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Abstract: Porcine blood is an important by-product from slaughterhouses and an abundant source of
proteins. Indeed, cruor, the solid part of blood, is mainly composed of hemoglobin. Its enzymatic
hydrolysis with pepsin generates a diversity of peptides, particularly antimicrobials. One of the
downsides of using these hydrolysates as food bio-preservatives is the color brought by the heme,
which can be removed by discoloration. Nonetheless, the effects of this procedure on the antimicrobial
peptide population have not been completely investigated. In this study, its impacts were evaluated
on the final antibacterial and antifungal activities of a cruor hydrolysate. The results demonstrated
that 38 identified and characterized peptides showed a partial or total decrease in the hydrolysate,
after discoloration. Antifungal activities were observed for the raw and discolored hydrolysates:
MICs vary between 0.1 and 30.0 mg/mL of proteins, and significant differences were detected
between both hydrolysates for the strains S. boulardii, C. guilliermondii, K. marxianus, M. racemosus
and P. chrysogenum. The raw hydrolysate showed up to 12 times higher antifungal activities. Hence,
peptides with the highest relative abundance decrease after discoloration were synthesized and tested
individually. In total, eight new antifungal peptides were characterized as active and promising. To
our knowledge, this is the first time that effective antifungal peptide sequences have been reported
from porcine cruor hydrolysates.
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1. Introduction

The Canadian porcine industry is the third largest pork exporter in the world, which
represents about 70% of the Canadian pork production [1]. Moreover, about 21.7 kg of
pork are consumed per year by Canadians, making it also a staple of the Canadian diet [2].
However, only 60 to 62% of a pig is dedicated to human consumption, while the rest is
considered as undervalued by-products [3]. Slaughterhouses release by-products such as
skin, bones, inedible offal, and blood. Among them, blood represents about 21 million liters
in Quebec per year, and approximatively 68 million liters per year in Canada [4]. The use
of blood is not legislated and depends on each company’s investment for the management
of waste such as the quality and safety of its recovery. The blood may be used for human
or animal consumption, sold to rendering companies, used for industrial composting,
incinerated, spread on landfill sites, or buried [5]. Another possible way to valorize this
by-product is the production of bio-preservatives that could extend meat shelf life under
refrigeration [6]. Indeed, consumers have increasing concerns regarding environmental
issues and the use of chemical preservatives to extend meat products’ shelf life [7]. Raw
meats are highly perishable products, with a short shelf life. Meat microbial ecosystem
includes a large variety of microorganisms that might contribute to the spoilage of products
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even under refrigerated storage conditions. To overcome this, preservation methods are
combined using additional barriers such as ionizing radiation, chemical preservatives,
and active packaging [8]. However, with a view to sustainable development and “clean
label”, the development of bio-preservation approaches is currently the focus of many
studies [9]. Thus, the porcine blood valorization, by producing antimicrobial peptides,
could be the start of a new circular model of production. Indeed, the circular economy is
an economy that operates in a loop, by preventing the notion of waste. Its main purpose
consists of producing goods while strongly limiting the consumption of raw materials and
non-renewable energy sources [10].

Blood can be separated in two parts, the plasma, the colorless part, and the cruor, the
red cells” part. Cruor represents 40% of the blood and contains mainly proteins with around
90% hemoglobin. Thanks to its abundance in protein, cruor is an ideal substrate for prote-
olysis [11,12]. It was demonstrated that the peptic hydrolysis of porcine cruor produces
bioactive peptides, but there is still a lack of data concerning them [13,14]. Indeed, most of
the research studies on bioactive peptides from hemoglobin were carried out on bovine
hemoglobin. Many bioactivities such as antioxidant, antimicrobial, anti-hypertensive, or
opioid were reported in the literature on bovine hemoglobin and cruor [15-17]. The pio-
neering identification of antimicrobial peptides from bovine hemoglobin was conducted
from the gut content of a tick Boophilus microplus [18]. Recently, an in silico comparison
between peptides from bovine and porcine hemoglobin demonstrated that their close
structures allowed to obtain common bioactive peptides between these two sources [13]. In
fact, the o and 3 chains hemoglobin from bovine and porcine are both similar at 87% and
83%, respectively. Some peptides from porcine cruor hydrolysate have demonstrated an-
tibacterial activities: TSKYR, KLLSHSL and KLLSHSLL, and eight others were highlighted
as antibacterial but not tested in a pure form [13]. Moreover, most of these studies have
focused on the study of antibacterial activity while very few studies focused on antifungal
activity of peptides obtained from bovine hemoglobin [10]. Furthermore, antifungal activity
of a porcine cruor hydrolysate has never been reported in the literature.

When an antimicrobial porcine cruor hydrolysate is used directly on meat products,
problems regarding the color and metallic flavor produced by the heme might occur.
Indeed, the dark brownish color that hemoglobin confers to food formulations restricts its
use as an ingredient in meat products, such as light-colored deli meat [19]. Therefore, it
is relevant to investigate bioactivities on discolored porcine cruor hydrolysates [20]. The
discoloration consists of precipitating the heme at a lowered pH and separating the two
phases using centrifugation [21]. This step generates new blood processing operation
and by-product, which disagree with the circular economy context of the whole process.
Considering those benefits and disadvantages, a raw and discolored cruor hydrolysate
were considered and investigated.

In this context, our study aimed to evaluate the impact of discoloration of porcine
cruor hydrolysate on its resulting antimicrobial activities. The specific objectives of the
present study were (1) to explore the peptide profiles of the raw and discolored porcine
cruor hydrolysates, (2) to identify and characterize the peptides lost by discoloration, (3) to
evaluate the antimicrobial (antibacterial and antifungal) activities of both hydrolysates and
(4) to synthesize and test new potential antimicrobial peptides.

2. Materials and Methods
2.1. Porcine Cruor Preparation

The cruor was directly obtained from raw porcine blood collected from Olymel’s
slaughterhouse (Saint-Hyacinthe, QC, Canada). An anticoagulant: Ethylenediaminete-
traacetic acid (EDTA at 1 g/L, Sigma-Aldrich, Oakville, ON, Canada), was added to fresh
blood to prevent clotting. The red blood cell part was extracted using centrifugations carried
out at 13,200 x g (Avanti J-E Centrifuge, Beckman Coulter, Brea, CA, USA) during 15 min, at
4 °C. The first centrifugation aimed at removing the supernatant, the plasma, and then three
subsequent centrifugations were performed to wash the precipitate with sodium chloride
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(0.9% w/v, Fisher BioReagents, Waltham, MA, USA). The final precipitate, the cruor, was
freeze-dried and stored at —20 °C until its use for enzymatic hydrolysis experiments.

2.2. Enzymatic Hydrolysis of Porcine Cruor
2.2.1. Quantification of Hemoglobin Concentration

The hemoglobin concentration in the porcine cruor powder was determined by
Drabkin’s method, a quantitative and colorimetric method [22]. The quantification was
carried out on a stock solution of 15 g of freeze-dried cruor powder in 100 mL of Milli-Q
water, using the Drabkin’s reagent (Sigma-Aldrich, Oakville, ON, Canada). From the
determined concentration of the stock solution, the cruor was diluted in Milli-Q water to
obtain a precise concentration solution of 2% hemoglobin (w/v).

2.2.2. Peptic Hydrolysis Process

Hydrolysis was performed on 3 L of cruor solution prepared in Milli-Q water at
a concentration of 2% (w/v) hemoglobin. Hydrolysis was performed in three separate
repetitions. Cruor was digested with pepsin (Sigma-Aldrich, Saint-Louis, MO, USA)
from porcine gastric mucosa. The pH was adjusted to 3 with hydrochloric acid (1N,
Anachemia, VWR Company International, Lachine, ON, Canada) during 15 min to denature
the hemoglobin and reach the reactor pH [13,23,24]. Then, the enzyme (32004500 units/mg
of protein) was added at an enzyme/substrate ratio of 1/11 (mol/mol). The pH (pH 3) and
temperature (23 °C) were maintained constant during the 30 min of hydrolysis. Samples
were collected at 0, 2.5, 10 and 30 min for further analyses. The hydrolysis was stopped by
increasing the pH to 10 [17] with sodium hydroxide (5 M, Fisher BioReagents, Waltham,
MA, USA). The final hydrolysate was freeze-dried and stored at —20 °C.

2.3. Discoloration of Porcine Cruor Hydrolysate

The acidification pH for discoloration was selected by testing different pH values: 3.0,
4.0,4.5,4.7,5.0,5.5 and 6.0 on the final hydrolysate. Then, the absorbance of heme was
measured at 392 nm and the pH with the lowest absorbance was chosen. Following these
results, pH 4.5 was chosen to discolor a 50 mL sample from each repetition by acidification
with HCI 2 N to precipitate the heme. In comparison, optimal pH for the discoloration of
bovine hemoglobin was determined at pH 4.7 [25]. After 24 h of decantation at 4 °C, the
two phases were separated by centrifugation for 30 min at 6000 x g (5804R-2, Eppendorf,
Hamburg, Germany) [21]. The supernatant consisted of the discolored hydrolysate. The
supernatant and the pellet were freeze-dried and stored at —20 °C.

2.4. Analyses
2.4.1. Determination of the Degree of Hydrolysis

To quantify the degree of hydrolysis (DH), which corresponds to the number of
cleaved peptide bonds depending on the hydrolysis duration, the ortho-phthaldialdehyde
(OPA) method was used [26]. The OPA (Sigma-Aldrich, Oakville, ON, Canada) reagent
solution was made from Sodium Dodecyl Sulfate 20% (w/v) (SDS, Fisher Scientific, Fair
Lawn, NJ, USA), Sodium tetraborate 100 mM (Fisher Chemicals, Merelbeke, Belgium), solid
OPA diluted in methanol at 4% (w/v) (Fisher Chemicals, Belgium) and 3-mercaptoethanol
0.2% (v/v) (Sigma-Aldrich, Oakville, ON, Canada). The calibration curve was made
using D-L-leucine (Sigma-Aldrich, Oakville, ON, Canada) diluted with SDS 1% (w/v).
Standards and diluted samples (1:15) were in contact with the reagent for exactly 2 min,
at room temperature, to complex with x-amino groups released during hydrolysis. The
proportion of cleaved bonds was quantified by spectrophotometry at 340 nm (HP8453,
Agilent Technologies, Santa Clara, CA, USA) and compared with the total cleavable bonds
for hemoglobin, 8.3 meq/g of protein [27,28].
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2.4.2. Protein Content

To determine the protein content in the hydrolysates after the enzymatic hydrolysis
and the discoloration, the Dumas method was performed using a rapid MicroNcube
(Elementar, Langenselbold, Germany), on freeze-dried samples. The total nitrogen in the
sample was measured and the protein concentration was estimated with a conversion
factor of 6.25 [27].

2.4.3. RP-UPLC-MS/MS Peptide Profiles Analysis

RP-UPLC coupled with MS/MS Q-TOF system was used to separate, identify, and
characterize the peptide population, present in the porcine cruor hydrolysates. RP-UPLC
tests were operated using a 1290 Infinity II UPLC (Agilent Technologies, Santa Clara, CA,
USA), following the method proposed by [10]. This chromatography instrument was
composed of a binary pump (G7120A), a multisampler (G7167B), an in-line degasser and
a variable wavelength detector (VWD G7114B) adjusted to 214 nm. The mobile phase
composition followed a gradient elution consisting of solvent A (LC-MS grade water with
0.1% formic acid) and solvent B (LC-MS grade acetonitrile with 0.1% formic acid) applied,
at constant temperature of 23 °C, with solvent B going from 1% to 13% in 6 min, increasing
to 35% until 25 min. Then, solvent B ramped to 100% until 35 min and was maintained for
10 min before returning to initial conditions. The cruor hydrolysate samples (2% protein
(w/v)) were filtered through 0.22 um PVDF filter and a volume of 0.25 uL was loaded onto
a Poroshell 120 EC-C18 column (2.1 x 100 mm i.d., 2.7 micron, Agilent, Santa Clara, CA,
USA) at a flow rate of 500 uL/min.

The determination of the accurate mass was performed using a hybrid ion mobility
quadrupole time of flight mass spectrometer (6560 high-definition mass spectrometry
(IM-Q-TOF), Agilent, Santa Clara, CA, USA). Calibration was completed using an ESI-
L low concentration tuning mix (G1969-85000, Agilent Technologies, Santa Clara, CA,
USA). Nitrogen was selected as the drying (13.0 L/min, 150 °C) and nebulizer gas (30 psi).
The voltages were set at 3500 V for the capillary, 300 V for the nozzle and 400 V for the
fragmentor. Positive mode at Extended Dynamic Range, 2 Ghz, 3200 m1/z was used to record
signals. Data acquisition and analysis were performed using the Agilent Mass Hunter
Software package (LC/MS Data Acquisition, Version B.08.00 and Qualitative Analysis
for IM-MS, Version B.07.00 Service Pack 2 with BioConfirm Software and BioConfirm,
Version 10.0). A false discovery rate of 1% was used for extraction of biomolecules. Then, a
matching was performed with the known sequences of the o and 3 chains of the porcine
hemoglobin (UniProtKB—P01965, P02101) to obtain all the peptide sequences found in
the hydrolysates. Finally, these peptides were compared with bioactive peptides already
known in the literature or analyzed with a predictive antimicrobial database [29].

2.5. Synthesized Peptides

The peptide synthesis was performed by Laboratoire Innodal (Lévis, QC, Canada).
Fourteen peptides were synthesized by standard solid-phase peptide synthesis (SPPS) on
an automated peptide synthesizer [30]. Solubility of peptides was first tested on saline
water with 0.85% NaCl. Finally, as most synthesized peptides had a high hydrophobicity, an
organic solvent was used. Each peptide was solubilized in a small volume of dimethylsul-
foxide (DMSO), and water was subsequently added until a 10% (v/v) DMSO concentration
was reached [31]. The stock solution of each peptide was at a concentration of 2.5 mM. The
pH of the final solution was below the isoelectric point of each peptide. Thus, all peptides
were positively charged. A negative control of the solution of DMSO 10% (v/v) was used
to ensure the results were not affected by the solvent. Antifungal assays on synthesized
peptides were realized using methods described below.
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2.6. Antimicrobial Assays
2.6.1. Microorganisms

The antibacterial activity was tested against two indicator bacteria including Escherichia
coli and Listeria ivanovii (Table 1). These two strains are Gram-negative and Gram-positive,
respectively and are commonly sensitive strains. They were subcultured in Tryptic Soy
Broth (TSB) two times for 18 h, at 37 °C for E. coli and 30 °C for L. ivanovii. The antifungal
activity was evaluated against four filamentous molds and four yeasts (Table 1). All the
strains for antifungal assays were chosen since they are the most often strains identified
as spoilage microorganisms of food products, specifically in the meat industry [32]. The
4 filamentous molds were subcultured on Potato Dextrose Agar (PDA) at 25 °C, for 7 days,
2 times. The 4 yeasts were subcultured in Potato Dextrose Broth (PDB) at 25 °C, for 48 h,
2 to 3 times (Table 1).

Table 1. Strains used for antimicrobial assays on hydrolysates and peptides.

Subculture

Strain - References Strain Collection
Conditions
1 °
Escherichia coli TsB~, (13 2};’ 37°C MC 4100
Bacteria TSB. 18 h. 30 °C Food microbiology
Listeria ivanovii ’ ( 2’) HPB 28 laboratory (LMA),
Laval University, Québec (QC)
Mucor racemosus LMA-722 Canada
Filamentous Penicillium chrysogenum PDA 2,7 days, 25 °C LMA-212
Molds Aspergillus versicolor (x2) LMA-370
Paecilomyces spp. 5332-9a Denis Roy, Laval University
Rhodotorula mucilaginosa 27,173
Saccharomyces boulardii PDB 3,48 h, 25 °C 27,169 - :
Yeasts Kluyveromyces marxianus (x2-3) 27,175 General Mills Yoplait, France
Candida guilliermondii 27,168

1 TSB: Tryptic Soy Broth (BD-Difco, Sparks, MD, USA); 2 PDA: Potato Dextrose Agar (BD-Difco, Sparks, MD, USA;
3 PDB: Potato Dextrose Broth (BD-Difco, Sparks, MD, USA). (x_): number of subcultures.

2.6.2. Agar Diffusion Assay

An agar diffusion method was realized to observe the growth inhibition of hy-
drolysates or peptides [10]. The antibacterial activity of the hydrolysate was tested on
Tryptic Soy Agar (TSA, BD-Difco, Sparks, MD, USA), and antifungal activity was evaluated
on PDA. To prepare the bacteria inoculum, the pre-culture was diluted at 10° CFU/mL. For
the conidia from the molds, they were recovered after pre-culture with a swab, soaked with
a solution of peptone water (10% w/v) with Tween 80 (0.1% w/v). The conidia were added
to 5 mL of the same solution. The yeasts were directly enumerated from the 48 h culture
diluted (1:10). The cells concentration was determined in a solution of methylene blue,
by using an automated cell counter (Invitrogen™ AMQAF1000, Oakville, ON, Canada).
Then, the inoculum was adjusted to 10® CFU/mL. Once the media of TSA or PDA reached
45 °C, it was inoculated at 1% (v/v) with the inoculum of the tested microorganism and
poured in a Petri dishes. Wells were made in the solidified agar to receive 80 uL of the
samples. Hydrolysate samples were tested at a concentration of 40 mg/mL of proteins. The
incubation was of 24 h at 37 °C and 30 °C, respectively for E. coli and L. ivanovii, 48-72 h
at 25 °C for molds and R. mucilaginosa, and finally at 35 °C for the three other yeasts. For
the assays with porcine cruor hydrolysates, reuterin (192 mM) was used as a positive
control, bacteriocin generally active against bacteria and fungi [32]. For the assays with the
synthesized peptides, natamycin (16.7 ug/mL) (Sigma-Aldrich, Saint-Quentin Fallavier,
France) was used as a positive control. The negative control was sterile distilled water.
Finally, diameters of the inhibition halos were measured using a ruler (mm), as indicated
by the Clinical and Laboratory Standards Institute (CLSI 2016 /2017). Tests were realized
in triplicate.
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2.6.3. Determination of the Minimal Inhibitory, Bactericidal, and Fungicidal Concentrations

The minimum inhibitory concentration (MIC) of the hydrolysate that induces inhibi-
tion of the microorganism tested was determined according to Froidevaux et al. [33]. To
quantify the growth inhibition, 96-well microplate assays were performed using Mueller-
Hinton broth (MH, BD-Difco, Sparks, MD, USA). Samples were micro-diluted from the
stock concentration of 40 mg/mL of proteins. The inoculum was pre-diluted in MH at
a concentration of 5 x 10° CFU/mL. Then, the microplate was incubated 24 h at 37 °C
for E. coli and at 30 °C for L. ivanovii. The molds and yeasts strains were, respectively
tested at 2 x 10%* and 1 x 10° conidia or yeast per mL [32]. The automated cell counter was
used to determine the concentration. The microplates were incubated for 48 h at 25 °C for
the molds and R. mucilaginosa, and at 35 °C for the other yeast strains. The MIC was the
lowest concentration that inhibited completely the microorganism growth. The growth was
measured by absorbance at 595 nm (Infinite® F200 PRO, Tecan Inc., Durham, NC, USA).

The minimum bactericidal concentration (MBC) or Minimum Fungicidal Concentra-
tion (MFC) corresponds to the lowest concentration at which 99.9% of the final inoculum
is killed [34]. A volume of 10 pL from MIC determination microplates wells” showing
complete inhibition of the growth were inoculated on the surface of TSA for bacteria and
Dichloran Rose-Bengal Chloramphenicol agar (DRBC, BD-Difco, Sparks, MD, USA) plates
for molds and yeasts. Then, they were, respectively incubated for 24 h at 37 °C or 30 °C
and 48 h at 25 °C. The lowest concentration that inhibited microorganism growth is the
MBC or MEC. The ratio MBC/MIC or MFC/MIC allows to determine if the sample is
bactericidal/fungicide (<4) or bacteriostatic/ fungistatic (>4) [32,34].

2.6.4. Fractional Inhibitory Concentration Index (FICI)

Microdilution checkerboard assay was performed for determination of the fractional
inhibitory concentration (FIC) index, adapted from Hsieh et al. (1993) [35]. Indeed, the
purpose of this test was to detect if a synergy occurs between the antifungal peptides
highlighted. The highest concentration in the checkerboard was set at 2 times the MIC of
the studied peptides. These tests were performed on the most sensitive strains of mold and
yeast, Paecilomyces spp. and R. mucilaginosa. Then, a FIC index was calculated by summing
FIC of each peptide from the tested pair. Each FIC was calculated by the ratio of the MIC of
synergy and the known MIC of the peptide. Finally, if the FIC index was lower than 0.5,
the pair was synergistic, and if it was between 0.5 and 4, the pair was indifferent.

2.7. Statistical Analyses

All analyses were completed in triplicates and three independent repetitions of hydrol-
ysis were performed. The results were expressed as mean =+ standard deviation. The two
types of hydrolysates: raw and discolored, and the pellet of discoloration were compared
using an analysis of variance (p < 0.05) and Tukey multiple range tests applied with SAS
software version 9.4 (for Windows) (SAS institute Inc., Cary, NC, USA). Concerning the
microbial results, the MIC et MFC were expressed as mean £ standard deviation. They
were compared using a non-parametric alternative for independent data, Kruskal-Wallis
one way analysis of variance on ranks, as the data were not continuous. It was followed
by a multiple test comparison: Tukey test (p < 0.05), applied using SigmaPlot Version 12.0
(Systat Software, Inc., San Jose, CA, USA).

3. Results and Discussion
3.1. Porcine Cruor Hydrolysis
3.1.1. Degree of Hydrolysis

During the hydrolysis of porcine cruor, samples at 0, 2.5, 10 min and final time, were
collected to determine the degree of hydrolysis (DH). The DH values increased in a non-
linear trend during the 30 min of hydrolysis. The final DH obtained was 4.0 & 0.5%
(Figure 1). The non-linear evolution corroborates the literature on porcine cruor hy-
drolysate [13]. The DH obtained after 30 min was as reported in the literature for porcine
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hemoglobin hydrolysed at pH 3 [24] and porcine cruor at pH 2 [36]. In both studies, the
DH was below 5% and no plateau was achieved. Indeed, at its optimal conditions (37 °C
and pH 2), the pepsin mechanisms of porcine hemoglobin achieve a plateau after 180 min
of hydrolysis [24]. To ease the industrial scale-up of the process and reduce the energy
consumption due to the heating of the process in the present study, the hydrolysis was
conducted at room temperature (23 °C). Moreover, it was shown in several studies that this
parameter allowed the production of interesting active peptide populations [6,21,25]. No
impact on the hydrolysis efficiency under 30 min of reaction was noted. Samples at 2.5 and
10 min allowed to illustrate how rapidly the porcine hemoglobin was hydrolysate to inter-
mediate peptides. The results confirmed that the denaturation of the protein was complete,
and the “zipper” mechanism occurred [37,38]. It was then corroborated by UPLC-MS/MS
profiles. The results also confirmed that hemoglobin chains and/or peptides remained and
could go through longer peptic hydrolysis. A longer hydrolysis implies a higher DH and
generates peptides with lower molecular masses.

o
=)
S

Degree of Hydrolysis (%)

0.00 T T T T T T

0 5 10 15 20 25 30
Hydrolysis time (min)

Figure 1. Evolution of the degree of hydrolysis during the 30 min peptic hydrolysis of porcine cruor.

3.1.2. Protein Content

The protein content indicated a significant difference between discolored and raw hy-
drolysates (Student t-test, p-value = 0.02), presenting values of 80.3 &= 2.8% and 86.6 = 1.1%,
respectively. The difference obtained showed a loss of compounds that contained nitrogen,
during the discoloration. Indeed, molecules of heme precipitated, which was confirmed by
the different colors of the hydrolysates (Figure 2). Heme molecules contain porphyrin, a
complex cyclic structure composed of 4 pyrrole rings made of nitrogen and carbons [39].
Other compounds containing nitrogen in addition to the heme, such as amino acids or/and
peptides, might have precipitated. This difference in protein content suggested that the
discoloration of the hydrolysate had consequences on its final composition.

Figure 2. Porcine cruor raw hydrolysate (a) and discolored hydrolysate (b).
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3.2. Peptide Population and Identification
3.2.1. Mapping and Comparison of Peptides, before Discoloration

The peptides population composing the two hydrolysates were analyzed according
to their length and the number of peptide sequences, using mapping (Figure 3a,b). The
peptides produced were represented for the two chains of the porcine hemoglobin and
compared to a porcine hemoglobin hydrolysate of 180 min. A comparison was conducted
for a better understanding of the mechanisms involved [24]. Indeed, the comparison was
appropriate as the protein contained in the cruor and hydrolyzed by the pepsin was the
porcine hemoglobin. Moreover, a study from Hedhili et al. demonstrated that the kinetics
of cruor hydrolysis by pepsin was comparable to the purified hemoglobin. Only slight
differences were observed, possibly due to the impurities present in the cruor [11]. The
non-identified peptides were not represented on the mapping. The peptides are represented
by lines and the length refers to the peptide size and the amino acid sequence, from the first
to the last amino acid of each peptide. As expected, the peptides identified in the 30 min
cruor hydrolysate had longer amino acid sequences than the 180 min porcine hemoglobin
hydrolysate. Thus, the mapping illustrated a majority of higher molecular weight peptides
for the 30 min hydrolysate. This variation in the peptide population can be explained by
differences in the DH. Indeed, for the same pH, a DH of 8.4 £ 0.2% was obtained after
180 min [24]. With a six-time longer hydrolysis duration, the DH doubled. The evolution
was not linear, and the hydrolysis slowed down between 30 and 180 min. The common
peptides between the two hydrolysates were visually not as abundant as the different ones.
Peptides at 30 min could be subjected to other successive cleavages, which would produce
shorter and different peptides after 180 min. Nevertheless, a well-known antimicrobial
peptide, named Neokyotorphin (NKT) (TSKYR), was found common in both hydrolysates.
It showed that short duration of hydrolysis still allowed the production of specific low
molecular masses peptides. These observations confirmed that a zipper mechanism was
involved and generated intermediate and final peptides [15]. It also highlighted that NKT is
a final peptide, as reported in the bovine hemoglobin hydrolysis literature [40]. The global
mechanism involved in the porcine cruor peptic hydrolysis is the same as the porcine and
bovine hemoglobin. The importance of the hydrolysis duration to manage the diversity of
bioactivities brought by the hydrolysates was also highlighted.

1 VLSAADKANVKAAWGKVGGQAGAHGAEALERMFLGFPTTKTYFPHEFNLSHGSDQV 55

—

—

—_—

[ —

Ll

56 KAHGQKVADALTKAVGHLDDLPGALSALSDLHAHKLRVDPVNFKLLSHCLLVTLA 110

o —r

S

111 AHHPDDFNPSVHASLDKFLANVSTVLTSKYR 141

—
e T ——

(a)

Figure 3. Cont.
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Figure 3. Peptide mapping comparisons of the alpha chain of porcine hemoglobin (a) and the beta
chain of porcine hemoglobin (b). Green: peptides only present in the porcine cruor hydrolysate
after 30 min; Red: peptides only present in the porcine hemoglobin hydrolysate after 180 min; Black:
Peptides in common between hydrolysates at 30 min and 180 min.

3.2.2. Comparison of RP-UPLC-MS/MS Raw and Discolored Profiles

The profiles of the three raw hydrolysates and discolored hydrolysates repetitions
were very repetitive and overlapped perfectly. One representative raw and discolored
hydrolysate spectra were overlaid and divided into three parts to highlight the main
trends and differences: zones 1, 2 and 3 (Figure 4). The first part (0-5 min of retention
time (RT)) was similar for both studied hydrolysates” MS spectra. The peptides contained
in zone 1 were the most rapidly eluted, which indicates that they had a high polarity.
Indeed, one of the main peaks identified was the Neokyotorphin peptide ( 137-141).
No hydrophobic residue is carried by this peptide and its hydrophilic residues ratio is
60%. Zone 2 (5-20 min of RT) (Figure 4) represented the time interval where the most
compounds eluted. The spectra presented narrow peaks and a very dense compounds
population. Moreover, each peak contained one or more compounds. It was the most
complex zone to study, which made the identification of peptides even more essential for a
comparison of the hydrolysates. Some differences in the peaks were visually noticeable.
For example, at 10 min, the raw hydrolysate presented an additional peak compared
to the discolored hydrolysate, and this peak contained two peptides (o 25-38 and f3
50-64). Differences also occurred inside peaks. Indeed, at 11.5 min, the two spectra
presented no visual differences, but a peptide («x 71-91) was highlighted as absent in the
discolored hydrolysate spectrum. Zone 3 (20-30 min of RT) (Figure 4) presented the main
differences between the two hydrolysates. Indeed, fewer peaks were observed on the
discolored spectrum, mainly between 21 and 25 min. The raw hydrolysate showed five
peaks in this zone, which were not observed in the discolored hydrolysate. The large peak
between 26 and 27 min contained the remaining chains of hemoglobin, after the 30 min
of hydrolysis. Indeed, this large peak contained compounds with high molecular masses
of 15,040 Da and 16,036 Da, corresponding, respectively to the x-chain and (3-chain of the
porcine hemoglobin (UniProtKB, P02067 and P01965). This fact was confirmed during
the DH analysis which showed that no plateau was reached at final time of hydrolysis
(Figure 1). The hydrolysis could be further pursued due to the presence of these remaining
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unhydrolyzed chains of hemoglobin. They were present in both hydrolysates, but the peak
area was lower in the discolored hydrolysate. Most of these heavy compounds contained a
heme group. Thus, they were affected by the precipitation and the centrifugation, applied to
recover the supernatant and the pellet of the discoloration process. In the raw hydrolysate,
the peak at 28 min represented the heme with a molecular mass of 616.5 Da (PubChem,
CID: 53629486). No peak of heme was observed on the discolored hydrolysate spectrum,
which confirmed the effectiveness of the discoloration step. Overlaying the spectra allowed
to highlight some differences within peaks. The position of the main differences in zone
3 of the spectra showed some particularities. As the RT increased, meaning the gradient
was increasing in acetonitrile percentage, the eluted compounds had higher molecular
mass and higher hydrophobicity. Indeed, it was reported in the literature that the order
of peptides elution was negatively correlated to the hydrophobicity [41]. Moreover, the
highest molecular masses were observed after 19 min of RT: 7145.68 Da and 6681.44 Da
at, respectively 21.2 and 19.9 min. These observations allowed to conclude that the lost
peptides during the discoloration are mostly high molecular weight and hydrophobic
peptides, as they were part of zone 3.
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Figure 4. Overlay of the raw (blue plane line) and discolored (black dash line) hydrolysate spectra.
Identified sequences found in the raw hydrolysate and the pellet, but absent or diminished in
the discolored hydrolysate are presented on the figure with their location on the « or 3 chain
of hemoglobin.

3.2.3. Comparison of the Identified Peptides

A wide variety of identified peptides was obtained after 30 min of hydrolysis of the «
(141 amino acids) and 3 (146 amino acids) porcine hemoglobin chains. The raw hydrolysate
was composed of 125 identified peptides and the discolored of 123 identified peptides. A
difference of 2 identified peptides was observed which suggested that a loss of peptide
occurred. However, some biomolecules, including peptides, found in the hydrolysates
were not identified by the matching criteria of the software. Discolored hydrolysate was
composed of 295 + 7 biomolecules whereas the raw hydrolysate of 336 =+ 2 biomolecules.
These differences impacted the nitrogen content of the two hydrolysates. The significant
difference between contents in biomolecules of the two hydrolysates (see Section 3.1.2.
protein content) was explained by a loss of peptides during the discoloration.
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(@) Common peptides between raw and discolored hydrolysates

Regarding the common peptides obtained in the two hydrolysates, some known
antimicrobial peptides were highlighted. Most of them are intermediate peptides of the
Neokyotorphin peptide (TSKYR). It is a well-known antibacterial and antioxidant pep-
tide [6,42]. TSKYR was found in both hydrolysates at a similar abundance (Figure 4). This
peptide presented effects close to those of the butylated hydroxytoluene (BHT) used as a
food additive [6]. The last peptide, at a retention time of 12 min, PTTKTYFPHE, demon-
strated its bioactivity in a study on bovine hemoglobin hydrolysate [17]. This peptide was
also found in the hydrolysates of this study. All the antimicrobial peptides identified with
a demonstrated bioactivity are presented in Table 2.

Table 2. Antimicrobial peptides recovered from the porcine cruor hydrolysate.

Retention Time (min) Molecular Mass (Da)  Chain Location Sequence *
1.64 653.35 x 137-141 TSKYR
5.97 865.50 o3 135-141 VLTSKYR
6.54 966.55 x 134-141 TVLTSKYR
6.67 1053.58 x 133-141 STVLTSKYR
8.45 1337.73 o 130-141 ANVSTVLTSKYR
10.36 1450.81 x 129-141 LANVSTVLTSKYR
12.01 1237.61 x 37-46 PTTKTYFPHF

* According to results reported in the literature from bovine hemoglobin [13].

It is essential to acknowledge that porcine and bovine hemoglobins present some
differences in their amino acid sequences (Figure 5). Indeed, according to BLAST soft-
ware (UniProtKB), the o chains of the two hemoglobins had 19 different amino acids, the
correspondence between the two chains was 86.5%. Regarding the 3 chain, there were
28 different amino acids and the affinity between the two was 82.6% (UniProt Consortium,
2019). Most of the identified antimicrobial peptides were derived from bovine hemoglobin.
Therefore, a comparison of the known antimicrobial peptides, reported in the literature and
database, and the peptides obtained from porcine cruor hydrolysate was conducted. These
peptides were qualified as potentially antimicrobial following this comparison (Table 3),
since they have never been tested in a pure form. The first peptide identified: LAHKYH (3
(142-147)), at the C-terminus of the 3 chain (Table 3 and Figure 5), was used to illustrate the
procedure. In bovine hemoglobin hydrolysate, the peptide LAHRYH, has been described
as an antibacterial peptide [17]. In the porcine hemoglobin, the arginine (R) is replaced by a
lysine (K, position 145) amino acid (Figure 5). Both amino acids have positive electrically
charged side chain. Moreover, the total hydrophobicity of the peptide was not affected by
the modification of the arginine amino acid. It is known that for antimicrobial peptides,
the hydrophobic character is one of the major parameters [43]. LAHKYH peptide has the
potential to be an antimicrobial peptide thanks to these observations. An antimicrobial
peptide database (ADP3, https://aps.unmc.edu/prediction, accessed on 1 September 2020)
was also used to confirm this antimicrobial potential.


https://aps.unmc.edu/prediction

Foods 2022, 11, 4035

12 of 24

10

VLSAADKANV KAAWGKVGGQ AGAHGAEALE RMFLGFPTTK TYFPHFNLSH

60

GSDQVKAHGQ KVADALTKAV GHLDDLPGAL SALSDLHAHK LRVDPVNFKL

110

LSHCLLVTLA AHHPDDFNPS VHASLDKFLA NVSTVLTSKY R

10

MVHLSAEEKE AVLGLWGKVN VDEVGGEALG RLLVVYPWTQ RFFESFGDLS
60
NADAVMGNPK VKAHGKKVLQ SFSDGLKHLD NLKGTFAKLS ELHCDQLHVD

110

PENFRLLGNV IVVVLARRLG HDFNPNVQAA FQKVVAGVAN ALAHKYH

20 30 40 50

70 80 90 100 a

120 130 140

20 30 40 50

70 80 90 100 '3

120 130 140

Figure 5. Amino acid sequence of porcine hemoglobin, « chain and 3 chain. Adapted from UniPro-
tKB, Code: HP beta P02067, HP alpha P01965, HB beta P02070 and HB alpha P01966 [44]. Red amino
acids are different in the bovine hemoglobin sequence.

Table 3. Potential antimicrobial peptides from the porcine cruor hydrolysate.

Retention Molecular . . *

Time (min) Mass (Da) Chain Location Sequence
457 767.41 B 142-147 LAHKYH
8.01 812.46 o 99-105 KLLSHCL
9.15 2633.37 o 1-28 VLSAADKANVKAAWGKVGGQAGAHGAEA
10.86 2746.44 o3 1-29 VLSAADKANVKAAWGKVGGQAGAHGAEAL
10.93 925.54 o 99-106 KLLSHCLL
11.37 241717 o 107-128 VTLAAHHPDDFNPSVHASLDKF
12.14 3162.64 o 1-32 VLSAADKANVKAAWGKVGGQAGAHGAEALERM
16.46 1554.78 o 34-46 LGFPTTKTYFPHF
19.13 1701.85 o 33-46 FLGFPTTKTYFPHF

PTTKTYFPHFNLSHGSDQVKAHGQKVADALTKAV

1989 668147 * 37-98 GHLDDLPGALSALSDLHAHKLRVDPVNF
20.60 3214.64 o 107-136 VILAAHHPDDFENPSVHASLDKFLANVSTVL
2129 7145.68 x 33.93 FLGFPTTKTYFPHFNLSHGSDQVKAHGQKVADALTKAV

GHLDDLPGALSALSDLHAHKLRVDPVNF

* Amino acids in bold: Differences with bovine hemoglobin sequences, same location on the chain.

(b) Difference in peptides between raw and discolored hydrolysates

Peptide profiles of the raw hydrolysate, the discolored hydrolysate, and the discol-
oration pellet were compared. The aim was to detect all the differences and identify the
compounds already highlighted in the comparison of spectra. Peptides identified in the
raw hydrolysate and the discoloration pellet, but absent or diminished by at least 10% in
the discolored hydrolysate, were emphasised. The decrease was defined as the variation
of the area of the peptide in the spectra (Figure 4). A total of 41 peptides were identified
as lost and recovered in the pellet during discoloration. These peptides were represented
on the spectra (Figure 4) and listed with their main characteristics (Table 4). None of these
peptides has already been studied for their antimicrobial activities.
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Table 4. Peptides absent or diminished in the discolored porcine cruor hydrolysates.

T?:::T;?E) ﬁglzc(l]l)lg Chain Location Sequence Tolt:elsli{d};dersog}:;) EIC Structure (%) 3  ChargeatpH72  Decrease (%) *
5.97 865.501 «  135-141  VLISKYR 29 RC 100 120 101
9.34 1746.912 « 8493  SDLHAHKLRVDPVNF 47 RC 60 +0.2 12.0
9.60 528221 B 43-46  FESF 50 RC 100 ~1.0 10.8

1537.760 o 2538  GAEALERMFLGFPT ! 50 AH 30 ~1.0
991 1537.767 B 50-64 SNADAVMGNPKVKAH ! 40 RC 80 +13 38.0
1023 1859.997 « 83-98  LSDLHAHKLRVDPVNF 50 RC 81 102 25
10.86 1244.689 B 129-141 AAFQKVVAGVANA 69 AH 70 +1.0 100.0
1867.032 B 125-143 PNVQAAFQKVVAGVANALA ! 63 AH 84 +1.0
10 1867.057 B 100-116 DPENFRLLGNVIVVVLA ! 58 AH 47 ~1.0 38.0
: 1867.014 « 99115 KLLSHCLLVTLAAHHPD ! 52 RC 70 108
2870.511 B 91-115  ELHCDQLHVDPENFRLLGNVIVVVL ! 52 RC 52 25 45.0
11.50 2179.146 « 71-91  GHLDDLPGALSALSDLHAHKL 0 AH 57 ~13 35.0
12.20 1200.493 B 43-53  FESFGDLSNAD 36 RC 100 30 100.0
1848.883 o  104-120 CLLVTLAAHHPDDENPS ! 47 RC 77 15
12.90 1848.904 B 4562  SFGDLSNADAVMGNPKVK ! 38 RC 100 0 6.0
1848.937 B 71-87  SFSDGLKHLDNLKGTFA ! 35 AH 53 103
15.89 3461.789 o 47-80  NLSHGSDQVKAHGQKVADALTKAVGHLDDLPGAL 41 AH 68 —07 16.6
1627 898.436 « 30-36  ERMFLGF 57 AH 43 0 175
16.65 1307.706 B 3342 LVVYPWTQRF 60 AH 60 +1.0 11.6
16.84 1968.038 B 1432  GLWGKVNVDEVGGEALGRL 2 AH 79 ~1.0 199
17.16 1720.924 B 98-112  HVDPENFRLLGNVIV 46 RC 40 08 25.0
PTTKTYFPHFNLSHGSDQVKAH
17.35 4681.402 « 780 L OKVADALTKAVGHLDDLPGAL 34 AH 52 +1.0 100.0
17.60 1011521 « 29-36  LERMFLGF 63 RC 63 0 204
17.99 1988.996 « 31-46  RMFLGEPTTKTYFPHF 50 RC 88 121 2.6
18.24 2118.036 o 3046  ERMFLGFPTTKTYFPHF 47 RC 100 +1.1 19.8
19.00 1420.785 B 340 LLVVYPWTQRF 64 RC 55 +1.0 473
LGFPTTKTYFPHFNLSHGSDQVKAHG
19.96 5269.722 « 3483 OKVADALTKAVGHLDDI PGALSAL 38 AH 60 +1.0 100.0
20.02 1227.766 B 104114 FRLLGNVIVVV 72 RC 46 +1.0 46.0
PTTKTYFPHFNLSHGSDQVKAHGQKVA
20.78 5267.677 o 3786 TR AVGHL DDLPCALCAL Sl 36 AH 60 0 100.0
21.87 2845.507 B 104128 FRLLGNVIVVVLARRLGHDFNPNVQ 52 RC 50 123 100.0
21.99 2032.146 B 98-115 HVDPENFRLLGNVIVVVL 61 RC 72 ~1.0 63.9
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Table 4. Cont.

Retention Molecular . . Total Hydrophobic o/ 3 2 o/ %
Time (min) Mass (Da) Chain Location Sequence Residues (%) 2 Structure (%) Charge at pH7 Decrease (%)
2212 3087.608 B 1642 WGKVNVDEVGGEALGRLLVVYPWTQRF 44 RC 60 0 100.0

LRVDPVNFKLLSHCLLVTLAAHHPDDEFN
2257 5698.005 o 91-141 PSVHASLDKFLANVSTVLTSKYR 45 AH 60 +2.0 100.0
23.2 3678.966 B 98-130 HVDPENFRLLGNVIVVVLARRLGHDFNPNVQAA 48 AH 52 +0.5 92.0
23.26 3536.894 8] 98-128 HVDPENFRLLGNVIVVVLARRLGHDEFNPNVQ 45 RCe61 +0.5 90.0
23.33 3607.928 [§] 98-129 HVDPENFRLLGNVIVVVLARRLGHDFNPNVQA 53 RC 72 +0.2 100.0
24.73 4035.127 B 95-130 DQLHVDPENFRLLGNVIVVVLARRLGHDFNPNVQAA 47 RC 56 —0.5 100.0
24.79 3893.056 3 95-128 DQLHVDPENFRLLGNVIVVVLARRLGHDENPNVQ 44 AH 50 -0.5 100.0
WGKVNVDEVGGEALGRLLVVY
26.38 4270.106 [§] 16-53 PWTQRFFESFGDLSNAD 42 RC 53 —3.0 100.0
WGKVNVDEVGGEALGRLLVVY
26.45 4155.071 B 16-52 PWTQRFFESFGDLSNA 43 RC 57 —2.0 100.0
26.51 5512.961 B 98-147 HVDPENFRLLGNVIVVVLARRLGHD 50 AH78 +3.0 100.0

FNPNVQAAFQKVVAGVANALAHKYH

! Identification using ExPASy FindPept tool. 2 Antimicrobial peptide database (https:/ /aps.unmc.edu/prediction, accessed on 1 September 2020). 3 (https:/ /npsa--prabi.ibcp.fr/,
accessed on 1 June 2021) Prediction of secondary structure using a consensus prediction method (MLRC DSC and PHD) RC: Random Coil AH: Alpha Helix (the main structure formation
was represented). * Variation of the peak area of the peptide between the spectra expressed in %. Sequences in bold are the synthesized peptides.
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As expected, no difference was observed in zone 1 of the spectra. Concerning zone
2, amongst the 27 different peptides found, 4 peptides were absent in the discolored
hydrolysate and the other peptides had a diminished area of at least 10%. The molecular
masses of these peptides were mostly between 800 Da and 3000 Da. Two exceptions were
given with molecular masses of 4681.4 Da for the peptide o 37-80 and 5269.7 Da, for the o
34-83. They were present in the raw hydrolysate and pellet of discoloration, but part of the
absent peptides in the discolored hydrolysate, which conferred them a 100% decrease. Zone
3 contained, as expected, peptides with the highest percentage of decrease. Indeed, 12 over
14 peptides decreased by 90% and more, during discoloration. They were peptides with
molecular weights between 2800 and 5800 Da (Table 4). Finally, regarding the sequences,
some peptides were the intermediates of other peptides. The main examples were the lost
peptides with the following location on the alpha chain: & 98-115, o 98-128, « 98-129,
98-130 and o 95-128, o 95-130 (Table 4).

The total hydrophobic residues, the main secondary structure, and the charge at pH 7
were presented for each identified peptide. These characteristics are usually considered
when the antimicrobial potential is evaluated. Whether the peptide present antibacterial,
antifungal or both activities, they usually present a positive charge (+2 to +9), a certain
hydrophobicity (around 50%) and a specific structure (« helix,  sheets or a mixture) [45].
Peptides with the capacity to disrupt the membrane generally take part on the x-helical
structure class [43]. Since these peptides were identified for the first time, these data helped
the interpretation of these peptides’ relevance. Nevertheless, some known antimicrobial
peptides, such as the Neokyotorphin with TSKYR amino acids sequence, are exceptions.
Indeed, this peptide presents no hydrophobicity (Antimicrobial peptide database, ADP3,
University of Nebraska Medical Center). Thus, to confirm the interest of these 38 peptides,
based on these criteria, microbiological tests were carried out. The results helped to
understand the real impact of these modifications in peptides profiles, on antimicrobial
activities of both hydrolysates.

3.3. Antimicrobial Activities
3.3.1. Antibacterial Activity of the Hydrolysates

The hydrolysates did not show any activity against the two bacterial strains tested
by agar diffusion method (Table 5). Since E. coli and L. ivanovii were resistant to both
hydrolysates no further antibacterial tests on other strains were carried out. The chosen
duration of hydrolysis impacted the final antibacterial activities. Indeed, although po-
tential antibacterial peptides were found in the hydrolysates (Table 2) the DH was low.
Consequently, it influenced the concentration of the potential antibacterial peptides in the
hydrolysate (Figures 3 and 4). It is explained by the mechanism produced by the pepsin
which was the “zipper” mechanism [46]. It represents reaction pathways with appearance
and disappearance of peptides during the duration of hydrolysis which generates inter-
mediate and final peptides [11]. After a duration of 30 min intermediate peptides were
mainly generated with some final peptides such as NKT. UPLC MS-MS analyses revealed
that 30 min was optimal to obtain the highest relative abundance of NKT compared to
durations up to 180 min, which was the primary motivation to define this parameter. As
porcine cruor hydrolysates are complex and the peptides are diverse, the accumulation
of other antibacterial peptides (Table 2) and potential one (Table 3) was not sufficient.
Indeed, for similar hydrolysis parameters porcine hemoglobin hydrolysate of 180 min
showed antibacterial activity against L. ivanovii [24] and a porcine cruor hydrolysate during
24 h showed activity against L. innocua [13]. This would suggest that a longer hydrolysis
duration and hence higher DH lead to the release of more low molecular mass peptides
with antibacterial activities.
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Table 5. Antimicrobial activity of porcine cruor hydrolysates.

Strains Strain No. Raw Discolored Pellet from
Hydrolysate = Hydrolysate  Discoloration
. E. coli MC4100 — — n/a
Bacteria | i0novii HPB28 - - n/a
R. mucilaginosa 27173 +++ +++ ++
C. guilliermondii 27168 ++ + —
Yeasts o poulardii 27169 N + -
K. marxianus 27175 ++ ++ +
M. racemosus LMA-722 ++ ++ +
P. chrysogenum LMA-212 + — —
Molds ot LMA-370  — - -
Paecilomyces spp. ~ 5332-9a +++ +++ ++

Inhibition zones: +++: >20 mm; ++: 15-20 mm; +: <15 mm and —: no activity. n/a: not applicable.

Those results were also different from demonstrations made with bovine hemoglobin
hydrolysate. Indeed a 3% DH hydrolysate revealed antibacterial activities against
M. luteus L. innocua E. coli and S. enteritidis [46]. Thus, the amino acids and cleavage
sites differences [13] between the porcine and bovine hemoglobin sequences might also
have an impact on the final activities. The importance of investigating each source of
hemoglobin was confirmed.

3.3.2. Antifungal Activity
(a) Agar diffusion

Antifungal activities were demonstrated for the porcine cruor hydrolysates no matter
if the discoloration step was carried out or not. Results showed inhibition against 7 strains
for the raw hydrolysate, 6 strains for the discolored hydrolysate and 4 strains for the pellet
produced after discoloration (Table 5). The yeast C. guilliermondii was significantly less
sensitive (p < 0.05) to the discolored hydrolysate (8 £ 1 mm) compared to the raw one
(15 £ 1 mm) (Figure 6). The same tendency was observed with P. chrysogenum. Indeed,
the raw hydrolysate showed an average halo of 12 = 1 mm compared to the discolored
one which does not show any inhibition activity (Figure 7). First significant differences
were observed between antifungal activity of the hydrolysates with the agar diffusion
method. No activity was observed against A. versicolor. These tests were performed with
hydrolysate samples prepared on a protein base (40 mg/mL of proteins). The protein
content was measured on a nitrogen base which means that any compound with nitrogen
was quantified. As the pellet was the by—product of the discoloration it contained the
precipitated heme about 10.5% of its total composition. Compared to the hydrolysates
the pellet tested at 40 mg/mL of proteins involved less peptides. However, this smaller
amount of peptide still allowed the inhibition of four strains (Table 5 and Figure S1. Those
first results demonstrated that the differences in peptide profiles impacted the antifungal
activities of the hydrolysate. In addition, some of the lost peptides found in the pellet
might be the source of the decreased antifungal activity for the discolored hydrolysate.
Antifungal activities had already been demonstrated from bovine and porcine hemoglobin
hydrolysates [10,24], but never from porcine cruor hydrolysate or on a spectrum of 8 strains.
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Figure 6. Inhibition zones for yeasts C. guilliermondii (A) K. marxianus (B) S. boulardii (C) R. mucilagi-
nosa (D) distilled water (C —) and Reuterin (R). 12 and 3: Raw hydrolysate repetition 12 and 3; 4 5
and 6: Discolored hydrolysate repetition 1 2 and 3.

(b) Minimal Inhibition Concentration (MIC) and Minimal Fungicidal Concentration
(MEC)

Evaluation of the antifungal activities of the raw and discolored hydrolysates as well
as the pellet from discoloration were performed. The MIC and MFC were determined for
8 strains of yeasts and molds. The MICs determined vary between 0.1 and 30.0 mg/mL of
proteins (Table 6). The results for the different strains agreed with agar diffusion results
above (Table 4). All the ratios MFC/MIC were below 4. Thus, antifungal activities observed
were fungicidal activities. The yeasts S. boulardii C. guilliermondii and K. marxianus were
inhibited by the raw hydrolysate at a concentration significantly lower than the discolored
hydrolysate. Indeed, the raw hydrolysate was 10, 15 and 2 times more efficient against
those strains, respectively. Interestingly no difference was observed with R. mucilaginosa
which was very sensitive to the hydrolysates and the pellet. Indeed, for the raw hydrolysate
this strain was 10, 8 and 7 times more sensitive compared to the three other tested yeasts.
For the discolored hydrolysate R. mucilaginosa was 60 times more sensitive compared to
S. boulardii and 11 times compared to K. marxianus. The hydrolysates were also active
against molds. M. racemosus and Paecilomyces spp. were highly sensitive to the raw
hydrolysate whereas M. racemosus was 10 times less sensitive to the discolored hydrolysate.
Moreover, P. chrysogenum was not inhibited by the discolored hydrolysate and the pellet.
Additionally, A. versicolor was not inhibited either by the raw or discolored hydrolysates nor
the pellet. Those observations highlighted the differences in the structure and composition
between genera of yeasts and molds. Especially differences in the outer cell layers generated
different sensitivities [47]. Fungal cells are made of a cell wall with glycosylated proteins
which are combined to more complex residues for the filamentous fungi. Then, there is
the plasma membrane which is mainly composed of phospholipids, sphingolipids and
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sterols. The different proportions of these lipids may impact the sensitivity of the strain.
The filamentous fungi are generally less sensitive due to their cell wall composition [45,48].
Different sensitivities were also observed within the tested molds this would be generated
by the composition of the plasma membrane. Indeed, a study testing different sensitivity
of filamentous fungi to chitosan which implies mechanisms similar to antifungal peptides
showed that the presence of polyunsaturated fatty acids in the plasma membrane had a high
impact on the resistant of the strain. Indeed, the membrane fluidity was easily disturbed
by the binding of the molecule and caused the permeabilization of the membrane [49].
Concerning the yeasts, a study investigated the sensitivity of different strains against
antimicrobial peptides and proteins from human bioliquid. They observed differences in
sensitivity of tested strains and R. mucilaginosa was one of the most sensitive strains [50].

Figure 7. Inhibition zones for molds M. racemosus (A) P. chrysogenum (B) Paecilomyces spp. (C) A.
versicolor (D) distilled water (C —) and Reuterin (R). 12 and 3: Raw hydrolysate repetition 1 2 and 3; 4
5 and 6: Discolored hydrolysate repetition 1 2 and 3; X: samples not relevant to the study.

The pellet and discolored hydrolysate were both less effective than the raw hydrolysate
against S. boulardii C. guilliermondii and P. chrysogenum. The pellet of discoloration was
more effective than the discolored hydrolysate for the strain K. marxianus and M. race-
mosus. It showed interesting low concentration of inhibition against R. mucilaginosa and
Paecilomyces spp. Some peptides that were present in the pellet despite their low quantity
had an antifungal activity. As the activity of the discolored hydrolysate decreased peptides
identified in the pellets which are also present in the raw hydrolysate could be the source
of the antifungal activity. This observation showed that the difference in the composition of
these two hydrolysates had a substantial impact on their antifungal activities. The results
suggest also that the hydrolysis duration of porcine hemoglobin or cruor could modulate
the antimicrobial activity towards antifungal or antibacterial ones.
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Table 6. Minimal Inhibitory Concentration (MIC) and Minimal Fungicidal Concentration (MFC) of

raw and discolored porcine cruor hydrolysates on different strains of yeasts and molds.

Hydrolysate
Strain mg/mL
Raw Discolored Pellet

MIC 29+002 30.0+0.0° >40+ 0.0 ¢
S. boulardii MEC 59+ 0.62 40.0 +£0.0P nd.

MFC/MIC Ratio 2.0 1.3 nd.

MIC 2.5+ 0.0 >40.0 £ 0.0P >40.0 + 0.0P
C. guilliermondii ~ MFC 3.8+0.0 n.d. n.d.

MFC/MIC Ratio 1.5 nd. n.d.

MIC 21+002 58+00¢ 25+00P
K. marxianus MEC 56+132 784+26P 10.0+£0.0°¢

MFC/MIC Ratio 2.7 1.3 4.0

MIC 03+002 05+022 0.8+00P
R. mucilaginosa MFC 03+0.0° 05+022 13+00P

MFC/MIC Ratio 1.0 1.0 1.5

MIC 0.7 +022 894+29¢ 47 4+05P
M. racemosus MEC 08+042 89+29¢ 50+0.0P

MFC/MIC Ratio 1.1 1.0 1.1

MIC 014002 014002 0.74+0.1P
Paecilomyces spp.  MFC 014002 0.1+002 0.7+0.1b

MFC/MIC Ratio 1.0 1.0 1.0

MIC 125+ 0.02 >40.0 £ 0.0 >40.0 £ 0.0
P. chrysogenum MEFC 125 £ 0.0 n.d. n.d.

MEC/MIC Ratio 1.0 n.d. n.d.

MIC >40.0 +0.02 >40.0 +0.02 >40.0 + 0.0 2
A. versicolor MEC n.d. n.d. n.d.

MEC/MIC Ratio n.d. n.d. n.d.

Values with a common letter are not significantly different according to the Kruskal-Wallis one way analysis of
variance on ranks followed by a multiple test comparison: Tukey test (p < 0.05). Data >40.0 + 0.0 mg/mL are not
active at the tested concentration. n.d.: not determined.

(c) Antifungal activity of the synthesized peptides

Based on inhibition activity observed with raw and discolored hydrolysates the main
lost peptides were synthesized: they represented 11 new sequences (Table 4). In order
to investigate minimal antifungal sequences, which means the smallest amino acids se-
quence providing an antifungal activity and to explain the results, peptides found in both
hydrolysates: LAHKYH NALAHKYH and HVDPEN were also synthesized and tested. It
was also interesting to observe that several peptides were intermediate of others. FRLLGN-
VIVVY, also identified as 3 104-114, is part of 6 different synthesized peptides: 3 98-115, 3
98-130, 3 98-129, 3 98-128, 3 95-130 and (3 98-147 (Table 4).

Among the 14 peptides 7 peptides demonstrated inhibition against yeast and mold
and peptide 3 98-115 only against yeast (Table 7). The ratios MFC/MIC reported fungicide
activities for the 8 effective peptides. Indeed, their ratios were all below 4. The other
6 synthesized peptides had not inhibited the strains at the highest tested concentration
(1.25 mM). LAHKYH produced an antifungal activity with a MIC of 1.25 mM which
was interestingly decreased by the addition of an asparagine (N) and an alanine (A)
amino acid residue at the N-terminal. Indeed, the MIC of NALAHKYH was 4 times
lower for R. mucilaginosa and 8 times for Paecilomyces spp. The lower the MIC is the less
peptides are required to be active against the fungi. The change in sequence on amino
acids increased the total hydrophobic residues from 33% to 38% [51]. This observation can
explain part of the difference obtained in antimicrobial activities. It was well described
that the hydrophobicity of peptides was part of the main antifungal parameters. Moreover,
it was shown that increasing hydrophobicity improved the selectivity against eukaryotic
membranes specially to enhance the affinity to zwitterionic lipid [52]. HVDPEN was not
active against the strains tested. However, this sequence occurs in peptides 3 98-115
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3 95-130 and 3 98-147 which were active. Those peptides also contained the segment
of sequence FRLLGNVIVVYV which had a MIC of 0.156 mM and 0.625 mM against the
yeast and mold, respectively. As it was reported in Table 4 this peptide had the highest
hydrophobicity which could explain its interesting activities. It was the most effective
peptide as it had the lowest MIC and was active against both strains comparing to 3
98-115. The peptide (3 98-147 contained three tested sequences including two active ones.
Moreover, it is formed at 78% by an «—helix which is known to promote antimicrobial
activities [53]. Finally, the peptides « 71-91 and « 37-80 were two independent peptides as
their sequences were not include or did not include other synthesized sequences. They are
both formed at majority of a—helix structures with a lower global hydrophobicity compared
to the other random coil structured peptides identified as active.

Table 7. Minimal Inhibitory Concentration (MIC) and Minimal Fungicidal Concentration (MFC) of
the synthesized peptides for a yeast and a mold indicator strains.

. . R. mucilaginosa Paecilomyces spp.
Sequence (Amino Acids) (mM) (mM)
LAHKYH MIC 1.3+ 0.0 1.3+ 0.0
MEC 1.3+ 0.0 1.3+ 0.0
MEC/MIC 1.0 1.0
NALAHKYH MIC 0.3+£0.0 0.2+0.0
MEFC 0.34+0.0 0.3+0.0
MEC/MIC 1.0 2.0
FRLLGNVIVVV MIC 0.2+0.0 0.6 £0.0
MEFC 0.3+0.0 0.6 +0.0
MEC/MIC 2.0 1.0
HVDPENFRLLGNVIVVVL MIC 0.10 + 0.05 >1.3+ 0.0
MEC 03+£0.1 n.d.
MEC/MIC 2.0 n.d.
DQLHVDPENFRLLGNVIVVVLARRLGHDFNPNVQAA MIC 1.3 £0.0 1.3+ 0.0
MEC 1.3+ 0.0 1.3+ 0.0
MEC/MIC 1.0 1.0
GHLDDLPGALSALSDLHAHKL MIC 0.6 +0.0 1.34+0.0
MEC 0.6 £0.0 1.7 £ 0.7
MFC/MIC 1.0 0.8
PTTKTYFPHFNLSHGSDQVKAHGQKVA
DALTKAVGHLDDLPGAL MIC 0.34+0.0 0.05 + 0.02
MEC 0.3+£0.0 0.07 £+ 0.00
MFC/MIC 1.0 1.0
HVDPENFRLLGNVIVVVLAR
RLGHDFNPNVQAAFQKVVAGVANALAHKYH MIC 0.8+04 0.8+04
MEC 0.8+04 1.3+ 0.0
MFC/MIC 1.0 1.3

These explanations were based on in silico results and further studies could be per-
formed on these new antifungal peptide sequences to validate their mechanisms of action:
barrel-stave pore model toroidal pore model or carpet model [52]. Agar diffusion assays
were also conducted on the peptides and results are presented in Supplementary Material
(Figure S2 and Table S1). The results were not as clear and precise compared to the MICs.
Indeed, the good visualization of the inhibition zones was limited by the aspect of some
solution containing the peptides. The method performed consisted of depositing a drop of
peptide solution on the agar instead of making a well (see Section 3.3.2 a Agar diffusion).
Moreover, these peptides could be tested against a larger fungi strains panel.

The synergistic effect was evaluated on the most effective antifungal peptides (3
140-147 3 104-114 3 98-115 « 71-91 and « 37-80). The interactions between each pair of
peptides were evaluated. A total of 10 combinations were tested. None of the combinations
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has demonstrated a synergistic effect against R. mucilaginosa nor Paecilomyces spp. with the
method used.

4. Conclusions

The peptic hydrolysis of porcine cruor produced a wide variety of peptides including
known active peptides. The discolored hydrolysate by heme precipitation using acidifi-
cation presented a different peptide profile. Indeed, relative abundances of 38 identified
peptides were lost or diminished in the discolored hydrolysate compared to the raw
hydrolysate. These peptides were also identified in the discoloration pellet. Moreover,
significant differences were observed concerning antifungal activity against some strains of
yeasts and molds. The discoloration pellets also demonstrated antifungal activities. The
hypothesis that some of the lost peptides had a specific action on fungi was supported
by these results. Thus, eight totally new sequences among the lost peptides were syn-
thesized and demonstrated effective antifungal activities. Discoloration of the porcine
cruor hydrolysate allowed the identification of new antifungal peptides and explained why
discolored hydrolysate presented lower antifungal activities than the raw hydrolysate.

Concerning antibacterial activity, 7 known sequences were identified, and 13 poten-
tially antibacterial sequences were highlighted in both hydrolysates. It appeared from the
results that these antibacterial peptides identified were not at a sufficient concentration
to inhibit the strains tested. This lack of antibacterial activity was also explained by the
duration of the hydrolysis of 30 min. It was concluded that the hydrolysis duration influ-
ences the final antimicrobial activity of the hydrolysate either antifungal activity with high
molecular mass peptides or antibacterial activity with smaller peptides. It was the first
time that such a demonstration was reported on porcine cruor.

It appeared that the discoloration step had a major impact on the final hydrolysate’s
antimicrobial activities. Both raw and discolored hydrolysates had antifungal activities
which was very encouraging considering a potential future application in food preservation.
However, from an application point of view in the meat industry this information is of
major importance: the concentration of discolored hydrolysate if used on white meat
or ham for example must be adjusted to have the same effect as the raw hydrolysate.
Following these results, it appears that porcine blood has the potential to enter a circular
economy by becoming the raw material of a new process: the production of antimicrobial
peptides. Thus, the meat industry could produce natural preservatives from its coproducts
which would represent a gain compared to the purchase of antimicrobials use of blood as
low value-added product (animal meal production) and/or treatment of these wastes. In
addition, the recovery yield of these peptides if the raw cruor is used as is would be close to
100% at an industrial scale. In fact, all the cruor separated from the blood by centrifugation
without no other processing step would be used for hydrolysis and finally recovered to be
dried or applied directly as a liquid.

This is an innovative study demonstrating the scientific feasibility and of interest for
industrials. For future perspectives membrane processes could be used to concentrate
and increase these antimicrobial peptides. Indeed, two fractions: one antifungal and one
antibacterial could be produced using separation processes. Consequently, the identification
of the sequences of interest will allow a better separation or choice of separation processes
based on their physicochemical characteristics.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/foods11244035/s1. Figure S1: Agar diffusion test of the porcine
cruor hydrolysate discoloration pellets; Figure S2: Agar diffusion test of the synthesized peptides,
inhibition zones for R. mucilaginosa and Paecilomyces spp.; Table S1. Identification of peptide sequence
according to their number.
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