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Abstract: Worldwide, street vending commerce has grown exponentially, representing in some
countries, including Ecuador, a significant proportion of food consumed by the urban population.
Pineapple is one of the common fruits sold as ready-to-eat slices by ambulant vendors in the street
or on public transport at risk of contamination by various microorganisms. Previously, we selected
Lactobacillus plantarum UTNCys5-4 and Lactococcus lactis subsp. lactis Gt28 strains producing peptides
with high capacity to inhibit pathogen growth in vitro. In this study, the effect of different edited
formulations containing a mixture of Cys5-4/Gt28 peptides was evaluated in vitro and ex vitro
against a pathogenic cocktail containing E. coli (2), Salmonella (2) and Shigella (1). The growth of
bacterial cocktail co-inoculated with cell-free supernatant containing peptides (formulation T1) and
precipitated peptides (formulation T6), in a ratio of Cys5-4/Gt28:1:1 (v/v), results in a decrease of
total cell viability with 1.85 and 1.2 log CFU/mL orders of magnitude at 6 h of incubation. About the
same decrease (1.9 log CFU/g) was observed when pineapple slices artificially inoculated with the
pathogenic cocktail were coated with T1 formulation, indicating the capacity to diminish simultaneous
pathogens in situ, thus demonstrating its great biological control and protection. However, the E. coli
cell counts reduced by 2.08 log CFU/g while Salmonella and Shigella cell counts reduced by 1.43 and
1.91 log CFU/g, respectively, at 5 days of refrigeration. In the untreated pineapple slices, the total
cell density was maintained during storage, suggesting the adaptation of the pathogens to the fruit
matrix. The peptide-based formulation exerted a bacteriolytic mode of action inducing pathogenic
cell death. The results indicate that coating pineapple slices with peptide-based formulation is a
promising approach to protect them from further contamination by microbial spoilage as well as an
alternative to increase the food safety.
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1. Introduction

Pineapple (Ananas comosus) is the third most commonly consumed fruit in Ecuador, after bananas
and citrus fruits [1]. This perennial herbaceous fruit is produced in several provinces, including
Guayas, Los Ríos, Santo Domingo, El Oro, Esmeraldas and Manabí [1,2]. The fruit is mainly consumed
as juice, salad, or ready-to eat fresh slices or chunks [3]. Once cut, fruits provide a suitable ecosystem
for microbial growth and survival; thus, microbiological safety is of concern. Since the freshly cut
chunks are perishable, they need immediate conservation treatment to reduce the microbial growth [4].
Selling foods in the street or on public transport is a cultural behavior in Ecuador. Approval and
inspection of pineapple sold in this manner is basically non-existent. Human hygiene, post-harvest
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manipulation and inappropriate storage are the principal sources of contamination of fruits in general.
Although pineapple has low pH (3.7–3.8) and very active proteases (e.g., bromelain), it is susceptible to
outbreaks of pathogens such as Salmonella spp., E. coli spp. and Shigella spp. [5]. Pathogens present
in food systems can cause disease; thus, their selective elimination by introducing small changes
in the normal niche of fruits with bacterial cells or their derivates might be a suitable solution to
be considered. Natural protection using microorganisms such lactic acid bacteria (LAB) or their
antimicrobial components (bacteriocins) for food protection has been gaining interest, since they are
classified as “generally recognized as safe” and have shown antimicrobial capacities; additionally,
it is considered an environmentally friendly method [6,7]. Nonetheless, nisin (E-234), produced by
Lactococcus lactis, remains the only polypeptide antibacterial substance or bacteriocin approved by the
Food and Agriculture Organization to be used as food additive [8]. Moreover, LAB can survive under
cold storage temperatures, and their fermentation products or purified metabolites can be used as food
additives [9]; they reduce mesophilic aerobic counts in a similar form as chlorine. LAB strains isolated
from fresh vegetables showed antimicrobial activity against Staphylococcus aureus [10]. Early research
showed that by introducing LAB in fresh foods, the growth of pathogenic microorganisms is reduced
considerably [11]. Recently, we investigated the antimicrobial capacity of LAB isolated from wild-type
fruits of the Amazonian rainforest [12,13]. Among them, some strains such as Lactobacillus plantarum
UTNCys5-4 and Lactococcus lactis subsp. lactis Gt28 were proved to produce peptides in situ with
high capacity to diminish the pathogens during storage or to prevent their growth; nonetheless, the
favorable outcome depends on several characteristics of the producer strain culture, including its
technical effectiveness, persistence and commercial viability, its capacity to secrete inhibitory substances,
the dose applied as well as the developmental stage of the pathogenic population (early or exponential
phase) [14,15]. Antimicrobial peptides secreted by both strains are multifaceted substances, which are
heat and acid resistant, with complex mechanisms of action, including membrane permeabilization,
cell lysis and interaction with internal targets related to DNA and RNA molecules.

In this study, the effect of different edited formulations containing a mixture of Cys5-4/Gt28
peptides applied as cell-free supernatant (CFS) and precipitated peptide (PP) was evaluated in vitro
against a pathogenic cocktail containing E. coli ATCC25922, E. coli UTNEc1, Salmonella enterica subsp.
enterica ATCC51741, Salmonella UTNSm2 and Shigella sonnei ATCC25931. The combination showing the
highest effectiveness in reducing the pathogen population was applied ex vitro in pineapple fruit slices
to control their growth for further use as a natural preservative agent. Moreover, using transmission
electron microscope (TEM) assay and SDS-PAGE, the mode of action of the selected peptide-based
formulation against Salmonella was investigated.

2. Materials and Methods

2.1. Bacterial Strains and Growth Conditions

Lactobacillus plantarum UTNCys5-4 (GenBank accession No. KY041686.1) and Lactococcus lactis
subsp. lactis UTNGt28 (GenBank accession No. MG675576.1) previously isolated and characterized
were routinely grown in MRS broth (DifcoTM, Detroit, MI, USA). The indicator strains E. coli ATCC25922,
E. coli UTNEc1 (lab collection, isolated from fresh cheese), Salmonella enterica subsp. enterica ATCC51741,
Salmonella UTNSm2 (lab collection, isolated from cooked chicken) and Shigella sonnei ATCC25931 were
grown in Luria–Bertani (DifcoTM, Detroit, MI, USA) and nutrient broth culture media.

2.2. Cell-Free Supernatant (CFS) and Partially Purified Peptides Preparation

Briefly, the LAB strains grown in MRS broth at 37 ◦C for 24 h were used to extract CFS by
centrifugation at 13,000× g for 30 min (4 ◦C). The supernatant was filtered using a 0.22 µm porosity
syringe filter (cat # STF020025H, Chemlab Group, Barcelona, Spain). To obtain partially purified
peptides, 60% ammonium sulphate was added to CFS followed by overnight incubation with
refrigeration without stirring and centrifuged at 8000× g for 30 min and 4 ◦C. The PP were recovered
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in 25 mM ammonium acetate (pH 6.5), desalted by using a midi dialysis kit (cat # PURD10005-1KT,
Sigma-Aldrich Co. LLC, Saint Louis, MO, USA) pre-equilibrated with phosphate buffer (pH 7.0) and
stored at −20 ◦C before use in antimicrobial assays. Titer estimated as AU/mL is defined as the highest
dilution that inhibited the growth of the indicator strain [14].

2.3. Peptide-Based Formulations Editing

The CFS extracted from each bacterial strain (Cys5-4 and Gt28) was used to edit the: (a) CFS
peptide-containing formulations as follows: (1) formulation T1: 1:1 (v/v) consisting of 1 × MIC
CFSCys5-4 (6400 AU/mL) and 1 × MIC CFSGt28 (6400 AU/mL); (2) formulation T2: 1:3 (v/v) of
CFSCys5-4 and CFSGt28; (3) formulation T3: 3:1 (v/v) CFSCys5-4 and CFSGt28; (4) formulation T4,
CFSCys5-4 only; (5) formulation T5, CFSGt28 only; (b) PP-based formulations (6) formulation T6: 1:1
(v/v) consisting of 1×MIC, PPCys5-4 (6400 AU/mL) and 1×MIC, PPGt28 (6400 AU/mL); (7) formulation
T7: 1:3 (v/v) PPCys5-4 and PPGt28; (8) formulation T8: 3:1 (v/v) of PPCys5-4 and PPGt28; (9) formulation
T9, PPCys5-4 only; (10) formulation T10, PPGt28 only; (11) control (−): fruit slices, no pathogens, no
peptide and (12) control (+): fruit slices treated with indicator cocktail.

2.4. The Effect of Peptide-Based Formulation on Total Cell Viability In Vitro

Each peptide-based formulation was used in vitro to evaluate its effect on indicator cocktail
growth consisting of a mixture of the five indicator bacteria described above. Each indicator strain was
grown in appropriate media to reach a cell density of 1.0 (OD605) then washed with distillate water and
mixed to obtain the cocktail for further co-inoculation with the peptide-based formulations. Untreated
indicator cell mixture was used as control. Incubation was performed at 37 ◦C for 6 h, and the cell
viability was determined at various intervals (0, 1, 3 and 6 h) using the plate-agar method (BD DifcoTM

plate count agar, Fisher Scientific Co. LLC, Hampton, NH, USA). The results were analyzed by
determining Log reduction calculated as the difference between log CFU/mL (CFS peptide-containing
or PP-based formulation) of the untreated cells (no peptide added) and the treated cells (peptide
added). Log CFU/mL reduction of <1 was considered insignificant. The formulations that showed
highly inhibitory effects were selected for further use ex vitro.

2.5. Co-Inoculation of Fresh-Cut Pineapple Slices with Indicator Cocktail and Peptide-Based Formulations

The pineapple fruits were purchased from a local vendor, washed with 5% bleach solution
for 5 min then twice with distillate water and left to dry under a laminar flow cabinet. The fruit
peel was discarded, and the pulp was cut manually with steel equipment into several slices of 25 g.
Pineapple slices (5 × 25 g each treatment) were submerged in 200 mL of the bacterial inoculum cocktail
(108 CFU/mL) and rotated by stirring with a glove-covered hand for 10 min to ensure that bacteria
penetrated the fruits, followed by air drying for 3 h in a biosafety cabinet. The selected coating
formulations were used to immerse the fruit slices, manually rotating each slice for 5 min to assure
complete coverage and contact of surfaces with the coating solution, and they were then left to dry
for 4 h under the biosafety cabinet. The fruit slices were packed in food trays covered with plastic
food film then stored for 5 days with refrigeration. Pineapple slices washed with sterile water with no
formulation added and no cocktail (negative control) and pineapple slices inoculated with bacterial
cocktail but with no formulation added (positive control) were used as control.

2.6. Determination of the Total Cell Viability, pH and Acidity in Pineapple Slices during Storage

For microbiological enumeration of total cell counts of the inoculated bacterial cocktail with and
without peptide added, pieces of pineapple of each treatment were weighed (25 g/each treatment)
and placed in peptone water (0.1%) for 4 h at 37 ◦C, and a serial dilution (1:10) with saline solution
(NaCl 8.6 g/L), was used to determine total cell counts by plating on nutrient agar after incubation
at 37 ◦C for 48 h. The analysis was performed for 5 days using the same strategy. Independently,
decimal dilutions (0.1 mL) were plated in triplicate on chromocult agar culture media to detect and
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enumerate E. coli and SS (Salmonella/Shigella) agar and to discriminate and enumerate Salmonella and
Shigella cells. The experiment was repeated three times using pineapple fruits purchased from the
same distributer. The results were expressed by determining Log reduction calculated as the difference
between log CFU/g of the untreated pineapple slices (no peptide added) and the treated counterpart
(peptide formulation added). Log CFU/g reduction of <1 was considered insignificant. The pH was
monitored daily during fruit storage using a pH meter (S210, Mettler Toledo, Columbus, OH, USA).
Total acidity, expressed as a percent of citric acid, was determined daily by titrating of fruit juice
(treated and not treated with peptide formulation) with 0.01 N NaOH to pH 8.2 as described [16].

2.7. Effect of T1 and T6 Formulations on Whole Cell Proteins Profile of the Target Salmonella Cells

The whole cell protein profile of Salmonella enterica subsp. enterica ATCC51741 after treatment with
T1 and T6 was analyzed using the SDS-PAGE method as previously described [12]. Briefly, the cocktail
of indicator cells was centrifuged at 3000 rpm and washed twice with 1 × PBS buffer (pH 7.4). The cell
pellet was suspended in 1 × SDS-PAGE loading buffer, boiled for 5 min at 100 ◦C and centrifuged
at 300 rpm. The supernatants of treated and untreated cells with T1/T6 formulations were used in
SDS-PAGE electrophoresis. The tricine-SDS-PAGE method using RunBlue Bis-Tris protein gels (12%)
and Dual Cool Mini vertical PAGE/blotting Systems (Expedeon, Abcam, Cambridge, MA, USA) was
used. The gel was stained with InstantBlueTM ready-to-use stain (Expedeon, Abcam, Cambridge, MA,
USA) using a protocol recommended by the manufacturer.

2.8. Effects of T6 Formulation on the Salmonella Cells under Transmission Electron Microscope (TEM)

Bacteria without addition of T6 was prepared and used as a negative control; the T6 formulation
was washed away thrice by using sodium phosphate buffer and centrifuging at 10,000× g for 15 min.
The cells were fixed with 2.5% glutaraldehyde and stored overnight at 4 ◦C. The protocol used was
developed by the Laboratory of Electronic Microscopy, University of Antioquia (Medellin, Colombia).
Briefly, the samples were washed thrice with cacodylate buffer and post-fixed for 1 h with osmium
tetroxide 1% and cacodylate buffer in a 1:1 ratio. Then, they were washed thrice in cacodylate buffer
(10 min) and incubated overnight in the same buffer. The samples were then washed thrice with water,
once with uranyl acetate and again thrice with water. The samples were dehydrated in a graded
ethanol series and embedded in Epon (resin). Ultrathin sections were prepared and coated on copper
grids and stained with uranyl acetate and lead citrate. The grids (10 random sections per treatment)
were examined using the Tecnai G2 F20 transmission electron microscope (FEI Company, Hillsboro,
OR, USA). Untreated Salmonella cells were used as control.

2.9. Statistical Analysis

All experiments were performed in triplicate; the results were expressed as mean ± standard
deviation. Analysis of variance was applied with Tukey’s test to determine the significant differences
between the means (SPSS version 15.0).

3. Results

3.1. Designed Peptide-Based Formulations Showed Inhibitory Activity against Target Indicator Strains In Vitro

With the aim of diminishing several foodborne microorganisms simultaneously, in this study
various peptide-based formulations using different doses of Cys5-4 and Gt28 applied in vitro as CFS
or PP form were edited, and their effect on a cocktail containing five microorganisms was evaluated.
The addition of CFS peptide-containing formulations to the microbial cocktail suspension at the
logarithmic phase growth resulted in a decrease of the cell density over 6 h of incubation. Among the
five formulations having different doses of peptide released by Cys5-4 and Gt28 strains, the T1
formulation containing CFS Cys5-4/CFS GT28 with a ratio of 1:1 (v/v) showed a significant decrease
(p < 0.05) in microbial population and 1.85 log CFU/mL order of magnitude compared to the positive
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control without peptide at 6 h of incubation (Figure 1). The formulations T2, T3 and T5 showed similar
levels of cell viability reduction (1 log CFU/mL), while T4 had marginal inhibitory activity towards
indicator cocktail strains. The results indicate that increasing the dose of peptide does not result in a
superior inhibitory activity. Similarly, the addition of PP-based formulations results in a decrease in cell
viability by 1.2 and 1.0 log CFU/mL orders of magnitude for T6 and T7, respectively, while a marginal
effect was shown with T8, T9 and T10 (Figure 1). Based on this result, the T1 and T6 formulations,
the most effective in cell reduction, were selected for further use ex vitro.
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Figure 1. Log difference in cell viability between cell-free supernatant (CFS) peptide-containing
formulations and precipitated peptide (PP)-base formulations relative to control (positive, cocktail only)
without peptide added. Legend: T1: CFSCys5-4/CFSGt28:1:1 (v/v); T2: CFSCys5-4/CFSGt28:1:3 (v/v);
T3: CFSCys5-4/CFSGt28:3:1 (v/v); T4/CFSCys5-4 only; T5: CFSGt28 only; T6: PPCys5-4/PPGt28:1:1 (v/v);
T7: PPCys5-4/PPGt28:1:3 (v/v); T8: PPCys5-4/PPGt28:3:1 (v/v); T9: PPCys5-4 only; T10: PPGt28 only.

3.2. Coating Pineapple Slices with Peptide-Based Formulations Diminished the Target Indicator Cell Growth

A significant decrease (p < 0.05) in cell density of the total indicator microorganisms (5) was
observed in the pineapple slices co-inoculated with T1 and T6 formulations, indicating the capacity of
coating formulations to simultaneously diminish several pathogens in situ (Figure 2). The maximum
reduction of cell density was registered at day 4 at 2.01 and 2.25 log CFU/g when treated with T1 and
T6, respectively. No significant reduction (p > 0.05) was observed between T1 and T6, indicating that
both coating formulations can be potential candidates as protectors preventing the pineapple slices
from contamination. Although the microorganism population does not diminish completely at day 5
of storage, the log CFU/g reductions were 1.71 and 1.3 units for T1 and T6, respectively, suggesting that
peptide-containing solution (T1) or precipitated peptide (T6) might work as a barrier between the fruit
surface and invasive incoming bacteria, improving its protection. These findings correlated with the
in vitro results, suggesting the effectiveness of the formulation on pathogen reduction in pineapple
slices. Unpredictably, from day 2 in the un-treated pineapple slices (control (−)), some cell counts
were detected; this might be due to the internal fruit contamination before harvesting. Though acidic,
the pineapple juice at the time of purchasing had a pH of 3.61 and titratable acidity of 0.78%, expressed
as citric acid, and remained stable during storage. A slight increase in pH (with 0.2 units) was registered
in the pineapple slices treated with the pathogenic cocktail and peptide formulations (T1 and T6) at
day 5 of storage, suggesting that the refrigeration and acidity does not have major influence in the
survival of the pathogenic microorganisms (Figure 3). Moreover, we showed that E. coli total cell counts
diminished by 2.08 and 2.5 log CFU/g in the pineapple slices treated with T1 and T6 formulations at
day 5 of storage (Figure 4). In the untreated peptide slices, the E. coli cell counts reduced from 7.8 log
CFU/g to 7.2 log CFU/g, indicating that acidity and storage does not influence the survival of E. coli.
A significant reduction (p < 0.05) of Salmonella versus Shigella cell counts was detected in the pineapple
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slices at day 5 of storage (Figure 5). Based on this study, both CFS and PP formulations are suitable
to inhibit a mixture of pathogens in pineapple slices and might be a solution for protection of fruit
from contamination.
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Figure 2. Total cell counts expressed in log CFU/g in the treated and not treated pineapple slides during
storage with refrigeration. Legend: Control (−): fruit slices, no pathogens, no peptide; Control (+):
fruit slices + indicator cocktail; T1: fruit slices treated with indicator cocktail + formulation T1 (CFS);
T6: fruit slices treated with indicator cocktail + formulation T6 (PP); T1: Cys5-4CFS + Gt28CFS:1:1 (v/v);
T6: Cys5-4PP + Gt28PP:1:1 (v/v).
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Figure 3. pH and acidity values (% of citric acid) registered at day 5 of storage. Legend: Control
(−): fruit slices, no pathogens, no peptide; Control (+): fruit slices+ indicator cocktail; T1: fruit slices
treated with indicator cocktail + formulation T1 (CFS); T6: fruit slices treated with indicator cocktail +

formulation T6 (PP); T1: Cys5-4CFS+ Gt28CFS:1:1 (v/v); T6: Cys5-4PP + Gt28PP:1:1 (v/v).
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Figure 4. Viability of E. coli strains in pineapple slices treated with peptide-based formulation. Legend:
Control (−): fruit slices, no pathogens, no peptide; Control (+): fruit slices+ indicator cocktail; T1: fruit
slices treated with indicator cocktail + formulation T1 (CFS); T6: fruit slices treated with indicator
cocktail + formulation T6 (PP); T1: Cys5-4CFS + Gt28CFS:1:1 v/v; T6: Cys5-4PP + Gt28PP:1:1 v/v.
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Figure 5. Enumeration of Salmonella and Shigella in the pineapple slices treated and untreated with
peptide-based formulations during storage with refrigeration. Legend: Control (−): fruit slices, no
pathogens, no peptide; Control (+): fruit slices + indicator cocktail; T1: fruit slices treated with indicator
cocktail + formulation T1 (CFS); T6: fruit slices treated with indicator cocktail + formulation T6 (PP);
T1: Cys5-4CFS + Gt28CFS:1:1 v/v; T6: Cys5-4PP + Gt28PP::1 v/v. *, **, significant decrease (p < 0.05) in
cell counts vs. control (+).

3.3. Peptide-Based Formulation Induced Changes in the Total Protein Profile of the Target Salmonella

A slightly different protein profile of Salmonella for the untreated (control (+)) and samples treated
with the T1 and T6 formulations was observed with SDS-PAGE analysis (Figure 6). Although the
proteins were not identified, the changes in the expressed one were related to the damaging of the
proteins from the cells treated with the peptide-based formulations compared to untreated control.
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Figure 6. SDS-PAGE study of Salmonella enterica subsp. enterica ATCC51741 whole cell proteins after
peptide-based formulation treatment. Legend: C: Salmonella untreated; T1: CFSCys5-4/CFSGt28:1:1
(v/v); T6: PPCys5-4/PPGt28:1:1 (v/v). M: molecular marker (Takara, Clearly Protein Ladder); arrows
indicate different bands.

3.4. Peptide-Based T6 Formulation Induced Cell Death of Salmonella Enterica

Salmonella enterica subsp. enterica ATCC51741 cell cultures at the exponential growth phase treated
with T6 formulation (1 ×MIC) and untreated control were observed under a transmission electron
microscope. The untreated cells showed well-defined cell membranes and a uniform cytoplasm region
(Figure 7A), while the bacterial cells treated with T6 formulation showed cell membrane changes such
as membrane disruption, spheroplasts and cytoplasm molecule release or ghost cells (Figure 7B,C),
indicating that there is more than one mechanism by which the peptides induce cellular death.
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4. Discussion

Street food trade is a common practice in Ecuador, and this traditional practice remains a
considerable source of income for the local community [17]. Due to lack of basic infrastructure, such as
refrigeration and availability of clean water for washing, the safety of the products sold in these places
is compromised, becoming a public health risk for the consumer. Critical points in this food chain
involve hygiene practices used during manipulation, food preparation, as well as cooking, storage,
service, sanitation and waste management practices [18]. Despite the growth of the food sector, there is
no effective improvement in food handling or hygienic control. Among the food products sold in the
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streets, fresh-cut fruits are a suitable microenvironment for the survival of microorganisms. When cut,
there is an excessive contact of fruit pulps with the hand during manipulation; therefore, the slices are
prone to contamination. Thus, searching for eco-friendly antimicrobial coating substances, such as
antimicrobial peptide-based coating formulations to protect the fruit and simultaneously diminish
microbial growth, might be a solution to improve food safety. Previously, the bactericidal activity of
individual CFSCys5-4 and CFSGt28 towards E. coli and Salmonella was previously investigated in vitro;
Cys5-4 was more effective towards E. coli compared to Salmonella and Shigella [19], while CFSGt28
inhibited completely the growth of Salmonella at both the vegetative and exponential phases of growth,
suggesting its bactericidal mode of action [14]. The effect on multiple targets that competed for the
same microenvironment might depend on the innate resistance of the target, the combination of the
peptides, their form of application (CFS vs. PP), the doses or the synergic effect of acids and secreted
peptides likewise might facilitate the translocation of peptides through the target cell wall [20]. It has
been reported that bacteriocins from various LAB species incorporated in active food packaging had
inhibitory capacity in vitro towards foodborne pathogenic bacteria [21]. Nonetheless, the effect of
peptides on simultaneously inhibiting the growth multiple target bacteria was not well investigated.
The present study indicated that the edited antimicrobial formulations applied as cell-free supernatant
and precipitated peptides had the capacity to diminish simultaneously the cell counts of a bacterial
mixture in vitro (Figure 1); thus, they are promising candidates for use as antimicrobial solutions in
foods such as fresh-cut fruits.

The antimicrobial resistance developed by various microorganisms became a more serious issue
in the food industry because food products were found to be contaminated during transportation
and storage. On the other hand, their persistence in food represents a source of spreading antibiotic
resistance; thus, the application of novel antimicrobial agents based on peptides produced by lactic
bacteria might represent a better solution. Although food products of animal origin are considered the
main source of diseases transmitted by contaminated food, fresh-cut fruits and their juices are becoming
a current concern. Consumption of fresh-cut fruits, even those as acidic as pineapple, may have
health implications as the pathogens are antibiotic resistance carriers. Early research demonstrated
that pathogenic bacteria such as E. coli O157:H7 can survive well in acidic pineapple juice at different
incubation temperatures and could grow in fruit juices with relatively high pH values (5.7) when
stored at ambient and refrigeration temperatures [22]. The efficacy of Cys5-4 applied independently
as CFS or PP was investigated in natural orange juice or raw meat [13,19]; on the other hand, Gt28
peptides inhibited Salmonella enterica subsp. enterica ATCC51741 cells at 3 h of incubation, indicating
its bacteriolytic mode of action in vitro [14]. Thus, we address the question if the selected formulations
based on a mixture of peptides produced by different lactic bacteria might enhance the inhibitory
potential by simultaneously decreasing multiple target pathogenic bacteria in fresh-cut pineapple
slices. It has been reported that several LAB strains from Leuconostoc spp. and L. plantarum were
able to strongly inhibit the growth of foodborne human pathogens on golden delicious apples [23].
A reduction of about 1 log CFU/g was obtained when apple wedges were inoculated with L. rhamnosus
GG [24], while by applying cells of L. plantarum B2 and L. fermentum PBCC11.5 on fresh-cut pineapple,
a reduction of E. coli O157:H7 was observed [25]. In our study, a reduction of multiple pathogenic
strains (five) was observed when treated with T1 and T6 edited formulations, indicating their efficiency
in controlling the pathogenic growth during storage (Figure 2). The increased cell counts at day 5
might be related to the resistance developed by the target over time; the growth on cells in negative
control samples was related to the pre-existing core fruit contamination not visible at the time of
purchasing. We observed similar phenomena previously in tomato fruits [12]. The reduction of the cell
counts does not correlate with the enhancing of pH during storage after the application of formulation,
indicating that the cell count reduction depended upon the presence of peptide or acidity (Figure 3).
Peptides produced by lactic acid bacteria are positively charged substances with hydrophobic moieties;
their interactions with negatively charged phosphate groups on the microbial cell membrane can
allow rapid binding and insertion into the membrane and generate pores [26]. Generally, strong
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antimicrobial activity against one or two indicator bacteria applied independently in the food matrix
is not sufficient; thus, editing formulations with a mix of peptides would enhance the simultaneous
death of more than one target bacterium. The peptide formulations in this study showed the capacity
to diminish Salmonella, Shigella and E. coli in pineapple slices artificially infected with a pathogenic
cocktail (Figures 4 and 5). Perhaps the antimicrobial peptide mixture acts as provoking molecules
causing inhibition of macromolecule synthesis; an early study indicated a synergistic action with
the host innate immune mechanisms [27]. The peptide-based formulations induced changes in the
protein profile of Salmonella, suggesting that they may damage the integrity of the cell membrane,
thereby eventually inhibiting the growth and reproduction of bacterial cells (Figure 6). Based on
the SDS-PAGE result, we suggested that the peptides accumulated at the cytoplasmic membrane
induce ruptures of the protein structure of the target bacterium, thus contrary to the classic antibiotics
interaction with the cytoplasmic membrane inducing its permeabilization. The peptides used in this
study belong to two-peptide class bacteriocins; Cys5-4 produced plantaricin W and Gt28 produced
lacticin 3147, lactococcin M and lactococcin A [14,15]. In this sense, they might exert a bacteriolytic
mode of action by inducing damage of the outer cell membrane after inserting into the cytoplasmic
membrane lipid bilayer, leading to the disruption of the membrane by permeabilization and loss of
integrity, followed by cellular death [28]. In another study, a changed in the total protein profile of
E. coli cells was obtained after application of synthetic bactericidal agent zinc oxide nanoparticles [29].
Similarly, sericin-based hydrogel blocked the expression of some E. coli proteins when incubated
for 12 h, accelerating the leakage of total sugars from the bacterial cytoplasm [30]. Nevertheless,
in the treatment with 1 × MIC of the peptide formulation in the present study, the ghost cells and
spheroplasts were detected in the TEM micrographs, indicating that the cell membrane was damaged
and the cytoplasmic cell contents were released (Figure 7). Spheroplasting has been reported in bacteria
treated with chloramphenicol, oxytetracycline, kanamycin, streptomycin and tobramycin. Ghost cells
maintain their cellular morphology similar to native untreated peptide bacteria where the entire cell
surface remains intact, but all cellular components are released. It has been shown that ghost cells,
describing the lysed bacterial cell, emerged following the treatment with ciprofloxacin, norfloxacin or
gentamicin and erythromycin [31,32]. The ghost cell formation after treating Salmonella with peptides
was recently detected [28]. To the best of our knowledge, this is the first report indicating a Salmonella
killing event of two-peptide bacteriocins. Ultrastructural and morphological changes in Salmonella
cells indicated that some peptides share a multiple action mechanism, and its elucidation will be more
effective for bio-preservation.

5. Conclusions

Taken together, the edited coating formulations simultaneously diminish multiple target
microorganism growth in pineapple slices, demonstrating their bacteriolytic mode of action and
contributing to carrying a protective effect. Coating with peptide-based suspension proved to be a
promising approach to control bacterial growth in fresh-cut pineapple fruits, thus enhancing the safety
of food products. Nonetheless, the antimicrobial substances produced by lactic acid bacteria added as
cell-free supernatant or precipitated peptides, as a protective culture in preservation of fresh-cut fruits,
need further research, but they can be considered as a sustainable option for preservation of minimally
processed food.
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