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A B S T R A C T   

In this study, 327 presumptive lactic acid bacteria (LAB) were isolated from goats’ milk acid curds produced at a 
Sicilian dairy farm with the aim to identify potential starter cultures for traditional cheeses. All isolates were first 
processed by randomly amplified polymorphic DNA (RAPD)-PCR analysis. This approach identified 63 distinct 
strains which were evaluated for their acidifying capacity. Only 15 strains specifically stood out for their acid-
ification capacity and were identified through 16S rRNA gene sequencing as Lactococcus lactis (11 strains) 
Enterococcus faecalis (three strains), and Ligilactobacillus animalis (one strain). Notably, all 15 LAB isolates pro-
duced bacteriocin-like inhibitory substances and anti-biofilm compounds, against both planktonic and biofilm 
forms of Listeria monocytogenes, Salmonella Enteritidis, Escherichia coli, and Staphylococcus aureus, albeit at 
varying levels. Among these 15 LAB, En. faecalis RGM25 and Lc. lactis RGM55, susceptible to five antibiotics 
tested, were put in contact with wooden vat prototypes, because all equipment used in traditional cheese pro-
duction in Sicily are made of wood. Scanning electron microscopy and bacterial plate counts of the wooden vat 
prototypes showed the development of biofilms at levels of approximately 6.0 log CFU/cm2. Overall, this study 
contributes to establishing a custom-made LAB starter cultures with bio-preservatives properties for Sicilian 
cheese productions.   

1. Introduction 

The growing awareness and higher expectations of consumers 
regarding the quality of agri-food products have given rise to a market of 
items strongly associated with specific regions; examples include tradi-
tional cheeses made in distinct geographical areas. Goat milk, known for 
its excellent digestibility, nutritional richness, and lower allergenic 
compounds compared to cow’s milk, plays a vital role in a healthy diet, 
particularly for children and the elderly (Yang et al., 2023). 

Cheese production technology hinges on two key processes: lactic 
acid coagulation facilitated by lactic bacteria (LAB) and rennet coagu-
lation catalysed by enzymes found in animal rennet. In the cheese- 
making process, starter LAB (SLAB) play a crucial role in curd acidifi-
cation, while non-starter LAB (NSLAB) contribute to maturation (Set-
tanni and Moschetti, 2010). When specific starter cultures are not 

directly inoculated into the milk, the primary sources of SLAB include 
the milk’s microbiota, equipment, animal rennet, and the processing 
environment (Beresford et al., 2001; Franciosi et al., 2009). Raw milk 
and the entire cheese production process can harbour pathogenic bac-
teria, posing a risk of contaminating the final dairy products. Key factors 
crucial for ensuring cheese safety encompass milk quality, LAB, pH 
levels, salt content, control of ripening conditions, and the chemical 
transformations that occur during cheese maturation. To enhance 
cheese hygiene, a strategic approach involves utilizing bacteriogenic 
LAB as starters or co-cultures (Settanni and Moschetti, 2014). Numerous 
studies have highlighted the production of bacteriocins by SLAB, which 
serve as effective biopreservatives for cheeses (Hernández et al., 2005; 
Niederhäusern et al., 2020; O’Sullivan et al., 2006; Trejo-González et al., 
2022). Additionally, the by-products resulting from SLAB catabolism not 
only aid in cheese preservation but also contribute to its flavour, aroma, 
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and texture, thereby playing a pivotal role in defining the unique 
characteristics of the final product (Guarcello et al., 2016; Monfredini 
et al., 2012). 

Utilizing autochthonous bacteria specifically adapted to the pro-
duction region, local raw materials, and traditional protocols impart 
distinctive characteristics to cheeses (Settanni and Moschetti, 2014). In 
Sicily, where most traditional cheeses are crafted, raw milk from native 
breeds serves as the primary ingredient. The cheese-making process 
involves the use of wooden equipment (Busetta et al., 2023a; Busetta 
et al., 2023b; Gaglio et al., 2016a; Scatassa et al., 2015). Furthermore, 
the ripening of these cheeses takes place on wooden shelves (Settanni 
et al., 2021; Wadhawan et al., 2021), aligning with European Regulation 
(EC) No 2074/2005, which recognizes and preserves the unique features 
of traditional food products (Commission Regulation, 2005). Wood is 
commonly used in cheese production in France and Italy, and several 
studies have confirmed its microbiological safety (Busetta et al., 2023a; 
Cruciata et al., 2018; Gaglio et al., 2016a; Lortal et al., 2014; Scatassa 
et al., 2015; Sun and D’Amico, 2023a, 2023b). Investigations into 
wooden surface biofilms consistently reveal the presence of desired 
dairy LAB while excluding pathogenic species like Listeria monocytogenes 
and Salmonella spp. Traditional Sicilian cheeses, ripened on wooden vat 
surfaces, benefit from the full spectrum of dairy LAB species essential for 
both fermentation (Lortal et al., 2009; Scatassa et al., 2015; Settanni 
et al., 2012) and maturation (Di Grigoli et al., 2015). 

LAB exhibit an affinity for wooden surfaces, adhering to both each 
other and the wood through their self-produced matrix of extracellular 
polymeric substances (EPS). This collective assembly of microorganisms 
is known as a biofilm (Vert et al., 2012). Biofilms naturally immobilize 
cells when microorganisms attach to solid surfaces - whether biotic or 
abiotic - in submerged environments. The high cell density within the 
biofilm enables bacteria to withstand various stressors, including pH 
fluctuations and periods of nutrient lack (Tatsaporn and Kornkanok, 
2020). 

This study aimed to select custom-made LAB starter cultures from 
acid curds. After isolation, LAB were characterised based on their 
technological properties and food safety and, final, applied onto wooden 
vat prototypes to evaluate their ability to form biofilms necessary in 
traditional Sicilian cheese making. 

2. Materials and methods 

2.1. Isolation of LAB from acid curd samples 

Curd samples were collected during cheese making at Tenuta Manchi 
farm, located in Caccamo (Palermo, Italy). Specifically, eight curd 
samples were obtained from a single producer following a traditional 
production protocol that excluded the addition of starter LAB in eight 
production days. The milk samples were obtained from the same 
Camosciata delle Alpi goat breed during various lactation periods (spe-
cifically, in July and October 2021, and March and July 2022), and the 
curds were sampled approximately 24 h after rennet was added. The 
curds were carefully transferred into sterile plastic bags and transported 
to the laboratory under refrigeration. Once at the laboratory of Agri-
cultural Microbiology – University of Palermo – the curds were divided 
into two aliquots from each sample and kept at 30 ◦C and 44 ◦C. When 
the pH dropped to 3.5–4.0, 10 g of each acidified curd was homogenised 
in a 90 mL sodium citrate solution (2 %, w/v) using a Stomacher (Bag-
Mixer® 400, Interscience, Saint Nom, France) at the maximum speed. 
The curd suspensions were serially diluted (at a 1:10 ratio) in Ringer’s 
solution. Cell suspensions were then plated on agar media to cultivate 
different microbial groups. Total mesophilic microorganisms (TMM) 
were cultured on plate count agar (PCA) supplemented with 1 g/L skim 
milk (SM); this medium is commonly used for dairy samples under 
aerobic incubation at 30 ◦C for 72 h. Thermophilic and mesophilic LAB 
cocci were grown on M17 agar. These cultures were incubated anaero-
bically in hermetically sealed jars at 44 and 30 ◦C, respectively, for 48 h. 

Thermophilic and mesophilic LAB rods were cultivated on de Man- 
Rogosa-Sharpe (MRS) agar, which was acidified to pH 5.4 with lactic 
acid (5 M). These cultures were also incubated anaerobically at 44 and 
30 ◦C for 48 h. All media and supplements were purchased from Oxoid 
(Milan, Italy). Plate counts were performed in duplicate. Following these 
steps, presumptive LAB colonies were characterised using the method 
outlined by Settanni et al. (2012). Briefly, LAB colonies were purified by 
successive sub-culturing, and the purity was checked microscopically. 
The isolates were phenotypically characterised firstly by determining 
the Gram type after treatment with 3 % (w/v) KOH and the production of 
catalase enzyme by transferring a fresh colony to a glass slide followed 
by addition of 5 % (v/v) H2O2. Rods and cocci were then differently 
evaluated: LAB rods were grouped based on their cell arrangement, 
growth at 15 and 45 ◦C and CO2 production from glucose, while LAB 
cocci were tested for growth at pH 9.2 and with 6.5 % (w/v) NaCl. 

2.2. DNA extraction, genotypic differentiation, and identification of LAB 

Cell lysis for DNA extraction was performed using the Instagene 
Matrix kit (Bio-Rad, Hercules, CA) as described by the manufacturer. 
Strain differentiation was performed by random amplification of poly-
morphic DNA-PCR (RAPD-PCR) analysis in a 25-μL reaction mix using 
single primers M13 (Stenlid et al., 1994), AB111, and AB106 as reported 
by Gaglio et al. (2017). The polymorphic profiles resulting from PCR 
were analysed using GelCompare II software version 6.5 (Applied- 
Maths, Saint-Marten-Latem, Belgium). This software helps to assess the 
similarity among PCR pattern products. Thus, the isolates exhibiting 
significant similarity are interpreted as representing the same strain. 
Genotypic identification of LAB with different RAPD-PCR profiles was 
performed using 16S rRNA gene amplification and sequencing. DNA was 
used to amplify the 16S rRNA gene (1500 bp) using the primers F1 
(GAGTTTGATCCTGGCTCAG) and R12 (ACGGCTACCTTGTTACGACT) 
(Coy et al., 2014). The resulting DNA amplicons were verified by elec-
trophoresis on 1 % w/v agarose gel, followed by purification using the 
QIAquick purification kit (Qiagen S.p.a., Milan, Italy). Subsequently, 
these amplicons were sequenced using the same primers employed for 
PCR amplification, following the Sanger method at BMR Genomics s.r.l. 
(Padova, Italy). The sequence outputs were analysed using the align-
ment tool (BLAST), revealing a percentage of identity with sequences 
available in the NCBI database of at least 99 %. The sequence dataset 
was deposited in the GenBank database under Acc. No. PP130098 – 
PP130112. 

2.3. Acidification capacity 

The 63 LAB isolates were grown overnight in either M17 or MRS 
medium and then collected by centrifugation at 5000 ×g for 5 min. The 
resulting cell pellet was washed with Ringer’s solution (Sigma-Aldrich, 
Milan, Italy) and subsequently resuspended in the same solution. To 
evaluate their acidifying capacity, each strain of LAB was tested using 
10 mL of full-fat ultra-high temperature (UHT) goat’s milk (Biancoviso, 
Saluzzo, Italy). The milk was inoculated with 1 % (v/v) of the cell sus-
pension, achieving a final concentration of approximately 107 CFU/mL. 
The incubation took place at 30 ◦C, and pH measurements were recor-
ded at 2-h intervals during the initial 8 h, followed by measurements at 
24, 48, and 72 h after inoculation (Settanni et al., 2013). 

2.4. Antibiotic resistance determination 

The minimum inhibitory concentration (MIC) of five different anti-
biotics [ampicillin (AMP), vancomycin (VA), tetracycline (TE), eryth-
romycin (E), ceftriaxone (CTX)] (Oxoid) commonly used in veterinary 
medicine, was determined for 15 LAB. These antibiotics represent 
various classes and were tested using the broth dilution method on 96- 
well plates. The MIC values were then compared to the established 
cut-off values for resistance, as defined in the guidelines for Lactococcus 
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spp., Ligilactobacillus spp., and Enterococcus spp. by the Clinical and 
Laboratory Standards Institute (CLSI, 2020). Isolates demonstrating 
resistance to three or more antibiotic classes were classified as 
multidrug-resistant (MDR). For isolates resistant to tetracycline, a PCR- 
colony assay was conducted to detect specific antibiotic resistance genes 
(tetA, tetC, tetD and tetW) using DreamTaq DNA Polymerase (Thermo 
Fisher Scientific, Beverly, MA, USA) following the manufacturer’s in-
structions and the following primers: tetA-F (GCTACATCCTGCTTG 
CCTTC) and tetA-R (CATAGATCGCCGTGAAGAGG), tetC-F (CTTGA-
GAGCCTTCAACCCAG) and tetC-R (ATGGTCGTCATCTACCTGCC), tetD- 
F (AAACCATTACGGCATTCTGC) and tetD-R (GACCGGATACACCAT 
CCATC), tetW-F (ACATCATTGATACTCCAGGTCACG) and tetW-R 
(TTTCACTTTGTGGTTGAACCCCTC). En. faecalis ATCC49532 was used 
as a positive control. 

2.5. Production of bacteriocin-like inhibitory substances 

The antibacterial activity of 15 LAB was assessed against four food-
borne pathogen strains: L. monocytogenes ATCC19114, Salmonella 
Enteritidis ATCC13076, Escherichia coli ATCC25922, Staphylococcus 
aureus ATCC33862 (Table 2). The inhibitory activities were evaluated 
using the well diffusion assay (WDA), following the methodology 
modified by Corsetti et al. (2008). All experiments were performed in 
triplicate, and streptomycin served as the positive control. The super-
natants showing inhibitory properties were treated with proteinase K 
(12.5 U/mg), protease B (45 U/mg), and trypsin (10.6 U/mg) diluted to 
1 mg/mL in phosphate buffer (pH 7.0) to verify the proteinaceous nature 
of the active substances. After incubating at 37 ◦C for 2 h, the remaining 
activity was measured by a second WDA. All enzymes were purchased 
from Sigma-Aldrich. 

2.6. Crystal-violet biofilm assay 

The ability of 15 LAB isolates to form biofilms was assessed as 
described previously (Capri et al., 2023). Briefly, axenic pre-cultures of 
selected LAB were inoculated in either MRS or M17 broth media. Bac-
terial growth occurred over approximately 48 h at 30 ◦C. Each bacterial 
isolate was then inoculated (1 % v/v, corresponding to ca 1 × 107 CFU/ 
mL) into 200 μL of fresh MRS or M17 media. These cultures were ali-
quoted into 96-well flat-bottom polystyrene plates. The plates were 
incubated under static conditions at 30 ◦C for 24 h. After this incubation 
period, the absorbance values of planktonic cells were measured at 600 
nm using a microplate reader (BioTek® - Synergy HT, Santa Clara, CA, 
USA). The suspension was discarded, and the wells underwent three 
washes with sterile water to eliminate any trace of loosely attached cells. 
Bacterial biofilms were stained with 200 μL solution of crystal violet 
(0.1 % w/v) in water, allowing the staining process to occur for 15 min at 
room temperature. After staining, the wells were once again washed 
with sterile water to remove any unbound dye. The wells were then 
dried at 65 ◦C for 30 min. Finally, crystal violet was dissolved using a 
200 μL solution of acetic acid (33 % v/v) in water, and the absorbance 
was measured at 600 nm. The specific biofilm formation (SBF) index was 
calculated using the formula reported by Capri et al. (2023). En. faecalis 
ATCC49532 was used as a positive control. 

2.7. Anti-biofilm activity of LAB supernatant against pathogenic biofilm 
formation 

The overnight cultures of 15 LAB underwent centrifugation at 
10,000 ×g for 10 min to separate cell pellets and supernatants. The 
supernatants were then filtered using a 0.45 μm microfilter (Millipore, 
Billerica, MA, USA). Subsequently, 1 mL of the supernatant was com-
bined with 1 mL of an overnight culture containing L. monocytogenes 
ATCC19114, S. Enteritidis ATCC13076, E. coli ATCC25922, and St. 

Fig. 1. Schematic preparation of wooden vat prototype and biofilm sampling: A, raw beech wood board; B, planed beech wood board; C, squares of planed beech 
wood planks measuring 3 × 3 cm; D, insertion of the wooden squares into the bacterial suspension; E, biofilm sampling following 48 h of contact with bacterial 
suspensions. 
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aureus ATCC33862 (107–108 CFU/mL). These cultures, along with the 
LAB supernatants, were incubated at 37 ◦C for 24 h. After incubation, 
the resulting biofilms were stained with crystal violet (as described 
above). The optical density at 600 nm was measured using a microplate 
reader (BioTek® - Synergy HT). Finally, the biofilm-forming ability 
under each condition was compared based on the intensity of the crystal 
violet staining. A t-test was conducted to assess statistical significance 
(p-value < 0.05). 

2.8. Biofilm production on wooden surfaces 

Two LAB (Lc. lactis RGM25 and En. faecalis RGM55) were pre- 
cultured due to their excellent technological properties and safe char-
acteristics for food applications. The pre-cultures were established by 
inoculating a single colony into M17 broth and allowing bacterial 
growth for approximately 48 h at 30 ◦C. Subsequently, each bacterial 
isolate and a co-culture of both strains were inoculated (1 % v/v, cor-
responding to approximately 1 × 107 CFU/mL) into 30 mL of fresh M17 
medium for another 48 h at the same temperature. Wooden vat pro-
totypes (measuring 3 × 3 cm), representing tanks used in dairy pro-
duction, were placed in contact with the bacterial cultures for 48 h at 
30 ◦C (Fig. 1). Wooden vat prototypes were prepared from a chestnut 
board; chestnut wood is historically used to prepare the dairy wooden 
equipment for cheese making in western Sicily (Di Grigoli et al., 2015; 
Gaglio et al., 2016a; Scatassa et al., 2015; Settanni et al., 2012). Thus, 
the wooden squares prepared in this study can be considered as 
adequate mimetic assay for real wooden vats. The resulting biofilm on 
the wood surface was collected using a sterile swab and then diluted in 
Ringer’s solution. Additionally, the wood was exposed to 20 mL of 
commercial UHT goat’s milk (Biancoviso) for 15 min to assess any po-
tential release during fermentation. Simultaneously, negative controls 
were analysed, consisting of the growth medium with wood and milk but 
without bacterial inoculation. To quantify the bacterial load, cell sus-
pensions from wood surface samples and milk samples underwent dec-
imal serial dilutions in Ringer’s solution and were incubated on plate 
counting agar (PCA) supplemented with 1 g/L skim milk and M17 agar 

for 48 h at 30 ◦C. 
The plate count data underwent statistical analysis using one-way 

variance analysis (ANOVA). The software employed for this purpose 
was XLSTAT, version 2020.3.1 for Microsoft Excel (Addinsoft, New 
York, NY, USA). The growth medium served as the variable included in 
the model. To ascertain differences between means, Tukey’s test was 
applied with a significance level of p < 0.05. 

2.9. Scanning electron microscopy 

The formation of microbial biofilms on the wooden vat prototype 
surfaces was examined using scanning electron microscopy (SEM) (FEI 
Quanta 200F; FEI, Holland). Specifically, rectangular wood splinters 
(measuring 50 × 35 mm and 1–2 mm thickness) were aseptically 
sampled both before and after activation. To prepare the samples, they 
underwent dehydration following the method outlined by Mallia et al. 
(2005) and subsequent drying as described by Lortal et al. (2009). These 
wooden splinters were then mounted with the side that had been in 
contact with the bacterial suspension facing upward on an aluminium 
holder. To enhance visualization, all specimens were sputter coated with 
gold (20 mÅ; 300 s) (Edwards S150A sputter coater) and observed under 
SEM. 

3. Results and discussion 

3.1. Microbiological analysis 

In this investigation, the LAB community of raw goat milk curds was 
studied and subjected to acidification at varying temperatures. Based on 
phenotypic appearance, approximately four colonies per morphology 
were isolated from each medium used for LAB counts. These media 
included PCA at 30 ◦C, MRS, and M17 at 30 ◦C and 44 ◦C as depicted in 
Fig. 2. A total of 327 colonies were isolated and propagated in broth 
media corresponding to those used for plate counts. After Gram and 
catalase testing, all isolates were still considered presumptive LAB cul-
tures, characterised by being Gram-positive and catalase-negative. The 

Fig. 2. Microbial load (log CFU/g) of acidified curd samples. Results indicate mean values ± standard deviations. Abbreviations: PCA 30 ◦C, plate count agar added 
with skim milk incubated at 30 ◦C detection of total mesophilic counts; MRS, de Man-Rogosa-Sharpe agar for detection of mesophilic (30 ◦C) and thermophilic 
(44 ◦C) rod LAB; M17, medium 17 agar for detection of mesophilic (30 ◦C) and thermophilic (44 ◦C) coccus LAB. 
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acidified curds exhibited a cell density of approximately 9 log CFU/g on 
M17 agar (30 ◦C), primarily comprising mesophilic cocci LAB. These 
levels were comparable to those of TMM. Conversely, the counts on MRS 
agar at 44 ◦C showed a decrease of at least 2 log cycles, indicating a 
decline in thermophilic LAB rods. In our study, an increase in mesophilic 
lactic strains was observed, which could influence the sensory profile of 
dairy products and their final yield (Ayivi et al., 2020; Coelho et al., 
2022). Furthermore, the decrease in thermophilic strains is probably due 
to the autolytic capacities of these bacteria. Streptococcus thermophilus 
strains are capable of growing normally and undergoing extensive lysis 
at the end of growth, under appropriate conditions (Husson-Kao et al., 
1999, 2000). The autolytic capacity favours the activity of the intra-
cellular enzymes involved in the formation of aromatic compounds, 
allowing their release into the curd, and influencing the sensory 

properties (Husson-Kao et al., 2000). The autochthonous microbial 
community in goat’s milk may likely originate primarily from utensils, 
environmental conditions, and preservation techniques. These factors 
may have contributed to the dominance of lactococci (Perin and Nero, 
2014). To further investigate, RAPD analysis was conducted on all iso-
lates using three single primers. The results revealed a total of 63 distinct 
strains among the goat’s milk curd isolates (Fig. S1). 

3.2. Technological screening 

Before genetic identification, the presumptive 63 LAB isolates un-
derwent assessment for their acidifying capacity. The acidification ki-
netics (Fig. 3-A) showed that 15 different strains exhibited the fastest 
decrease in the milk pH. These strains achieved pH values ranging from 

Fig. 3. Acidification kinetics (A) and phylogenetic tree based on 16S rRNA gene (B) of the most performing LAB. Abbreviations: En., Enterococcus; Lc., Lactococcus; 
Lgb., Ligilactobacillus. 

Table 1 
Antibiotic resistance profile of LAB.  

Species Strain Antibiotics 

Ampicillin Vancomycin Tetracycline Erythromycin Ceftriaxone 

Lc. lactis RGM8 S S R S I 
Lc. lactis RGM20 I S S S S 
En. faecalis RGM25 S S S S S 
Lgb. animalis RGM33 I S n.a. S n.a. 
Lc. lactis RGM55 S S S S S 
Lc. lactis RGM57 S S S S I 
Lc. lactis RGM91 S S I S S 
Lc. lactis RGM139 I S S I I 
En. faecalis RGM157 S S R S S 
Lc. lactis RGM160 I S I S I 
Lc. lactis RGM162 I S I S I 
En. faecalis RGM180 S S R S S 
Lc. lactis RGM194 I S R S S 
Lc. lactis RGM199 S S S S S 
Lc. lactis RGM327 S S I S S 

Abbreviations: En., Enterococcus; Lc., Lactococcus; Lgb., Ligilactobacillus; R., resistant; I., intermediate resistant; S., susceptible; n.a., not analysed. 
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3.76 to 4.51 after 24 h of fermentation. Notably, the bacterial strain 
RGM199 emerged as the most efficient acidifier, with milk inoculated by 
this strain reaching a pH of 5.76 within just 8 h. Except for RGM33, all 
other strains induced a pH drop below 5.00 after 24 h and below 4.5 
after 48 h. The release of organic acids, mainly lactic and acetic acids, by 
LAB, plays a crucial role in lowering the pH, reducing the risk of path-
ogen contamination, and creating a more favourable environment for 
the resident microbiota (Hossain et al., 2017). An optimal starter LAB is 
characterised by rapid acidification, contributing to the texture, flavour, 
and preservation of dairy products (Ayivi et al., 2020; Coelho et al., 
2022; Mayo et al., 2021). 

3.3. Genetic identification 

All 15 isolates were genetically identified as Lc. lactis (11 strains), 
Enterococcus faecalis (three strains), and Ligilactobacillus animalis (one 
strain) (Fig. 3-B). While the presence of En. faecalis in dairy products is 
often linked to fecal contamination, it is worth noting that, according to 
Commission Regulation (EC) No 1441/2007, enterococci in food do not 
necessarily indicate such contamination (Commission Regulation, 
2007). Enterococci contribute to enhancing organoleptic characteristics 

and produce bacteriocins, which aid in extending product shelf life. 
Certain strains of enterococci are also utilized as components in cheese 
adjunct cultures or as probiotics (Cruciata et al., 2014; Gaglio et al., 
2016b; Scatassa et al., 2015). Additionally, Lactococcus spp. and Ligi-
lactobacillus spp. are commonly found in goat milk, as reported in several 
studies (De Almeida Júnior et al., 2015; Makete et al., 2017; Picon et al., 
2016). Their prevalence over other bacterial strains may be influenced 
by factors such as goat breeds, environment, and husbandry practices. 

3.4. Antibiotic susceptibility of LAB strains 

Several studies (Frétin et al., 2018; Obioha et al., 2023; Stefańska 
et al., 2021; Wang et al., 2019) have demonstrated that LAB strains 
exhibit antibiotic resistance to different classes of antibiotics, influenced 
by factors such as the dairy product variety or LAB species. Conse-
quently, the European Food Safety Authority (EFSA) strongly recom-
mends screening starter cultures before commercialization (EFSA, 
2018). In our study, the MIC values for all tested antibiotics (Table 1) 
remained within acceptable limits, as defined by the CLSI guidelines, 
across all 15 LAB isolates. Notably, no resistance was observed for the 
five antibiotic classes, except in the case of four strains: specifically, two 
Lc. lactis strains (RGM8 and RGM199) and two En. faecalis strains 
(RGM157 and RGM180) displayed resistance to tetracycline, although 
the specific resistance genes (tetA, tetC, tetD and tetW) were absent in any 
of the strains. 

Antibiotic resistance has been observed in strains of different LAB 
species isolated from raw milk and artisanal goat cheese in various 
studies (Budiati et al., 2022; Da Silva et al., 2019; Herreros et al., 2005; 
Perin and Nero, 2014; Yang et al., 2023). Among these, tetracycline 
resistance was the most prevalent. These bacteria serve as a potential 
reservoir of antimicrobial resistance genes (ARGs) that can be horizon-
tally transferred to other commensal bacteria, as well as pathogenic and 
opportunistic species (Gargano et al., 2021; Sucato et al., 2021; Vitale 
et al., 2019). Interestingly, LAB may inherently possess resistance to 
tetracycline (Chang et al., 2011; Lüdin et al., 2018; Rojo-Bezares et al., 
2006) due to its absorption and accumulation within their cells (Ste-
fańska et al., 2021). 

3.5. Antibacterial activity and biofilm production 

To assess the competitive advantages of the 15 LAB, the test was 
conducted to evaluate their antibacterial compound production against 
four foodborne pathogen indicators (Table 2). All tested strains exhibi-
ted antibacterial activities against at least one indicator pathogen strain. 

Table 2 
Bacteriocin-like inhibitory activity of LABa.  

Species Strain Indicator strainsb 

ATCC19114 ATCC13076 ATCC25922 ATCC33862 

Lc. lactis RGM8 1.65 ± 0.21 2.05 ± 0.21 – – 
Lc. lactis RGM20 1.40 ± 0.28 1.80 ± 0.00 1.95 ± 0.21 1.35 ± 0.07 
En. faecalis RGM25 1.45 ± 0.07 1.80 ± 0.14 2.00 ± 0.00 1.75 ± 0.07 
Lgb. animalis RGM33 1.85 ± 0.21 1.85 ± 0.07 1.90 ± 0.14 1.70 ± 0.14 
Lc. lactis RGM55 2.05 ± 0.21 1.90 ± 0.28 1.45 ± 0.07 1.65 ± 0.07 
Lc. lactis RGM57 1.60 ± 0.28 1.50 ± 0.28 – – 
Lc. lactis RGM91 2.05 ± 0.07 2.15 ± 0.07 – 1.60 ± 0.00 
Lc. lactis RGM139 – 1.65 ± 0.07 1.65 ± 0.07 – 
En. faecalis RGM157 2.15 ± 0.07 2.15 ± 0.07 – 1.75 ± 0.35 
Lc. lactis RGM160 2.35 ± 0.21 2.00 ± 0.00 – 1.55 ± 0.35 
Lc. lactis RGM162 1.85 ± 0.21 1.60 ± 0.00 – – 
En. faecalis RGM180 2.40 ± 0.14 1.85 ± 0.21 – – 
Lc. lactis RGM194 1.40 ± 0.14 1.85 ± 0.21 1.75 ± 0.07 1.50 ± 0.14 
Lc. lactis RGM199 2.10 ± 0.00 2.15 ± 0.07 – 1.50 ± 0.14 
Lc. lactis RGM327 2.25 ± 0.21 2.45 ± 0.07 – 1.60 ± 0.14 

Results indicate mean ± standard deviations. Symbols: – no inhibition found. 
a Width of the inhibition zone (millimeters). 
b Bacterial species: Listeria monocytogenes ATCC19114; Salmonella Enteritidis ATCC13076; Escherichia coli ATCC25922; Staphylococcus aureus ATCC33862. 

Fig. 4. Biofilm production by LAB after 24 h and 3 d. Results indicate mean 
values ± standard deviations. Enterococcus faecalis ATCC49149 was used as a 
positive control. 
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Consequently, all 15 LAB tested were classified as bacteriogenic. All LAB 
produced hypothetical bacteriocins specifically targeting S. Enteritidis. 
Among the LAB strains, five (RGM20, RGM25, RGM33, RGM55, and 
RGM194) showed antibacterial activity against Gram-positive and 
Gram-negative indicator strains. Lc. lactis RGM139 exhibited inhibitory 
activity primarily against Gram-negative indicator strains (S. Enteritidis 
and E. coli) (Table 2). Notably, the bacterial strains RGM20, RGM25 and 
RGM33 demonstrated the highest inhibition, considering both the 
number of indicator strains affected and the width of the inhibition 
areas. 

Moreover, all 15 LAB were tested for biofilm formation, since bio-
films act as a barrier against the growth of spoilage and pathogenic 
microorganisms. Biofilm forming capacity of nine LAB strains (RGM20, 
RGM25, RGM33, RGM57, RGM91, RGM139, RGM157, RGM160, and 
RGM327) during this period, was higher than the strains RGM55, 
RGM162, RGM180, RGM194, and RGM199 (Fig. 4). Moreover, the LAB 

strains RGM20, RGM33, RGM55, RGM139, RGM194, and RGM327 
exhibited greater biofilm production compared to the other tested 
strains. 

Bacteriogenic LAB strains play a critical role in ensuring the micro-
biological safety of raw milk cheeses (Psoni et al., 2007; Schirru et al., 
2012). Our findings underscore that strains isolated from acid curd 
inhibit pathogen proliferation by producing antimicrobial metabolites 
with a broad range, including organic acids, diacetyl, hydrogen 
peroxide, ethanol, bacteriocin and bactericidal proteins (Vieco-Saiz 
et al., 2019). Notably, bacteriocins employ mechanisms such as inhibi-
tion of cell wall synthesis or formation of pores in the cell membrane 
(Miao et al., 2016; Yi et al., 2020). These actions block ATP production 
and arrest cellular metabolism, which explains the ability of our tested 
hypothetical-bacteriogenic LAB strains to inhibit the growth of the two 
Gram-negative pathogens, S. Enteritidis and E. coli. 

3.6. Anti-biofilm activity of LAB against foodborne pathogens 

Supernatants of all 15 LAB were tested against the biofilm formation 
of four foodborne pathogen indicators. From nine different Lc. lactis 
strains (RGM8, RGM55, RGM57, RGM91, RGM160, RGM162, RGM194, 
RGM199, and RGM327), three En. faecalis strains (RGM25, RGM157, 
and RGM180), and Lgb. animalis strain RGM33 showed significant ef-
fects on the biofilm formation of L. monocytogenes (Fig. 5-A). Addition-
ally, S. Enteritidis biofilm development (Fig. 5-B) was significantly 
influenced by supernatants from eight Lc. lactis strains (RGM8, RGM20, 
RGM55, RGM91, RGM139, RGM160, RGM199, and RGM327), En. fae-
calis strain RGM157 and Lgb. animalis strain RGM33 at varying levels. 
E. coli biofilm formation (Fig. 5-C) was affected by supernatants from 
four Lc. lactis strains (RGM20, RGM55, RGM139, and RGM194), En. 
faecalis strains RGM25, and Lgb. animalis strain RGM33. In Fig. 5-D, the 
graph illustrates those supernatants from three Lc. lactis strains (RGM55, 
RGM91, and RGM327), two En. faecalis strains (RGM25 and RGM157), 
and Lgb. animalis strain RGM33 led to a reduction in St. aureus biofilm 
production. 

Fig. 5. Anti-biofilm activities of the isolated LAB supernatant against biofilm formations of four foodborne pathogen strains. Listeria monocytogenes ATCC19114 (A), 
Salmonella Enteritidis ATCC13076 (B), Escherichia coli ATCC 25922 (C), and Staphylococcus aureus ATCC 33862 (D). The t-test was used to compare the significant 
difference in the growth based on OD600 (*p < 0.05, **p < 0. 001). Abbreviations: OD, optical density; En., Enterococcus; Lc., Lactococcus; Lgb., Ligilactobacillus. 

Table 3 
Microbial loads in biofilms of wooden prototypes and goat milk after contact 
with activated wooden surfaces.  

Sample Bacterial counts 

PCA 30 ◦C M17 30 ◦C 

Wooden:   
RGM25 6.24 ± 0.06 A 6.27 ± 0.07 A 

RGM55 5.54 ± 0.14 B 5.62 ± 0.01 B 

RGM25 + RGM55 5.69 ± 0.06 B 5.76 ± 0.08 B 

p-Value 0.001 0.001 
Milk after contact:   

RGM25 6.06 ± 0.03 B 5.48 ± 0.03 A 

RGM55 6.35 ± 0.07 A 5.29 ± 0.04 B 

RGM25 + RGM55 6.27 ± 0.01 A 5.43 ± 0.05 A 

p-Value 0.001 0.005 

Units are log CFU/cm2 for vat surfaces and log CFU/mL for milk samples. Results 
indicate mean values ± standard deviations. Data within a column followed by 
the same letter are not significantly different according to Tukey’s test. 
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Most of the supernatants from the isolated LAB strains (five strains, 
accounting for 33.3 %) exhibited activity against two different patho-
genic strains. Specifically: the supernatant from Lc. lactis strains 
(RGM20, RGM139, and RGM194) had a significant effect solely on 
Gram-negative bacterial biofilm formation (Fig. 5-B and C). In contrast, 
the other supernatants demonstrated broad-spectrum effects across 
biofilms of both Gram-positive and Gram-negative foodborne patho-
gens. Notably, Lactococcus lactis strain RGM55 and Ligilactobacillus ani-
malis strain RGM33 exhibited a similar level of inhibition against biofilm 
formation for all the tested pathogens. 

The complex and compact biofilm matrix produced by pathogens, 
comprising multiple layers of cells and EPS, hinders the penetration of 
disinfectants. Thus, eliminating biofilm cells becomes challenging (Al 
Atya et al., 2016; Sudagidan and Yemeni̇ Ci̇Oğlu, 2012). In our study, 
most of the tested LAB strains effectively reduced biofilms formed by 
L. monocytogenes, S. Enteritidis, E. coli, and St. aureus. This reduction was 

attributed to the production of antimicrobial metabolites and organic 
acid. Additionally, previous research has highlighted the bacteriocin- 
producing abilities of Lc. lactis and En. faecalis (Ben Braïek et al., 
2019; Luo et al., 2021; Raheel et al., 2023; Rocha et al., 2019). These 
bacteriocins can either inhibit biofilm formation by reducing the pop-
ulation of planktonic cells and bacterial attachment on surfaces or 
eradicate existing biofilms by inactivating cells within them, thus 
countering various foodborne pathogens. 

Therefore, the combination of different bacteriogenic starters is 
crucial, especially for raw milk-based dairy products. These co-cultures 
serve as preservatives, effectively reducing the potential emergence of 
resistant bacterial communities. Simultaneously, they enhance food 
safety, quality, and shelf life without compromising the taste and sen-
sory attributes of the products or posing any harm to consumers. 

Fig. 6. Scanning electron microscopy observations of wooden splinters. (A) Virgin wood. (B) Wooden prototype activated with the Enterococcus faecalis RGM25. (C) 
Wooden prototype activated with the Lactococcus lactis RGM55. (D) Wooden prototype activated with the Enterococcus faecalis and Lactococcus lactis RGM25 +
RGM55 in multi strain combination. 
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3.7. Activation of wooden vat prototypes 

The biofilm formed by the two strains En. faecalis RGM25 and Lc. 
lactis RGM55 offers several advantages for industrial applications. These 
benefits stem from their technological properties, including microbio-
logical safety due to the absence of antimicrobial resistance. Addition-
ally, these strains produce bacteriocin-like compounds that inhibit 
growth and biofilm formation in tested pathogenic strains. LAB- 
produced biofilms can serve as a protective shield against pathogens 
and their associated biofilms. Furthermore, the ability to form biofilms 
allows LAB to withstand challenging environmental conditions, enhance 
biomass, and improve the quality of fermented foods. 

This study highlights the role of co-cultures in biofilm formation, 
irrespective of whether the strains exhibit a symbiotic association. En. 
faecalis RGM25 and Lc. lactis RGM55 were cultured individually, as well 
as in a co-culture on wooden vat prototypes to assess biofilm formation 
and to examine the release of strains from the wood into milk during the 
preparation steps of dairy products. 

In the wooden vat prototypes activated with RGM25, RGM55, and 
RGM25 + RGM55, levels similar to those commonly found in biofilms 
that develop in wooden vats used for cheese production were registered 
(Table 3). LAB densities in milk are consistently affected by biofilms on 
wooden surfaces, particularly when the initial levels are below 6 log 
CFU/mL (Didienne et al., 2012; Scatassa et al., 2015). Interestingly, the 
study by Lortal et al. (2009) demonstrated that these biofilms, which 
form on wooden vats used in cheese-making, serve as efficient delivery 
systems for dairy LAB. 

The scanning electron microscopy analysis results, obtained from 
wood splinters collected after 48 h of exposure to different inoculums, 
are shown in Fig. 6. The wood splinter that was in contact with only M17 
medium for 48 h (Fig. 6A) showed no microbial attachment. However, 
the wood splinter exposed to En. faecalis RGM25 (Fig. 6B), Lc. lactis 
RGM55 (Fig. 6C), and the RGM25 + RGM55 co-culture (Fig. 6D) dis-
played bacterial cocci attachment. These cocci generated a visible exo-
polysaccharide (EPS) matrix, which is characteristic of biofilm 
structures on wooden surfaces. The presence of EPS and bacterial cocci 
corroborated the results obtained from the bacterial count. SEM in-
spection revealed the absence of bacterial cells on the surfaces of virgin 
wood, while bacterial aggregates were evident within the EPS matrices. 
Notably, previous studies have demonstrated that LAB can indeed form 
biofilms in wooden equipment (Cruciata et al., 2018; Gaglio et al., 
2016a; Gaglio et al., 2019; Gaglio et al., 2022; Sun and D’Amico, 2023a, 
b). 

4. Conclusions 

This study provided, for the first time, an in-depth characterization 
and selection of LAB from acidified curds obtained from raw goat’s milk. 
The primary objective was to identify acidifying LAB strains capable of 
forming biofilms on wooden surfaces during traditional Sicilian goat’s 
milk cheese production. While cow’s and sheep’s milk cheese produc-
tion systems have been extensively studied, goat’s milk cheese produc-
tion remains an area that requires further investigation. 

Our research findings revealed that only two strains (En. faecalis 
RGM25 and Lc. lactis RGM55) were able to form biofilms on wooden vat 
prototypes and release cells into milk. For this reason, the application of 
these two LAB strains in co-cultures might enhance production pro-
cesses, improve cheese quality, and enhance food safety in producing 
Sicilian raw goat’s milk cheeses. Further studies will be carried out to 
perform a microbial activation of wooden vats with the strains selected 
in the present study, in order to stabilize traditional Sicilian raw goat’s 
milk cheese production. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ijfoodmicro.2024.110752. 
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Niederhäusern, S. de, Camellini, S., Sabia, C., Iseppi, R., Bondi, M., Messi, P., 2020. 
Antilisterial activity of bacteriocins produced by lactic bacteria isolated from dairy 
products. Foods 9 (12), 1757. https://doi.org/10.3390/foods9121757. 

Obioha, P.I., Anyogu, A., Awamaria, B., Ghoddusi, H.B., Ouoba, L.I.I., 2023. 
Antimicrobial resistance of lactic acid bacteria from Nono, a naturally fermented 
milk product. Antibiotics 12 (5), 843. https://doi.org/10.3390/ 
antibiotics12050843. 

O’Sullivan, L., O’Connor, E.B., Ross, R.P., Hill, C., 2006. Evaluation of live-culture- 
producing lacticin 3147 as a treatment for the control of Listeria monocytogenes on 
the surface of smear-ripened cheese. J. Appl. Microbiol. 100 (1), 135–143. https:// 
doi.org/10.1111/j.1365-2672.2005.02747.x. 

Perin, L., Nero, L., 2014. Antagonistic lactic acid bacteria isolated from goat milk and 
identification of a novel nisin variant Lactococcus lactis. BMC Microb. 14 (1), 36. 
https://doi.org/10.1186/1471-2180-14-36. 
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