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Abstract

Lactic acid bacteria (LAB) from traditional foods are a useful source of natural biopreser-
vatives. This study isolated and characterized indigenous LAB from goat meat produced
in the argan grove ecosystem of the Souss-Massa region, Morocco, to identify strains that
could improve food safety and shelf life. LAB were isolated under anaerobic conditions
and screened by Gram staining, catalase test, growth profiling, and biochemical assays.
Proteolytic, gelatinase, and hemolytic activity were assessed, together with antimicrobial
activity against foodborne pathogens by agar well diffusion. The most promising strains
were identified by 165 rRNA gene sequencing. The selected isolates belonged to Latilac-
tobacillus and Enterococcus. Several isolates strongly inhibited Salmonella enterica, Listeria
monocytogenes and Staphylococcus aureus, and none were hemolytic or gelatinase-positive.
The sustained inhibition even after neutralization of pH suggested that the antimicrobial
effects might be mediated by bacteriocin-like compounds or other non-acidic metabolites.
In the strains tested, L. sakei MG4013 gave the best results because of its wide range of
antimicrobial activity and absence of hemolytic, gelatinase, proteolytic and lipolytic activi-
ties. Goat meat from the Souss-Massa region therefore harbours LAB with biopreservative
potential, with potential for use as natural preservatives in traditional meat products or as
starter cultures in fermented foods. However, before being used as natural preservatives or
starter cultures, they need to be further validated in food matrices.

Keywords: lactic acid bacteria; bioprotection; goat meat; Souss-Massa region; argan grove;
antimicrobial activity

1. Introduction

Goat farming is an important source of livelihood for rural people supplying meat,
milk and revenue [1]. In Morocco, it is especially important in hilly and desert zones where
goat meat is appreciated for its low fat level, nutritional value and cultural importance.
This tradition is especially distinctive in the Souss-Massa region of southwestern Morocco,
a dry-climate area with a long pastoralist culture. Herds there graze mainly on local
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vegetation, above all the argan trees (Argania spinosa) typical of the landscape. UNESCO
has designated these argan grove ecosystems a Biosphere Reserve for their ecological and
socio-economic value [2,3]. They form a complex agro-sylvo-pastoral system in which
goats forage among the woody argan canopy, and this particular combination of climate,
plant species, and grazing behaviour may shape the microbial communities the animals
carry [2].

Lactic acid bacteria (LAB) are Gram-positive, catalase-negative microorganisms, which
are commonly used in food fermentation and preservation. They produce organic acids,
hydrogen peroxide and bacteriocins which allow them to prevent spoilage organisms and
foodborne pathogens, supporting their applicability as natural bioprotective cultures [4,5].
Their extensive use in foods makes certain LAB strains intriguing alternatives to synthetic
preservatives, particularly when considering the growing demand for clean-label and
minimally processed foods [6,7].

LAB of indigenous origin isolated from traditionally produced meats may have the
further advantage of being adapted to the local processing settings. These strains are able to
prevent pathogens such as Listeria monocytogenes, Salmonella spp. and Staphylococcus aureus,
increase the shelf-life of the product and contribute to the performance of fermentation and
sensory quality [8,9].

This potential depends on careful characterization. Identifying useful native LAB
usually means assessing their technological and adaptive traits, such as proteolytic activity,
tolerance to acid and bile salts, and growth and acidification capacity [10], together with
their antimicrobial activity against foodborne pathogens [11] and safety checks such as the
absence of hemolytic activity and gelatinase production [12,13]. Because animal-associated
microbiota is shaped by geographical origin and rearing practices, an underexplored
ecosystem like the argan groves may hold strains with functional properties that differ
from those in conventional livestock systems, which is relevant to food biotechnology,
sustainability, and public health [14,15].

The aim of this work was to characterize indigenous LAB isolates in terms of their
technological, safety and antimicrobial properties and to select promising candidate strains
for further evaluation as protective or starter cultures in traditional goat meat products.

2. Materials and Methods
2.1. Sampling

Fifty-four samples of goat meat were taken from different sites on goats reared in the
Souss-Massa area (Morocco), belonging to three categories of products (fresh, fermented
and dried, fermented meat) of 18 each. Samples of meat were categorized as fresh, fer-
mented or dried-fermented. Fresh meat was untreated muscle obtained soon after slaughter
and was not subjected to seasoning, fermentation or drying. The fermented meat was
sliced into slices and mixed with a customary mix of spices and olive oil and fermented
spontaneously in covered food-grade containers at ambient temperature (2025 °C) for
around 24-48 h. Dried fermented meat was produced by utilizing the same formulation and
fermentation technique followed by traditional sun drying for about 5-7 days at daytime
temperatures of 25-35 °C, with the meat shielded from dust, insects and other sources
of contamination. Samples were collected from male goats aged approximately between
6 and 12 months. Meat samples were taken from the muscle and carcass region within
1-2 h after slaughter and delivered to the laboratory under refrigerated conditions. All
animals were conventionally reared in a traditional extensive system in the pseudo-arid
agro-sylvo-pastoral zone characterized by Argania spinosa [2,16], where diet and environ-
ment may influence the composition of the animals’ gastrointestinal microbiota [17]. All
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carcass parts (shoulder, leg, and loin) were sampled to minimize the potential impact of the
skeletal part [18].

Each sample (~200 g) was excised aseptically from the meat cuts, placed in sterile
stomacher bags, labelled, and transported at 4 °C to the laboratory [19].

The samples were prepared for analysis within 4-6 h or preserved at 4 °C for no more
than 12 h to limit changes post mortem by microorganisms and help properly preserve the
natural microbiota [20].

2.2. Microbiological Isolation

Mesophilic LAB were isolated by culture-dependent techniques. Twenty-five grams
of ground meat product of each sample were homogenized in 225 mL buffered peptone
water. The medium was made in dehydrated form at 25.5 g/L and contains peptone
(10.0 g/L), sodium chloride (5.0 g/L), disodium hydrogen phosphate dodecahydrate
(9.0 g/L) and potassium dihydrogen phosphate (1.5 g/L). The medium was dissolved in
distilled water, poured into appropriate containers and sterilized by autoclaving at 121 °C
for 15 min. The final pH was 7.0 £ 0.2 at 25 °C. The phosphate-buffering technique provided
near-neutral conditions during sample preparation and thereby facilitated recovery of
stressed or sub-lethally wounded bacteria. The homogenates were then serially diluted
and plated on de Man, Rogosa and Sharpe (MRS) or GM17 agar (Biokar Diagnostics,
Beauvais, France)—acetate- and citrate-based composition acts to inhibit the growth of
competing microbiota to enhance LAB [9]. Plates were incubated anaerobically at 30 °C for
48-72 h [13]. Putative isolates were purified on fresh MRS agar and identified presumptively
by microscopy and standard biochemical tests [21].

2.3. Preliminary Antimicrobial Screening

The antagonistic activity of each isolate was originally screened qualitatively by
double-layer agar overlay [22]. An overnight culture of the producer was standardized to
~108 CFU/mL and 3-10 uL were spotted onto MRS agar and grown at 30 °C for 24-48 h. The
producer cells were killed by exposure to chloroform, and the plates were overlaid with soft
agar (0.7-0.75%), containing indicator bacteria (Listeria monocytogenes and Staphylococcus
aureus) in exponential phase (~10° CFU/mL).

The plates were incubated for 24 h and the presence of the clear inhibition halos sur-
rounding the producer cells noted as a measure of antagonistic activity. Cross-antagonism
between the selected LAB isolates was determined using the same overlay technique.

2.4. Antimicrobial Activity by Agar Well Diffusion

Agar well diffusion assays were used to determine the antibacterial activity of the
LAB isolates” extracellular metabolites. Cell-free supernatants (CFS) were prepared from
24-48 h MRS broth (Biokar Diagnostics, Beauvais, France) cultures of each isolate by
centrifugation (13,000 x g, 15 min, 4 °C) followed by filtration of a 200 uL aliquot of the
supernatant through a 0.22 pm membrane filter [23]. The indicator strains comprised Listeria
monocytogenes CECT 935 and Salmonella enterica serovar Enteritidis CECT 4396, obtained
from the Spanish Type Culture Collection (CECT, Valencia, Spain), and Staphylococcus
aureus ArFMSAOQ19, from our laboratory collection. The strains were cultured in Tryptic
Soy Broth at 37 °C for 18 h, and the cell suspensions were adjusted to approximately
1.5 x 108 CFU/mL (0.5 McFarland, OD600) [24]. Known volumes (100 uL) of each indicator
suspension were applied evenly to Mueller—-Hinton agar (BD, Becton Dickinson, Franklin
Lakes, NJ, USA) plates using sterile glass beads, punched with a sterile cork borer (8§ mm
diameter) and loaded with 100 puL of each CFS. The plates were incubated at 37 °C for 24 h.

The diameters (mm) of the inhibition zones were used as a measurement of antibacte-
rial activity. To differentiate acid inhibition from activity owing to antibacterial peptides
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(bacteriocin-like), certain aliquots of CFS were titrated to pH 7.0 prior to use [8]. All assays
were performed in duplicate.

2.5. Phenotypic and Biochemical Characterization

The presumptive LAB were phenotypically characterized. Colony and cell morphology
was described based on growth on MRS agar following Gram stain, and catalase, oxidase
and CO; production were determined by standard methods; Gram-positive, oxidase- and
catalase-negative isolates were considered as presumptive LAB [4]. Growth was assessed in
MRS broth at 545 °C, pH 3.5-10.0 and 2.0, 4.0 and 6.5% (w/v) NaCl, in test tubes, by means
of turbidity and OD600 following anaerobic incubation [25]. Biochemical identification
was carried with the API 20 Strep system, and carbohydrate fermentation profiles with
the API 50 CHL system (bioMérieux, Marcy—l’Etoile, France), following the instructions of
manufacturers [26]. All assays were performed in triplicate.

2.6. Technological Properties

Proteolytic activity was assessed on skim milk agar (MRS agar supplemented with
10% w/v skim milk powder) by spot inoculation and incubation at 30 °C for 48-72 h; a clear
halo around the colony was scored as positive for casein hydrolysis [10]. Lipolytic activity
was evaluated on Tween 80 agar after incubation at 30 °C for 48-72 h, with a clear zone
around the colony recorded as positive. All assays were performed in duplicate.

2.7. Safety-Related Traits

Gelatinase activity was assessed in nutrient gelatin stabs (12% gelatin) incubated at
30 °C; persistent liquefaction after chilling at 4 °C was scored as positive, and only non-
gelatinolytic isolates were considered suitable [11]. Hemolytic activity was determined
on 5% sheep blood agar after 24-48 h at 37 °C and classified as 3-, -, or y-hemolysis;
only y-hemolytic isolates were retained [27]. Antibiotic susceptibility was tested by the
disc diffusion method following CLSI guidelines [12]. The isolates were spread evenly on
agar, antibiotic discs were applied, and inhibition-zone diameters were measured after
overnight incubation at 30 °C. Commercial antibiotic impregnated paper discs were used
according to the manufacturer’s instructions. Antibiotic discs were obtained commercially
from Mast Group Ltd., Bootle, Merseyside, United Kingdom. European distributor listed
on the product box is likewise Mast Diagnostica GmbH, Reinfeld, Germany. The discs
tested were ampicillin (15 pg), penicillin G (10 U), kanamycin (30 pg), spectinomycin
(100 pg), flumequine (30 pg), methicillin (15 pg), amoxicillin (25 pg), vancomyecin (30 pug),
ciprofloxacin (5 pg), chloramphenicol (30 pg), netilmicin (30 pg), fusidic acid (10 ug),
and gentamicin (10 pg). Results were interpreted as resistant (<12.4 mm), intermediate
(12.5-17.4 mm), or susceptible (>17.5 mm). All assays were performed in triplicate.

2.8. Molecular Identification by 165 rRNA Gene Sequencing

Isolates were grown on YPG medium at 30 °C for 72 h, and genomic DNA was ex-
tracted from cell pellets following ISO 22174:2024 [28]. DNA concentration and purity
were measured by NanoDrop spectrophotometry (Berthold Technologies GmbH & Co.
KG, Bad Wildbad, Germany). The near full-length 165 rRNA gene (~1500 bp) was am-
plified with the universal primers pA (5-AGAGTTTGATCCTGGCTCAG-3') and pH
(5'-AAGGAGGTGATCCAGCCGCA-3') using Green-Taq DNA polymerase (Canvax, Boe-
cillo, Spain). The cycling conditions were 94 °C for 5 min; 35 cycles of 94 °C for 30 s,
56 °C for 30 s, and 72 °C for 30 s; and a final extension at 72 °C for 5 min. Products were
purified (ExoSAP-IT), (Affymetrix Inc., Santa Clara, CA, USA; supplied by Thermo Fisher
Scientific),and Sanger-sequenced (BigDye Terminator v3.1) on an Applied Biosystems Se-
gStudio analyzer (Applied Biosys-tems, Thermo Fisher Scientific, Waltham, MA, USA).

https://doi.org/10.3390 /applmicrobiol6080095


https://doi.org/10.3390/applmicrobiol6080095

Appl. Microbiol. 2026, 6, 95

50f 15

Sequences were compared with the NCBI GenBank database using BLASTn, BLASTn (Basic
Local Alignment Search Tool for nucleotides) on the NCBI web server (National Center for
Biotechnology Information, Bethesda, MD, USA) version 2.17.0+ and species were assigned
on the basis of highest identity, query coverage, and E-value. Sequences generated in this
study were deposited in the NCBI GenBank database; the corresponding accession num-
bers are designed as follow MG1117 (PZ298424), MG1612 (PZ068411), MG1706 (PZ068436),
MG1714 (PZ069392), MG1924 (PZ069393), and MG4013 (PZ069394).

3. Results
3.1. Isolation and Selection of Antagonistic LAB

A total of 2304 presumptive LAB isolates were obtained from the goat meat samples
and initially screened based on their growth on MRS or GM17 media, Gram-positive re-
action and catalase- and oxidase-negative features. Among these isolates, 108 showed
antimicrobial activity, eight were from fresh meat, 21 from fermented meat and 79 from
dried-fermented meat. After removal of duplicate isolates and estimation of the intensity
and range of their antimicrobial activity a shortlist of 27 isolates was prepared for further
screening (two from fresh meat, nine from fermented meat and 16 from dried-fermented
meat). After secondary screening, selection based on the greatest and broadest antagonistic
activity, phenotypic traits and potential for later safety and technological assessment, finally
six isolates were retained for comprehensive characterization. These isolates produced the
largest inhibition zones among the active cultures and exhibited broad-spectrum antagonis-
tic activity against the investigated indicator pathogens, namely Salmonella enterica, Listeria
monocytogenes, and Staphylococcus aureus. Isolates showing weak or narrow-spectrum inhi-
bition were excluded. The larger number of active isolates recovered from dried-fermented
meat implies that traditional fermentation and drying conditions may be conducive to the
selection of LAB with antibacterial potential (Table 1).

Table 1. Distribution of antimicrobial LAB isolates from goat meat.

Selected Isolates Active Isolates Positive Samples Samples (1) Sample Type
2 8 4 18 Fresh meat
9 21 7 18 Fermented meat
16 79 11 18 Dried-fermented meat
27 108 22 54 Total
3.2. Phenotypic and Physiological Characteristics
All six selected isolates were Gram-positive and catalase- and oxidase-negative. Three are
cocci capable of growth at 1045 °C, in 6.5% NaCl and in a range of 4.5 < pH < 10. Three are
bacilli able to grow at 5-35 °C in 6.5% NaCl and in a pH range of 4.5 < pH < 8 (Table 2).
These features indicate salt tolerance and adaptability to varying storage conditions.
Table 2. Phenotypic and physiological characteristics of selected LAB isolates.
NaCl Temp . . Accession
6.5% pH ©0) CO; Morphology Oxidase Catalase Gram Species Number Isolate
+ 4.5-10 1045 — Cocci - - + E. thailandicus PZ298424 MG1117
+ 4.5-10 1045 - Cocci - - + E. faecium PZ068411 MG1612
+ 4.5-10 1045 Cocci - - + E. faecium PZ068436 MG1706
+ 4.5-8 5-35 + Bacilli — - + L. sakei PZ069392 MG1714
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Table 2. Cont.
NaCl Temp . . Accession
6.5% pH ©0) CO; Morphology Oxidase Catalase Gram Species Number Isolate
+ 45-8 5-35 + Bacilli - - + L. sakei PZ069393 MG1924
+ 45-8 5-35 + Bacilli — — + L. sakei PZ069394 MG4013

(+) Positive reaction, activity or growth detectable under the test conditions (—) Negative reaction, no
detectable activity or growth.

3.3. Growth Characteristics and Fermentative Diversity of Selected Lactic Acid Bacterial Isolates

All six isolates grew consistently in MRS, GM17, M17 and BHI media, which demon-
strates the wide culturability and metabolic adaptability of the isolates in both selective and
nutrient-rich environments. The isolates included E. thailandicus, E. faecium and L. sakei. The
Enterococcus isolates were homofermentative, in agreement with carbohydrate fermentation
dominated by lactic acid. By contrast, all the L. sakei isolates were heterofermentative,
suggesting production of CO, and a more diverse fermentation profile. These results show
differences in fermentative metabolism related to species but also confirm good growth
performance in the test media (Table 3).

Table 3. Comparative growth capacity and fermentative phenotypes of selected LAB isolates in
differential culture media.

Fermentation Type BHI M17 GM17 MRS Species Isolate
Homofermentative + + + + E. thailandicus MG1117
Homofermentative + + + + E. faecium MG1612
Homofermentative + + + + E. faecium MG1706
Heterofermentative + + + + L. sakei MG1714
Heterofermentative + + + + L. sakei MG1924
Heterofermentative + + + + L. sakei MG4013

+: Growth detected.

3.4. Antimicrobial Activity

The results demonstrate that all LAB isolates exhibited measurable antibacterial ac-
tivity against the three indicator pathogens, although the magnitude of inhibition was
clearly strain- and pathogen-dependent. Overall, L. monocytogenes was the most susceptible
target, with inhibition zones ranging from 24.0 to 34.5 mm, and the strongest activity being
recorded for MG1706 (E. faecium; 34.5 mm), followed by MG1714 and MG4013 (L. sakei;
29.9 and 29.7 mm, respectively). In contrast, inhibition of Salmonella was comparatively
moderate and less variable (17.5-24.9 mm), with the highest activity observed for MG1714
and MG1924 (24.7 and 24.9 mm). The response of S. aureus was more heterogeneous
(15.3-27.9 mm), with MG4013 showing the greatest inhibitory effect (27.9 mm), whereas
MG1924 exhibited the weakest anti-staphylococcal activity (15.3 mm). Collectively, these
findings indicate substantial functional heterogeneity among the LAB isolates and identify
MG1706, MG1714, and MG4013 as the most promising candidates, owing to their strong
and/or broad-spectrum antibacterial performance (Figure 1). Neutralized CFS retained
antimicrobial activity, suggesting that the inhibitory effect may not be solely due to organic
acids and could involve bacteriocin-like substances (Figure S1).
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M L. monocytogenes M S. aureus I S. enterica Enteritidis

Inhibition zone diameter (mm)

MG1117 MG1612 MG1706 MG1714 MG1924 MG4013

E. thailandicus E. faecium E. faecium L. sakei L. sakei L. sakei

Figure 1. Antibacterial activity of the six selected LAB isolates against L. monocytogenes, S. aureus, and
S. enterica ser. Enteritidis (inhibition zone diameter, mm; agar well diffusion). Values are means of
two determinations; bars indicate the range.

3.5. Proteolytic, Gelatinase, Hemolytic and Lipolytic Activity

None of the isolates showed proteolytic, lipolytic, hemolytic or gelatinase activity.
This confirms their potential suitability for food preservation without causing undesirable
degradation of meat proteins or fats.

3.6. Antibiotic Resistance

Table 4 shows the antibiotic susceptibility profiles of the three Enterococcus isolates.
Across the thirteen agents tested, every response fell into the susceptible (S) or interme-
diate (I) category and none of these isolates reached the resistance breakpoint. Antibiotic
susceptibility data are not reported here for the three L. sakei isolates.

Table 4. Antibiotic susceptibility profiles of the Enterococcus isolates.

E. faecium (MG1706) E. faecium (MG1612) E. thailandicus (MG1117) Antibiotic (Disc)
I S S Ampicillin (15 ug)
S S S Penicillin (10 U)
S I S Kanamycin (30 ug)
S S I Spectinomycin (100 ug)
S S S Flumequine (30 ug)
I I S Methicillin (15 pg)
S S S Amoxicillin (25 pg)
S I I Vancomycin (30 ug)
S I S Ciprofloxacin (5 pg)
S S S Chloramphenicol (30 pg)
I S I Netilmicin (30 pg)
S I S Fusidic acid (10 pg)
S S I Gentamicin (10 pg)

Note: S = sensitive: >17.5 mm; I = intermediate: 12.5-17.4 mm.

The two E. faecium isolates did not share a common profile, indicating that suscepti-
bility in this collection is strain-dependent rather than species-dependent. Intermediate
responses were distributed across unrelated antibiotic classes rather than clustering within
a single class, a pattern more consistent with strain-level phenotypic variation than with
a shared resistance mechanism. Because an intermediate phenotype does not in itself
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indicate an acquired or transferable determinant, these responses are interpreted here as an
indication for genotypic follow-up rather than as evidence of resistance.

Overall, these profiles are favourable for food application, although the intermediate
responses indicate that further phenotypic and genotypic characterization is required before
the strains can be exploited for technological or probiotic purposes [29] (Table 4).

3.7. Cross-Antagonism Activity Between Selected Strains

The cross-antagonism assay indicated that the LAB isolates” inhibitory network was
rather strain-dependent, with most pairwise interactions showing no detectable antagonism.
Thus, the inhibition effect was not general but limited to some combinations of producer
indicators. It is important to note that isolates from the same species did not share the same
activity profiles, indicating a large intraspecific variability. Among the isolates tested, one
isolate of L. sakei exhibited the broadest inhibitory spectrum with strong activity against
MG 1924 and additional inhibition against MG 1117 and MG 4013. The other strains of
L. sakei showed a different and narrower pattern of antagonism. The two E. faecium isolates
also exhibited a significant difference: one isolate exhibited significant inhibition, especially
against MG 4013, while the other isolate exhibited no detectable action. Overall, the results
show a significant inter- and intraspecific variability in antagonistic potential, indicating
the isolate-specific character of inhibitory activity in this collection of LAB (Table 5).

Table 5. Cross-antagonistic activity among LAB isolates assessed by inhibition zone assay.

MG4013 MG1924 MG1714 MG1706 MG1612 MG1117 Producer/Indicator
_ _ _ — — ok MG1117 E. thailandicus
+4++ - - + o - MG1612 E. faecium
_ - — oy — - MG1706 E. faecium
+ +++ e — — + MG1714 L. sakei
_ *kkk — — — — MG1924 L. sakei
#kF _ _ ++ — + MG4013 L. sakei

The size of the inhibition zones served as presence or absence of antagonism: — means no antago-
nism (0 mm); + means weak antagonism (>0-8 mm); ++ means moderate antagonism (>8-10 mm);
+++ means strong antagonism (>10-15 mm); **** = self (not applicable).

3.8. Biochemical and Molecular Identification of Selected Isolates

API 20 Strep profiling preliminarily identified most isolates as E. faecium. API 50 CHL
profiling preliminarily identified three of the isolates as Latilactobacillus. Molecular anal-
ysis using molecular-biology reagents and sequencing instruments supplied by Thermo
Fisher Scientific (Waltham, MA, USA), confirmed two isolates as E. faecium and one as
E. thailandicus, and revealed that a distinct group belonged to L. sakei (three isolates), with
similarity values ranging from 86.82% to 99.44% and high query coverage. Phylogenetic
analysis further supported these assignments, clustering the isolates into two well-defined
clades corresponding to the genera Enterococcus and Latilactobacillus. An external sequence
(S. enterica subsp. salamae) was used as an outgroup, allowing clear rooting of the tree and
confirming the phylogenetic separation between enterococci and lactobacilli (Figure 2).
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3_0: Latilactobacillus sakei NR 104208
30 Latilactobacillus sakei PP 916896
Latilactobacillus sakei NR 042443

Latilactobacillus sakei NR 115172
33 Latilactobacillus sakei NR 113821

29

29

Latilactobacillus sakei THAFMG4013 PZ069394

T Latilactobacillus sakei THAFMG1924 PZ069393
71

Uncultured bacterium clone EU776565

Latilactobacillus sakei THAFMG1714 PZ069392
r— Latilactobacillus curvatus NR 042437

38 L Salmonella enterica NR 044372

Enterococcus faecium THAFMG1612 PZ068411

L: Enterococcus faecium PV942312
64 Enterococcus faecium ON142154

Enterococcus faecium T110 THAFMG1706 PZ068436
Enterococcus faecium NR 114742

Enterococcus thailandicus NR 044160
Enterococcus durans NR 113900
Enterococcus durans NR 113257

48 _|: Enterococcus thailandicus THAFMG 1117 PZ298424
51

Enterococcus thailandicus NR 114015

35

36

37

Figure 2. Phylogenetic tree of selected LAB using 16S ribosomal RNA partial sequence.

4. Discussion

The present study showed that goat meat produced in the argan grove production
system of Souss-Massa is a prospective source of naturally occurring lactic acid bacteria
(LAB) with antagonistic properties. Active isolates were recovered from fresh, fermented
and dried-fermented goat meat indicating the presence of functionally important LAB in
these traditional meat products. The number of isolates of antimicrobial activity was higher
in fermented and dried-fermented samples than in fresh meat. This can be related to the
selection pressure applied in processing such as decrease in water activity, salt exposure,
acidification and competition between micro-organisms.

Traditional fermented meat products were previously identified as valuable sources of
autochthonous LAB with antibacterial, technological and bioprotective potential [29,30].
However, the traits identified in this study cannot be directly linked to the argan grove
environment as no LAB isolated from non-argan production systems and commercial
reference cultures were included for comparison. Consequently, these isolates should be
considered potential candidates associated with the argan-based goat production system
rather than unique strains specifically linked to Argania spinosa. Although post-slaughter
hygiene, processing, and storage conditions directly shape the microbial communities
developing on meat, the argan-based diet may indirectly influence the microbiota by modi-
fying the animals’ gastrointestinal and associated microbial populations, some of which
may be transferred to the carcass during slaughter and subsequent handling. Additional
comparative studies with isolates from different geographical locations and production
systems are needed to determine whether the environment of the argan grove influences
specific microbiological or functional properties [13,31].

The discovered isolates were E. thailandicus, E. faecium and L. sakei and they all demon-
strated growth in MRS, GM17, M17 and BHI media. The wide culturability suggests
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metabolic flexibility and justifies their technological importance for meat-based fermen-
tation or biopreservation systems. The recovery of L. sakei is of special relevance given
the significant association of this species with meat and fermented meat habitats and its
widespread recognition as adapted to protein-rich environments [32,33]. Enterococcus spp.
are also expected in traditional fermented foods, but their application as protective cultures
requires more rigorous safety assessment because members of this genus may possess
strain-dependent virulence features or antibiotic resistance determinants.

The antimicrobial assay showed specific inhibition which is strain and pathogen
dependent. Among the investigated indicator pathogens, L. monocytogenes exhibited the
highest susceptibility with inhibition zones of 34.5 mm for E. faecium MG1706, and 29.9 and
29.7 mm for L. sakei MG1714 and MG4013. This significant anti-Listeria activity is of great
relevance since L. monocytogenes is still one of the most major safety concerns in ready-to-eat
and fermented meat products. Recent reviews highlight that LAB inhibits L. monocytogenes
by several methods including organic acids generation, bacteriocins synthesis, competition
for nutrients and ecological dominance in the food matrix [34].

The continued antibacterial activity after neutralization of the cell-free supernatants
implies that suppression was not solely due to acidification. This result supports the
likely participation of bacteriocin-like inhibitory compounds or other pH-independent
antimicrobial metabolites. Similar interpretations have been reported for LAB isolated
from traditional meat products, where neutralized supernatants retained activity against
Listeria and other Gram-positive pathogens, indicating probable bacteriocin mediated
effects [13,34]. However, the bacteriocin-like nature of the inhibitory compounds should
be proved by proteolytic enzyme sensitivity, molecular screening of bacteriocin genes,
purification and mass spectrometric characterization.

The higher inhibition of L. monocytogenes than of S. enterica seems biologically plau-
sible since the outer membrane of Gram-negative bacteria is a permeability barrier that
may restrict the access of LAB-derived bacteriocins and antimicrobial peptides to their
cellular targets [35]. Nevertheless, the moderate inhibition of Salmonella observed in this
study is still of technological relevance, particularly because LAB metabolites may con-
tribute to the control of pathogens when combined with complementary preservation
hurdles such as refrigeration, salt, vacuum packaging, modified-atmosphere packaging
or plant-derived antimicrobials [36,37]. Thus, the present results suggest that LAB-based
bioprotection should be considered as a part of an integrated hurdle strategy and not as
a single antimicrobial measure.

The lack of hemolytic, gelatinase, proteolytic and lipolytic activities of the selected
LAB isolates was considered as a safety advantage [38,39]. The lack of hemolytic ac-
tivity reduces concerns about cytotoxicity and possible pathogenicity, and the lack of
gelatinase is especially relevant as gelatinase production is considered an undesirable
virulence-associated trait, particularly in food-associated Enterococcus strains [38]. Ab-
sence of significant proteolytic and lipolytic activities also indicates that the isolates are
unlikely to cause over-degradation of meat proteins and lipids, which could affect texture,
flavour development and product stability in fermented meat systems. In conclusion, the
safety-related traits shown by the selected isolates qualify them as candidates for further
technological testing as potential bioprotective cultures.

Antibiotic susceptibility profiles are presented here only for Enterococcus isolates
(Table 4). Susceptibility is strain-specific not species-specific and cannot be predicted on the
basis of species identity. For instance, L. sakei subsp. sakei 2a [40] was found to be multidrug
resistant and positive for vanA, underscoring the importance of safety screening at the
strain level.
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The varied patterns identified for the E. faecium isolates are in keeping with the
variability observed in enterococci associated with diet. Food-derived E. faecium strains
were reported to be resistant to aminoglycosides and phenotypically susceptible based on
genetic resistance factors [40-42]. The absence of transmissible or acquired resistance genes
is not implied by intermediate inhibition.

The phenotypic characterization of Enterococcus thailandicus MG1117 can likewise
be considered preliminary. Some isolates are phenotypically susceptible, although clini-
cally relevant resistance genes such as optrA and poxtA have been discovered in public
E. thailandicus genomes [43]. Thus, MG1117 is a potential candidate, but a quantitative
MIC determination and whole-genome screening for acquired resistance genes and mo-
bile genetic elements according to EFSA safety-assessment guidelines are required before
introduction into food cultures [44] (Tables 4 and 5). This is important because the E. fae-
cium from food, livestock and environmental sources can carry resistance determinants,
virulence-associated markers, plasmids and mobile genetic elements [41,45]. However, the
presence of phenotypic resistance does not exclude a strain to be used in food application,
since some resistance traits in enterococci might be intrinsic rather than acquired [46].
The main safety concern is related to the presence of transferable antimicrobial resistance
genes, especially when in association with plasmids or other mobile genetic elements [47].
Any additional use of the E. faecium isolates should therefore be subject to whole-genome
sequencing including specific screening for acquired antimicrobial resistance genes, viru-
lence determinants, plasmids, insertion sequences and other mobile genetic elements [48].
This recommendation is in accordance with the EFSA QPS framework, which evaluates
taxonomic identity, body of knowledge and safety concerns, including strain-level qualifi-
cations where relevant, for microorganisms intentionally introduced into the food or feed
chain [44].

The cross-antagonism test also validates the need for strain level selection to produce
multi-strain starter or protection cultures. Most pairwise interactions did not show notice-
able inhibition indicating that numerous isolates may be compatible for combination use.
However, the presence of strong or moderate antagonistic interactions in several selected
pairs, suggests that inhibitory activity across LAB is not homogeneous but extremely strain
specific [48,49]. This is particularly important in the design of starter cultures, as incompati-
ble strains may inhibit each other during fermentation, leading to a reduction in population
stability, metabolic performance and antibacterial activity [48-51]. By contrast, suitable
strains with overlapping technical and antibacterial spectra may be useful for enhanced
pathogen control, consistency in fermentation and ecological stability within complicated
food matrices [30].

Thus, regarding the dataset combination, MG4013 appears to be the most promising
candidate due to its strong antibacterial activity, lack of negative enzymatic activities and
good compatibility profile, although its antibiotic susceptibility remains to be determined.
Such a multi-criterion prioritization approach is in line with recent LAB selection frame-
works proposing the evaluation of antimicrobial efficacy in combination with technical
applicability and safety-related properties rather than in isolation [48]. Also, MG1714
showed a promising profile due to its significant anti-Listeria activity, but its antibiotic
susceptibility remains to be established by standardized MIC based susceptibility testing
before any application-oriented claim can be made [51,52]. The antibiotic resistance pro-
file should be considered cautiously, even though the highest anti-Listeria activity was
observed in MG1706. MG1706 should be considered a potential source of antimicrobial
metabolites or bacteriocin-associated genes and not a ready-to-use live protective culture
until whole-genome sequencing has been conducted to rule out the presence of acquired
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antimicrobial-resistance genes, virulence determinants, plasmids and other mobile genetic
elements [44,53].

This study has the advantage of focusing on an under-researched ecological and
cultural niche, i.e., goat meat from animals bred in the ecology of the argan grove in Souss-
Massa. Unique microbial communities can be found in such traditional agro-sylvo-pastoral
systems, which are moulded by the local vegetation, animal husbandry, climate and pro-
cessing processes. This makes the study of microbiological and biotechnological relevance.
However, there are some limits that need to be acknowledged. First, the study is based on
culture-dependent isolation, which could lead to an underestimation of the total variety of
LAB. Second, antimicrobial activity was evaluated in vitro and real meat systems may show
different performances due to matrix effects, salt concentration, lipid content, pH, tempera-
ture and microbial competition. Third, 165 rRNA sequencing allows meaningful taxonomic
assignment but is not discriminative enough for comprehensive safety assessment. Thus,
future work should comprise whole-genome sequencing, metabolomic analysis of cell-free
supernatants, bacteriocin purification, challenge tests in goat meat and sensory evaluation
under realistic storage circumstances.

5. Conclusions

The present study indicates that Moroccan goat meat from the Souss-Massa argan
grove ecosystem is a promising source of native LAB with bioprotective potential. The
selected isolates exhibited a wide growth capacity, relevant physiological adaptability and
measurable antimicrobial activity against main foodborne pathogens, especially L. monocy-
togenes. The inhibition after neutralization of pH indicates that antimicrobial effects may
involve bacteriocin-like or other non-acidic metabolites. Among the tested strains, L. sakei
MG4013 showed the most promising results, due to its wide spectrum of antimicrobial
activity, and the absence of hemolytic, gelatinase, proteolytic and lipolytic activities. These
results favour the use of some selected indigenous LAB as natural protective cultures for
traditional meat products and as a clean-label preservation strategy. However, genomic
safety evaluation, bacteriocin characterization and in situ validation in goat meat products
are required before industrial application.
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/ /www.mdpi.com/article/10.3390 /applmicrobiol6080095/s1, Figure S1: Antibacterial activity of
the selected lactic acid bacteria isolates against the indicator pathogens by agar well diffusion. Wells
(8 mm diameter) were loaded with 100 pL of cell-free supernatant from each isolate and plates were
incubated at 37 °C for 24 h. (a) Isolates MG1117, MG1612, MG1706 and MG1714; (b) isolates MG1924
and MG4013. CN, negative control.
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