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Preventing microbe colonization
on avocado (Persea nubigena var.
guatemalensis) through
metabiotic treatment, a promising
postharvest safety improvement

Gabriela N. Tenea*, Evelyn Angamarca, Victor Cifuentes and
Jazmin Hidalgo

Biofood and Nutraceutics Research and Development Group, Faculty of Engineering in Agricultural
and Environmental Sciences, Universidad Técnica del Norte, Ibarra, Ecuador

Introduction: Lactic acid bacteria (LAB) produce various metabolites (i.e.
metabiotics) with inhibitory capacity towards harmful foodborne pathogens.

Methods: This study aimed to design several antimicrobial formulations based on
metabiotics obtained from different native LAB species (Lactobacillus pentosus
UTNGt5, Lactococcus lactis UTNGt28, and Weissella cibaria UTNGt210)
and to detect the possible mode of action towards two multidrug resistant
Staphylococcus spp. strains isolated from avocado (Persea nubigena var.
guatemalensis) fruits. Additionally, the formulation with the highest inhibitory
activity was tested ex vitro on avocados at the immature (firm) ripeness stage
to evaluate their effect on microorganisms’ growth and fruit quality attributes
post-harvest.

Results and discussion: Out of the top five formulations showing the highest
bactericidal effect in vitro at their minimum inhibitory concentration (1 x MIC)
on both Staphylococcus spp. targets one candidate annotated P11 (consisting of
UTNGt210 and UTNGt28; 1.3, v/v) was selected. Co-cultivation of Staphylococcus
strains with P11 formulation results in cell viability reduction by 98%, by impairing
the integrity of the cell membrane inducing cytoplasm molecule content leakage,
protein profile changes, and finally bacterial death. Even though the total coliforms,
Staphylococcus spp., Enterobacter spp., molds, and yeasts counts were not fully
eliminated by day 13 of storage, a statistically significant reduction (p<0.05) in
viable cell counts were observed by day 8 upon the P11 treatment compared with
non-treated control (C) and treated with a commercial disinfectant (T1) samples,
suggesting that P11 formulation inhibited microbial colonization during storage.
Likewise, no visible dark spots were observed on the mesocarp (pulp) upon the
treatment with P11, whereas T1 and C fruits showed greater dark spots on the pulp
as indicative of damage. The quality attributes, such as pH, total soluble solids,
total titratable acidity, antioxidant capacity, and total polyphenol content, were
not affected by the treatment. Principal Component Analysis (PCA) conducted
on these five variables showed a clear separation of samples according to the
maturity stage regardless of the treatment.

Conclusion: These results suggest that the active metabolites from LAB strains
might create a barrier between the exocarp and mesocarp, inhibiting the
microorganisms colonization, reducing fruit damage, and lengthening the fruit
quality and safety after harvest.
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Introduction

Avocado is a common crop in Ecuador (Alvarez Flores et al.,
2021). The Fuerte variety (Persea nubigena var. guatemalensis)
accounts for 99% of domestic consumption, and the Hass variety
(Persea americana ‘Hass’) is mainly exported. Avocado production
and marketing are new ways of boosting the economy since local
market prices are accessible. A kilogram of avocados costs
approximately USD 0.60, while it costs three times as much in Europe.
The avocados from the Andes and the Ecuadorian coast are
non-traditional products that help thousands of farmers in rural areas
by creating jobs, wealth, and opportunities to enhance their quality of
life (Alvarez Flores et al., 2021). This crop also enables changes in rural
landscapes and crop diversification, making it strategic in the medium
and long term for an important industrial sector (MAGAP, 2021).
Compared with Hass, the cultivar Fuerte is much more perishable
(Garcfa-Frutos et al., 2020). Preharvest factors, harvest time, and
postharvest practices affect fruit quality. These fruits are harvested at
the immature, firm ripeness stage, which is known as bright green
fruit that is ready to eat in four days. Poor handling and storage
practices can increase the likelihood of postharvest bacterial
contamination because the fruit’s outer peel is thicker and low-frost
resistant. Several studies have revealed the presence of pathogens in
the Hass variety (Garcia-Frutos et al., 2020; Aliero et al., 2022). On the
other hand, fungicide treatments are mostly used to stop the process
of fruit deterioration, but they have been shown to interfere negatively
with human health (Munhuweyi et al., 2020). As consumer awareness
of the negative effects of fungicide use has increased during the past
10years or more, numerous research initiatives have been established
to discover safer alternative technologies (Ssemugabo et al., 2023).
Physical heat treatments (like hot water dips, steaming, dry heat, and
forced air), irradiation, controlled atmospheres, biological control,
plant extracts (like essential oils), and elicitors (like chitosan and
jasmonates), among others, can be categorized among these alternative
techniques (Tesfay and Magwaza, 2017; Romanazzi et al., 2018).
Several efforts have been centered on searching for natural and safe
products for fruits and vegetables for postharvest decay protection
(Agriopoulou et al., 2020). Nonetheless, few biocontrol products are
commercially available, but they have short market lifetimes and are
not accessible to all countries (Poleatewich et al., 2023). Despite
government efforts, food safety initiatives in Ecuador are still difficult
to implement. The information regarding quality standards is limited.
Improper manipulation, mechanical damage, and inappropriate
storage after harvest are among the common factors that affect the
bacteriological quality of these crops. Recently, using metagenomics
and conventional bacteriological analyses, we showed that the Fuerte
variety harbors multi-drug-resistant bacteria such as Enterobacter spp.
and Staphylococcus spp., in both the immature and mature stages
(Angamarca et al., 2023). To achieve an increase in the production and
marketing of Fuerte cultivars in Ecuador, it is vitally important to
consider valuable strategies to protect the fruit after harvest. The key
to prolonging the shelf life of avocados in a risk-free and health-
conscious way is to develop postharvest management strategies
employing environmentally friendly and non-chemical approaches.

The use of LAB and their metabolites (i.e., metabiotics) as an
alternative for natural food preservation is seen to be a very promising
method for maintaining the microbiological purity and safety of
postharvest storage of raw and little processed fruits and vegetables,
both alone and in combination with edible coatings (Biswas and Das
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Mohapatra, 2023; Islam et al., 2023). These bacteria are known as food
grade and are used as preservatives to stop the growth of pathogens
and as potential antibiotic alternatives to prevent or treat a variety of
foods (Terpou et al, 2019). These active molecules produced by
probiotics are also harmless and have no negative impact on human
health (Vieco-Saiz et al., 2019). So far, only nisin obtained from
Lactococcus lactis, pediocin PA-1/AcH obtained from Pediococcus
acidilactici, and Micocin® obtained from Carnobacterium spp. have
received FDA approval for use as food additives (FDA American Food
Drug Administration, 2016). Despite several studies having assessed
their usage in fruits and vegetables as alternatives to artificial food
preservatives in vitro, their application on an industrial scale is
reduced (Barbosa et al., 2013; Bahrami et al., 2020). Nonetheless, the
antimicrobial effect of LAB-producing molecules has mainly been
investigated in vitro toward several artificially inoculated pathogens
(Siroli et al., 2015; Tumbarski et al., 2019; Vieira et al., 2019), but fewer
studies are focusing on the native microbiota that colonize the fruits
after harvest. In previous research, we selected several LAB strains that
produce metabolites with antimicrobial activity. Among them, some
species from Lactobacillus, Lactococcus, and Weissella genera produce
metabolites with high inhibitory potential. Moreover, we designed
some formulations based on peptide-protein extracts (PPE) from
these LAB strains and tested their effect on tomatoes (Tenea and Pozo
Delgado, 2019). In addition, their whole genome was sequenced, and
genes involved in antimicrobial action were annotated (Tenea and
Hurtado, 2021). Considering that the inhibitory effect varies with the
species antimicrobial strength as well as depends on the food matrix
characteristics are intended to be applied, the current study aimed to
design several PPE-based formulations using combinations of
metabiotics obtained from three LAB strains, screen for their
antimicrobial activity in vitro against two native avocado multi-drug-
resistant Staphylococcus strains (FFCShyA2 and FFCShyA4), and
detect their possible mode of action. Moreover, the most effective
formulation was tested ex vitro on avocado fruits to evaluate their
ability to inhibit the colonization of microorganisms on fruit surfaces
after harvest. Finally, the effect of PPE-based formulations on
physicochemical (pH, total soluble solids, total titratable acidity) and
functional (total polyphenol content, antioxidant capacity) attributes
were assessed.

Materials and methods
Bacterial strains

Lactobacillus pentosus UTNGt5 (GenBank Accession No.
ON307470), W. cibaria UTNGt210 (GenBank Genome Assembly
SRX8614718), and L. lactis strain UTNGt28 (GenBank Accession No.
MG675576.1) were previously isolated from wild tropical fruits from
the Amazon Forest (Tenea and Hurtado, 2021). Stocks of these strains
are kept at the CCMBIOGEM Microorganisms Collection (Microbial
Biotechnology Research and Development Laboratory-BIOGEM,
Universidad Tecnica del Norte) and are available for research purposes
upon request. Fresh cultures were obtained by cultivation on MRS
(Man, Rogosa, and Sharpe) agar (Difco, USA) at 37°C before use. Two
target multi-drug-resistant indicator bacteria, S. xylosus FFCShyA2
(GenBank Accession No. 0Q372998.1) and S. saprophyticus
FFCShyA4 (GenBank Accession No. OQ373001.1), previously
isolated from the Fuerte variety of avocado were used. These target

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1344735
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Tenea et al.

bacteria were grown in BHI (Brain Heart Infusion, Merck Millipore,
MA, USA) broth media. All microorganisms were maintained at
—80°C in 20% glycerol (v/v).

Establishment of PPE-based formulations,
determination of minimum inhibitory
concentration, and antimicrobial capacity
against Staphylococcus strains

Overnight UTNGt5, UTNGt210, and UTNGt28 cultures
(MRS-broth, 37 °C) were used to extract cell-free supernatant (CFS)
by centrifugation at 13,000xg for 20min (4°C) followed by
filtration using a 0.22 pm porosity syringe filter (# STF020025H,
Chemlab Group, Washington, DC, USA). CFS was precipitated with
ethyl acetate (v/v), followed by 24 h incubation at a low temperature
without stirring, and centrifuged for 30 min at 8000 x g. The PPEs
were recovered in 25 mM ammonium acetate (pH 6.5), desalted
using a midi dialysis kit (# PURD10005-1KT, Sigma-Aldrich Co.
LLC, Saint Louis, MO, USA), pre-equilibrated with phosphate
buffer (pH 7.0), dried for 48 h under the flow chamber, recuperated
in sterile water, and stored at -20°C. Supplementary Table S1
described the established PPE-based formulations evaluated in this
study against FFCShyA2 and FFCShyA4 strains in vitro, using the
agar-well diffusion method. Titer, estimated as AU/ml (defined as
the highest dilution that inhibited the growth of the indicator
strain), was determined (Ge et al, 2016). Each established
formulation with a determined concentration (ranging from 200 to
9,800 AU/ml) was added independently into broth tubes containing
the target bacteria and incubated for 24 h at 37°C, followed by plate
agar to determine the minimum inhibitory concentration (MIC)
that reduced the bacterial growth by 90% (Yasir et al., 2019). The
titer for FFCShyA2 and FFCShyA4 was estimated at 800 and
1,600 AU/ml, respectively.

Co-culture time-killing assay

To evaluate the effect of PPE-based formulations showing the
highest antimicrobial activity according to the results obtained in the
above-mentioned assay, as a function of time, we carried out
co-culture time-kill experiments. The time-killing assay was
performed as previously described (Wang et al., 2022). In brief,
overnight FFCShyA2 and FFCShyA4 cultures (1x 10°CFU/ml) were
inoculated independently with the selected PPEs at the 1xMIC
concentration and incubated at 37°C. As a control, untreated cells and
treated cells with individual PPE (P2 and P3) were used. The cell
viability was determined at different time intervals (0, 1, 3, and 6h)
using the plate-agar method (BD Difco plate count agar, Fisher
Scientific Co. LLC, Hampton, NH, USA). All experiments were
performed in triplicate.

Leakage of aromatic molecules and
proteininc profile assessment

The effect of the selected PPE-based formulations on both target
bacteria cell integrity and proteinic profile was determined as
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described (Patra et al., 2015). In brief, overnight bacterial suspensions
of each target (1 x 10° CFU/ml) grown in BHI broth were washed twice
with 1xPBS (phosphate-buffered saline, pH 7.5) and treated
independently with the selected PPEs for 24 h at 37°C. Bacterial cell
culture without PPE treatment was used as the control. The release of
DNA/RNA molecules was detected by electrophoresis in a 1% agarose
gel with ethidium bromide, running in 1x TBE (Tris-borate, EDTA,
pH 8.0) buffer (Sigma-Aldrich Co. LLC, Saint Louis, MO, USA) after
extraction with chloroform (1:1, v/v), and precipitated with
isopropanol and ammonium acetate (3 M). The protein profile was
analyzed using the Tricine-SDS-PAGE method. The remaining cell
pellet after the incubation of both target pathogens with PPEs was
suspended in 1 x SDS-PAGE loading buffer, boiled for 5min at 100°C,
and centrifuged at 300 x rpm. RunBlue Bis-Tris protein gels (12%) and
Dual Cool Mini vertical PAGE/blotting Systems (Expedeon, Abcam,
Cambridge, MA, USA) were used to visualize the protein profile of
treated and untreated cells extract. The gel was stained with
InstantBlue ready-to-use stain (Expedeon, Abcam, Cambridge, MA,
USA) using a protocol recommended by the manufacturer.

Effect of P11 on avocado fruits during
shelf-life

Phenotypic evaluation

The color and status change from bright green, underripe to dark
green, ripe; the visible black spots and fungi forming on the fruit
surface and the pulp aspect were evaluated during 13 days of storage.
The avocado fruits (five fruits per treatment, total 15 fruits x three
repetitions =45 fruits) at the immature ripeness stage (firm bright
green, underripe) with no visible damages were purchased by a local
retail vendor (Ibarra city), washed with 5% bleach solution for 5min
then twice with tap water and twice with distillate water, and left to
dry under a biosafety cabinet. The fruits were immersed in (a) the P11
solution, (b) commercial disinfectant (Star Bac Domestic, a
bactericidal solution) prepared according to the manufacturer’s
instructions (T1), and (c) sterile water (C) in a final volume of 200 ml
for 15 min. The fruits were left to dry, transferred to paper trays, and
stored at room temperature in dark conditions.

Bacteriological analysis

In parallel, bacteriological analyses were performed on days 0, 1,
4,8, 11, and 13, as described (Angamarca et al., 2023). Briefly, five
fruits/treatments were placed independently in a Ziplock bag
containing peptone water (1%) and incubated for 2h at 37°C. The cells
were recuperated by centrifugation for five min at 8000 x g and
suspended in 1 x PBS (10 ml). The presence of target microorganisms
was assessed in both 3 M Petrifilm and selective chromogenic media
(Tenea et al., 2023). Blood agar and Brilliance Staph 24 Agar Medium
(Oxoid Limited, Wade Road, Basingstoke, Hampshire, UK) were used
to detect and enumerate Staphylococcus spp. (ISO 6888-1:1999/Amd
2:2018, n.d.). Independent experiment aliquots (100 pl) were placed
on Chromocult Coliform agar (Merck Millipore, Kenilworth, NJ,
USA) to determine the total coliforms and possible presence of
Escherichia coli and eosin methylene blue (Difco, Detroit, MI, USA)
to detect both Enterobacter spp. and E. coli. Detection and enumeration
of yeasts and molds was performed with Dichloran Rose-Bengal
Chloramphenicol (DRBC) Agar Base (Thermo Scientific™ Oxoid™,
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USA) after 7 days of incubation at 25-28°C. The experiments were run
in triplicate and the microbial counts were expressed as CFU/g.

Determination of pH, total titratable acidity, and
total soluble solids

The pH was determined using an electrode immersion pH meter
(5210, Mettler Toledo, Columbus, OH, USA). Using phenolphthalein
as an indicator, the total titratable acidity was measured during storage
(days 0, 1, 4, 8, 11, and 13) by titrating 25 mL of pulp juice obtained
with 0.IN NaOH (AOAC, 2003). Results were expressed as a
percentage of tartaric acid per 100 mL of juice. Total soluble solids
content was determined using a digital refractometer (AOAC, 2003).
Each experiment was carried out three times, using different batches
of raw material.

Total polyphenol content estimation

The Folin-Ciocalteu method with gallic acid (Sigma-Aldrich Co.
LLC, Saint Louis, MO, USA) as standard was used as previously
described (Lyu et al., 2023). The pulp (5g) of control (untreated),
commercial disinfectant (T1), and P11 formulation was extracted with
20ml of 80% (v/v) ethanol. Samples were centrifuged at 8000 x g at
4°C for 20 min in a benchtop centrifuge (Zentrifugen Rotina 380R,
Hettich, Germany). The supernatants were filtered through a 0.45 uM
hydrophilic filter (ANPEL Scientific Instrument Co., Shanghai, China)
and used as extract (500pl) for determining the total polyphenol
content during storage (day 0, 1, 4, 8, 11, and 13). Absorbance at
715nm was measured using a spectrophotometer (Jenway 6,705 UV
/ Vis, Bibby Scientific Limited, ST15 OSA, UK), and the graphical
dependence of solution absorbance on the amount of gallic acid was
plotted. The calibration curve was prepared with gallic acid standard
(0-200 pg/ml), and the total polyphenol content result was expressed
as mg of gallic acid equivalents (GAE) per gram (mg GAE/g) of the
sample. The analyses were carried out in triplicate, starting with a new
batch of samples (3 extracts).

Antioxidant activity determination

The DPPH (1, 1-diphenyl-2-picryl-hydrazyl, Sigma-Aldrich Co.
LLC, Saint Louis, MO, USA) radical scavenging activity was
determined during storage (days 0, 1, 4, 8, 11, and 13) as described
(Fan et al., 2022). The supernatant was collected after treatment of
each sample extract (5mL) with ethanol 98% (10 mL) and centrifuged
at 8000 x g for 20 min. Hundred pL of extract from control (untreated),
T1, and P11-treated avocado was mixed with 2.9 mL of methanolic
solution of DPPH (0.045 mg/ml). Absorbance was measured at
517 nm using an ultraviolet spectrophotometer (Jenway 6,705 UV/Vis,
Bibby Scientific Limited, ST15 OSA, UK) after the mixture was kept
in the dark for 30 min. The relative antioxidant in a mixture sample to
scavenge DPPH was compared with a Trolox standard (Sigma-Aldrich
Co., LLC, Saint Louis, MO, USA). The results were expressed in
equivalent pmol Trolox/g fruit. The analyses were carried out in
triplicate, starting with a new batch of samples (three extracts).

Statistical analysis
The results were reported as mean + standard deviation. To find

significant differences between the means, the Kruskal-Wallis
one-way analysis of variance (non-parametric) and Tukey’s post hoc
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test were used (SPSS version 10.0.6, US). p <0.05 was selected as the
statistical significance level (SPSS version 10.0.6, US). Moreover, the
PCA of five variables (pH, total soluble solids, total titratable acidity,
antioxidant capacity, total polyphenol content) on treated and
untreated fruits with the PPE-based formulations were analyzed.
Additionally, Pearson correlation was employed to determine whether
the response variables interacted with each other.

Results and discussion

PPE-based formulations inhibit
multi-drug-resistant Staphylococcus
strains

The antimicrobial activity of several formulations consisting of a
combination of PPEs extracted from three LAB strains with and
without  the
ethylenediaminetetraacetic acid (EDTA) and polysorbate 20 (Tween

addition of a chelate agent such as
20) against two multi-drug-resistant Staphylococcus strains was
assessed. Although all tested formulations (38) exhibited antibacterial
activity, the annotated formulations P11(UTNGt210 + UTNGt28, 1:3,
v/v), PT11 (UTNGt210 + UTNGt28, 1:3, v/v+ Tween 20, 1l mg/mL),
and PEFI1(UTNGt210 + UTNGt28, 1:3, v/v+EDTA, 0.1 mg/mL)
were the most effective in vitro (Figures 1A,B). Individual extracts, P2
(PPE extract from UTNGt210 strain) and P3 (PPE extract from
UTNGt28 strain) showed marginal inhibitory effect (diameter of
inhibition zone of 10.67 + 0.55 mm) toward both target strains. EDTA
and Tween 20 alone showed no activity. Additionally, when combined
with PPEs, EDTA and Tween 20 enhanced the antimicrobial effect.
The inhibition zone formed by selected formulations is shown in
Supplementary Figure S1. The overall inhibitory effect was strain-,
dosage-, and target-specific; however, these substances became
effective at lower concentrations when antimicrobial combinations
were used. A recent screening analysis of numerous LAB strains
obtained from various food matrices revealed the selectivity of the
strains against three skin commensals, S. epidermis, S. hominis, and
S. aureus targets (Christensen et al., 2021). Depending on the strain’s
susceptibility, chelating chemicals can stimulate inhibitory action and
increase their spectrum (Juda et al., 2008). The Food and Agriculture
Organization (FAO 21.CFR.172.120, 2020) recognizes EDTA and
Tween 20 as food additives. Furthermore, Tween 20, a nonionic
surfactant, may boost antimicrobial activity in vitro, whereas EDTA is
an outer membrane permeabilizer (Alakomi et al., 2006; Gomez-
Lopez et al,, 2006). In this study, the inhibitory activity was target-
dependent, which is in agreement with early research (Ghanbari et al.,
2013). Furthermore, there may be a synergistic effect between the
PPEs+EDTA or PPEs + Tween 20 as no effect was seen when both
substances were used alone. Based on these results, we selected the
P11 as the optimum inhibitory formulation for further investigation.

P11 formulation diminishes Staphylococcus
cell growth in co-culture
The bactericidal effect of the P11 on FFCShyA2 and FFCShyA4

was determined during 5h in a co-culture assay (Figure 2). The
co-cultures with P11 showed a significant reduction (p<0.001) in
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FIGURE 1

Antimicrobial activity of PPE-based formulations against (A) FFCShyA2 and (B) FFCShy4. The capital letters above the bars indicate significance ranges
obtained by Kruskal-Wallis (p <0.001). Green bars: individual PPEs and combination thereof (1 x MIC); Blue bars: (individual PPEs and combination
thereof) + EDTA (0.1 mg/ml); Orange bars: (individual PPEs and combination thereof) + Tween 20 (1 mg/ml). P1: UTNGt5; P2: UTNGt210; P3: UTNGt28;
P4: UTNGt5 + UTNGt210 (1:1, v/v); P5: UTNGt5 + UTNGt210 (1:3, v/v); P6: UTNGt5 + UTNGt210 (3:1, v/v); P7: UTNGt5 + UTNGt28 (1:1, v/v); P8:
UTNGt5 + UTNGt28 (1:3, v/v); P9: UTNGt5 + UTNGt28 (3:1, v/v); P10: UTNGt210 + UTNGt210 (1:1, v/v); P11: UTNGt210 + UTNGt28 (1:3, v/v); P12:
UTNGt210 + UTNGt28 (3:1, v/v); PEF1: UTNGt5 + EDTA; PEF2: UTNGt210 + EDTA; PEF3: UTNGt28 + EDTA; PEF4: UTNGt5 + UTNGt210 (1.1,

v/v) + EDTA; PEF5: UTNGt5 + UTNGt210 (1:3, v/v) + EDTA; PEF6: UTNGt5 + UTNGt210 (3:1, v/v) + EDTA; PEF7: UTNGt5 + UTNGt28 (1:1, v/v) + EDTA;
PEF8: UTNGt5 + UTNGt28 (1:3, v/v) + EDTA; PEF9: UTNGt5 + UTNGt28 (3:1, v/v) + EDTA; PEF10: UTNGt210 + UTNGt28 (1:1, v/v) + EDTA; PEF11:
UTNGt210 + UTNGt28 (1:3, v/v) + EDTA; PEF12: UTNGt210 + UTNGt28 (3:1, v/v) + EDTA; PT1: UTNGt5 + Tween 20; PT2: UTNGt210 + Tween 20; PT3:
UTNGt28 + Tween 20; PT4: UTNGt5 + UTNGt210 (1:1, v/v) + Tween 20; PT5: UTNGt5 + UTNGt210 (1:3, v/v) + Tween 20; PT6: UTNGt5 + UTNGt210
(3:1, v/v) + Tween 20; PT7- UTNGt5 + UTNGt28 (1:1, v/v) + Tween 20; PT8: UTNGt5 + UTNGt28 (1:3, v/v) + Tween 20; PT9: UTNGt5 + UTNGt28 (3:1,
V/v) + Tween 20; PT10: UTNGt210 + UTNGt28 (1:1, v/v) + Tween 20; PT11: UTNGt210 + UTNGt28 (1:3, v/v) + Tween 20; PT12: UTNGt210 + UTNGt28
(3:1, v/v) + Tween 20; CEF: EDTA; CT- Tween 20.

viability of FFCShyA4 after 2h of incubation with total cell viability
loss registered after 5h (Figure 2B). From the whole genome
annotation analysis, we showed that the UTNGt210 strain (P2
producer) harbors a putative bacteriocin, with 33.4% sequence

viable FFCShyA2 cell counts by 3.0 log CFU/mL after 1 h of incubation
with no viable cells detected after 4 h, while individual peptides P2 and
P3 gradually decreased FFCShyA2 viable cells with the incubation
time (Figure 2A). Similarly, P11 significantly reduced (p <0.001) the
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FIGURE 2

Co-culture of PPEs with Staphylococcus FFCShyA2 (A) and Staphylococcus FFCShyA4 (B) over time. Error bars represent the standard deviations of
three replicates (n = 3). P2: (1x MIC) UTNGt210; P3: (1x MIC) UTNGt28; P11: (1 x MIC) UTNGt210 + UTNGt28 (1:3, v/v); UTNGt210: metabiotics from W.
cibaria strain UTNGt210; UTNGt28: metabiotics from L. lactis strain UTNGt28.
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similarity to enterolysin A and a bacteriolytic effect toward Salmonella
and E. coli at both the early and later logarithmic phases of growth
(Tenea and Hurtado, 2021). This protein of 17kDa was not found in
other W. cibaria strains retrieved from the National Centre for
Biotechnological Information database. The UTNGt28 (P3 producer)
harbor genes encode for two-peptide system lacticin 3,147,
two-peptide lactococcin M (Class Ilc), and Lactococcus-specific
bacteriocin lactococcin A (Class IId). Plantaricins EF and JK
significantly lyse S. epidermidis, as demonstrated by Selegard et al.
(2019), and subsequent research by Musa et al. (2021) demonstrated
how the two-peptide Plantaricin NC8 abolished S. aureus while
reducing its inflammatory and cytotoxic effects. Taken together, a
combination of metabolites produced by different LAB species
displayed a bacteriolytic mode of action toward both target strains.
Furthermore, it would be compulsory to determine which metabolite
from the formulation alters cell growth.

P11 formulation compromises membrane
integrity and alters the proteinic pattern of
target cells

Previously, we found that the peptide extract from the UTNGt210
strain caused cell damage and the leakage of cytoplasmic molecules
from gram-negative target bacteria (Tenea and Hurtado, 2021).
Likewise, only RNA molecules were released when S. aureus
ATCC1026 cells were incubated with different doses of the peptide
extract, indicating that the Staphylococcus cell membrane was
susceptible; however, cell death occurred at 24 h. Following the same
pattern as seen with S. aureus, in this study, only RNA molecules were
detected in agarose gel after the incubation of both target strains with
the P11 formulation (Figure 3A). Thus, we suggest that after the
interaction of peptide-protein extract with the cell membrane, the free
DNA molecules are broken down, while RNA molecules might
be protected by another molecular process. However, more research
is required to confirm this statement. Cell integrity was not affected in
the untreated control samples; thus, no DNA or RNA was detected in
agarose gels. Complementary analysis of the proteinic profile upon
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treatment with the P11 formulation showed marginal changes in
protein pattern in FFCShyA2 (Figure 3Ba). Visible changes in the
proteinic profile were observed when FFCShyA4 was treated with P11,
suggesting that this clone was more sensitive, showing both low- and
high-weight proteins in the polyacrylamide electrophoresis gel
(Figure 3Bb). According to early research (Xue et al., 2016), the
interaction between the peptide and proteins with the target bacterium
resulted in protein (lower and higher molecular weights) expression
blockage. Additionally, when MPX (mastoparan 14-amino-acid
peptide) was combined with S. aureus ATCC25923, the protein
content increased in comparison to the untreated cell, suggesting that
peptides may destroy the cell membranes, releasing high
concentrations of proteins (Zhu et al., 2022). These outcomes were
consistent with our prior findings that some peptides may cause gaps
in the membrane proteins and visible phenotypic alterations in the
target whole protein pattern (Tenea and Hurtado, 2021). P11
formulation, therefore, caused a bactericidal action in vitro by
increasing membrane permeability, causing a loss of cellular integrity,
leaking aromatic molecules, and releasing low- and high-weight
molecular proteins.

P11 formulation prevents microorganism
colonization on avocado fruits

The exocarp is a crucial barrier system for maintaining physical
and chemical fruit integrity because it can block the passage of
potentially harmful environmental elements, such as invasive
microbes. The assessment of the phenotypic characteristics of avocado
fruits during storage showed that, in comparison to the untreated (C)
and commercial decontaminant solution (T1) counterparts, the
application of P11 formulation delayed fruit damage by approximately
1week (Supplementary Table S2). We noticed that by days 7-8,
samples treated with T1 and untreated samples displayed noticeably
larger black spots on their exocarp and mesocarp (pulp), whereas P11
had slower black spot formation on both the exocarp and mesocarp
(Table 1). Its also possible that the P11 formulation prevents
microorganism colonization while maintaining the fruit’s qualitative

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1344735
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Teneaetal. 10.3389/fmicb.2024.1344735
A B
a 1 2 3 4 5 b
bp kDa kpa -t 6 7 89
225 225
150 1 150 )
100 100
75 ! | 75 W !
50 . | 'S B 50 ’ 4
1000 : oy > '
ot B
35 . 35 >
900 .
800 : ' ‘
700 |
600 s - l’ 5
500 )
400
300
200
100 |
15 15 ‘
10 10 : \
FIGURE 3
(A) The effect of P11 formulation on cell membrane integrity. (A) 1, 100 bp molecular marker; 2, 7: genomic DNA of FFCShyA2 and FFCShyA4; 3, 8:
untreated target cells; 4-6 and 9-11: cell treated with P2, P3, and P11. (B) Different protein profiles upon the treatment of (a). S. xylosus FFCShyA2 and
(b). S. saprophyticus FFCShyA4 with P11. 1: Broad range protein molecular weight marker (Promega #V8491). 2: S. xylosus FFCShyA2 untreated; 3: S.
xylosus FFCShyA2 + P2; 4: S. xylosus FFCShyA2 + P3; 5: S. xylosus FFCShyA2 + P11; 6: S. saprophyticus FFCShyA4 untreated; 7: S. saprophyticus
FFCShyA4 + P2; 8: S. saprophyticus FFCShyA4 + P3; 9: S. saprophyticus FFCShyA4 + P11; UTNGt210: metabiotics from W. cibaria strain UTNGt210;
UTNGt28: metabiotics from L. lactis strain UTNGt28.

(physiological, functional) and subjective (aspect) qualities because
there was no visible contamination in the pulp. In a supplementary
study, we examined the effect of the PT11 formulation (which contains
Tween 20) on avocado fruits. However, we found that this formulation
slows down the complete drying of the fruit, meaning that while it
exhibited highly effective inhibitory action in vitro, its ex vitro effects
were not as strong. It is crucial to choose a formulation that dries
quickly on the fruits surface after submersion. Due to its high lipid
and moisture content, low carbohydrate content, and non-acidic pH,
previous studies have shown that avocados can be a good growth
medium for pathogens (FDA, 2018). Fungal infection, physical harm,
lenticel breakdown, water loss, cold injury, or a combination of these
causes may all contribute to this disease (Hernandez et al., 2023).
Previous investigations carried out in different climatic zones in Peru
indicate that black spot symptoms and nearby green tissue on the
same fruit are likely related to physical damage, fungal invasion, and
chilling injury (Everett et al., 2015). Nonetheless, a recent research
study on Hass avocados indicated that black spot is a physiological
disease caused by the sort of oxidative stress that develops after the
fruit is stored for an extended period (Lindh et al., 2021). In our study,
the fruits at the immature stage did not show any injury, fungi, or
visible black spots during the initial experimentation and were stored
at room temperature (19 and 21°C). We do not yet know the precise
amount of active ingredient that was absorbed by the fruit exocarp,
but covering or suspending the fruits in active molecules appears to
be a potential strategy for active protection. In a prior study,
we demonstrated that dipping tomato fruits in peptides caused a delay
in the formation of fungus, indicating that the active peptides on the
fruit membrane may be responsible for this action (Tenea and Pozo
Delgado, 2019). Even though the microorganism population (total
coliforms, Staphylococcus spp., Enterobacter spp., molds, and yeasts)
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had not been eliminated by day 13 of storage, within groups, by day 8
of storage, statistically significant differences (p <0.05) in cell counts
were observed, with a high amount of Enterobacter spp., total
coliforms, and yeasts found in control and T1-treated samples
(Figure 4). The P11 formulation treatment sensitized microorganism
colonization as no increase in cell counts was observed during storage.
These findings imply that the active molecules (i.e., active peptides,
lipids, glycolipids, acids, and diacetyl) containing LAB extract may
form a barrier between the fruit's surface and the surrounding
environment, preventing the growth of microorganisms, minimizing
fruit damage, and, ultimately, extending the fruit’s shelf life. These
findings correlate with the in vitro results, suggesting the effectiveness
of the formulation to inhibit microorganism growth in avocado fruits.
Thus, the research and development of novel bio-protector prototypes
based on molecules from different LAB species to avoid the downsides
of conventional chemical treatments might be a better solution to
maintain the quality of fruits with thin exocarps. It will be interesting
to consider the concentration of active ingredients absorbed by the
fruit exocarp and how this, along with the plant defense mechanism,
contributes to the overall action

inhibitory against

harmful microorganisms.

P11 treatment does not affect the
physicochemical and functional attributes
of avocados during storage

Avocado Fuerte fruit has a pH near neutrality (Astudillo-
Ordonez and Rodriguez, 2018). A statistically significant difference
(p <0.05) was observed for the pH variable over the storage time,
small reduction treatment

with a regardless of the
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TABLE 1 Summary of the subjective attributes (color, aspect) of avocado fruits.

Treatments
/ Time
storage

Day 0-4
Peel aspect and tonality/Pulp aspect

Shiny exocarp, firm and green/hard

Day 5-10

Peel aspect and tonality/Pulp aspect

Soft, larger black spots on the fruit surface/small dark spots on the pulp

Day 11-13

Peel aspect and tonality/Pulp aspect

Soft, larger dark spots on the fruit surface/shriveling/larger dark spots

on the pulp

- Shiny exocarp, firm and green/hard Soft, larger black spots on the fruit surface/small dark spots on the pulp Soft, larger dark spots on the fruit surface/shriveling/larger dark spots
on the pulp

P11 Shiny exocarp, firm and green/hard Soft, small black spots on the fruit surface/dull green/soft, intact pulp Soft, small black spots on the fruit surface/dull green/soft, intact pulp

Peel (exocarp)

Fig

Pulp (mesocarp)

T1

P11

C

T1

P11

T1

P11

C: control, untreated; T1: commercial disinfectant; P11: (1 x MIC) UTNGt210 + UTNGt28 (1:3, v/v); UTNGt210: metabiotics from W. cibaria strain UTNGt210; UTNGt28: metabiotics from L. lactis strain UTNGt28.
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(Supplementary Table S3). According to early research, avocado pH
values tend to change when they are exposed to cold chain
treatments; otherwise, the pH remains near neutrality throughout
the ripening process, which is in agreement with our study (Kassim
and Workneh, 2020). Similarly, a small increase in total titratable
acidity was noted regardless of the treatment. Previous research
monitoring the physical and chemical parameters in the Hass variety
stored at room temperature reported that the transport of organic
acids from intercellular sites to the avocado puree was responsible
for the pH drop (Jacobo-Velazquez and Hernandez-Brenes, 2011).
Recent studies have shown that the deterioration of avocados is
linked to an increase in total titratable acidity, which is caused by an
increase in free fatty acid concentration brought on by triglyceride
lipolysis (Rico-Londono et al., 2021). Throughout the storage period,
avocados exposed to the T1 and P11 treatments as well as C (control)
showed a similar trend of increasing total soluble solids by day 8
(Supplementary Table S3). Based on previous research, avocados
produce a significant amount of cellulose during ripening, which
represents an increase in glucose concentration (Astudillo-Ordonez
and Rodriguez, 2018); this might explain the increase in sugar
content during storage. In addition, the enhanced hydrolysis of
stored carbohydrates into soluble sugars within the avocado fruit
under ambient storage conditions has been found to be influenced
by elevated temperature and decreased humidity (Kassim and
Workneh, 2020). However, in contrast to earlier research on the Hass
variety, which found that fruits stored at room temperature with
various packing treatments had significantly increased total soluble
solids over storage time (Aguirre-Joya et al., 2017), the total soluble
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solids values in this study were maintained following treatment with
P11 formulation. This may be related to the slower senescence and
ripening to a lesser extent. This correlates with the phenotypic
observations of delayed damage in the P11-treated fruits. The pulp
of P11-treated fruits does not show any black spots as observed in
the final state of control and T1-treated fruits. A similar trend in
increasing the total polyphenol content and antioxidant capacity
values over time was observed in all treatments
(Supplementary Table S3). PCA analysis conducted on the five
variables showed a clear separation according to the storage time
rather than treatment (Figure 5). The variable F1 explained 84.1% of
the total variance, while F2 explained 10.0%. The results showed that
on days 1 and 4 of storage, the treated and untreated fruits were
characterized by greater pH, while on days 8, 11, and 13, they
showed greater levels of total soluble solids and antioxidant capacity.
In addition, the total polyphenol content vector forms an angle of
approximately 90° between the other vectors, meaning that is an
independent vector, or it has a weak relationship with the other
variables. The total titratable acidity and total soluble solids variables
showed the highest Pearson correlation, with a value of 0.97,
followed by antioxidant capacity and total soluble solids, with a value
of 0.93, suggesting that with increasing total titratable acidity, total
soluble solids increased. Additionally, pH and total soluble solids
and pH and antioxidant capacity have the strongest correlations,
with values of —0.78 and —0.75, respectively, indicating an inverse
relationship between these variables. According to Rodriguez-
Carpena et al. (2011), ripening has a significant impact on the

amount of antioxidant capacity found in the avocado pulp of the
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Biplot PCA analysis of the five variables of treated and untreated avocados during storage. The colors marked the close-related samples registered for
each variable on days 1, 4, 8, 11, and 13 of storage. C: control, untreated; T1: commercial disinfectant; P11: (1 x MIC) UTNGt210 + UTNGt28 (1:3, v/v);
UTNGt210: metabiotics from W. cibaria strain UTNGt210; UTNGt28: metabiotics from L. lactis strain UTNGt28.

Fuerte variety. This might support our findings, showing higher
values at the fruit ripening stage. Based on this study, treated
avocados with P11 formulation illustrate the benefit of pre-treatment
in maintaining the quality of avocado fruit during storage at
room temperature.

Conclusion

In this research, we systematically evaluated the antimicrobial
activity of several PPE-based formulations toward Staphylococcus
strains isolated from the Fuerte variety of avocado and studied the
mode of action of the most efficient combination, both in vitro and ex
vitro. It was found that the P11 formulation diminished the growth of
both Staphylococcus strains by impairing the integrity of the cell
membrane, inducing cytoplasm molecule content leakage, protein
profile changes, and, finally, bacterial death. Pre-treatment of avocado
fruits at the immature stage with the P11 formulation sensitizes
microorganism colonization on the fruit surface, minimizing damage
to the fruit, whereas quality attributes are preserved. These results
suggest its considerable potential for reducing bacterial contamination
after harvest and serve as a basis for further research in developing
novel fruit bio-protectors based on metabolites obtained from
different LAB species. Research on formulation stability (temperature,
pH) during storage is ongoing. Finally, the application of metabiotics
coating was beneficial in preserving the postharvest features of
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avocados, as evidenced by the delay in fruit deterioration, increased
shelf-life, and retained fruit quality.
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