GCAT
TACG
GCAT genes

Article

Screening and Genomic Profiling of Antimicrobial Bacteria
Sourced from Poultry Slaughterhouse Effluents: Bacteriocin
Production and Safety Evaluation

Nuria Peifia, Irene Lafuente, Ester Sevillano, Javier Feito
, Pablo E. Hernandez

Luis M. Cintas

check for
updates

Citation: Penia, N.; Lafuente, L.;
Sevillano, E.; Feito, J.; Contente, D.;
Munoz-Atienza, E.; Cintas, L.M.;
Hernandez, PE.; Borrero, J. Screening
and Genomic Profiling of
Antimicrobial Bacteria Sourced from
Poultry Slaughterhouse Effluents:
Bacteriocin Production and Safety
Evaluation. Genes 2024, 15, 1564.
https://doi.org/10.3390/
genes15121564

Academic Editor: Jacqueline Smith

Received: 11 November 2024
Revised: 22 November 2024
Accepted: 26 November 2024
Published: 2 December 2024

Copyright: © 2024 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/).

, Diogo Contente, Estefania Mufioz-Atienza ),
and Juan Borrero *

Departamento de Nutricion y Ciencia de los Alimentos (NUTRYCIAL), Seccion Departamental de Nutricion y
Ciencia de los Alimentos (SD-NUTRYCIAL), Facultad de Veterinaria, Universidad Complutense de

Madrid (UCM), Avenida Puerta de Hierro, s/n, 28040 Madrid, Spain; nuriapen@ucm.es (N.P.);
irelafue@ucm.es (I.L.); estsev01@ucm.es (E.S.); j.feito@ucm.es (J.F.); diogodas@ucm.es (D.C.);
ematienza@ucm.es (E.M.-A.); Icintas@vet.ucm.es (L.M.C.); ehernan@vet.ucm.es (P.E.H.)

* Correspondence: jpborrero@ucm.es

Abstract: Background/Objectives: Antimicrobial-resistant (AMR) pathogens represent a serious
threat to public health, particularly in food production systems where antibiotic use remains
widespread. As a result, alternative antimicrobial treatments to antibiotics are essential for effectively
managing bacterial infections. This study aimed to identify and characterize novel antimicrobial pep-
tides produced by bacteria, known as bacteriocins, as well as to recognize safe bacteriocin-producing
strains, sourced from poultry slaughterhouse effluents. Methods: A total of 864 bacterial isolates
were collected across eight stages of a poultry slaughter line and screened for antimicrobial activ-
ity against Gram-positive and Gram-negative indicator strains. Whole-genome sequencing (WGS)
was performed on 12 selected strains, including Enterococcus faecium (6 isolates), Lactococcus lactis
(1 isolate), Lactococcus garvieae (1 isolate) and Escherichia coli (4 isolates). The presence of bacteriocin
gene clusters (BGC), antibiotic resistance genes (ARG), and virulence factors (VF) was analyzed. The
antimicrobial activity of a novel bacteriocin was further evaluated using in vitro cell-free protein
synthesis (IV-CFPS). Results: WGS revealed multiple BGCs, including a novel class IId bacteriocin,
lactococcin P1A (LenP1A), in L. lactis SWD9. LenP1A showed antimicrobial activity against various
indicator strains, including Listeria monocytogenes. While most bacteriocin-encoding strains harbored
ARGs and VFs, E. faecium SWG6 was notable for its absence of ARGs and minimal VFs, highlighting
its potential as a probiotic. Conclusions: These findings underscore the importance of discovering
novel bacteriocins and safer bacteriocin producing strains to address antimicrobial resistance in the
food chain. Further research would validate the efficacy of both the novel lactococcin P1A bacteriocin
and the E. faecium SWG6 isolate for application in processed food and animal production systems.

Keywords: bacteriocins; Enterococcus faecium; enterocins; Lactococcus lactis; Lactococcus garvieae;
lactococcins; E. coli; colicin; microcin

1. Introduction

The global rise of antimicrobial resistance (AMR) has become one of the most pressing
public health challenges of the 21st century. As antibiotics continue to be heavily used in
both human and veterinary medicine, their overuse and misuse have accelerated the emer-
gence of antibiotic-resistant bacteria [1]. This is especially problematic in the agricultural
sector, where antibiotics are extensively used for disease prevention, growth promotion,
and infection control in livestock [2]. The widespread use of antibiotics in these settings
has resulted in the accumulation of resistant bacteria in the food production chain, raising
concerns about the transmission of AMR to humans through consumption or environmen-
tal exposure [3]. A recent report estimates that, without immediate intervention, global
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antibiotic consumption could increase by 200% by 2030, further exacerbating the AMR
crisis [4].

Poultry production is a key area of focus for AMR control due to the high levels of
antibiotic use and the potential for cross-contamination between livestock and humans [5,6].
Effluents from poultry slaughterhouses, in particular, are significant reservoirs of antibiotic-
resistant bacteria, providing an environment in which bacteria can acquire and exchange
resistance genes. These effluents, which can enter the environment via water and soil
systems, pose a serious risk for the spread of AMR through indirect pathways. This
includes the contamination of crops irrigated with tainted water and the introduction
of resistant bacteria into the wider food chain [7]. Controlling the spread of pathogenic
bacteria in these settings requires interventions that not only reduce bacterial presence but
also prevent the dissemination of resistance genes. To combat this growing threat, there
is an urgent need for innovative antimicrobial strategies that can be safely integrated into
the food production systems. These strategies should reduce reliance on conventional
antibiotics while controlling pathogenic bacteria [8].

Among the various strategies being explored, bacteriocins have emerged as a promis-
ing alternative to traditional antibiotics. Bacteriocins are ribosomally synthesized antimi-
crobial peptides produced by bacteria, exhibiting potent activity against closely related
bacterial strains. Unlike broad-spectrum antibiotics, bacteriocins typically have a narrow
spectrum of activity, allowing them to target specific pathogens without disrupting the
entire microbial community [9]. This characteristic makes bacteriocins especially appealing
for food production, as they play a crucial role in maintaining a healthy balance of beneficial
bacteria, which is essential for ensuring both food safety and quality. Additionally, bacteri-
ocins are biodegradable, non-toxic, and less likely to induce resistance in target organisms,
making them ideal candidates for tackling antimicrobial resistance (AMR) in a sustainable
way [10,11]. Numerous studies have highlighted the potential of bacteriocins to inhibit
foodborne pathogens such as L. monocytogenes, Clostridium perfringens, and Salmonella spp.,
which are commonly associated with poultry and other livestock products [12-14].

In addition to investigating bacteriocins, the use of probiotics has emerged as an
effective strategy to combat pathogenic bacteria and improve animal health in livestock
production [15]. Probiotics, which are live microorganisms that confer health benefits to
the host when administered in adequate amounts, have gained significant attention in
recent years for their ability to enhance gut health, boost immune function, and reduce the
need for antibiotics in animal farming [16,17]. Several strains of lactic acid bacteria (LAB),
including strains of E. faecium and Lactococcus species, are already commercially available
as probiotics for poultry and other livestock [18,19]. For instance, E. faecium SF68 has been
extensively studied and is widely used in both human and veterinary applications due
to its ability to improve gut flora balance and prevent gastrointestinal infections. Recent
studies have shown the potential of certain LAB in controlling the proliferation of Salmonella
typhimurium and mitigating intestinal barrier damage caused by necrotic enteritis in broiler
chickens [20-23]. By fostering a competitive environment and producing antimicrobial
compounds, these probiotics effectively inhibit the growth of pathogens, reducing the
incidence of infections and the subsequent need for antibiotic treatments [24,25]. This dual
role of probiotics in promoting health and preventing pathogen growth makes them an
essential tool in the fight against AMR, particularly within food production systems.

This study sought to identify novel bacteriocins and bacteriocin-producing strains
with antimicrobial activity derived from poultry slaughterhouse effluents. By isolating
both Gram-positive and Gram-negative bacteria, we targeted a broad spectrum of potential
bacteriocin producers capable of inhibiting foodborne pathogens. Samples were collected
from various stages of the slaughterhouse process to ensure a diverse range of bacterial
communities. The isolates were then screened for antimicrobial activity against Gram-
positive and Gram-negative indicator strains to identify those exhibiting antimicrobial
properties. The whole-genome sequencing (WGS) of the most active antimicrobial isolates
may reveal the occurrence of multiple bacteriocin gene clusters (BGC) within their genomes.
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The synthesis and production of putative mature bacteriocins using an in vitro cell-free
protein synthesis (IV-CFPS) approach, implemented by our research group, will facilitate
the identification of the most promising circular and class II bacteriocins. A combination
of phenotypic tests and in silico genomic profiling of the selected bacteriocin-producing
strains will assess their safety as potential probiotics.

2. Materials and Methods
2.1. Sampling Sites and Sample Treatment

Sample acquisition was conducted at a Spanish poultry slaughterhouse with a slaugh-
ter capacity of >28.000 tons of chicken per year. Sampling of process-water and wastewater
was performed between October and November 2021. Overall, 8 water samples were
collected for this study, including those used from the cleaning of the chicken transport
truck (TT); the cleaning of the empty cages following passage of the chickens into the
processing line (EC); the drains during the stunning (ST), scalding (SC), de-feathering
(DEF), evisceration (EV) and washing of the carcasses (WC); and the general sewage water
prior to treatment by the facility (SW). At each sampling site, 50 mL water samples were
collected in sterile 50 mL centrifuge tubes (Thermo Fisher Scientific, Waltham, MA, USA)
and kept immediately on ice until further processing. Once in the laboratory, 1 mL of
each water sample was mixed with 9 mL of Ringer’s solution (Oxoid, Basingstoke, UK) to
make an initial 10! dilution. Subsequent ten-fold serial dilutions were performed using
Ringer’s solution, and 100 pL of each dilution was plated onto: (a) Brain Heart Infusion
(BHI) (Oxoid) agar (Scharlab, Barcelona, Spain) (1.5% w/v) plates; which is a non-selective
medium, (b) MacConkey plates (Biomerieux, Marcy—l’Etoile, France), which selects for
Gram-negative enteric bacteria; and (c) Salmonella—Shigella (SS) and (d) Hektoen plates
(Biomerieux), which select for Salmonella spp. and some strains of Shigella spp. Plates were
incubated at 37 °C aerobically until colonies were visible (usually after 48-72 h). Colonies
exhibiting distinct morphologies were carefully selected and inoculated into 250 nL aliquots
of BHI (colonies obtained from BHI plates) broth or LB (Scharlab) (colonies obtained from
MacConkey, SS and Hektoen plates) broth in 96-well plates (Nunc, Roskilde, Denmark).
Plates were grown at 37 °C aerobically for 48 h and stored at —80 °C with 20% glycerol
(Sigma-Aldrich, St. Louis, MO, USA) for further analysis.

2.2. Screening of Isolates with Antimicrobial Activity Against Gram-Positive Indicators

The antimicrobial activity of selected isolates against different Gram-positive indi-
cators was evaluated using a stamp-on-agar test (STOAT). Briefly, BHI-derived isolates
grown in 96-well plates and stored at —80 °C were transferred by using a 96-pin microplate
replicator (Boekel Scientific, Philadelphia, PA, USA) to 96-well plates with 250 pL of BHI
per well. Plates were incubated aerobically at 37 °C for 48 h. Then, 2.5 uL of the grown
cultures were seeded using a 48-pin microplate replicator (Boekel Scientific) into BHI 1.5%
agar plates previously overlayed with 5 mL BHI 0.8% agar seeded with 10° to 10° CFU/mL
of an overnight culture of Pediococcus damnosus CECT 4797. Plates were incubated at 30 °C
for 24 h, after which zones of inhibition surrounding the colony spots were measured. The
most active strains were re-evaluated for antimicrobial activity using the STOAT against
the indicator strains P. damnosus CECT 4797, L. monocytogenes CECT 4032, C. perfringens
DICM15/00067-5A, and Staphylococcus aureus ZTA11/00310ST. Plates were incubated at
30 °C for 24 h, after which zones of inhibition surrounding the spots were measured as the
diameter of the halos of inhibition in millimeters.

2.3. Screening of Isolates with Antimicrobial Activity Against Gram-Negative Indicators

The antimicrobial activity of selected isolates against different Gram-negative indica-
tors was evaluated using the STOAT as described above, with some minor modifications.
LB-derived isolates grown in 96-well plates and stored at —80 °C were transferred using a
96-pin microplate replicator to 96-well plates with 100 uL of M9 minimal media (12.8 g/L
Na,HPO, x7H,0, 3 g/L KH,POy, 0.5 g/L NaCl, 1 g/L NH,4Cl, 2 mM MgSO,, 0.1 mM
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CaClp, 0.4% [p/v] 0.5 mM thiamine, and 8 g/L D-glucose) per well. Plates were incubated
aerobically at 37 °C for 3 h, and then 100 uL. M9 media supplemented with 0.25 pg/mL of
mytomicin C (Sigma) was added to each well and the plates were incubated aerobically at
37 °C for another 2 h. A 48-pin microplate replicator was used to stamp 2.5 pL spots from
the 96-well plates onto M9 1.5% agar plates previously overlayed with 5 mL of M9 0.8%
agar seeded with 10° to 10° CFU/mL of an overnight culture of E. coli DH5«. Plates were
incubated at 37 °C for 24 h, after which zones of inhibition surrounding the colonies were
measured. The most active strains were re-evaluated for antimicrobial activity using the
STOAT against four different E. coli indicator strains.

2.4. Taxonomic Identification of the Bacterial Isolates

Thirteen isolates with antimicrobial activity against Gram-positive indicators and six
isolates showing antimicrobial activity against Gram-negative indicators were initially
taxonomically identified by PCR amplification and sequencing of 165 rRNA (165 rDNA)
sequences. The InstaGene™ matrix (BioRad, Hercules, CA, USA) resin was used for
extraction and purification of the genomic DNA. The isolated DNA was further used
as a template to amplify a variable region of the 16S rRNA gene using primers rD1 (5’
TAA GGA GGT GAT CCA GCC 3') and fD1 (5" AGA GTIT TGA TCC TGG CTC AG 3')
(Thermo Fisher Scientific). PCR products were purified with the NucleoSpinR Gel and
PCR Clean-up (Macherey-Nagel, Diiren, Germany) and subjected to Sanger sequencing
(Eurofins Genomics, Ebersberg, Germany). To determine the corresponding species identity,
a comparative sequence analysis (BLASTn) was performed against available sequence data
in the National Center for Biotechnology Information (NCBI) database.

2.5. Random Amplified Polymorphic DNA (RAPD) Technique to Analyze the Diversity of the
Bacterial Isolates

Isolates of the same genus were further evaluated to analyze their inter- and intra-
specific genetic variations by using the random amplified polymorphic DNA (RAPD)
technique. Briefly, DNAs from all isolates (19 in total) were used as templates in PCR
reactions with primer OPL5 (5'-ACGCAGGCAC-3') and the Dream Taq Green PCR Master
Mix (2x) (Thermo Fisher Scientific), as previously described [26]. The resulting amplification
products were run at 90 V for 60 min in an electrophoresis chamber (BioRad), and the
visualization of the band patterns was performed in a ChemiDoc Imaging System (BioRad)
with HyperLadder 100 bp (Bioline, Cincinnati, OH, USA) as a molecular weight marker.

2.6. Evaluation of the Antimicrobial Activity of Selected Isolates Versus a Larger Panel of Indicators

Cell-free supernatants (CES) of the isolates with the highest antimicrobial activity
against Gram-positive indicators (isolates producing halos of inhibition larger than 1 mm or
antimicrobial activity against at least two of the Gram-positive indicator strains evaluated)
were evaluated for their antimicrobial activity by using an agar diffusion test (ADT) [27]
against P. damnosus CECT 4797, C. perfringens CECT 4110, L. monocytogenes CECT 4032, L.
grayii CECT 931, L. seeligeri CECT 917, Streptococcus suis C2969/03, 4 strains of E. faecium
resistant to vancomycin (VRE), 2 strains of E. faecalis, 4 strains of L. lactis, 1 strain of L.
garvieae, and 1 strain of S. aureus. CFS were obtained by centrifugation of overnight cultures
of the selected isolates at 13,000 rpm for 10 min, followed by filter-sterilization through
0.2 pm Ministar Syrunge Filters (Sartorius, Gottingen, Germany) and a neutralization to
pH = 6.5 with 2 mol/L NaOH. The CFS were also subjected to proteolytic treatment with
10 mg/mL proteinase K (Sigma-Aldrich) at 37 °C for 2 h to ascertain the protein nature of
their antagonistic activity. After proteinase K inactivation by heat (100 °C, 10 min), samples
were assayed for their residual antimicrobial activity, as described above, using P. dammnosus
CECT 4797 as the indicator microorganism. Strains with antimicrobial activity in their
supernatants and which were susceptible to proteinase K inactivation were considered
bacteriocinogenic (Bac+) and selected for further characterization.
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The antimicrobial activity of the isolates showing the highest antimicrobial effects
against Gram-negative indicators was evaluated by a STOAT, as described above, but
with slight modifications. Briefly, 5 uL of an overnight culture of the producer strains
was spotted into M9 agar plates (1.5% w/v), and the plates were incubated aerobically at
37 °C for 24 h. Then, plates were exposed to chloroform vapors for 30 min to inactivate
the producer strains. Plates were left at 37 °C to remove any traces of chloroform and then
overlayed with 5 mL M9-0.8% agar seeded with 10° to 10° CFU/mL of an overnight culture
of the following indicator strains: 6 E. coli strains, 6 Salmonella spp. strains, and 2 Shigella
spp. strains. Plates were incubated at 37 °C for 24 h, after which zones of inhibition around
the colonies were measured.

2.7. Whole-Genome Sequencing, Assembly, and Data Analysis

Total genomic DNA was extracted from 8 Gram-positive strains—6 E. faecium, 1 L.
lactis and 1 L. garvieae, and 4 E. coli strains—by using the DNeasy Blood & Tissue Kit
(Qiagen, Hilden, Germany). Purified DNA was quantified in a Qubit fluorometer (Thermo
Fisher Scientific), and its quality was confirmed by agarose gel electrophoresis in 0.8%
(w/v) agarose (Condalab, Madrid, Spain) gels visualized with a ChemiDoc Imaging System
(BioRad). Whole-genome sequencing (WGS) of the purified DNA was performed by
SeqCenter (Pittsburgh, PA, USA). Sample libraries were prepared using the Illumina DNA
Prep kit and Integrated DNA Technologies (IDT) 10 bp unique dual index (UDI) indices,
then sequenced on an Illumina NextSeq 2000 (Illumina, San Diego, CA, USA), producing
2 x 151 bp reads. Demultiplexing, quality control, and adapter trimming were performed
with a BCL Convert v3.9.3 (Illumina). The resulting sequence reads were assembled into
contigs using Unicycler v0.4.8 [28].

Bacterial species identification was confirmed by KmerFinder v.3.0.2 (https://cge.
food.dtu.dk/services/KmerFinder/, accessed on 21 March 2022), which predicts bacterial
species using a K-mer algorithm [29]. Annotation of the genome was performed with the
Rapid Annotation Subsystem Technology (RAST) online server (http://rastnmpdr.org/,
accessed on 21 March 2022) [30]. For mining of bacteriocin and ribosomally synthesized and
post-translationally modified peptides (RiPPs), the assembled genomes were analyzed un-
der default settings in the online webserver BAGELv.4.0 (http:/ /bagel4.molgenrug.nl/, ac-
cessed on 15 January 2023) [31] and AntiSMASH (https://antismash.secondarymetabolites.
org/, accessed on 15 January 2023) [32].

The SnapGene software Version 7.0.1 (GSL Biotech, San Diego, CA, USA) was used
for analysis of the bacteriocin operons. BLASTp (NCBI) and UniProt were used to confirm
peptide and protein sequences, and the novelty of the putative bacteriocins was identified.
The assembled genomes were also analyzed with the following bioinformatics tools: the
ResFinder v.4.1 database (https://www.genomicepidemiology.org/services/, accessed on 2
February 2023) to predict the presence of acquired genes encoding antibiotic resistance and
the VirulenceFinder v.2.0.3 database (https:/ /www.genomicepidemiology.org/services/,
accessed on 2 February 2023) to find genes associated with bacterial virulence factors.
The presence of Mobile Genetic elements (MGE) and plasmids was evaluated with the
MobileElementFinder v.3.0 (https:/ /www.genomicepidemiology.org/services/, accessed
on 2 February 2023) [33] and the PlasmidFinder https://www.genomicepidemiology.org/
services/, accessed on 2 February 2023) [34], respectively. The ISfinder database (https:
/ /www-is.biotoul.fr/index.php, accessed on 22 May 2022) [35] and Prophage Hunter
(https:/ /prohunter.genomics.cn, accessed on 2 February 2023) [36] webservers were used
for the identification of insertion sequences (IS) and prophages, respectively.

2.8. Antibiotic Susceptibility Testing

The antibiotic susceptibility of the selected isolates was assessed by using a broth
microdilution test according to the European Committee on Antimicrobial Susceptibility
Testing (EUCAST) guidelines. Antibiotics were selected according to the EFSA Panel on
Additives and Products or Substances used in Animal Feed (FEEDAP) guidelines, and
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according to the guidance for the characterization of microorganisms used as feed addi-
tives or as production organisms [37]. Due to the lack of guidelines and breakpoints for
L. garvieae, the results were interpreted according to those established for L. lactis [37],
as the most phylogenetically related microorganism. The antibiotics tested were: ampi-
cillin (0.25-16 mg/L), vancomycin (1-64 mg/L), gentamicin (0.5-32 mg/L), kanamycin
(32-2048 mg/L), streptomycin (4265 mg/L), erythromycin (0.25-16 mg/L), clindamycin
(0.25-16 mg/L), tetracycline (0.5-32 mg/L), chloramphenicol (1-64 mg/L), and tylosin
(1-64 mg/L). Briefly, all strains were grown at 32 °C for 24 h in MRS plates (Oxoid). Then,
a single colony was transferred to 10 mL tubes with sterile saline solution (0.9%, w/v),
adjusted to a McFarland value of 0.5 (ca. 1.5 x 10 CFU/mL), and subsequently diluted
100-fold in Mueller-Hinton broth (Oxoid) (ca. 1.5 x 10° cfu/mL). Then, 50 uL of the
corresponding bacterial suspension was added to each well of a microtiter plate containing
two-fold serial dilutions of each antibiotic (ca. 7.5 x 10° cfu/mL per well). Finally, plates
were incubated at 37 °C for 24 h. MICs were established as the lowest antibiotic concentra-
tion inhibiting bacterial growth and interpreted according to the cut-off values adopted
by the FEEDAP guidelines. S. aureus ATCC 29213 (CECT 794) and E. faecalis ATCC 29212
(CECT 795) were used as the control microorganisms.

2.9. Hemolytic and Gelatinase Activities

The method previously described by [38] was used for evaluation of the hemolytic
and gelatinase activities of the selected isolates. Hemolysis production was determined
after overnight growth of the selected strains in MRS broth at 32 °C, further streaking onto
Columbia agar plates supplemented with 5% (v/v) sheep blood (BioMérieux, Mumbai,
India), and incubation at 37 °C for 24 h. The presence of clear zones of hydrolysis around the
colonies indicated (3-hemolysis. Gelatinase production was evaluated following streaking
of the selected grown strains in MRS broth onto Todd-Hewitt agar (1.5% w/v) plates (Oxoid)
supplemented with 3% (w/v) gelatin porcine skin (Oxoid). Plates were then incubated at
32 °C overnight and further maintained at 4 °C for 5 h. After this incubation, the presence
of a cloudy halo around the bacterial colonies was evaluated, which is indicative of gelatin
hydrolysis due to gelatinase production. E. faecalis P4 served as a positive control in both
tests, and only isolates producing similar halos were considered positive for hemolysin
production and gelatinase activity.

2.10. In Vitro Cell-Free Protein Synthesis (IV-CFPS) of Putative Bacteriocins Encoded by L. lactis
SWD9 and Evaluation of Their Antimicrobial Activity

The plasmids pLcnP1A, pLenP2A, pLenP3A, and pLenP4A were used as templates
for the in vitro cell-free protein synthesis (IV-CFPS) of synthetic genes encoding the pu-
tative bacteriocins lactococcin P1A (LenP1A), lactococcin P2A (LenP2A), lactococcin P3A
(LenP3A), and lactococcin P4A (LcnP4A), respectively. The design and construction of the
carrier plasmids encoding the synthetic genes of interest followed the criteria previously
used for the construction of the PARAGEN collection of genes encoding putative bacteri-
ocins [39]. The amino acid sequences of the putative mature bacteriocins were compared
through their alignment with other closely related and previously characterized bacteri-
ocins (garvicin Q [GarQ)], lactococcin B [LenB] and lactococcin A [LenAl]). All amino acid
sequences of interest were then reverse-translated and codon-optimized for their expression
by E. coli (www.bioinformatics.org/sms2/rev_trans.html, accessed on 5 March 2024), then
placed under the control of a pUC-derived expression vector containing a T7 promoter
region, a start codon (ATG), a stop codon (TAA), and a T7 terminator region. The designed
gene constructs in the pUC-derived vectors (pLenP1A, pLenP2A, pLenP3A, and pLenP4A)
were obtained from GeneArt (Life Technologies/Thermo Fisher Scientific).

The IV-CFPS of bacteriocins LecnP1A, LbnP2A, LenP3A, and LenP4A was carried out
with the PURExpress In Vitro Protein Synthesis Kit (New England Biolabs, Ipswich, MA,
USA) as previously described [39]. In all cases, the DNA templates were used at a final
concentration of 10 ng/uL in 25 pL reactions, maintained at 37 °C for 2 h, and then placed
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on ice to stop the reaction. The antimicrobial activity of the IV-CFPS reactions was evaluated
by using a spot-on-agar test (SOAT) [39]. Briefly, 5 pL samples from the IV-CFPS reactions
were applied to the surface of BHI agar (1.5% w/v) plates previously overlaid with a BHI
soft-agar (0.8% w/v) culture containing the indicator microorganisms P. damnosus CECT
4797 and L. monocytogenes CECT 4032 at approximately 10° cfu/mL. The plates were then
incubated at 37 °C for 24 h until zones of inhibition appeared. Similarly, 2 uL of chemically
synthesized GarQ, LcnA, and LenB at a concentration of 1 mg/mL and purity over 95%,
supplied by Syngulon SA (Seraing, Belgium), was used as a positive control.

3. Results
3.1. Isolation of Antimicrobial-Producing Bacterial Isolates (API) Against
Gram-Positive Indicators

Water samples from eight different sites and stages of a poultry-processing line in a
slaughterhouse were collected on two non-consecutive days. Approximately 768 colonies
isolated from samples (96 from each site) were screened against P. damnosus CECT 4797, an
indicator strain with high sensitivity to most bacteriocins. A total of 171 isolates (22.3%)
showed some degree of antimicrobial activity, although only 40 of them (5.2%) showed a
clear halo of inhibition (Figure 1). Differences were observed in the percentage of active
isolates (in terms of antimicrobial activity) recovered from the water samples tested, with
a high dominance of those coming from the SW fraction (13 out of 768 [1.7%]). These
40 selected isolates were further screened for their antimicrobial activity against four
different Gram-positive indicator strains: P. damnosus CECT 4797, L. monocytogenes 4032,
C. perfringens 5A, and S. aureus ZTA11/00310ST (Table S1). Surprisingly, 2 out of the
40 isolates tested did not show activity against P. damnosus CECT 4797. However, 80% of
the isolates showed some degree of antimicrobial activity against C. perfringens 5A, 85%
against L. monocytogenes CECT 4032 and 55% against S. aureus ZTA11/00310ST. In general,
the antimicrobial activity observed against the rest of the bacterial indicators was low, with
the exception of isolates DFF5, SWE11, SWF2, and SWF9, with significant antimicrobial
activity against C. perfringens 5A and L. monocytogenes 4032. Accordingly, 13 bacterial
isolates with the highest antimicrobial activity against P. damnosus CECT 4797, as well
as antimicrobial activity against L. monocytogenes 4032, C. perfringens 5A, and S. aureus
ZTA11/00310ST, were selected for further analysis (Table S1).

3.2. Isolation of Antimicrobial-Producing Bacterial Isolates (API) Against Gram-Negative
Indicators

A total of 96 colonies isolated from sewage water (SW) were screened against E.
coli DH5a due to the high sensitivity of this strain to most of the evaluated colicins and
microcins previously evaluated in our lab. From 69 isolates (71.9%) with antimicrobial
activity, 12 isolates were selected for their highest antimicrobial activity and evaluated
against a panel of four distinct E. coli strains (Table S2). From the results obtained, 6 isolates
(SWB4, SWD7, SWDS8, SWE2, SWF6, and SWH2) were further selected based on their
high/medium antimicrobial activity against all tested indicators.

3.3. Taxonomic Identification and Genetic Diversity Analysis of Selected Isolates by RAPD-PCR

Out of the thirteen selected isolates with antimicrobial activity against Gram-positive
bacteria, eleven were taxonomically identified as E. faecium, one as L. lactis, and one as
Lactococcus garvieae. The phylogenetic relatedness of the eleven E. faecium isolates was
assessed by random amplification of polymorphic DNA (RAPD). Six RADP-PCR patterns
were detected, with two isolates belonging to pattern IV, four isolates to pattern V, and two
isolates to pattern VI (Table S3). From the results obtained, six E. faecium isolates (STG2,
STH9, SCH10, DEES, SWG6, and SWB11), L. garvieae SWE11, and L. lactis SWD9 were
selected for further analysis.

The six isolates selected for their antimicrobial activity against Gram-negative bacteria
were taxonomically identified as E. coli. Based on their RAPD-PCR patterns E. coli SWD7
and SWDS, and E. coli SWE3 and SWF6 were clustered together (patterns X and XI, respec-
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tively) (Table S3). From the results obtained four E. coli isolates (SWB4, SWD7, SWF6 and
SWH?2), were selected for further analysis.
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24 (13) 0-EC
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Figure 1. Schematic representation of the various locations from which water samples were col-
lected in the poultry slaughterhouse. The numbers shown in the graph indicate the total isolates
active against P. damnosus CECT4797. The figures in parentheses represent the number of bacte-
ria subsequently selected for evaluation of their antimicrobial activity by using the stamp-on-agar
test (STOAT). The asterisk denotes the isolates that showed activity against E. coli DH5«, with the
numbers in parentheses indicating the isolates selected for their highest antimicrobial activity. The
figures in the central square represent the total number of bacteria chosen for further analysis from
all water samples.

3.4. Antimicrobial Activity of Supernatants from the Selected Isolates

The cell-free supernatants (CFS) from the eight selected Gram-positive isolates were
evaluated for their antimicrobial activity against a panel of different Gram-positive indi-
cator strains (Table 1) using an agar diffusion test (ADT). In all cases, the antimicrobial
activity against P. damnosus CECT 4797 was lost after proteinase K, thus confirming the
proteinaceous nature of the antimicrobial compounds. Antimicrobial activity was observed
against all tested indicator strains, with the exception of S. aureus ZTA11/0011757, which
exhibited resistance to all eight CFS. L. garviene SWE11 was the most active isolate against
all the indicator strains, followed by E. faecium SCH10, with activity against all the indicator
strains except S. aureus ZTA11/0011757 and S. suis C2969/03. While the other enterococci
(STG2, STHY, DEES, and SWG6) displayed similar antimicrobial activity, E. faecium SWB11
exhibited both reduced antimicrobial activity and a narrower spectrum of activity.
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Table 1. Antimicrobial activity of cell-free supernatants (CFS) from selected Gram-positive isolates
against various indicator strains, determined using an agar diffusion test (ADT).

Indicator strains

Pediococcus dammnosus
CECT 4797

Clostridium perfringens
CECT 4110

Listeria monocytogenes
CECT 4032

Listeria grayii CECT 931
Listeria seeligeri CECT 917
Streptococcus suis
C2969/03

Enterococcus faecium AR1
(VRE)

Enterococcus faecium P7
(VRE)

Enterococcus faecium 714
(VRE)

Enterococcus faecium 720
(VRE)

Enterococcus faecalis 721
Enterococcus faecalis
DBH18

Lactococcus lactis 1L1403
Lactococcus lactis BB24
Lactococcus lactis NZ9000
Lactococcus lactis MG1363
Lactococcus garvieae 5806
Staphylococcus aureus
ZTA11/00117ST

Isolates
E. faecium E. faecium E. faecium E. faecium E. faecium E. faecium L. garvieae L. lactis
STG2 STH9 SCH10 DEES SWG6 SWB11 SWE11 SWD9

+ + + + + + + +

+ + + + + + + +

+ + + + + + + +
++ ++ ++ ++ ++ + + +

- — - — — — +

+ + + + + - + +
++ + ++ + + - ++ +

+ + + + + — ++ —
++ ++ ++ + ++ - + +
++ + ++ ++ + — +

- — + — + + + +

+ — + — — — ++ ++

— — ++ — — + + +

— — ++ — — — ++ —

+ — ++ + — — ++ +

+ + ++ + + — ++ —

Antimicrobial activity determined as the diameter of the inhibition zone: (—, and white) no antimicrobial activity;
(+, and light blue) inhibition zone between 5 and 10 mm; (++, and mid-blue) inhibition zone between 10 and
20 mm; and (+++, and dark blue) inhibition zone between 20 and 30 mm.

The antimicrobial activity of the four Gram-negative isolates selected was evaluated
using the stamp-on-agar test (STOAT) and tested against a panel of different Gram-negative
indicator strains (Table 2). E. coli SWF6 was the most active isolate, showing antimicrobial
activity against all the E. coli indicator strains evaluated and most Salmonella spp. and
Shigella spp. strains. None of the other evaluated isolates exhibited antimicrobial activity
against Salmonella spp., and Shigella spp. E. coli SWB4 showed antimicrobial activity against
all the E. coli indicator strains tested, while E. coli SWD7 and E. coli SWH2 showed activity
against only four out of the six E. coli indicator strains tested.

3.5. Identification of Putative Bacteriocins Through in Silico Mining of the Whole Genomes of the
Selected Strains

Based on the results described above, twelve candidates, including eight Gram-
positive and four Gram-negative strains, were selected for whole-genome sequencing
(WGS) and subsequent bioinformatic analysis. Sequencing quality is detailed in Table S4.
Several putative BGCs were identified by the BAGEL4 and antiSMASH?.0 servers (Table 3).
Most of the BGCs identified in the genomes of the Gram-positive isolates corresponded to
previously characterized class II bacteriocins. The six E. faecium isolates contained genes
encoding the bacteriocins enterocin A (EntA), enterocin B (EntB), and enterocin X (EntXo
and EntXf3). Another BGC containing genes for bacteriocins similar, but not identical,
to enterocin NKR-5-3A (EnkA), enterocin NKR-5-3D (EnkD), and enterocin NKR-5-3Z
(EnkZ) from E. faecium NKR-5-3 [40] was identified in the genome of E. faecium SCH10
(Figure 2A,B). E. faecium SWG6 also contained genes encoding a bacteriocin with 95.4%
identity to enterocin P (EntP) (Figure 2A). In the genome of L. garvieae SWE11, a BGC was
identified that included a gene encoding a bacteriocin with 93.6% identity to garvieacin Q
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(A)
Enterocin NKR-5-3A

(GarQ) (Figure 2A). Four hypothetical class IId BGCs were identified in the L. lactis SWD9
genome, one closely related to garvieacin Q (GarQ), two related to lactococcin B (LcnB),
and the last one closely related to lactococcin A (LcnA) (Figure 3A).

Table 2. Antimicrobial activity of the selected Gram-negative isolates against different indicator
strains using the stamp-on-agar test (STOAT).

Isolates

Indicators E. coli E. coli E. coli E. coli
SWB4 SWFe6 SWD7 SWH2

Escherichia coli DH5x
Escherichia coli 0157:H7
Escherichia coli ZTA16/02317
Escherichia coli ZTA16/01878
Escherichia coli ZTA16/01940
Escherichia coli ZTA16/01268
Salmonella choleraesuis ZTA19/01344 — — - —

Salmonella paratyphi 554 — I — —
Salmonella enteritidis 4396 — e — —
Salmonella enteritidis 1025 — E _ —
Shigella spp. JG024 /41 — + _ —

Shigella spp. H065/02 - - - -
Antimicrobial activity determined as the diameter of the inhibition zone: (—, and white) no antimicrobial activity;
(+, and light green) inhibition zone between 1 and 3.6 mm; (++, and midgreen) inhibition zone between 3.6 and
6.0 mm; and (+++, and dark green) inhibition zone higher than 6 mm.

(EnkA) MOKFQKLNEQEMKOLMGG YSSKDCLKDIGKGIGAGTVAGAAGGGLAAGLGAIPGAFVGAHFGVIGGSAACIGGLLGN 77

E.faecium SCH10 EnkA MKEFOKLNEQEMKQLIGG YSSKDCLKDIGKGIGTGTVAGAAGGGLVAGLGAIPGAFVGAHFGVIGGSAACIGGLLGN 77

Enterocin NKR-5-3Z

e skokokokokokokokokokokok o okok skookokokokokoskokokokokokokokok o« skokokokokokokokokokok sk kok sk sk skok ok sk kok sk ok sk skok ok sk ok ok sk ok kok skok skokokok

(EnkZ) MKKELLNKNEMSRIIGG KINWGNVGGSCVGGAVIGGALGGLGGAGGGCITGAIGSIWDQW 60

E.faecium SCH10 EnkZ MKKELLNQEEMLKVIGG KINWGSVGGSCVGGAIIGGALGGLGGAGGGCLTGAIGSIWDQW 60

Enterocin NKR-5-3D

dokokokokokok o okok o oeckokk skokskokok | skokokokskokokokok o skokokskokokok kokok kokkokok o dkokok ok ok kokok ok ok ok

(EnkD) MTNRKILPKEELKKIKGG TPGGIDFISGGPHVAQDVLNAIKNFFK 45

E.faecium SCH10 EnkD VEDKKKLTKQETKVIRGG APSGGSIFSGGNNAVQDLFNKVKDFFK 45

Enterocin P (EntP)

eok 3k kek ¥k kekk ok ¥ o o kkk . Kk e ok ok kKK

-MRKKLFSLALIGIFGLVVTNFGTKVDA ATRSYGNGVYCNNSKCWVNWGEAKENIAGIVISGWASGLAGMGH 71

E.faecium SWG6 EntP FIRKKLFSLTLIGKFGLVVTNFGTKVDA ATRSYDNGIYCNNSKCWVNWGEAKENIAGIVISGWASGLAGMGH 72

Garvieacin Q (GarQ)

Lokokskokokok o dokok klokskolokdokokkokalokok koo ko okttt skl sk ko ok sk ko ok ks ks ok sk sk ok ok ok

MENKNYTVLSDEELOKIDGG EYHLMNGANGYLTRVNGKYVYRVTKDPVSAVFGVISNGWGSAGAGFGPQH 70

L.garvieae SWE1l GarQ VKKLNYEVLSDEELQKIDGS GTPLFYGANGYLTRENGKYVYRVTKDPVSAVFGVISNGWGSAGAGFGPQH 70
corokk ckdokkokokkokdkokk | Ko skkokckokok okl okl kool sk sk ok ok sk ko ok ok ok okok
(B)
E. faecium SCHI0
7 \
¢/SCHI0 _enkD ¢/SCHI0 enkZ

e¢fSCHI0 enkA

E. faecium NKR-5-3 « ‘ . . .‘ «

enkD  enkR  enkK enkT enkC enkZ enkA

[ Bacteriocin precursor [ Regulation [ |Immunity [0 Transporter [l Unknow function

Figure 2. (A) Amino acid sequence alignment of the putative bacteriocins encoded by E. faecium SCH10
(EnkA-, EnkZ-, and EnkD-like bacteriocins), E. faecium SWG6 (EntP-like bacteriocin), and L. garvieae
SWE11 (GarQ-like bacteriocin). The leader sequences are underlined. An asterisk (*) indicates a single
fully conserved residue, a colon (:) indicates conservation within groups of residues with strongly
similar properties, and a period (.) indicates conservation within groups of residues with weakly similar
properties. (B) Genetic organization of the hypothetical bacteriocin gene cluster (BGC) identified in E.
faecium SWE11, which includes genes encoding EnkA-, EnkZ-, and EnkD-like bacteriocins, alongside the
genetic organization of the bacteriocin gene cluster from E. faecium NKR-3-5.
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Table 3. Bacteriocin gene clusters (BGC) identified in the genome of the selected Gram-positive and

Gram-negative isolates.

E. faecium E. faecium E. faecium E. faecium E. faecium E. faecium L. lactis
STG2 STH9 SCH10 DEES SWG6 SWB11 SWD9
Enterocin A Enterocin A Enterocin A Enterocin A Enterocin A Enterocin A Garvieacin Q  Garvieacin Q
(100) (100) (100) (100) (100) (100) (72.0)
Enterocin B Enterocin B Enterocin B Enterocin B Enterocin B Enterocin B Lactococcin B
(100) (100) (100) (100) (100) (100) (89.3)
Enterocin X Enterocin X Enterocin X Enterocin X Enterocin X Enterocin X .

. . . . . . Lactococcin B
chain o chain « chain o chain « chain o chain « (38.3)
(100) (100) (100) (100) (100) (100) ’
Enterocin X Enterocin X Enterocin X Enterocin X Enterocin X Enterocin X Lactococcin
chain 3 chain 3 chain f3 chain 3 chain f3 chain 3 A
(100) (100) (100) (100) (100) (100) (37.0)
Enterocin .
NKR-5-3 A Ent(‘;g"zl)n P
(96.6) ’
Enterocin
NKR-5-3 Z
(93.0)
Enterocin
NKR-5-3 D
(52.0)
E. coli E. coli E. coli E. coli
SWB4 SWF6 SWD7 SWH2
Microcin M Microcin V Colicin 1A Colicin E7
(100) (100) (36.6) (100)
Microcin 147 Microcin J25 Microcin L
(59.5) (100) (97.1)
Microcin H47
(100)

In brackets: the percentage of identity of the amino acid sequence of the putative mature bacteriocin compared to
the closest related characterized bacteriocin.

Genome analysis of the E. coli isolates identified the presence of BGC for the production
of microcin M (MccM), microcin 147 (Mccl47), and microcin H47 (MccH47) in the E. coli
SWB4 genome; microcin V (MccV) and microcin J25 (MccJ25) in E. coli SWF6; and colicin
E7 (ColE7) in E. coli SWH2 (Table 3).

3.6. In Vitro Cell-Free Protein Synthesis (IV-CFPS) and Functionality of the Bacteriocins Identified
in L. lactis SWD9

The putative bacteriocins identified in the L. lactis SWD9 genome were evaluated to
determine their antimicrobial activity. Accordingly, all putative mature bacteriocins were
produced by an in vitro cell-free protein synthesis (IV-CFPS) procedure. Four different
synthetic genes were designed and cloned into pUC-derived vectors (plasmids pLcnP1A,
pLenP2A, pLenP3A, and pLenP4A) and used as templates for the IV-CFPS production of the
bacteriocins LenP1A, LenP2A, LenP3A, and LenP4A (Figure 3B). Among the four IV-CFPS
produced peptides, only LcnP1A showed antimicrobial activity against P. damnosus CECT
4797 and L. monocytogenes CECT 4032 (Figure 3C,D), two of the most sensitive strains as
determined by ADT results using the CFS of L. lactis SWD9.
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(A) Start (0) End (3341)
10007 20007 30007
lenP1C IenP1D lenP1A IenP1B lenP2A lenP2B
Contig_20 [ \ -
lenP3A lenP3B
Contig_1
lenP4A lenP4B
Contig_8
(B)
LcnP1A MEDKLNFKVVSDEELVQVNGG GQILMNGANGYLTRDKNGKYRYVVTKGPFDAVVGVMANGWGSAGSGFGPQYKPGR 76
GarQ -MENKNYTVLSDEELQKIDGG EYHLMNGANGYLTR-VNGKYVYRVTKDPVSAVFGVISNGWGSAGAGFGPQH- - - - 70
sk kokkkRk .. kK Fokckokkkokkok Kk kokkok ok kokk k| ko kok s skakokkokkok s kokkokok
LcnP2A MLNNSPLENQLNFKATSDEELAEVTGG KLVYVMSAGPYTWYKDTRTRKTICKQTIDTTSYTFVVMAEGWGKTFHK 75
LenB ------ MKNQLNFNIVSDEELAEVNGG SLQYVMSAGPYTWYKDTRTGKTICKQTIDTASYTFGVMAEGWGKTFH- 68
Cokkokkok . kkdokkokk Rk ok SkoRokokkookokkok ok kokakokkokokkok ok o kokok kR okokkokokokok Kok ok
LcnP3A ------- MIVTTFSNVEFQGG STVNGWYFWMNSGPYTIFRNKYTGEYRTIQTQGTISYMLGVIASGWGSSWKP 66
LcnB MKNQLNFNIVSDEELAEVNGG ----SLQYVMSAGPYTWYKDTRTGKTICKQTIDTASYTFGVMAEGWGKTFH- 68
R Cok L okkRk L. k. ko k kk okkok Rk ...
LcnP4A ------ MNVEFEGG GYWTNTSHLTYIQNTGSGVLYYDRVNHKYVFSQTRGAMGAAIYVFNAQGVNW------------ 60
LcnA MKNQLNFNIVSDEELSEANGG KLTFIQSTAAGDLYYNTNTHKYVYQQTQNAFGAAANTIV- - -NGWMGGAAGGFGLHH 75
ke . ckk kR k ok k. kkkk koky kokkk . X
(€ LecnP1IA LcnP2A  LenP3A LenP4A () 1A LcnP2A  LenP3A LenPal

Figure 3. (A) Genetic organization of the three hypothetical bacteriocin gene clusters (BGC) identified
in the L. lactis SWD9 genome. The structural genes for putative lactococcins are indicated by green
arrows, while immunity genes are shown with red arrows. The genes IcnPI1C and IcnP1D encode a
putative ABC transporter and a putative transport accessory protein, respectively. (B) Amino acid
sequence alignment of the putative bacteriocins LenP1A, LenP2A, LenP3A, and LenP4A with garvicin
Q (GarQ), lactococcin A (LcnA), and lactococcin B (LenB). The leader sequences are underlined. An
asterisk (*) indicates a single fully conserved residue, a colon (:) indicates conservation within groups
of residues with strongly similar properties, and a period (.) indicates conservation within groups of
residues with weakly similar properties. (C). Antimicrobial activity against P. damnosus CECT 4797
and (D) L. monocytogenes CECT 4032 was evaluated using a spot-on-agar test (SOAT). This involved
application to the surfaces of agar plates overlaid with a culture of the indicator microorganisms 5 uL
of LenP1A, LenP2A, LenP3A, and LenP4A synthesized and produced individually by an IV-CFPS
procedure, or 2 pL of chemically synthetized GarQ), LcnA, and LenB.

3.7. Genomic Characteristics of the Most Active Antimicrobial Gram-Positive Isolates

The genomes from the eight most active antimicrobial Gram-positive isolates were
screened for antimicrobial resistance genes (ARG) and virulence factors to determine their
suitability for probiotic use. The six E. faecium strains exhibited intrinsic antimicrobial resis-
tance genes (ARGs) to gentamycicn and erythromycin, aac(6’)-li and msr(C), respectively.
Aditionally, five out of the six isolates carried the tetracycline resistance gene tet(M). No-
tably, E. faecium SCH10 exhibited a total of seven different ARGs. No ARGs were detected
in the L. garvieae SWE11 genome, while only tet(M) was identified in the L. lactis SWD9
genome (Table 4). These results were further validated with a microdilution test, which
revealed that, despite the presence of aac(6')-li and msr(C) in all the six E. faecium genomes,
all the strains were sensitive to gentamycin and erythromycin except for E. faecium SCH10
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and E. faeciumn SWB11, which exhibited resistance to erythromycin (Tables 4 and S5). The
functionality of tet(M) was validated in all of the five strains carrying this gene, which
showed resistance to tetracycline. E. faeciurn SCH10 and E. faecium SWB11 were among
the two more resistant strains, exhibiting resistance to six and five different antibiotics,
respectively. While E. faecium SCH10 showed resistance to tylosin and E. faecium SWB11
showed resistance to clindamycin, streptomycin, and tylosin, no genes associated with
these phenotypes were detected. Regarding the other two Gram-positive isolates, L. garvieae
SWE11 exhibited resistance to clindamycin, despite the absence of a detected ARG for this
antibiotic. In contrast, L. lactis showed resistance to tetracycline, thereby validating the
genotypic results (Tables 4 and S5).

Table 4. List of antibiotic resistances, associated antibiotic resistance genes, virulence factors, plasmid
replicons, mobile elements, and prophage elements detected in the eight sequenced Gram-positive
strains. Abbreviations: GEN, gentamycin; TCY, tetracycline; ERI, erythromycin; CHL, chloram-
phenicol; CLI, clindamycin; STR, streptomycin; TYL, tylosin; Nf, not found; (-), when an antibiotic
resistance gene has been identified (name of the antibiotic in brackets), but the strain is susceptible to
that antibiotic.

Antibiotic Resistance

Strain Virulence Factors Pl'asmld Mobile Prophage
Phenotype Genotype Replicon Type Elements Elements
- aac(6')-Ii [GEN] bepA, ccpA, empA, empB, empC,
E. faecium - msr(C) [ERI] fms13, fms14, fms15, fms17, fam, - I5Efm1 Lactob phigle
STG2 g1s20, gls33, gls2B, gls2B1, sagA, NC_004305
TCY tet(M) scm, orf1481, ptsD, acm, efa
- aac(6')-Ii [GEN] bepA, ccpA, empA, empB, empC,
E. faecium - msr(C) [ERI] fms13, fms14, fms1b, fms17, fam, B ISEfin Lactob phigle
STH9 81520, gls33, gls2B, gls2B1, sagA, NC_004305
TCY tet(M) scm, orf1481, ptsD, acm, efa
- aac(6')-Ii [GEN]
ERI msr(C), erm(B) bepA, ccpA, empA, empB, empC, replIS12
, TCY tet(M) fms13, fms14, fims15, fms16, fms17, o lels ISSsu5,
E. faccium CHL cat(pC194) fins19, fms20, fims21, fnm, gls20, oot ISEfall, -
SCH10 replIS43, repl
CLI erm(B) 8133, gls2B, gls2B1, sagA, scm, acm, rep? 7 / 18b " ISLgar5, 1S256
STR ant(6)-Ia efa pe rep
TYL Nf
P
: aa;(i();; [[EGI];Il]\I] bepA, ccpA, empA, empB, empC, repUS11a, Tn6009,
E. faecium TCY tet(M) fms13, fms14, fms15, fms17,fms21, replS29, Tn6260, Bacill BCJAlc
DEES8 cat(yC194) fnm, g1s20, gls33, gls2B, gls2B1, repUS43, rep2, ISEfall, NC_006557
- [(’;HL] sagA, scm, acm, efa repl4b ISEnfa4
- aac(6')-Ii [GEN] bepA, ccpA, empA, empB, empC,
E. faecium fms13, fms14, fms15, fms17,fins20, vepl. repliS15 ISEfall, Lactob phigle
SWG6 - msr(C) [ERI] fms21, fm, g1s20, gls33, gls2B, pL rep 151062 NC_004305
gls2B1, sagA, acm, efa
- aac(6')-Ii [GEN]
ERI msr(C) bepA, ccpA, empA, empB, empC,
E. faecium TCY tet(M) fms13, fms14, fms15, fms17, fam, B } )
SWBI11 CLI Nf g1s20, gls33, gls2B, gls2B1, sagA,
STR Nf scm, orf1481, ptsD, acm, efa
TYL Nf
L. lactis ISLII1, ISSIN,
. TCY tet(M) - replUS3 151068, -
SWD9 IS-LL6
L'S%‘\Zgﬁ”e CLI Nf - replIS42 ISEfin1 -

Between 19 and 22 genes coding for putative virulence factors were identified in the
genomes of the six E. faecium strains using the VirulenceFinder v.2.0.3 database (Table 4).
However, no genes encoding virulence factors were detected in the L. garvieae SWE11 or L.
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lactis SWD9 genomes. No gelatinase or hemolytic activity was observed in any of the eight
Gram-positive isolates evaluated.

Other elements, such as plasmid replicons, mobile elements, and prophages, were also
analyzed. Plasmid replicons were detected in three out of six E. faecium isolates: strains
SCH10 (n = 6), DEES8 (n = 5), and SWG6 (n = 2), as well as in L. garvieae SWE11 (n = 1)
and L. lactis SWD9 (n = 1). Regarding the presence of mobile elements, all strains except E.
faecium SWB11 carried at least one insertion sequence (IS). E. faecium SCH10 and L. lactis
SWD?9 each harbored four different IS, while E. faecium SCH10 also contained two IS and 2
transposons (Tn6009 and Tn6260). Additionally, a prophage element was identified in four
out of the six E. faecium strains (Table 4).

4. Discussion

Despite the growing awareness of the serious threat posed by antimicrobial resistance
(AMR), global antibiotic consumption in both human and veterinary medicine continues to
rise at an alarming rate. This escalating consumption heightens the risk of AMR, particularly
in the food chain, where cross-contamination between livestock and humans is a significant
concern. In the context of poultry production, effluents from slaughterhouses act as
reservoirs for antibiotic-resistant bacteria, facilitating the transfer of these pathogens across
different environments [3]. This widespread dissemination underscores the urgent need
for innovative antimicrobial strategies to mitigate the AMR spread.

This study aimed the isolation and characterization of bacteriocinogenic bacteria and
their bacteriocins sourced from effluents of a poultry slaughterhouse. Over 850 bacterial
isolates derived from water effluents at eight sites within the slaughterhouse were tested for
their antimicrobial activity. The selection of these sites was intended to encompass all stages
of the slaughterhouse process, from the reception of chickens to the water in the treatment
plant. Based on the results obtained, 19 isolates showing the highest antimicrobial activity—
13 against the tested Gram-positive indicators and 6 against the tested Gram-negative
indicators—were selected for further evaluation of their bacteriocin production and safety
characteristics.

These 19 isolates were taxonomically identified through 16S rDNA sequencing. These
isolates were further discriminated by RAPD-PCR, resulting in eight Gram-positive strains,
including six E. faecium, one L. garvieae, and one L. lactis, as well as four Gram-negative E.
coli strains. The high prevalence of enterococci among the selected Gram-positive strains
was expected, given their well-documented presence in poultry and poultry farms [41-45].
However, since the study aimed to identify strains with antimicrobial activity, the increased
detection of enterococci in this context does not necessarily reflect their overall prevalence
among all bacterial genera in the samples.

The 12 isolates selected were subjected to whole-genome sequencing (WGS) and
screened for the presence of bacteriocin gene clusters (BGCs), antimicrobial resistance
genes (ARGs), and virulence factors, as well as other genetic elements such as plasmids,
mobile elements, and prophages. Multiple BGCs were identified in the genomes of the
evaluated strains, most of which encoded previously characterized bacteriocins. A notable
contribution of this study is the simultaneous evaluation of Gram-positive and Gram-
negative bacteriocin producers for the identification of putative novel bacteriocins. In
future studies, it would be interesting to analyze larger datasets of isolates to investigate the
statistical significance of the identified BGCs or explore whether similar BGCs are prevalent
across diverse bacterial populations.

All the E. faecium strains analyzed carried the genes coding for enterocin A (EntA),
enterocin B (EntB), and enterocin X (EntX) (Table 3). The widespread distribution of the
EntA structural gene within the E. faecium isolates has been described, even in human
hospitals, in which the presence of the EntA gene was detected in 98% of 2428 E. faecium
isolates collected over a six-year period from a single hospital system [46]. Many studies
highlight the high prevalence of EntA among active E. faecium isolates, often noting that
the presence of EntB is often linked to that of EntA [47-49]. Individually, both EntA and
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EntB exhibit strong antimicrobial activity against a wide range of foodborne pathogens and
spoilage organisms. Notably, they have also been found to act synergistically, enhancing
their inhibitory effects when combined [50]. This synergistic action is especially significant
in controlling resistant or highly pathogenic bacterial strains, making these bacteriocins
valuable for food safety applications and as potential therapeutic agents. Notably, all six E.
faecium strains analyzed carried the genes for enterocin X in close proximity to the enterocin
B genes, suggesting a possible genomic clustering of these antimicrobial peptides. This
clustering may contribute to their coordinated expression or regulatory mechanisms, and
it has been suggested that they may even share the same processing and/or transport
system [51,52].

Additional bacteriocins similar, but not identical, to enterocin P (EntP), enterocin
NKR-5-3A (EnkA), enterocin NKR-5-3Z (EnkZ), and enterocin NKR-5-3D (EnkD) have been
identified in E. faecium SCH10 (Table 3). This finding highlights the widespread presence of
multiple genes related to different bacteriocins within the enterococcal genome. However,
the presence of the structural gene does not necessarily reflect the ability of the strain to
synthesize the bacteriocin. Often, the BGC may harbor mutations in essential biosynthetic,
processing, and transport genes, which can hinder production despite the presence of the
structural gene [46,53]. Despite the antimicrobial activity observed in these six enterococcal
strains, no further characterization efforts were undertaken until their safety properties
could become ascertained.

Whole-genome sequencing (WGS) of L. garvieae SWE11 identified a BGC containing a
gene encoding a bacteriocin with 94% identity to garvieacin Q (GarQ), a small, heat-stable,
class II bacteriocin produced by L. garvieae BCC 43578 [54]. This bacteriocin exhibits strong
antimicrobial activity against closely related bacteria, particularly pathogenic strains like L.
monocytogenes and L. garvieae, by disrupting membrane integrity. This disruption may occur
by locking the mannose-family phosphotransferase system (PTSMa") into a conformation
that leads to the formation of a constitutively open pore [54,55]. Given the high similarity
between the GarQ encoded by L. garvieae SWE11 and the GarQ produced by L. garvieae
BCC 43578, no further characterization efforts were made until the probiotic potential of
the producing strain could be assessed.

However, the WGS of L. lactis SWD9 revealed the presence of three distinct BGCs. The
first cluster contains two genes that potentially code for bacteriocins, initially designated as
lactococcin P1A (LenP1A) and lactococcin P2A (LenP2A), exhibiting 72% and 89.3% identity
to GarQ and lactococcin B (LcnB), respectively. The LenB is a small, hydrophobic, positively
charged bacteriocin produced by L. lactis subsp. cremoris 9B4 [56]. The second BCG features
a gene likely coding for a bacteriocin, initially termed lactococcin P3A (LenP3A), with a
38.3% identity to LenB. The third cluster includes another gene potentially coding for a
bacteriocin, initially named lactococcin P4A (LcnP4A), with a 37% identity to lactococcin A
(LenA) (Figure 3A). The LenA is a bacteriocin produced by L. lactis subsp. cremoris LMG
2130 that is synthesized as a 75-amino-acid precursor including a 21-amino-acid N-terminal
extension [57]. GarQ, LcnA, and LenB are all class 11d, one-peptide linear bacteriocins
lacking the conserved pediocin-like motif YGNGVXC [58]. The CFS of L. lactis SWD?9 also
showed activity against C. perfringens, a species considered a foodborne pathogen with a
negative impact on broiler production [59]. To confirm the bioactivity of these four putative
novel bacteriocins, an IV-CFPS protocol was used to produce the peptides individually and
evaluate their antimicrobial activity against two bacterial indicators inhibited by the CFS of
L. lactis SWD9. This IV-CFPS method has been implemented, optimized, and extensively
used by our research group, enabling the rapid and efficient synthesis and determination
of the antimicrobial activity of various circular and class II bacteriocins [39,60,61]. The
IV-CFPS of the four hypothetical novel bacteriocins confirmed that LcnP1A exhibited
inhibitory effects against the two tested indicator strains, while the other three bacteriocins
did not (Figure 3C,D). Therefore, LcnP1A can be considered a novel class IId bacteriocin
with demonstrated antagonistic activity against the foodborne pathogen L. monocytogenes.
However, we cannot dismiss the possibility that the putative bacteriocins LecnP2A, LenP3A,
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and LcnP4A may exhibit activity against other indicator strains, or that the genes annotated
by BAGEL encode either non-functional bacteriocins or proteins with different functions.

Bioinformatic analysis of the genomes of the most antimicrobial-active E. coli strains
revealed the presence of various BGCs of colicins and microcins. Notably, the strain E. coli
SWEF6 was the only strain exhibiting antimicrobial activity against most E. coli, Salmonella,
and Shigella indicator strains (Table 2). Genome analysis of this strain identified the BGCs
for microcin V (mccV) and microcin J25 (mcc]25) (Table 3). The activity of both bacteriocins
against Salmonella has been previously documented, particularly that of mccJ25, whose
potent inhibitory effect against Salmonella has been validated both by in vitro and in vivo
models, highlighting its potential utility in veterinary medicine [62,63]. Since most E. coli
isolates encoded previously described bacteriocins, no further efforts were made for the
evaluation and characterization of the identified bacteriocins.

To validate the probiotic potential of the selected Gram-positive isolates, a compre-
hensive genomic analysis was conducted to identify antibiotic resistance and virulence
genes (Table 4). All E. faecium strains carried the aac(6’)-li and msrC genes, which are associ-
ated with resistance to kanamycin/tobramycin and erythromycin, respectively. However,
these two genes are considered intrinsic to the species and have been found in other E.
faecium strains such as E. faecium SF68, a pharmaceutical probiotic with a long story of
safe use [64]. Moreover, only the E. faecium SCH10 and SWB11 strains exhibited resistance
to erythromycin, while no resistance to kanamycin was detected in any of the analyzed
strains. Five out of the six tested E. faecium strains carried the tet(M) gene and showed
resistance to tetracycline. The presence of this gene is relatively common among E. fae-
cium strains, although is not considered intrinsic to the species. Notably, the evaluated
E. faecium SCH10 and SWBI11 strains were resistant to six different antibiotics, while the
SWG6 strain was sensitive to all the antibiotics tested (Table 4). This study highlights the
variability in antibiotic resistance profiles among E. faecium strains, even among isolates
sharing the same environment. The observed differences in resistance patterns suggest
that, while some strains may carry multiple resistance genes, others, like strain E. faecium
SWG6, remain free of putative resistance genes, making them potentially safer candidates
for probiotic applications.

Regarding the two lactococcal strains selected, L. lactis SWD9 carried the gene and
exhibited phenotypic resistance to tetracycline, while L. garviene SWE11 showed resistance
to clindamycin, despite no antibiotic resistance gene (ARG) being identified in its genome
(Table 4). The resistance of L. lactis SWD9 to tetracycline, particularly since it exceeds
established cut-off values, indeed raises significant concerns. The exclusion of this strain
from probiotic or feed additive use is warranted to prevent potential risks associated with
transferring resistance genes to pathogenic bacteria. On the other hand, the resistance
exhibited by L. garvieae SW11 to clindamycin without any ARG in its genome could suggest
alternative mechanisms of resistance that are not linked to conventional ARG, such as
efflux pumps or modifications of the antibiotic target. Thus, careful antibiotic susceptibility
testing and genomic screening are essential to ensure the safety of these strains for their
use in probiotic formulations, especially regarding their potential impact on human and
animal health.

The results of the virulence factor (VF) analysis in the whole-genome-sequenced (WGS)
isolates from this study indicate that initially, only the endocarditis antigen (efaAfm) gene
and a gene associated with collagen adhesion (acm) were detected in all E. faecium genomes
using the Virulence Finder database (VFDB), while none were found in the two lactococcal
species. These two genes are predominant in E. faecium, and their roles in pathogenicity
are extensively discussed [65,66]. However, in 2024, the VFDB was updated to include
27 putative virulence factors (VF) from E. faecium and E. lactis [67]. Analysis of the six E.
faecium genomes using this updated database revealed the presence of 19 to 22 VFs across all
strains, including efaAfm and acm. Notably, none of the hospital-associated virulence genes,
such as IS16, hyl, asa-type genes, cyl, gelE, fsr, sprE, and esp(fin), were detected (Table 4).
Given the absence of these hospital-associated virulence genes and the observed lack of
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hemolytic or gelatinase activity in the strains, it is likely that the identified VFs may be
involved in host-microbe interactions that are not necessarily pathogenic. Additionally,
other elements, including plasmid replicons, mobile elements, and prophage elements,
were identified in the analyzed genomes. However, their potential contribution to virulence
remains unclear.

The isolation of E. faecium SWG6, which encodes multiple bacteriocins and lacks
antibiotic-resistant genes, underscores its potential as a probiotic. As commensals, the
enterococci are naturally found in the gastrointestinal tract, mouth, and vaginal cavity
of animals and humans. The evaluation of the microbial dynamics in cheese production
highlights the importance of enterococci in preserving cheese quality and heritage [68].
Notably, enterococcal strains such as E. faecium SF68, E. faecium M74, E. faecium Smr18, and
E. faecalis Symbiflor are currently being utilized or proposed as probiotics for humans and
livestock [64,69,70]. Further research is needed to evaluate the potential of E. faecium SWG6
as a protective and probiotic culture.

5. Conclusions

Screening bacterial isolates from poultry slaughterhouse effluents for high antimicro-
bial activity has led to the identification of bacteriocin-producing bacteria with antagonistic
effects against significant foodborne pathogens. Whole-genome sequencing (WGS) of
the isolates exhibiting the highest antimicrobial activity revealed multiple biosynthetic
gene clusters (BGC) in their genomes. The use of an in vitro cell-free protein synthesis
(IV-CFPS) protocol enabled the identification of a novel class I1d bacteriocin, lactococcin
P1A (LenP1A), encoded by L. lactis SWD9. Phenotypic tests and in silico genomic profiling
were performed to assess the safety of the selected isolates. The absence of antibiotic
resistance, combined with a lack of virulence factors commonly associated with pathogenic
Enterococcus species, identified E. faecium SWG6 as a multi-bacteriocin-encoding isolate and
a promising candidate for evaluation as a probiotic. These findings promote the discov-
ery of novel bacteriocins and safer bacteriocin-producing strains, supporting their use as
part of a comprehensive approach to reduce antimicrobial resistance (AMR) in the food
chain. By incorporating novel bacteriocins and novel bacteriocin-producing bacteria into
food-processing operations and animal husbandry, it may be possible to curb the spread
of antibiotic-resistant pathogens, ensuring safer food products and contributing to global
efforts against AMR.
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