microbiology
research

S

Article

Isolation and Characterization of Lactic Acid Bacteria from
Cocoa Mucilage and Meat: Exploring Their Potential as
Biopreservatives for Beef

Laura Morante-Carriel 1, Fernando Abasolo 2, Carlos Bastidas-Caldes 3, Erwin A. Paz %, Rodrigo Huaquipan ?,

Rommy Diaz 5(, Marco Valdes 1@, David Cancino

check for
updates

Citation: Morante-Carriel, L.;
Abasolo, F.,; Bastidas-Caldes, C.; Paz,
E.A.; Huaquipén, R.; Diaz, R.; Valdes,
M.; Cancino, D.; Septlveda, N.;
Quifiones, J. Isolation and
Characterization of Lactic Acid
Bacteria from Cocoa Mucilage and
Meat: Exploring Their Potential as
Biopreservatives for Beef. Microbiol.
Res. 2023, 14, 1150-1167. https://
doi.org/10.3390/microbiolres14030077

Academic Editor: Salam A. Ibrahim

Received: 6 July 2023
Revised: 7 August 2023
Accepted: 8 August 2023
Published: 18 August 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

5

, Néstor Sepulveda 5*© and John Quifiones >*

Programa de Doctorado en Ciencias Agroalimentarias y Medioambiente, Universidad de La Frontera,
Temuco 4780000, Chile; 1. morante01@ufromail.cl (L.M.-C.); rhuaiquipan0l@ufromail.cl (R.H.);
m.valdes09@ufromail.cl (M.V.)

Faculty of Agricultural and Forestry Sciences, State Technical University of Quevedo,

Quevedo 120310, Ecuador; fabasolo@uteq.edu.ec

One Health Research Group, Universidad de las Américas, Quito 170521, Ecuador; cabastidasc@gmail.com
4 UWA Institute of Agriculture, The University of Western Australia, Perth 6009, Australia;
ewin.pazmunoz@uwa.edu.au

Facultad de Ciencias Agropecuarias y Medioambiente, Universidad de la Frontera, Temuco 4780000, Chile;
rommy.diaz@ufrontera.cl (R.D.); david.cancino@ufrontera.cl (D.C.)

Correspondence: nestor.sepulveda@ufrontera.cl (N.S.); john.quinones@ufrontera.cl (J.Q.)

Abstract: The aim of this study was to characterize lactic acid bacteria (LAB) isolated from cocoa
mucilage and beef and evaluate their inhibitory effect in vitro against pathogenic bacteria, as well as
determine their effect on beef quality. For the antagonist assay, 11 strains of LAB were selected and
tested against pathogenic strains of Escherichia coli and Salmonella sp. The pathogenic bacteria were
cultured in a medium, and a previously reactivated LAB bacterial pellet was added. After incubation,
halos were observed around the bacterial colonies of the pathogenic strains, indicating inhibition
by the LAB. It was identified that the LAB strains used belonged to the genus Lactobacillus, and the
CCN-5 strain showed high percentages of inhibition against Salmonella sp. (58.33%) and E. coli (59%).
The effectiveness of LAB application methods (immersion, injection, and spraying) did not present
statistical differences. Furthermore, no significant changes in the physicochemical characteristics of
beef were observed after the application of LAB. The results obtained demonstrate the potential of
cocoa mucilage, as a biological control agent through LAB application, for beef biopreservation due
to its ability to inhibit the growth of pathogenic bacteria.
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1. Introduction

From the early days of plant cultivation and animal domestication, humans have faced
the persistent dilemma of food preservation [1,2]. Most fresh foods have the problem that
their shelf life is restricted, primarily due to the growth of food spoilage microorganisms
and oxidative reactions [3]. In this context, meat is one of the most perishable products; thus,
conservation measures must be applied immediately after the death of the animal, with
the aim of delaying or preventing certain changes that make it unsuitable for consumption
or that degrade some quality characteristic. The modes of alteration are multiple and can
be physical, chemical, or microbiological and other sensory characteristics perceived by
consumers [4].

The growing concern for food safety worldwide has led to the study of different
alternatives for obtaining compounds that favor its conservation [5,6]. Despite the great
variety of microbiota present in meat, most of the microorganisms that alter fresh meat are
aerobic psychrotrophic, facultative anaerobic, and Gram-positive bacteria [7]. However,
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some foodborne toxi-infections can be caused by pathogenic mesophilic bacteria found
in meat, including Salmonella sp., Staphylococcus aureus, Yersinia enterocolitica, Clostridium
botulinum, C. perfringes, Campylobacter sp., Escherichia coli, and Listeria monocytogenes. These
bacteria pose a significant health risk and can lead to changes in the organoleptic properties
of meat [8-10]. The chemical composition of fresh meat and its biological characteristics pro-
vide an environment for the development of deteriorating microorganisms and pathogens.
Certainly, this reduction in shelf life can lead to potential poisoning in humans caused by
these organisms. For these reasons, complementary preservation procedures have been
developed, which, when combined with refrigeration, effectively can increase the sanitary
quality of fresh meat [8,11].

The presence of microorganisms in food does not always pose a threat of spoilage,
but they play different roles in food [6]. The lactic acid bacteria (LAB) are composed of a
group of Gram-positive bacteria, usually immobile, non-sporulated cocci or bacilli. These
microorganisms are capable of fermenting carbohydrates, primarily producing lactic acid.
They are able to grow at temperatures below 5 °C and others at temperatures as high as
45 °C [12]. The genera of LAB most used to slow spoilage and preserve food naturally are
Lactococcus, Streptococcus, Pediococcus, Leuconostoc, Lactobacillus, and Carnobacterium [13].

LAB strains exhibit beneficial characteristics, including the production of inhibitory
substances, fewer chemical preservatives in the food industry, prolonging the shelf life of
meat products, and contributing to the reduction in cases of foodborne diseases [10,14].
LAB are capable of inhibiting the proliferation of pathogenic bacteria through various
mechanisms of action [15].

Some genera of LAB can bind to specific carbohydrates of Enterobacteriaceae and
inhibit their adhesion by antimicrobial agents and the production of low-molecular-weight
substances. Additionally, these LAB can produce toxic effects on other bacteria by attaching
to receptors on their surfaces. By adhering to the surfaces of competing bacteria, LAB can
release antimicrobial substances. For this reason, they are very useful in human health to
prevent foodborne and toxi-infections. These microorganisms, by competitive exclusion,
decrease the probability of transmission of pathogens and improve the sensory charac-
teristics of various food products [16]. Bacteriocins are the most interesting antimicrobial
substances produced by LAB, since they have several advantages; they can be degraded
by proteolytic enzymes in the gastrointestinal tract, making them nontoxic [17]. For a
bacteriocin to be used in food as a preservative, it must be nontoxic, stable, and highly
active and possess a broad spectrum of activity while not affecting the sensory attributes of
food. It also has to be cost-effective and easy to use [18,19].

With the aim of extending the shelf life of some foods, including beef, lactic acid
bacteria (LAB) from cocoa mucilage have been used in biopreservation, functioning as
bioprotective cultures that counteract the growth of unwanted bacteria in beef [20]. Cocoa
mucilage is obtained from the process of fermentation of the cocoa bean (Theobroma cacao).
This component is predominantly discarded, causing great environmental problems, due
to the foul odors that are generated during the decomposition. This results in substantial
economic losses in cocoa activity, because it focuses solely on marketing a single component,
instead of a proper use of all the byproducts generated from cocoa production [21]. In
addition, mucilage offers an ideal environment (with 82-87% water, sugars 12%, citric acid
1-2%) for the growth of some microorganisms that play an important role in fermentation.
These microorganisms convert sugars into ethyl alcohol, subsequently transformed into
acetic acid by the action of lactic and acetic bacteria [22].

Currently, consumer pressure to obtain food free of residues that threaten human
health is present throughout the world with changes in agricultural production models.
Although knowledge of chemical residuality in food is scarce, efforts are being undertaken
by the governmental, academic, and research sectors. In light of this, the present study
aims to characterize lactic acid bacteria (LAB) isolated from cocoa mucilage and beef, assess
their inhibitory effect in vitro against pathogenic bacteria, and determine their effect on
beef quality.
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2. Materials and Methods
2.1. Sampling and Isolation of Lactic Acid Bacteria (LAB)

Samples of beef (Longissimus muscle) were taken from different meat supplies in the
cities of Quevedo (Los Rios province) and La Mana (Cotopaxi province). The samples were
placed in sterile Ziploc® bags (S. C. Johnson & Son, Inc., Racine, WI, USA), each sample was
labeled and encoded, and later they were preserved at 4 °C and were taken for processing
to the Laboratory of Biotechnology and Microbiology of the State Technical University of
Quevedo, located at Km 7 1/2 of the Quevedo road, El Empalme, province of Los Rios. For
isolation, the meat samples were washed with 500 mL of sterile distilled water, 1 g of meat
and 10 mL of water were taken, and then it was constantly macerated until homogenized.
Finally, serial dilutions were made up to —10 and inoculated in Petri dishes containing
Man, Rogosa, Sharpe agar culture medium (MRS) [23], and Solid King B [24].

CCN 51 and Nacional cocoa cobs (Theobroma cacao) were collected in the Pajarito and
Faita enclosure belonging to the Mocache canton, Los Rios province, Ecuador. Harvesting
was done manually 24 h before processing. They were then washed with chlorinated
water (100 ppm chlorine) and rinsed with tap water. The fruits were chopped making
2 longitudinal and 2 transverse cuts, and the shell of the almonds was manually separated.
For the extraction of the exudate, a canvas of fabric was used with a special framework of
100 to 200 pum that facilitated the passage of the liquid. The measurement of the lattice was
0.75 x 0.75 m, which allowed 3 L of mucilage to be filtered by pressure.

The mucilage obtained was left to ferment during 24, 48, and 72 h, and a sample of
10 mL was taken. Serial dilutions ranging from 10~! to 10~® were prepared and subse-
quently plated in duplicate on MRS agar culture medium [23] using the plate-emptying
technique. The plates were incubated under microaerophilic conditions for 48 h at 35 °C.
The bacteria were isolated by successive reseedings by the cross-striation method. The
selected colonies were purified three times to obtain a pure culture. The purified bacteria
were stored at —4 °C in 50% glycerol (v/v) with MRS broth. For the subsequent tests, the
bacteria were reactivated in Petri dishes by the microdroplet reseeding technique [25].

2.2. Morphological Characterization
2.2.1. Morphological Analysis

For morphological characterization, a bacterial colony was cultured on MRS solid
culture medium (bacteriological agar 10 g/L, bacteriological peptone 10 g/L, dextrose
20 g/L, dipotassium phosphate 2 g/L, magnesium sulfate 0.2 g/L, manganese sulfate
0.05 g/L, meat extract 8 g/L, sodium acetate 5 g/L, Tween 80 1 g/L, yeast extract4 g/L,
ammonium citrate 2 g/L) and allowed to incubate for 24 h at 31 °C [26]. From the bacterial
growth obtained, one colony was selected for each sample, based on its circular and
irregular morphology, wavy and smooth edges, convex surfaces, opaqueness, and color
(white or creamy). Additionally, the Gram-positive stain and negative reaction to catalase
and peroxidase tests were used to identify lactic acid bacteria based on their morphological
and biochemical characteristics. Subsequently, a cluster analysis was performed for all
isolated strains.

2.2.2. Biochemical Characterization of Isolated Bacteria

For the detection of the ureolytic capacity of the bacteria, we followed Phang’s method-
ology [27], using Christensen medium or urea agar (1.0 g/L peptone, 1.0 g/L CgH1,0,
5.0 g/L NaCl, 2 g/L KH,POy, 0.012 g/L phenol red, and 15.0 g/L agar). The medium was
supplemented with sterilized urea with 2% filtrate (Sigma, U5378). A single colony was
selected and inoculated into the medium and then incubated at 30 °C for 48 h. Ureolytic pro-
duction was determined when the medium changed from pale yellow to pinkish-red [28].

2.2.3. Detection of Protease in the Bacteria under Study

For the detection of protease activity, we prepared a medium containing 2 g/L yeast
extract, 3 g/L casein, 5 g/L gelatin, and 15 g/L agar powder. Subsequently, 15 mL of the
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culture was transferred to Petri dishes, and a pure colony was striated onto the plates.
The plates were then incubated at 15 °C for 72 h [29]. The presence of the hydrolysis halo
around the puncture was considered positive activity, as described by Linares [30].

2.2.4. Detection of CO, in the Study Bacteria

For the detection of CO,, we followed the methodology of Jensen et al. [31]). First, a
Blood Agar Base medium was prepared (protease peptone 15.0 g/L, liver digestion 2.5 g/L,
yeast extract 5.0 g/L, sodium chloride 5.0 g/L, agar 15.0 g/L) with a pH of 7.4 4= 0.2 at
25 °C. The medium was then transferred to Petri dishes, and a colony was inoculated in
the center of each dish at room temperature. The production of carbon dioxide (CO,) was
established with qualitative values, where (-) absence, (+) presence, (++) greater presence.

2.2.5. Catalase Test by Slippage (Drop) Method

We followed MacFaddin’s methodology [32] to test for catalase activity. A single
bacterial colony was transferred to a slide, and then a drop of 3% hydrogen peroxide
was added on the microorganism. Using a 40x magnifying lens microscope (Euromex,
Amsterdam, The Netherlands) the reaction was visualized given the following values: the
absence of bubble formation (without catalase enzyme to hydrolyze hydrogen peroxide)
represents a negative catalase reaction, and a positive catalase when forming a bubble [33].

2.2.6. Gram Stain

We followed Beveridge’s methodology to differentiate Gram-positive and Gram-
negative bacteria [34]. A colony of bacteria was spread on a microscope slide and fixed
by heating for 5 s. Then, 500 pL of violet crystal (1.24 g in 100 mL water) was added and
allowed to stand for 30 s. A total of 500 puL of Gram (a mixture of 0.33 g of iodine and
0.67 g of potassium iodide in 100 mL of water) was added to the violet crystal for 30 s.
The violet-Gram crystal iodine mixture was poured over a container, and the mixture was
quickly washed with distilled water and 1 mL of liquid chemical bleach (95% v/v ethanol
in water) for 20 s. The slide was washed with distilled water, and 500 pL of safranin was
added to the sample for 1 min. The slide was rinsed with distilled water and dried with
filter paper. Finally, the sample was visualized under microscopy.

2.2.7. Growth Kinetics

Growth kinetics was analyzed using the methodology proposed by Rodriguez [35].
First, the pre-inoculum was cultivated using the MRS culture medium, where 20 uL were
carefully deposited. Then, it was incubated in an Erlenmeyer flask containing 50 mL
of medium and placed in a Benchmark incushaker® shaker (Benchmark Scientific, Inc.,
Sayreville, NJ, USA) at 150 rpm, maintaining a temperature of 26 °C for 48 h.

After 48 h, the inoculum was obtained by transferring 1 mL of the pre-inoculum from
each bacterium. Individual Erlenmeyer flasks were prepared for each bacterium, each of
them containing 99 mL of MRS culture medium. The flasks were then incubated at 26 °C
and 150 rpm in a Benchmark incushaker shaker® until reaching the desired OD (optical
density) and cell concentration or cells per mL (CFU—colony-forming units/mL) measured
at 600 nm using a Unico® bw-54 brand spectrophotometer (Honeywell, Charlotte, NC,
USA). To measure the OD, 3 mL of the inoculum sample was placed in quartz cuvettes at
12 h intervals for a total of 72 h.

The count of the CFU/mL was determined by the method of plate count by seeding
drops on the surface described by Vargas [36], for which a series of dilutions was prepared.
In total, 270 pL of sterile H20 and 30 pL of the culture incubated in Eppendorf tubes
were placed, and this procedure was repeated until the dilution factor was —6. The plates
were left in incubation for 24 h, and the colony count was carried out in the dilutions that
formed between 30 and 300 colonies. To determine the number of viable cells per 1 mL, the
following formula was used:
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UFC _ listedcolonies
ml — mlplanted

x dilution factor

Statistical Six Sigma Software V.10. was used in conjunction with the use of the Gom-
pertz equation model to determine essential kinetic parameters, including the specific
growth rate (1 max), generation time (G), and duration of the latency phase (A). Addition-
ally, we analyzed the cell concentration during the stationary phase.

2.2.8. Supernatant Antibiosis—Bacteria

For the antibiosis test, we followed the methodology of Singh [37]. First, we prepared
Escherichia coli and Salmonella sp. cultures each with a cellular concentration of 1.0 x 108
grown in specific commercial media such as BD differentials Salmonella, Shigella Agar (5SS
agar) and Luria—-Bertani (LB) medium. Next, we placed filter paper with a diameter of 6 mm
in four compartments on the MRS agar medium. Finally, 10 pL of supernatant extracted
from the strains under study was inoculated onto the filter paper. The plates were then
incubated for 72 h at 35 °C. A completely randomized design (DCA) was performed with
four replications and an experimental unit.

2.2.9. Bacteria—Bacteria Antagonism

The methodology of Rivera [38] for strains with inhibitory capacity was followed.
The process involved reactivating the strains in MRS broth at 35 °C and 170 rpm for
48 h. Then, the culture was centrifuged at 13,000 rpm for 5 min, and the supernatant
was discarded and the bacterial pellet removed. The pathogenic strains were provided
by the Laboratory of Biotechnology and Microbiology of the State Technical University of
Quevedo. Salmonella sp. and Escherichia coli were cultivated in LB culture medium, and
20 pL of bacterial culture was spread on King B agar medium with a concentration of
1 x 108 CFU mL~!. Then 10 pL of lactic acid bacteria previously grown in the center of
the Petri dish was added, and the plates were incubated for 48 h at 35 °C. The test was
considered positive when areas of inhibition corresponding to a halo equal to or greater
than 2 mm were observed. We selected those strains that showed greater antimicrobial
capacity simultaneously for both pathogens.

2.2.10. LAB Antagonism—DBeef

The collected beef was cleaned with sterile water according to the methodology of
Katikou et al. [39]. Subsequently, the beef was cut into 10 g blocks and deposited in Petri
dishes. The experiment comprised three types of treatments, each with three repetitions:

T1: Immersion—The beef was immersed in 2 uL of LAB bacteria + Pathogens (500 uL)
for 5 min. After the immersion, the bacteria from the Petri dish were removed and then
sealed in a transparent Ziploc bag. The sealed dish was then incubated in a controlled
medium at 10 °C for seven days.

T2: Injection—LAB bacteria + Pathogens (500 puL) were applied to the beef using a
micropipette. The Petri dish was sealed in a transparent Ziploc bag and incubated in a
controlled medium at 10 °C for seven days.

T3: Spraying—LAB bacteria + Pathogens (500 pL) were applied to the beef using a
sterilized atomizer. The sealed Petri dish was then wrapped in a transparent Ziploc bag
and incubated in a controlled medium at 10 °C for seven days.

2.3. Physicochemical Analysis

After the study of antagonism in beef, we proceeded to analyze the physicochemical
parameters in meat treated with LAB; parameters such as pH, moisture, protein, ash, fat,
and fiber were studied.

2.3.1. Humidity

In order to determine the net moisture content of a beef sample [40], it is necessary
to analyze the weight loss experienced by the sample when dried in an oven at constant
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temperatures of 100 °C until the dry residue maintains a constant weight. The following
formula was used:

Weightlosso fthesample
Totalsampleweight

% Humidity = x 100
The dry matter content is obtained by subtracting 100 from the moisture percentage of
the sample by the following formula:

%DM = 100 — Humidity%

2.3.2. Protein

Crude protein includes all the nitrogenous substances contained in the food, i.e., true
protein and other non-protein nitrogenous compounds [41]. The protein content of raw
meat varies inversely proportional to fat and due to moisture losses [42]. The following
formula was used:

% Proteinrawmeat = 99 — (% Fat) — (% Humidity)

2.3.3. Ash

The ash fraction of the analysis represents the inorganic constituents of the animal
material. This determination was made by placing 1 g sample in a porcelain capsule [43].
The samples were incinerated at 500 °C until obtaining ash and then allowed to cool at
room temperature. The percentage of ash is obtained by the following formula:

P3 —-P1

100
where:

P1: Empty capsule weight

P2: Capsule weight with sample

P3: weight of capsule with ashes.

2.3.4. Fat

To obtain the percentage of fat from a meat sample, Reyes and Mendieta [40] propose
the use of Soxlet extractor equipment. The petroleum ether (100 mL) passes through
the sample (500 g) for approximately 6 h at 105 °C. Subsequently, by heating, the ether is
recovered, leaving only the lipid extract. The percentage of fat was obtained by the formula:

9% EE — (a —1b) x 100
c
where:
a: Weight of the Soxlet ball plus EE
b: Weight of empty ball
c: Weight of the initial sample in grams.

2.3.5. Fiber

The fibers are all those non-nitrogenous organic substances that do not dissolve by
boiling with diluted acids or alkalis. The total weight of these substances is subtracted
from the ashes to determine the fiber content. In order to obtain the net fiber content, [44]
recommends weighing 1 g of degreased sample, placing it in an Erlenmeyer flask, adding
5 drops of defoamer, placing the container on the heating iron, attaching the digester,
and allowing it to boil for 30 min. Then, remove the condenser and add to the container
(without removing it from the plate) 10 cc of 24% sodium hydroxide while it is coupled
in the equipment and continues boiling for 30 more min. The hot solution was filtered
through a crucible with glass wool, washing the residue successively with boiling water,
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1.25% sulfuric acid, acetone, and ethanol. Finally, the crucible was placed in the oven at
130 °C for 2 h and then cooled in a desiccator and weighed (Weight A); then, it was placed
in the muffle at 600 °C for 30 min and cooled in desiccator and weighed (Weight B).

% Crudefiber = FiberweightSampleweight x 100Fiber = WeightA — WeightB

3. Results and Discussion
3.1. Isolation of Lactic Acid Bacteria (LAB)

A bank of 31 bacterial strains was obtained that were isolated from cocoa mucilage
(CCN-51 and National) and beef (Table 1); the isolated strains were characterized mor-
phologically and biochemically, resulting in 11 bacteria with characteristics of the genus
Lactobacillus. These characteristics included the morphology of the colonies, positive Gram
stain, ability to grow in the absence of O,, and negative catalase reaction. There is currently
a growing demand for fourth-generation feeds, which implement natural additives. This
has led to the use of bacteriocins produced by LAB and their antimicrobial potential, since
they are presented as natural preservatives [5] and biopreservatives [45]. The applica-
tion of biopreservative strains, as well as the extracts and metabolites produced by them,
have been shown to have control over various unwanted microorganisms, extending the
shelf life of food and providing security against bacteria that may affect the health of the
consumer [11,46].

Table 1. Colonial morphology and biochemical tests to bacterial strains from beef and cocoa mucilage.

Biochemical Tests Colonial Morphology
Strains Gram
Catalase Urease Protease CO, Stain Form Elevation Margin

KLM2-4 + - — ++ —
KLM4 - - + ++ +
KLM1-4 + - + + —
MM4-2 — - + ++ +
KLM4-4 + - + ++ —
MM3-4 - - - ++ +
MM1-2 — - — + +
KM3-4 + — — + —
KM4-4 + - - ++ —
KM2-4 — - - ++ +
KLm3-4 + - + ++ —
KM1-6 + - + ++ —
MM4-4 — - - ++ +
KLM2-6 + - + ++ —
MM4-4 — — - ++ +
KM4-2 + - + ++ - Circular High Whole
CN-4 - — — + +
CN-3 — — — ++ +
KM4-6 + - + ++ —
MM2-4 — — — ++ +
KLM1-2 + — + ++ —
CCN-2 — — — + +
CCN-5 - - — — +
KM1-4 + — - ++ —
MLm2-2 — - + ++ +
KM3-6 + — + ++ —
MLM-4 — — — ++ +
MLM2-2 — — + + +
MLm1-4 — + - ++ +
CN-2 - ++ — ++ +
KLm1-6 + + + ++ —

High presence (++); Positive reaction (+); Negative reaction (—).
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From 31 isolated strains, a phylogenetic analysis was performed (Figure 1) [47]. The
phylogenetic tree was found to be shared by two groups; among them are A and B. Group A
maintained gender characteristics of Lactobacillus and is differentiated by three subgroups,
where the CCN, KM, MM, KLM, and MLM strains are grouped. Group B subdivides into
three subgroups where KM and KLm bacteria predominate. These results are consistent
with those presented by Papalexandratou et al. [48], a study in which 529 LAB from cocoa
mucilage were grouped in a similar dendrogram that illustrated the diversity of LAB
species. Through the use of phylogenetic trees, Wong et al. [49] in their study determined
that different cheese isolates were related to L. brevis and L. plantarum.
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Figure 1. Dendrogram of strains from beef and cocoa mucilage.
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Vallejo et al. [12] aimed to identify and characterize lactic acid bacteria (Lactococcus spp.)
of the mucilage of two varieties of cocoa, Nacional EET-103 and Trinitario CCN-51, for use
as natural preservation precursors in minimally processed and fresh food products. Bacteria
Lactococcus spp. extracted from the Nacional cocoa presented greater acidification capacity
against antibiotics compared to the bacteria extracted from the Trinitario cocoa. De Vuyst
and Weckx [50] expressed that as fermentation continues and the cocoa mucilage is drained,
more air enters the fermenting cocoa bean and pulp mass, creating ideal conditions for
LAB growth between 24 and 72 h of fermentation. Our results showed intensely increasing
LAB counts during the first 30 h and decrease after 40 h [48]. In the fermentation process
of cocoa mucilage, the LAB are microaerophilic, tolerant to acids, and tolerant to ethanol
and fructophiles (citrate converters or not), particularly Leuconostoc pseudomesenteroides,
Fructobacillus pseudoficulneus, F. tropeaoli, L. cacaonum, L. fabifermentans, and L. plantarum,
followed by L. fermentum [48,50-64].

3.2. Growth Kinetics

The study of the growth kinetics obtained the exponential growth time, the seasonal
phase, the ideal state, and the death of the colonies of LAB at 24, 48, and 72 h of life in
selective medium (MRS broth). Twelve strains were studied, from which data such as pH
and CFU counts were collected. These data played a crucial role facilitating the analysis for
the proper management of the studied bacteria (Figure 2).

Growth kinetics

g —e— CCN51-4
10 g —s— CCN51-5
—s— CONTROL
—e— LMI1-4
LM2-2NR

810 ——  MMI1-2

> MMI1-4

o— MM3-4

ex1o? o— MM4-2

E o MM4-4
- +— NAC-4

== NAC-S

Figure 2. Growth kinetics of lactic acid bacteria isolated from cocoa mucilage and beef.

Mesa et al. [65] found results similar to those obtained in the present work where the
control treatment without previous inoculation presents the least significant average com-
pared to the rest of the treatments, registering 7.13 CFU/mL and a pH of 4.10, contrasting
with the average of 10.48 CFU/mL and a pH of 3.80. It was observed that lower microbial
growth corresponded to a higher pH level. Jurado et al. [66] showed a growth kinetics with
an exponential phase of L. plantarum at 4 PM. where the PRO medium (sugar base, soy
milk, powdered milk, and wheat bran) reached a value of 3 x 1013 CFU/150 uL, which
is higher than the MRS medium, where 1.2 x 1012 CFU/150 uL was found. The effect
of culture medium on plate microorganisms for L. plantarum, expressed in CFU /150 uL,
showed statistically significant differences.

In the growth stage, it is possible to notice that during the first 12 h of the application
of the inoculum, the microorganism adapts to the conditions of the environment and begins
to consume the substrate [67]. For a microorganism to be optimal for bioconservation, it
must have capacities adaptable to the different food matrices that it must protect [68].
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Calderoén [67] demonstrated that at 84 h of growth, when the microorganism would
be expected to enter the stationary phase, the concentration of microorganisms at 96 h
exceeded that observed at 72 and 84 h. It was determined that during fermentation,
L. acidophilus produces a primary metabolite lactic acid, which is closely associated with
microbial growth. The production of this metabolite increases as the population grows.
Therefore, when the exponential growth stage concludes, the production of lactic acid will
have reached its maximum peak, and it will not be possible to achieve higher concentrations
than those already obtained. On the other hand, lactic fermentation could be evidenced, the
result of comparing microbial growth with substrate consumption. It was possible to notice
that as microbial growth occurred, the concentration of substrate in the culture medium
decreased progressively.

Of the twelve treatments studied, eight showed similarities with the growth curve
proposed by Calderén [67], who observed that LAB populations presented an exponen-
tial curve of bacterial growth after 72 h. This characteristic is attributable to the fact
that lactic acid is a metabolite associated with primary growth, which causes an increase
in the pH of the medium This increase in pH acts as a precursor for the hydrolysis of
non-reducing sugars present in the culture medium, converting them into reducing sug-
ars. This conversion results in elevated levels in the readings. The ability of certain
lactic acid bacteria to be tolerant of acidic pH is one of the most relevant selection cri-
teria for implementing biopreservatives in animal-derived products. LAB are exposed
to a naturally acidic environment, which serves as a significant barrier for numerous
other microorganisms.

The pH level is an important parameter related to the susceptibility of meat to spoilage,
and it plays a pivotal role in determining the appropriate processing method for the meat’s
intended use [69]. LAB are considered acid-tolerant bacteria because they can grow at pH
values as low as 3.2 and, in some cases, as high as 9.6. Their unique metabolism primarily
generates lactic acid, leading to the acidification of the medium. As demonstrated earlier,
the inclusion of LAB in the meat production process causes sensory and physicochemical
alterations, including a reduction in pH [70]. Acting as leavening agents in meat products,
LAB bacteria significantly influence color and texture. Through acid production, LAB
lowers the pH, affecting the water retention capacity of myogenic fibrin [71].

3.3. Antagonism of Lactic Acid Bacteria on Salmonella sp.

Eleven LAB strains were selected, and the antagonistic capacity of lactic acid bacteria
against Salmonella sp. was determined. Notably, the CCN51-5 and CCN51-4 strains ex-
hibited the most significant inhibition percentages among all the treatments, with values
of 58.33 and 54.33%, respectively (Figure 3). Results are consistent with Borrés et al. [72],
who used a microbial preparation using L. delbrueckii ssp. bulgaricus and Streptococcust
hermophilus from a commercial lyophilized culture (Liofast Y452B, SACCO®, Sakho, Ttaly).
The study analyzed the growth of pathogenic bacteria, revealing the absence of Clostridium
spores and Salmonella. These results strongly support the safety of using this inoculum.

Rivera [38] identified 11 strains of LAB with antagonistic activity,; the species L. lactis
subspecies Cremoris and Leuconostoc spp. had a greater inhibition effect. The presence of
LAB in artisanal cheese shows antagonistic activity against pathogens such as Salmonella;
evidence has shown that lactic acid fermentation is an alternative to pasteurization. Men-
doza [73] analyzed the presence of E. coli and Salmonella in cream cheese fermented with
LAB from fine aroma cocoa mucilage, where it was determined that there was no presence
of Gram-negative bacteria. These results are consistent with those observed in the present
investigation. Mirkovic et al. [74] analyzed the antagonistic capacity of L. lactis against
Salmonella and E. coli from beef. The isolated LAB demonstrated favorable behavior, pre-
senting a moderately rapid growth and a limited maximum population. Regarding the
activity of its cell-free supernatant, it displayed greater effectiveness against Salmonella
compared to E. coli.
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Figure 3. Antagonism of lactic acid bacteria on Salmonella sp. Bars indicate mean + standard error;
different letters indicate significant differences between the averages at p < 0.05 (Tukey’s test).

The use of biopreservation should be considered only as an additional measure to
complement good manufacturing practices during the processing, storage, and distribution
of meats. In addition, bacteriocins should not be considered to be inhibitors by themselves
since they act synergistically as an additional barrier with other preservation methods, in
which the combined effects of pH, temperature, and oxygen availability simultaneously
serve to preserve the food [75]. The microbiological quality for raw products is extremely
critical for both meat and fat. It should maintain low microbiological counts, typically
ranging between 102 and 105 CFU/g for mesophilic aerobic count. Additionally, an accept-
able range for E. coli is 103 CFU /g, which serves as the standard for most manufacturing
companies [76].

3.4. Antagonism of Lactic Acid Bacteria on E. coli

While assessing the antagonistic capacity of lactic acid bacteria against E. coli, the
CCN-5 and MM1-2 strains demonstrated the highest percentages of inhibition compared
to the other treatments, with values of 59 and 57% (Figure 4). These results are consis-
tent with findings reported by Moscoso [77], where E. coli counts decreased during the
15-day shelf life of the product under the application of a protective culture composed of
L. plantarum and Staplylococcus carnosus. Although there were no significant differences
in the final counts of E. coli, better outcomes were observed in T2, using a concentration
of 0.03% of the crop. Some studies indicate that moderate concentrations of L. delbrueckii
(5.3 log UFC g~ ') [78] and L. dairy [79] manage to reduce the population of E. coli to three
logarithmic units in a period of three days without altering the organoleptic characteristics.

Gutierrez et al. [80] indicated that the spectrum of inhibition of bacteriocins or their
extracts vary according to the treatment to which they are subjected, such as lyophilization,
supernatant concentration, purification, and neutralization, among others. Bacteriocin
extracts exhibit intensified activity when concentrated. Suarez et al. [81] showed that the
initial count in raw fish fillets from mesophiles (4.8 log CFU)™ 1) indicates a good initial state
of quality for the fillets. After 30 days of storage, the fillets inoculated with the crude extract
of LAB bacteriocins reached a mesophile count of 5.7 log cycles. This count was lower
than the fillets treated with lactic acid (6.3 log cycles) and the control fillets (6.6 log cycles).
Notably, the fillets treated with the crude extract of bacteriocins exhibited a reduction of
0.9 log cycles in mesophile count compared to the control sample.
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Figure 4. Antagonism of lactic acid bacteria on E. coli. Error bars indicate £standard error; different
letters indicate significant differences between the averages at p < 0.05 (Tukey’s test).

Purified or partially purified bacteriocins have diverse applications, serving as feed
additives or being incorporated into active packages. Additionally, bacteriocin-producing
cells can be used as starter or protective cultures in the production of fermented meats [82].

Hernandez [83] analyzed lactic acid bacteria (LAB) native to meat capable of inhibiting
the growth of pathogenic bacteria. From the ground beef samples, 115 LAB isolates were
obtained, with 44 of them demonstrating antagonistic effects against reference bacteria
such as Salmonella and E. coli. Five isolates of LAB as well as its cell-free supernatant (CFS)
showed antagonistic capacity in the population of ground beef bacteria at refrigeration
temperature, concluding that the strains of L. delbrueckii and L. lactis have potential to be
used as biopreservatives reducing the population of Salmonella and E. coli contaminant
in ground beef, and its CFS can be used as an alternative or complementary disinfection
treatment [84].

Alvarado et al. [85] conducted an evaluation of 27 unbranded Mexican artisanal foods,
resulting in the isolation of 94 LAB strains. Out of these, 25 strains showed antimicrobial
activity. The inhibitory activity shown by the LAB isolated strains was attributed mainly
to the reduction in pH by the production of organic acids. Cell-free cultures Leuconostoc
mesenteroides (isolated from chorizo and pulque) managed to reduce the number of viable
cells of E. coli enteropathogenic (EPEC), whereas L. plantarum (isolated from vinegar mother)
significantly inhibited S. aureus 8943. E. faecium isolated from panela cheese produced a
bacteriocin with broad activity against L. monocytogenes, demonstrating that some LAB
isolated from traditional Mexican foods have potential as bioconservatives.

Although the deterioration of animal products under anaerobic conditions is usually
attributed to lactic acid bacteria [81], the results obtained in this study show that LAB strains
from cocoa mucilage effectively reduced the population of pathogenic bacteria Salmonella
and E. coli in beef. According to Simova et al. [86], the antagonistic effect observed in
L. delbrueckii against psychrophilic and coliform bacteria is mainly due to the action of
hydrogen peroxide produced under aerobic growth conditions. However, although several
authors [86,87] indicate that hydrogen peroxide is effective in reducing the growth of E. coli
and Salmonella, some authors indicate that under special conditions these bacteria can
produce enough catalase that protects them from the peroxide-reducing effect [88-90]. This
could explain the low population reduction of E. coli and Salmonella observed [84,91].



Microbiol. Res. 2023, 14

1162

Most bacteriocins act on the membrane of sensitive cells, destabilizing and permeabi-
lizing them by forming ionic channels or pores [92], which will give output to compounds
such as phosphate, potassium, amino acids, and ATP, decreasing the synthesis of macro-
molecules, and consequently cell death [93]. In addition, the amphipathic nature of bacteri-
ocins enhances their distribution along the surface of the bacterial cell membrane [10]. The
consequences of the above reflect the decrease in the membrane potential and the scarce
availability of the energy reserves of the cell, which leads to a decrease in the synthesis of
DNA, RNA, and proteins, which ultimately triggers the death of the cell [10,11,94,95].

In the studies conducted by Suarez et al. [81], it was determined that Lactobacillus
exhibits an antagonistic effect on Gram-positive microorganisms and, in some cases, on
Gram-negative microorganisms. The same authors point out that plantaricin F, produced
by the Lactobacillus, is effective on Lactobacillus, Lactococcus, Listeria, Micrococcus, Pediococcus,
Staphylococcus, Streptococcus, Salmonella, and Pseudomonas.

For proper human consumption, beef must maintain certain physical-chemical pa-
rameters to ensure its shelf life, without presenting any structural damage and preserving
its organoleptic parameters, among which the pH, humidity, protein, ashes, fat, and fibers
stand out—the same ones that ensure a range of appetizing qualities for the consumer. To
safeguard the safety of the consumer, the analysis of the physical-chemical parameters of
the meat inoculated with LAB was carried out, through the evaluation of three different
methods of application: immersion, injection, and spraying. The results are shown in
Figure 5.
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It was determined that there were no statistical differences between the treatments
evaluated—that is, the form of application of lactic acid bacteria does not affect the physical
and chemical characteristics of the meat; in the same way, it was determined that the
LAB do not alter the content of fat, ash, fiber, moisture, and proteins, which is a relevant
result since it seeks to preserve the shelf life of meats and not change their nutritional
content. Despite not presenting statistical differences, the different treatments presented
a wide average range: among which, the humidity stands out with an average range of
71.28-74.18%, the protein with a range of 20.05-24.96% of the total of the loin meat studied,
the ash with a percentage range of 3-4.90% of the beef analyzed, the total fat distributed
with a range of 1.77-4.77%, and muscle fiber with a range of 0.007-0.040% distributed in
the meat of loin studied.

Nogales et al. [96] indicate that beef presents significant differences among 24 h produc-
tion systems postmortem, with an average humidity of 76.11% in the extensive production
system and 71.98% in the intensive production system, results similar to those obtained by
Leon et al. [41] in which beef presented an average moisture percentage of 71% compared
to chicken and sheep meat, which exhibited a moisture percentage of 77%. Farfan et al. [97]
reported varying moisture content percentages in raw cuts of Creole cattle. The moisture
content ranged from 75.80 to 72.16% in cuts such as buttock (located in the femoral region),
empty (located in the abdominal region), wide steak (located in the dorsal region), and palette
(located at the angle formed between the caudal edges of the humerus and scapula).

Several studies [78,98-100] have examined the efficacy of CFS produced by selected
strains of LAB as antimicrobials in vitro, targeting bacteria such as E. coli, S. aureus [100],
Shigella sonnei, Pseudomonas fluorescens, S. Typhimurium, and L. monocytogenes. The results
indicate that when used as a marinade for meat, the supernatant successfully reduces
pathogenic bacteria such as those mentioned. In addition, the raw meat displays notable
color changes; however, it does not adversely affect the meat’s organoleptic characteristics,
as no color changes were detected in grilled meat [101].

Katikou et al. [39] inoculated L. sakei CECT 4808 and L. curvatus CECT 904(T) in slices
of beef for a storage period of 28 days, stored at 4 & 1, where it was possible to observe
averages in the percentages of protein, moisture, fat, and ash of 21.57, 74.23, 2.64, and 0.99,
respectively, under the application of lactic acid bacteria.

The fatty acid composition is strongly determined by the breeds of animals and
the production systems adopted in each different region. For instance, under the North
American system, a piece of “select” loin may contain more than 5% fat. In comparison, the
fat content in the loin (longissimus muscle) of the Angus steers category “choice” was found
to be 9.3%, while in the muscle of Wagyu steers raised according to Japanese standards,
it reached 20.4%. A loin of Wagyu animals of the highest infiltration categories can have
almost 40% fat. in a previous experiment conducted at the Pontificia Universidad Catolica
de Chile, the fat content of 37 fattened steers and bulls, categorized under the national
standard with fat coverage grades 1 and 2, was evaluated. The study revealed an average
fat content of 1.34% in the smooth loin [102].

4. Conclusions

In this study, we were able to isolate and characterize 31 bacterial strains from cocoa
and meat. Among the strains evaluated, an important group corresponded to lactic acid
bacteria, which showed antagonistic activity against pathogens such as Salmonella sp. and
Escherichia coli. In particular, bacteria CCN51-5 and CCN51-4 showed the highest antago-
nism against Salmonella sp., while CCN-5 and MM1-2 exhibited strong antagonism against
Escherichia coli. The application of LAB using methods such as dipping, injection, and
spraying did not show statistically significant differences in their efficacy for inhibiting
the growth of pathogens in beef. The application of LAB to beef had no significant im-
pact on the physicochemical characteristics, suggesting that these biopreservatives have
the potential to maintain meat quality during storage and transport. The use of cocoa
mucilage as a biological control agent through the application of LAB proved to be an
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effective strategy for the biopreservation of beef due to its ability to inhibit the growth of
pathogenic bacteria.

Taken together, these results highlight the potential of LAB isolated from cocoa mu-
cilage and beef as biopreservatives for beef, which could have a positive impact on food
safety and beef shelf-life extension. The use of natural agents such as LAB for the control of
pathogens in food is a promising alternative to synthetic chemical preservatives, opening
up new opportunities for the development of more sustainable and healthier strategies in
meat preservation. However, further research in this field is needed to fully understand the
mechanisms of action of LAB and to optimize their application in different types of meat
and meat products.
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