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Bacteriocins are antimicrobial peptides produced by different species of bacteria, especially the Gram-
positive lactic acid bacteria (LAB). Pediococcus pentosaceus is widely applied in the industry and stands
out as Bacteriocin-Like Inhibitory Substances (BLIS) producer known to inhibit pathogens commonly con-
sidered a concern in the food industries. This study aimed to perform in silico comparisons of P. pen-
tosaceus genomes available in the public GenBank database focusing on their pediocin-like bacteriocins
repertoire. The pan-genome analysis evidenced a temporal signal in the pattern of gene gain and loss,
supporting the hypothesis that the complete genetic repertoire of this group of bacteria is still uncovered.
Thirteen bacteriocin genes from Class II and IIl were predicted in the accessory genome. Four pediocin-
like bacteriocins (54% of the detected bacteriocin repertoire) and their accompanying immunity genes are
highlighted; penocin A, coagulin A, pediocin PA-1, and plantaricin 423. Additionally, in silico, modeling of
the pediocin-like bacteriocins revealed different configurations of the helix motif compared to other
physically determined pediocin-like structures. Comparative and phylogenomic analyses support the
hypothesis that a dynamic mechanism of bacteriocin acquisition and purging is not dependent on the
bacterial isolation source origin. Synteny analysis revealed that while coagulin A, pediocin PA-1, and
Plantaricin 423 loci are associated with insertion sequences mainly from the IS30 family and are likely
of plasmid origin, penocin A lies in a conserved chromosomal locus. The results presented here provide
insights into the unique pediocin-like bacteriocin peptide fold, genomic diversity, and the evolution of
the bacteriocin genetic repertoire of P. pentosaceus, shedding new insights into the role of these biomo-
lecules for application in inhibiting bacterial pathogens, and suggesting that prospecting and sequencing

new strains is still an alternative to mining for new probiotic compounds.
© 2022 Published by Elsevier B.V. on behalf of Research Network of Computational and Structural Bio-
technology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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1. Introduction

Over the years, the massive use of antibiotics has led to
increased antimicrobial resistance, a current public health issue
[1]. Alternative methods have been developed to avoid and reduce
this increased resistance worldwide. The use of probiotics, which
are microorganisms able to provide potentially therapeutic bene-
fits, has been proved to be an effective food additive that brings
several beneficial effects [2,3]. As a promising trend in biotechnol-
ogy [4], these organisms have been increasingly studied in the last
decades and are widely used in the food industry and animal hus-
bandry [5].
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For instance, the Gram-positive lactic acid bacterium (LAB),
Pediococcus pentosaceus (Firmicutes phylum, Bacilli class, and Lac-
tobacillales order), are present in different environments, including
food, plants, beverages, and feces [6], and has been extensively iso-
lated and assessed for probiotic potential exhibiting positive
results [7]. P. pentosaceus attracts substantial attention from the
pharmaceutical, scientific, and food sectors because it produces
antimicrobial peptides (AMP), known as bacteriocins that inhibit
pathogens, such as Listeria monocytogenes Pseudomonas aeruginosa,
Escherichia coli, and Clostridium perfringens [8-10].

The use of genomics to assess the potential of these probiotic
species has revealed remarkable information regarding their main
biological processes and physiological roles involved in inhibiting
pathogens in different hosts [7]. Indeed, it is essential to investi-
gate the production of bacteriocins - AMP produced by LAB with
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biopreservative ability and broad-spectrum inhibitory activity [11]
- which have been “generally regarded as safe” [12]. Those are
reported to be produced by many LAB and can be grouped into dif-
ferent classes depending on their function, structure, and mode of
action [13].

Class I bacteriocins comprehend peptides that undergo post-
translational modifications and contain lanthionine and/or methyl-
lantionine residues, also called lantibiotics. Class II refers to small
bacteriocins that do not suffer post-translational modification, cat-
egorized into different subclasses depending on their structures.
Class III is a more recent class of large, heat-labile peptides, which
are not classified as antibacterial [13].

Mainly, bacteriocins that are known to inhibit L. monocytogenes
belong to the class IIA (pediocin-like) and are commonly arranged
in operons, with well-known function and organization [14], con-
taining the structural bacteriocin gene. The pediocin-like gene
cluster encodes three primary genes; the prebacteriocin; an immu-
nity protein; an ABC transporter, indispensable for secretion of the
pediocin-like peptide; and a complementary gene of unknown
function [11]. The prominent structural landmark of pediocin-
like peptides is the presence of a YGNGV-motif, which gives them
aS-shaped fold in their N-terminus, influencing their stability [13].

Although many studies have experimentally revealed the func-
tional role of bacteriocin-like inhibitory substances (BLIS) pro-
duced by P. pentosaceus isolated from different sources [15-17],
the employment of genomic analyses to perform a comparatively
genomic assessment of these AMP can further evince particulari-
ties among strains and their correspondent roles associated to inhi-
bitory function [6]. Therefore, this study aimed to perform an
extensive in silico comparative analysis of P. pentosaceus, focusing
on the genomic analysis across all available sequenced strains to
assess their bacteriocin-producing abilities, as well as particulari-
ties of pediocin-like bacteriocin sequences, structures, and loci,
relating these findings to their potential functional roles.

2. Material and methods

2.1. Pediococcus pentosaceus genomes retrieval and pan-genome
analysis

After an initial search of the GenBank RefSeq database [18], 109
P. pentosaceus genomes were retrieved using the esearch script
from the NCBI Edirect tool (https://dataguide.nlm.nih.gov/edi-
rect/documentation.html). Furthermore, 67 other P. pentosaceus
raw reads deposited on the SRA (Sequence Read Archive) database
were retrieved using the fasterq-dump script from the SRA toolkit
v3 (https://github.com/ncbi/sra-tools). The raw reads were
trimmed with the fastp tool v0.20 [19] and further assembled with
SPades 3.15.2 [20]. To normalize the analyses, all 176 P. pen-
tosaceus genomes were annotated by Prokka [21]. The genome
completeness was assessed by CheckM [22] for each P. pentosaceus
fasta sequence, and only genomes showing completeness above
95 % and contamination below 5 % were considered for pan-
genome analysis. All P. pentosaceus genomic metadata (e.g., isola-
tion source, country of origin, number of contigs, assembly N50
and L50, number of genes, completeness, and others) were
retrieved for the respective BioProject and BioSample and manu-
ally compiled in Table S1. The Panaroo pipeline [23] was employed
to determine the P. pentosaceus pan- and core genome. The pan-
genome graph-based visualization was determined with Cytoscape
(https://cytoscape.org/) using the final_graph.gml file generated by
the Panaroo pipeline. The pan-genome pre-processing was based
on multidimensional scaling (MDS) projection of pairwise Mash
[24] distances and gene and contig counts plots generated by the
Panaroo pipeline. The pan-genome post-processing was performed
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with the panstripe tool (https://github.com/gtonkinhill/panstripe)
to determine potential evidence of temporal signals in the gene
gain and loss pattern. In addition, the accumulation curve was gen-
erated with the post-plot-runner.py script from the Panaroo pipe-
line. For this work, we used the Panaroo default values for pan-
genome computation (e.g., the core genome was considered a
group of genes shared by>98 % of strains; the soft-core genes were
the ones shared by 95 %-98 % of genomes, and shell genes were
shared by 15 %-95 % of the genomes. Finally, the cloud gene group
refers to those shared by less than 15 % of analyzed genomes).

2.2. Pan-genome annotation and enrichment analysis

The core, soft core, shell, and cloud reference genes were extracted
from the “gene_presence_absence.csv” and “gene_data.csv” files gen-
erated by the Panaroo pipeline. The reference pan-genome was anno-
tated with the eggNOG-mapper v2 [25]. The enrichment analysis was
carried out to test the overrepresentation of Gene Ontology terms in
the different pan-genome gene lists (core, soft core, shell, and cloud)
with the find_enrichment.py script from the GOATOOLS package
[26], using the fisher’s exact test, and multiple testing correction. Only
results with p-values < 0.05 corrected using Benjamini-Hochberg
multiple test correction were considered.

2.3. Phylogenomics analysis

The Pediococcus pentosaceus phylogenomics analysis was
inferred using 402 single-copy core genes (397 being single-copy
in >= 90.0 of the analyzed species), identified with BUSCO v5.4.2
[27] using the lactobacillales_odb10 database. The 402 single-
copy genes were processed using the supermatrix approach with
the BUSCO_Phylogenomics pipeline (https://github.com/ja-
miemcg/BUSCO_phylogenomics). The maximum-likelihood (ML)
phylogenomic tree was built using 1Q-Tree v2.1.3 [23] with the
best-of-fit model WAG + F + R10 according to AIC criteria [28], with
the software ModelFinder [29]with 1,000 fast bootstrap replicates.
L. lactis strains G121 (NZ_CP053671.2), UC11 (NZ_CP015904.1),
111403 (AE005176.1), and KF147 (NC_013656.1) were used as
out-group. The tree drawing was performed using iTOL v5 [30]
using the collected genomic metadata and annotation as decora-
tion features.

2.4. Identification and annotation of bacteriocins-encoding Areas of
Interest (AOI) and synteny analysis with a focus on pediocin-like
peptides

BAGEL4 tool [31] was employed to predict Areas Of Interest
(AOI) in the genomes that contained Ribosomally synthesized
and post-translationally modified peptides (RiPPs) and bacteri-
ocins. The previously described pediocin-like motifs and conserved
domains [32,33] were identified through sequence alignment and
visual inspection using the CLC Genomics Workbench 22.0
(QIAGEN). For the comparative analysis across the different
P. pentosaceus AOI encoding pediocin-like peptides, we firstly
re-annotated each AOI using prokka with the BAGEL4 proteins
database and UniProt [34] set of plasmid-derived sequences (e.g.,
VirB, TraA, relaxase, and other plasmid derived sequences) using
the --proteins parameter. The synteny was determined using the
clinker & clustermap.js tool [35]. All figures were manually edited
with Inkscape (https://inkscape.org).

2.5. In silico modeling of pediocin-like bacteriocins
The pediocin-like sequences had their leader peptides, includ-

ing the double-glycine peptides that are cleaved during the protein
secretion, identified and removed using SignalP v6.0 [36]. The
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mature bacteriocins sequences were compared against the avail-
able protein structures deposited in the Protein Data Bank (PDB)
[37] and UniProt Databases. The in silico modeling of the
pediocin-like structures found in P. pentosaceus genomes was per-
formed using the ROBETTA platform [38]. The 3D models were fur-
ther refined using the 3DRefine server [39], and the SAVES 6.0
pipeline was employed for the stereochemical quality analysis
based on the Ramachandram plot using PROCHECK [40]. In addi-
tion, the physicochemical properties corresponding to sequences
of pediocin-like mature bacteriocins were computed using the
ProtParam tool [41].

3. Results

3.1. Pan-genome analysis revealed temporal signals in the pattern of
gene gain and loss, supporting the hypothesis that the complete
genetic repertoire of Pediococcus pentosaceus is still uncovered

The comparative analyses of the 176 P. pentosaceus genomes
available in the GenBank database revealed that the majority of
the strains are well assembled (average of 20 contigs/scaffolds),
encoding in an average of 1,800 genes, except for P. pentosaceus
strains isolated from metagenome projects (Metagenome-
Assembled Genomes (MAGs)) exhibiting 1,200 to 1,400 genes and
showing genome completeness between 75 and 98 % (Fig. 1 A and
B, and Table S1). At least 92 % of P. pentosaceus strains present gen-
ome completeness above 98 % (Table S1). The main finding regarding
the genome completeness analysis was related to the FHNFQ30
strain, isolated from human feces in China and exhibiting a higher
contamination level of 23.14 %. Therefore, the FHNFQ30 strain was
removed for the following pan-genome analysis. Interestingly, the
SRCM100892 strain, primarily isolated from food material in South
Korea, exhibits the most significant number of genes (Fig. 1 B). This
strain presents 98.46 % and 0.31 % of genome completeness and con-
tamination, respectively, supporting a well-assembled genome.

Further inspection of the SRCM100892 strain revealed that in
addition to the circular main replicon, exhibiting the average P.
pentosaceus genome size of 1.7 Mb, this genome also harbors three
shorter and three larger plasmids showing 8, 14, 18, 52, 55, and
68 kb. Therefore, the unique plasmid content can explain the
higher number of genes in the SRCM100892 strain. In contrast,
the LN-PT16 strain isolated from fermentable vegetals in China
appears as an outlier in the MDS projection (Fig. 1 C), indicating
potential misclassification. Further analysis of the LN-PT16 strain
revealed completeness of 99.38 % and contamination of 0 %. This
genome is assembled in 2 Mb showing 36 contigs, with N50 of
341 kb, thus, indicating a high-quality assembly. Furthermore,
our phylogenomic analyses also strongly support that this strain
does not belong to the Pediococcus genus (see below), supporting
the misclassification hypothesis. Therefore, the LN-PT16 was also
not used in the further pan-genomic calculations.

After the pre-processing, 167 Pediococcus pentosaceus were con-
sidered for the pan-genome analyses. The reference pan-genome
comprises 5,749 genes, and the core genome consist of 1,158 genes
(representing ~ 20 % of species coding set). Additionally, 245 genes
that belonged to a group of soft-core genes were identified. A group
of shell genes, composed of 712 genes, was shared by between 15 %
and 95 % of genomes, and a final group of 3,691 cloud genes was
shared by less than 15 % of the analyzed isolates (Fig. 1 D and E,
and Figure S1). The pan-genome post-processing plots across P.
pentosaceus phylogeny indicate that gene gain and loss events
occur at the tree’s tips. (Fig. 1 E). Furthermore, the accumulation
curves and p-value of the core branch lengths corroborated a sig-
nificant association between gene gain/loss, firmly supporting an
open pan-genome scenario (Fig. 1 F and G).
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3.2. Pediococcus pentosaceus pan-genome annotation reveals a
variable repertoire of 13 bacteriocins in the accessory genome

The cluster of Orthologous Groups (COG) annotation of the ref-
erence pan-genome revealed that most of the genes were associ-
ated with unknown functions (S) (Fig. 2 A). The other prominent
COGs are Replication, recombination, and repair (L), followed by
Transcription (K), Carbohydrate transport and metabolism (G),
and Cell wall/membrane/envelope biogenesis (M). In contrast,
the lesser main COG categories are Cell motility (N), secondary
metabolites biosynthesis, transport, and catabolism (Q).

Gene Ontology enrichment analyses revealed that across the
core genes, the cellular metabolic process (G0:0044237), primary
metabolic process (GO:0044238), gene expression (GO:0010467),
and many other GO terms related to the primary metabolism and
housekeeping are over-represented. The soft-core genes exhibit
enrichment of GO terms potentially involved with probiotics
features, such as vitamin biosynthetic process (G0:0009110),
water-soluble vitamin biosynthetic process (G0:0042364),
organic substance metabolic process (G0:0071704), and small
molecule biosynthetic process (G0:0044283). In contrast, across
the shell genes, only the monosaccharide catabolic process
(G0:0046365) is over-represented, and many GO terms related
to primary metabolism and housekeeping are underrepresented.
Furthermore, the cloud genes do not present any GO term enrich-
ment, and as observed in the shell genes set, the primary metabo-
lism and housekeeping-related GO terms are underrepresented
(Table S2).

Among the analyzed P. pentosaceus genomes, 13 bacteriocins,
mostly from class Il and accounting for up to 286 genes, were iden-
tified in the accessory genome (Fig. 2 B and Table S3). A total of 47
(26 %) P. pentosaceus genomes do not encode bacteriocin. Con-
versely, in the bacteriocinegic strains, the gene content is highly
variable, where each strain carries up to three Areas Of Interest
(AOI) (mean of 1.78). These findings are compatible with the con-
cept of dynamic genomes regarding bacteriocin content.

The pediocin-like bacteriocins: penocin A, coagulin A, pediocin
PA-1, and plantaricin 423, corresponds to ~ 54 % of the detected
bacteriocins. These pediocin-like bacteriocins present the con-
served pediocin-box, formed by an N-terminal consensus charac-
teristic YGNGVxXCxxxxCxVxWxxA motif commonly found in the
class IIA bacteriocins (Figures S2, S3, S4, and S5). Interestingly,
the immunity genes entA and pediocin ACH appears associated
with the pediocin-like bacteriocins. Alignment analysis indicates
three different EntA groups (Figure S6) were identified. In contrast,
the ACH immunity proteins are much more conserved, showing
slight variations (Figure S7).

The pediocin-like bacteriocins exhibit highly conserved amino
acid composition, showing specific particularities. For instance,
non-synonymous mutations were identified in some coagulin A
members (Figure S2), in particular, across the pediocin box
(V-LT-Y,H-Y,and W — R). In addition, some strains’ leader
peptide regions of coagulin A and penocin A are not fully present
(Figure S2).

The physicochemical profile of predicted pediocin-like bacte-
riocins indicates that all predicted sequences of mature bacte-
riocins peptides were positively charged, which relates mainly
to their hydrophilic N-terminal regions (Table 1). For these
bacteriocins, the net charge is essential for electrostatic inter-
actions once pediocin-like bacteriocins are reported to have
their mode of action interacting with negatively charged cell
surfaces [11]. Furthermore, all evaluated pediocin-like bacteri-
ocins had a similar molecular weight. Additionally, according
to their instability indices, they are stable under normal condi-
tions (should be less than 40) and can be potentially manipu-
lated in test conditions.
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Fig. 1. P. pentosaceus pan-genome pre-processing and post-processing analyses. A and B. The number of contigs and genes distributed across all available P. pentosaceus
genomes. C. Multidimensional scaling projection of pairwise Mash distances, indicating that the strain LN-PT16 is potentially misclassified in the Pediococcus genus. D. plot of
the phylogeny and the corresponding gene presence/absence of P. pentosaceus pan-genome (showing only genes that vary). E. plot of the fitted gene gain and loss events
across P. pentosaceus phylogeny, indicating that there are still occurring gene gain and loss events at the tips of the tree. F. Pan-genome accumulation curve shows the
accessory (acc) diversity in function of increasing the number of new genomes added (number of samples). G. Panstripe summary, showing a significant association with gene
gain and loss. Core: indicates whether the branch lengths in the phylogeny are associated with gene gain and loss. Depth: indicates whether the rate of gene gain and loss
changes significantly with the depth of a branch. Istip: indicates associations with genes observed on the tips of the phylogeny. p: the inferred index parameter of the
underlying Tweedie distribution. Phi: the inferred dispersion parameter.

3.3. Molecular modeling of pediocin-like bacteriocin reveals similar
but unique structural configurations in the helix motif

So far, except for pediocin PA-1, there are no accurate templates
in the Protein Data Bank [37] showing higher similarity or close
relation to the helix-motif pediocin-like bacteriocins identified in
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P. pentosaceus (Table 2). The molecular modeling revealed that
87.5 %, 91.2 %, 94.1 %, and 82.8 % of the amino acid residues of
the penocin A, coagulin A, pediocin PA-1, and plantaricin 423 are
located in the most favorable regions, respectively (Figure S8).
Except for coagulin A and pediocin PA-1, which present identi-
cal peptide structures and very similar sequences; all pediocin-like



I. Rodrigues Blanco, L. José Luduverio Pizauro, Jodo Victor dos Anjos Almeida et al.

Computational and Structural Biotechnology Journal 20 (2022) 5595-5606

COGs

. C: Energy production and conversion

D: Cell cycle control, cell division, chromosome partitioning
E: Amino acid transport and metabolism

F: Nucleotide transport and metabolism

G: Carbohydrate transport and metabolism

H: Coenzyme transport and metabolism

I: ALipid transport and metabolism

J: Translation, ribosomal structure and biogenesis

K: Transcription

L: Replication, recombination and repair

M: Cell wall/membrane/envelope biogenesis

N: Cell motility

O: Posttranslational modification, protein turnover, chaperones
P: Inorganic ion transport and metabolism

Q: Secondary metabolites biosynthesis, transport and catabolism
S: Function unknown

T: Signal transduction mechanisms

U: Intracellular trafficking, secretion, and vesicular transport

V: Defense mechanisms

A .
g
&
=
<%}
&
g 15+
&
g
B
o]
(=4
CDEFGHTIIJKLMNOTPQSTUYV
Clusters of Orthologous Groups(COGs)
B 40
350
(n=100)

Relative frequency (%)

17:1

(n=49)
1.75 2.1
=) 0.70 0.70 0.70 035 (n=6)
(n=2) (n=2) (n=2) _ (n=1)
P . & . gae*‘ba ,‘\c‘f’1 Q@&’d& i &%
Q S Pecke O D e g oS- oS
y * ™ o o R g e %@‘d &
2 A2
Class 11 Class 111

Fig. 2. A. Clusters of Orthologous Genes (COG) functional annotation of P. pentosaceus reference pan-genome. B. Predicted bacteriocin by automatic annotation using the
BAGEL4 platform and manual curation. The pediocin-like peptides are shown with black dots, and the number of genomes carrying each bacteriocin is shown between

parenthesis.

bacteriocins from P. pentosaceus are structural divergent to the
closest related bacteriocins having physical structure determined
(e.g., Leucocin A, Sakacin P, and Pediocin PA-1) (Fig. 3). The main
differences are located at the helix motif, where alpha-helices pre-
sent a different number of right-hand turns, and the predicted
beta-sheet position slightly differs.

As previously determined [42], the differences between coag-
ulin A and pediocin PA-1 are related to substituting one threonine
residue at position 44 in the place of asparagine (Fig. 3). Interest-
ingly, both peptides present prominent differences from the Pedio-
cin PA-1 (M31L 5UKZ) physically determined structure. The
structural difference can be associated with methionine to conser-
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vative valine substitution (different amino acids showing similar
biochemical properties) at position 34 (Fig. 3). These results sup-
port the idea of distinct functional implications of the P. pen-
tosaceus pediocin-like bacteriocins.

3.4. Phylogenomics comparative analysis reveals that it is not possible
to determine a correlation between the bacteriocigenic repertoire and
strain isolation source or sampling region

Phylogenomics analyses revealed that P. pentosaceus strains
form at least nine different clades. In general, no clear correlation
between the bacteriocin repertoire, isolation source, and clades
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Table 1
Physicochemical properties of pediocin-like mature bacteriocins of P. pentosaceus.

Computational and Structural Biotechnology Journal 20 (2022) 5595-5606

Characteristics

Bacteriocin

Penocin A Coagulin A Pediocin PA-1 Plantaricin 423
Amino acid residues 42 44 44 37
Molecular weight (Da) 4689.31 4615.19 4628.19 5719.54
Theoretical pl 9.45 8.85 8.85 8.93
Extinction Coefficient 21095 14230 14230 8605
Instability index -23.82 -0.48 -0.48 26.56
Aliphatic index 55.71 40.00 40.00 58.87
Grand Average of Hydropathicity -0.586 -0.430 -0.493 -0.323

Table 2

BLAST results show the best templates for homology modeling for each pediocin-like bacteriocin identified in P. pentosaceus genomes. The leader peptide sequence was removed

for a more accurate query search.

Description Organism Hits Coverage Similarity PDB
Penocin_A Latilactobacillus sakei Sakacin P 88.0% 62.0% 10G7_A
Pediococcus acidilactici Pediocin PA-1 59.0% 80.0% 7VLY_A
Chemically synthesized Pediocin PA-1 M31L analog 59.0% 80.0% 5UKZ_A
Enterococcus faeciumM3K31 Enterocin HF Carnobacteriocin B2 61.0% 73.0% 2N4K_A
Carnobacterium maltaromaticum Leucocin A 45.0% 73.0% 1CW5_A
Leuconostoc gelidum Curvacin A 76.0% 68.0% 1CW6_A
Latilactobacillus curvatus 83.0% 68.0% 2A2B_A
Coagulin_A Pediococcus acidilactici Pediocin PA-1 100% 97.0% 7VLY_A
Chemically synthesized Pediocin PA-1 M31L analog 100% 97.0% 5UKZ_A
Latilactobacillus sakei Sakacin P 100% 77.0% 10HM_A
Enterococcus faecium M3K31 Enterocin HF 90.0% 65.0% 2N4K_A
Carnobacterium maltaromaticum Carnobacteriocin B2 44.0% 84.0% 1CW5_A
Leuconostoc gelidum Leucocin A 52.0% 78.0% 1CW6_A
Latilactobacillus curvatus Curvacin A 81.0% 55.0% 2A2B_A
Pediocin_PA-1 Pediococcus acidilactici Pediocin PA-1 100% 100% 7VLY_A
Chemically synthesized Pediocin PA-1 M31L analog 100% 100% 5UKZ_A
Latilactobacillus sakei Sakacin P 100% 77.0% 10HM_A
Enterococcus faecium M3K31 Enterocin HF 90.0% 65.0% 2N4K_A
Leuconostoc gelidum Leucocin A 52.0% 78.0% 1CW6_A
Carnobacterium maltaromaticum Carnobacteriocin B2 43.0% 84.0% 1CW5_A
Latilactobacillus curvatus Curvacin A 81.0% 55.0% 2A2B_A
Planaricin_423 Leuconostoc gelidum Leucocin A 94.0% 74.0% 1CW6_A
Pediococcus acidilactici Pediocin PA-1 81.0% 90.0% 7VLY_A
Chemically synthesized Pediocin PA-1 M31L analog 81.0% 90.0% 5UKZ_A
Latilactobacillus sakei Sakacin P 64.0% 83.0% 10HM_A
Carnobacterium maltaromaticum Carnobacteriocin B2 54.0% 85.0% 1CW5_A
Enterococcus faecium M3K31 Enterocin HF 59.0% 81.0% 2N4K_A

topology can be made, supporting the hypothesis that a dynamic
mechanism of bacteriocin acquisition and purging is independent
of the evolutive driven forces associated with each isolation source
(Fig. 4). Moreover, the phylogenomics analysis strongly supports
that the LN-PT16 strain does not belong to P. pentosaceus species.
Indeed, the LN-PT16 strain is located between the Lactococcus
and P. pentosaceus clades. In addition, the LN-PT16 strain does
not encode bacteriocins or AOL

3.5. The penocin A loci are conserved and located in the main
chromosome, whereas the coagulin A and pediocin PA-1 loci exhibit
variations, presenting association to Insertion Sequences and plasmid
origin

Comparative analysis across the four pediocin-like bacteriocins
AOI revealed distinct patterns. Each AOI generally exhibits some
level of conserved synteny but specific features. For instance, the
penocin A AOI is located in the main P. pentosaceus chromosome
and has a conserved gene context. Most penocin A genes are next
the immunity protein (EntA). Interestingly, except for one strain
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(DYNDLA40), no transposase or other mobile genetic elements, such
as plasmid maintenance genes, were identified in the penocin A
AOI (Fig. 5). This finding supports the idea that penocin A AOI is
currently little affected by P. pentosaceus mobilome.

The coagulin A AOI presents a much more diverse genomic con-
text, exhibiting up to two different immunity genes (EntA and ped-
iocin ACH immunity protein) and several transposase genes. For
instance, at least six AOI presents an IS30 transposase from the
ISLpl1 element, flanking the Coagulin A gene (Fig. 6). Comparative
annotation and analysis indicate that the coagulin A AOI are
divided into the plasmid-derived and main chromosome groups
(Fig. 6). The plasmid-derived group exhibits several genes related
to plasmid mobilization, such as chromosome-partitioning ATPase
Soj, conjugal transfer, DNA replication, and others. Additionally,
the FSCPS12 and FSCPS86 strains carry a tetracycline resistance
ribosomal protection protein Tet(M). The Tet(M) gene is commonly
associated with plasmids in Lactobacillus species [43].

In contrast, the FDAARGOS_1009, SL001, and the other strains
located below in the Fig. 6 belong to the main chromosome group.
The FDAARGOS_1009 and SL0O01 strains were fully sequenced and
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Fig. 3. A. Molecular modeling of pediocin-like bacteriocins of P. pentosaceus, and comparisons against the peptide fold of other known and related bacteriocin available at
PDB. The AxxxA and SxxxS motif in the Pediocin PA-1, Coagulin, and Plantaricin 423 is shown as a purple arrow.; B. Alignment of the primary amino acid sequences of P.
pentosaceus coagulin A and pediocin PA-1 against Pediococcus acidilactici and the chemically synthesized Pediocin PA-1 available on the PDB database, showing the differences

in the N terminal, AxxxA mofif, and M — L substitution.

assembled in one circular contig, indicating that their correspond-
ing coagulin A AOI does not present plasmid origin. The main fea-
tures of the chromosomal AOI group are related to the presence of
an oleate hydratase gene (EC 4.2.1.53). This enzyme belongs to the
lyases family and is involved with the cleavage of carbon-oxygen
bonds. Together, these findings support the hypothesis that the
Coagulin A AOI was originated, acquired, or propagated to other
compatible strains by conjugation and may also be integrated with
the main chromosome.

The pediocin PA-1 AOI exhibits the immunity (pediocin ACH
immunity protein), biosynthesis, and transport/processing of bac-
teriocin (LanT) genes close to the pediocin PA-1 gene (Fig. 7). These
AOI are strongly associated with plasmid genes, showing a poten-
tial conjugation acquisition origin. Only two strains carry
transposase-related genes in their respective AOIL For instance,
the ET34 strain presents the IS30 transposase from the ISLpl1 ele-
ment next to a bacteriocin immunity gene. Moreover, the
FAM19080 strain AOI carries a transposase from the IS6 family
showing 100 % similarity to the IS1216E element. Interestingly,
the bacteriocin transport/processing ATP-binding (LanT) gene
appears as a pseudogene in the FWXBH44 and FAM19080 strains.

Finally, the plantaricin 423 AOI also presents the plantaricin
423 genes next to their respective immunity gene (e.g., EntA). Both
genes are also next to a truncated/fragment of IS30 transposase
(94 % of similarity and 27 % of coverage of the entire transposase)
from the ISLpl1 element (Fig. 8). The other features of this AOI are
the presence of a 5-deoxy-p-ribulose 1-phosphate aldolase, PTS
system, HTH-type transcriptional repressor GlcR, MarR transcrip-
tional regulator, and a cell surface protein. However, this AOI has
no apparent and direct relationship to plasmid-derived genes.
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4. Discussion

Due to its ability to produce antimicrobial peptides, the Gram-
positive P. pentosaceus received during the last decade significant
attention, especially in the food industry [8]. Previous comparative
genomics analyses employing a fraction of the available P. pen-
tosaceus genomes revealed distinct functional roles, which may
or not be able to associate with strains able to produce bacteriocins
[6]. In this study, we performed a more comprehensive P. pen-
tosaceus pan-genome and in silico analyses focusing on the
pediocin-like bacteriocins. Using all 176 publicly available P. pen-
tosaceus genomes, we demonstrated that this LAB group encodes
unique BLIS characteristics.

Using the graph-based method employed by the panaroo pipe-
line [23], we determined a more accurate picture of the P. pen-
tosaceus pan-genome. As the first cut-off for pan-genome pre-
processing, only high-quality genomes showing CheckM [22] com-
pleteness above 95 % and contamination below 5 % were used. This
method was enough to determine that 92 % (160 out 176) of P. pen-
tosaceus strains present genome completeness above 98 % and that
not all strains derived from metagenomic projects (MAGs) are suit-
able for pan-genome analysis due to the low completeness and
higher contamination levels. However, the genome completeness
pre-processing was not adequate to detect other potential issues.
For instance, the Mash MDS projection analyses revealed that the
LN-PT16 strain appeared to be an outlier in the plot. The Mash is
a sequence comparison algorithm that relies only on k-mers, pro-
viding accurate comparisons between genomes [24] and an exact
estimation of differences that cannot be detected using genome
completeness methods.
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Fig. 4. Phylogenomics analyses and evolutionary relationships across available P. pentosaceus genomes associated to the bacteriocin gene content and source of isolation of
each strain. The nine different clades are shown in roman numerals. The L. lactis G121, UC11, and KF147 genomes were used as an out-group.

Furthermore, phylogenomics analyses confirmed these results.
Therefore, the Mash distance and phylogenomics methods indi-
cated that the deposited LN-PT16 sequences in the Genbank data-
base were misclassified as P. pentosaceus. Indeed, one of the major
concerns is related to the quality of the assembly and annotation of
the deposited genomes and the impacts of contamination and low-
quality genomes in the results of a pan-genome analysis [23]. The
presented results reinforce that concern, pointing out that pre-
processing steps using genome completeness, Mash MDS projec-
tion, and phylogenomics analyses must be considered before any
pan-genome study to avoid inaccurate inferences.

The P. pentosaceus group encodes, on average, 1,800 genes. After
thorough pre-processing, the pan-genome analyses revealed 5,749
genes comprising the set of all different genes found in this species.
This is equivalent to ~ 3x the average species coding set. Con-
versely, the core genome contains 1,158 genes (~20 % of the spe-
cies pan-genome set and ~ 0.6x of the species coding set).
However, the comparison of gene gain and loss rates between
strains, as well as the pan-genome post-processing based on accu-
mulation curves and panstripe pipeline, revealed that the complete
genetic repertoire of the species is still uncovered. Therefore, we
corroborated previous results, which used fewer strains (74 in
total), indicating that the P. pentosaceus pan-genome is not yet
fully closed but approaching closure [6]. However, in this study,
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we more than doubled the samples of P. pentosaceus, and the
pan-genome is still open.

Further annotation and enrichment analysis of the reference
pan-genome indicated an over-representation of many functions
and processes related to the primary metabolism and housekeep-
ing functions within the core gene set. This result is consistent with
the role of core-genome with the bacterial cellular maintenance
and survival, as observed in other bacterial genera, including P.
pentosaceus [6,44,45]. Interestingly, potential probiotic functions,
such as vitamin biosynthetic process (G0:0009110), water-
soluble vitamin biosynthetic process (GO:0042364), and monosac-
charide catabolic process (GO:0046365), are enriched in the soft-
core and shell gene set. Conversely, the bacteriocins are features
of the P. pentosaceus accessory genome, and contrary to a previous
study that identified four different bacteriocin operons in P. pen-
tosaceus [6] accessory genome, here, using much more samples
(74 against 175) was possible to determine thirteen bacteriocin
genes, from Class Il and IIL

We also showed the evolutionary distance across the different
strains, corroborating previous studies that demonstrated that dif-
ferent P. pentosaceus strains were not correlated based on isolation
source or sampling region [6] and also showing that it is impossi-
ble to determine a correlation between the bacteriocigenic reper-
toire with the strains phylogeny. Indeed, our phylogenomics
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Fig. 6. Synteny of coagulin A AOI identified in P. pentosaceus genomes. The asterisk denotes a different bacteriocin immunity gene.

analyses corroborate the hypothesis that the bacteriocin content is We also identified, annotated, and compared the P. pentosaceus
not a plesiomorphic characteristic; on the contrary, it may be inde- bacteriocins arsenal, focusing on the pediocin-like bacteriocins,
pendently acquired during the evolution and adaptation of each revealing the unique structural patterns of these peptides. The bac-
strain. This finding is supported by the fact that bacteriocin pro- teriocin structures presented in this study were modeled using the
duction is heavily influenced by its environment, with factors such ROBETTA server, which uses deep learning algorithms to predict
as nutrition, temperature, pH, and aeration level playing a signifi- protein models [47] accurately. This method can be considered

cant role [11]. In addition, the horizontal transfer of the bacteriocin the most reliable alternative when no protein crystals are available
gene has been demonstrated to instigate metabolic adaptation that [37]. In this regard, all bacteriocins shown in Fig. 3 are of type Ila,
increases cellular and adaptation fitness [46]. demonstrating that pediocin PA-1 is very similar to Coagulin A, as
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shown in Table 2 (97 %). This is in agreement with what has been
shown before [48]. Also, it was possible to observe the presence of
the “GxxxG-like” AxxxA and SxxxS motif in the Pediocin PA-1
(AxxxA; 48-52 aa) and Coagulin (AxxxA; 48-52 aa) and in the
Plantaricin 423 (SxxxS; 42-46 aa). These motifs are characteristic
of type IIb bacteriocins [49] and are known to mediate helix-
helix interactions in membrane proteins [50,51]. Therefore, these
motifs are essential. Since they were present in the helix (Fig. 3),
it may suggest that these bacteriocins will act as two-peptide bac-
teriocins to form membrane-penetrating helix-helix structures
[52]. Thus, the presented 3D models will provide a good baseline
for further studies since none were previously available.

The synteny analyses revealed that penocin A is widespread
across the species and located in a very conserved chromosomal
genomic context, showing almost no relationship to mobile genet-
ics elements, thereby corroborating previous studies [6,53]. In con-
trast, the coagulin A locus is hugely diverse and is an excellent
example to illustrate the plasticity of the bacterial genomes. For
instance, some coagulin A loci are associated with transposases
and plasmid-derived genes, including other antibiotic resistance
genes. Conversely, another group of coagulin A locus is present in
the chromosomal genomic context. The pediocin PA-1 and plan-
taricin 423 are more conserved. While the Pediocin PA1 locus is
embedded in plasmid-derived genes, the plantaricin 423 exhibits
transposase fragments. Interestingly, many pediocin-like AOIs pre-
sent transposases from the IS30 family. This family is known to
form compound transposon structures [54], thereby strongly indi-
cating a potential role of elements from this family in shaping the
penocin A, coagulin_A, pediocin_PA-1, and plantaricin_423 AOI
evolution in P. pentosaceus.

Coagulin A has a very similar sequence and structure to Pedio-
cin PA-1. It presents anti-Listeria inhibitory activity described from
Bacillus coagulans [42], exhibiting high identity with other bacteri-
ocins such as pediocin PA-1 and leucocin A [32]. However, compar-
ing it to the sequence of Penocin A reveals more differences, both
in the C- and N-terminal portions. The detected Plantaricin 423
has also been reported to have antilisterial activity when produced
by the LAB Lactobacillus plantarum [55]; compared to Pediocin PA-1
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and Coagulin A sequences, it is mostly similar. The production of
pediocin-like bacteriocins requires the presence of complementary
genes grouped in one or more clusters. The composition of these
loci is essential for the function of the AMP [48,56]. Class Ila bacte-
riocins are known for having components of the mannose phos-
photransferase (Man-PTS) system involved in the target
recognition, including Leucocin A and Pediocin PA-1 [57,58]. These
permeate the target cell membrane, leading to cell death by
employing specific receptors on the target cell surface [59].

Also, the bacteriocin enterolysin is detected in many strains of
this analysis and is known to degrade bacterial cell walls and be
produced by bacteria of genera Enterococcus, Lactobacillus, Strepto-
coccus, and Pediococcus, showing potential for inhibition of entero-
cocci, pediococci, lactococci, and lactobacilli [60]. This bacteriocin
belongs to class III, which are thermostable peptides with a broad
inhibitory spectrum [61]. The enterolysin A has only been
described recently on P. pentosaceus. Its presence has been associ-
ated with prophage genes and thus has been hypothesized that P.
pentosaceus have seized its production ability from other species
[6]. This is supported by the fact that the enterolysin has not been
reportedly encoded by P. pentosaceus, and its operon is placed on
mobile elements [6].

Taken together, the presented results suggest that probiotic fea-
tures may be randomly spread over the different P. pentosaceus
strains by different lateral gene transfer mechanisms (i.e., conjuga-
tion, transposition, transduction), supporting the hypothesis that
new probiotics functions and antimicrobial peptides can eventu-
ally be found prospecting and sequencing new strains.
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