP− 50% and HP− 80%, respectively).
Peptides identified in hydrolyzed fractions were related to
proteins from tissues such as tubulin β, thymosin, β-actin,
and myosin heavy chains (46 and 79% for HP+ 50% and
HP+ 80%, respectively).
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Fig. 3 Bacterial count in the
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(Dunnett’s test, p < 0.05))
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Mascot analysis and scaffold results showed that peptides
related to precursor proteins were mostly found in various
marine invertebrates, such as the mud crab, Scylla
paramamosain, and the giant tiger prawn, P. monodon
(Table 2). Peptide sequences were analyzed using Blast on
CAMP Collection Anti-Bacterial Peptides online databases
and AMP databases to highlight AMPs. No matches with
AMPs from the AMP database were found. CAMP R3 Blast
tools showed that 11 peptide sequences possessed homology
(> 80%) with eight known AMPs. Of these AMPs, five were
well-known and related to cationic antimicrobial proteins. On
the other hand, the results obtained with a fixed homology of
80% or more did not find a common peptide for all four
fractions. However, the crustin-like peptide was common in
both HP− 50% and HP− 80% fractions. This antimicrobial
peptide has been isolated for the first time from C. maenas
(shore crab) hemocytes [22]. Previous studies have shown that
crustins are cationic AMPs rich in hydrophobic amino acid,
cysteine [53]. This peptide, with an isoelectric point between
8.03 and 8.64 (https: //web.expasy.org/protparam/), has an
effect against Gram-positive bacteria and active fractions ob-
tained fromHP of snow crab [16]. Several isoforms have been
described in many crustaceans and marine organisms [16],
such as Crustin1 and 2 that were transcribed in the crayfish,
Pacifastacus leniusculus, in the presence of bacteria in HP
[54]. It has also been reported that a crustin identified in the
blue crab, Callinectes sapidus HP, was induced after cells
were stressed by tributyltin [55].

Moreover, in HP− 50% and HP+ 50% fractions, pep-
tide sequences exhibited homologies with two AMPs
known as Odorranain-C7 and Yellowfin tuna GAPDH-
related antimicrobial peptide (YFGAP). Odorranain-C7
was identified in both non-hydrolyzed and hydrolyzed
fractions whereas YFGAP was only found in hydrolyzed
fractions. These peptides were identified from the skins of
Graham’s frog, Harmonia axyridis, and the yellowfin tu-
na, Thunnus albacares, respectively [56, 57]. In addition,
using a cDNA microarray, it has been shown that
Odorranain, is present in Penaeus stylirostris (shrimp)
HP and its expression is increased after infection by
White Spot Virus (WSV) [58]. Also, glyceraldehyde-3-
phosphate dehydrogenase is moderately expressed in
P. stylirostris HP after WSV infection [59]. All these
AMPs act against Gram-negative and Gram-positive bac-
teria; however, fractions tested in this study had antibac-
terial activity against only Gram-positive bacteria. This
bioactivity was absent after HPLC purification of the ac-
tive fractions, suggesting that the peptides may act in syn-
ergy. The same suggestion has been reported from Lüders
et al. noting the importance of the synergy between cat-
ionic and non-cationic peptides in the immune responses
of bacterial, invertebrate, and vertebrate species [60]. For
instance, the synergy between big defensin and tachycitin

in horseshoe crabs increases the antimicrobial activity of
big defensin against Gram-negative bacteria.

Another predicted antibacterial peptide was identified from
Harmonia axyridis (Table 2) and found in HP+ 50% and HP+
80% fractions. This peptide is known to be active against both
Gram-positive and Gram-negative bacteria and its protein pre-
cursor, the elongation factor 1-alpha, known as an apoptotic-
related protein in shrimp Litopenaeus vannamei HP, which is
up-regulated after WSV infection.

The identification of antibacterial peptides inmarine organ-
isms (tuna and giant tiger prawn) with high homology to pep-
tides in our active fractions is promising. Protein precursors of
these antibacterial peptides are involved in the initialization of
humoral defense in HP of marine crustaceans.

Conclusion

The aim of this study was to demonstrate the potential of
C. opilio by-products for increased valorization through the
detection of AMPs. We have demonstrated, using Protamex®
with DH at 4.89%, that C. opilio HP− and HP+ are sources of
antibacterial peptides. SPE fractionation and concentration
allowed us to detect antibacterial peptides from HP− 50%,
HP− 80%, HP+ 50%, and HP+ 80% fractions that exhibit
activity against L. innocuaHPB 13. Analysis of SPE fractions
using LC-MS/MS and the CAMP R3 database identified 11
sequences with > 80% amino acid homology to antibacterial
peptides. These sequences corresponded to crustin-like,
YFGAP, Odorranain-C7, and other uncharacterized antibacte-
rial peptides. These results require further investigation such
as purification of specific active peptides from the fractions
using other biochemical methods or immunological tools.
Molecular methods, such as PCR, could be used to amplify
the gene coding for crustin-like and YFGAP, followed by
sequencing to identify the nucleic acid sequence of precursor
genes. Chemical synthesis could also be used to confirm an-
tibacterial activities. The active peptides we obtained after
enzymatic hydrolysis could be used as natural preservatives
to replace conventional food preservative agents, especially in
the context of bioresource valorizations. Known to be caught
in the Atlantic and Pacific Oceans as well as in the Arctic Sea,
C. opilio’s by-products might also be a source of free amino
acids and short peptides in protein hydrolysates that could be
used in microbiology, food industry, cosmetics, pharmaceuti-
cal, and nutritional products due to their multiple functional
properties.
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