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A B S T R A C T

The microbiota contributes to artisanal cheese bioprotection and biopreservation through inter and intraspecific
competition. This work aimed to investigate the phylogenetic distribution of the repertoire of bacteriocin
structural genes of model lactic acid bacteria (LAB) in order to investigate its respective role in the artisanal
cheeses microenvironment. A phylogenetic analysis of the rRNA 16S gene from 445 model strains of LAB was
conducted using bayesian inference and the repertoire of bacteriocin genes was predicted from these strains by
BAGEL software. Bacterial strains were clustered in five monophyletic clades (A, B, C, D and E) with high
posterior probability values (PP > 0.99). One bacteriocin structural gene was predicted for 88.5% of the
analyzed strains. The majority of the species encoded different classes of bacteriocins. Greater diversity of
bacteriocin genes was found for strains included in clade A, comprising Lactococcus lactis, Streptococcus aga-
lactiae, Streptococcus thermophilus, Streptococcus macedonicus, Enterococcus faecalis and Enterococcus faecium. In
addition, Lactococcus lactis presented higher diversity of bacteriocin classes, encoding glycocins, lanthipeptides,
sactipeptides, cyclic and linear azole-containing peptides, included in bacteriocins class I, besides class II and III.
The results suggest that the distribution of bacteriocin structural genes is related to the phylogenetic clades of
LAB species, with a higher frequency in some specific clades. Information comprised in this study contributes to
comprehend the bacterial competition mechanisms in the artisanal cheese microenvironment.

1. Introduction

Cheese is one of the most consumed fermented foods around the
globe (Zheng et al., 2018) and artisanal cheeses consumption particu-
larly has risen (Fialho et al., 2018; González-Córdova et al., 2016;
Kamimura, De Filippis, Sant’Ana, & Ercolini, 2019; Martins et al., 2018;
Perin, Savo Sardaro, Nero, Neviani, & Gatti, 2017). The majority of
artisanal cheeses are produced in small dairy units using raw milk,
enzymatic rennet and may or may not be added of salt and natural
lactic starter cultures from the previous cheese batch (González-
Córdova et al., 2016; Martins et al., 2018; Perin et al., 2017). The mi-
croorganisms present in artisanal cheeses are similar to the microbiota
of raw milk (Martins et al., 2018), which is influenced by the micro-
organisms present in the animal skin, in the soil, in the air and other
components of the milk production environment, including manu-
facturing and storage conditions (Lopez et al., 2018). The microbial
diversity of artisanal cheeses is also influenced by geographical

location, climate conditions and production process (González-Córdova
et al., 2016; Zheng et al., 2018). Bacteriocin-producing lactic acid
bacteria (LAB) are the main bacteria found in cheeses (Randazzo,
Caggia, & Neviani, 2009), being one of the responsible barriers to the
growth of spoilage and pathogenic bacteria in both artisanal and fresh
cheeses (Allam, Darwish, Ayad, Shokery, & Darwish, 2017; Coelho,
Silva, Ribeiro, Dapkevicius, & Rosa, 2014). This approach provides a
natural preserving technique of cheeses by reducing the requirement of
chemical preservatives (Coelho et al., 2014).

Bacteriocins are defined as ribosomally synthesized peptides pro-
duced by bacteria, presenting bacteriostatic, bactericidal and/or bac-
teriolytic effect (Arbulu et al., 2019; Cao et al., 2019; Todorov et al.,
2011). Those produced by LAB have a promising interest as natural and
nontoxic food preservatives (Arbulu et al., 2019; Bagde &
Vigneshwaran, 2019). Bacteriocins can be classified into three groups:
(i) class I, constituted by posttranslationally modified peptides; (ii) class
II, unmodified and heat-stable peptides below 10 kDa; and (iii) class III,
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heat-labile proteins above 30 kDa (Kumariya et al., 2019; Nowakowski
et al., 2018; Todorov et al., 2011). Class I is divided in several sub-
classes, being glycocins, lasso peptides, lanthipeptides, sactipeptides,
head-to-tail cyclized peptides and linear azole-containing peptides the
most frequently produced by LAB (Alvarez-Sieiro, Montalbán-López,
Mu, & Kuipers, 2016). Seventeen species of LAB have been isolated
from artisanal cheeses (Randazzo et al., 2009) and bacteriocins were
identified in vitro for all six genera comprising these species: En-
terococcus (Izquierdo, Wagner, Marchioni, Aoude-Werner, & Ennahar,
2009), Lactococcus (Borrero et al., 2011), Lactobacillus (Joerger &
Klaenhammer, 1986), Leuconostoc (Wan, Saris, & Takala, 2015), Strep-
tococcus (Nizet et al., 2000) and Pediococcus (Kaur & Tiwari, 2018).
Nonetheless, the number of sequenced genomes of LAB isolated from
multiples niches increased due to genomic research, allowing the use of
in silico approaches to identify putative genes related to bacteriocin
biosynthesis.

In silico screening of bacteriocins from bacterial genomes become an
essential tool for new in vitro bacteriocins discovery and characteriza-
tion due to its ability to reduce time and cost compared the cultured-
based techniques (Azevedo, Bento, Ruiz, Queiroz, & Mantovani, 2015;
Egan, Field, Ross, Cotter, & Hill, 2018; Walsh et al., 2015). BActeriocin
GEnome mining tooL (BAGEL) has been employed by several authors in
order to analyze a large number of genomes (van Heel et al., 2018): 34
lactic acid bacteria (Singh et al., 2015), 67 Geobacillus species (Egan
et al., 2018), 175 lactobacilli and 38 associated LAB (Collins et al.,
2017), 229 ruminal prokaryotes (Azevedo et al., 2015) and 382 human
gastrointestinal bacteria (Walsh et al., 2015). The algorithm of BAGEL
searches bacteriocins in DNA by means of two approaches: (i)
homology of the structural genes, and (ii) detection based on the ge-
netic context of bacteriocin biosynthesis genes (van Heel, de Jong,
Montalbán-López, Kok, & Kuipers, 2013), such as ABC-transporters,
immunity and bacteriocin-processing genes (Alvarez-Sieiro et al.,
2016).

Some studies accounted the genetic diversity of secondary meta-
bolites produced by bacterial strains within a phylogenetic clade.
Azevedo et al. (2015) founded that bacteriocin classes distribution is
related to interspecific 16S rRNA phylogeny among ruminal bacteria
and archaea, showing that specific classes of bacteriocins are more
abundant in certain phylogenetic. Egan et al. (2018) have demonstrated
that intraspecific 16S rRNA phylogeny does not influence bacteriocin
distribution within bacterial genus Geobacillus. To our knowledge,
studies investigating the occurrence of different classes of bacteriocins
among LAB species associated with artisanal cheese are lacking.

Therefore, we hypothesized that in silico screening of bacteriocins
associated with 16S rRNA phylogenetic analysis could provide a better
understanding of role of bacteriocins in the artisanal cheese micro-
environment. The specific aims of this paper were to (i) investigate the
phylogenetic relation among model LAB strains that simulate the spe-
cies found in artisanal cheeses; (ii) identify potential bacteriocins
within the genomes of these model LAB; and (iii) analyze the re-
lationship between 16S rRNA phylogenetic position and bacteriocin
genes presence.

2. Materials and methods

2.1. Data sets

Reference genomes were chosen in the basis of the most common
species of LAB found in artisanal cheeses (Randazzo et al., 2009). The
selected strains were isolated from multiple niches in order to simulate
the microbiota of artisanal cheese, once the number of sequenced
genomes from LAB strains isolated from this food product is scarce.
Only complete genomes were selected for this study as partial se-
quences may provide inconclusive results (Egan et al., 2018). Genome
sequence of 445 LAB from 17 species were accessed from the Genome
database of NCBI (http://www.ncbi.nlm.nih.gov/genome/) from

December 2018 to January 2019 and the accession numbers are shown
in Table S1. The number of strains is overrepresented in order to
minimize the effect of the isolation source in the results.

2.2. Phylogenetic analysis of LAB strains

Phylogenetic tree was inferred by bayesian inference (BI) based on
the 16S rRNA gene sequence of model LAB strains. Consensus sequences
were chosen for representative alignment once some strains have
multiple copies of the 16S rRNA-encoding gene in their genomes (Olson
et al., 2015; Surachat, Sangket, Deachamag, & Chotigeat, 2017). The
alignment was trimmed using Gblocks Server Version 0.91 (Castresana,
2000) to expedite the construction of the phylogenetic tree excluding
poorly aligned positions and divergent regions. The model of nucleotide
substitution GTR was chosen using the program jModelTest version
2.1.10 (Darriba, Taboada, Doallo, & Posada, 2012; Guindon & Gascuel,
2003). The phylogenetic tree was calculated by MrBayes version 3.2.6
(Ronquist et al., 2012) using the Markov Chain Monte Carlo (MCMC)
method with 5,000,000 generations and a sampling frequency of 1,000.
The final tree was visualized using FigTree version 1.4.4 (http://tree.
bio.ed.ac.uk/software/figtree/).

2.3. Structural gene identification and classification

Complete genomes, both chromosome and plasmids, of the selected
model LAB strains were individually uploaded to BAGEL software
version 4.0 (van Heel et al., 2018) to identify putative protein se-
quences of bacteriocin structural genes. Bacteriocins were grouped ac-
cording to the classification schemes defined by BAGEL using default
parameters. Sequence homology was determined by means of the Ex-
pected value (E-value), which describes how many times it is expect a
sequence match by chance in a database, and the percent identity, that
describes how much the amino acids in each sequence are identical.

3. Results

3.1. Phylogenetic diversity of the model LAB strains

The evaluated species were included in monophyletic groups in
phylogenetic tree (Fig. 1). Monophyletic group is a set of species des-
cendants, or assumed to be descendants, of one common hypothetical
ancestor (Nelson, 1971; Podani, 2010). Five clades (A, B, C, D and E), or
monophyletic group, were defined by high posterior probability (PP)
values. Clade A was comprised of Lactococcus lactis, Streptococcus aga-
lactiae, Streptococcus macedonicus, Streptococcus thermophilus, En-
terococcus faecium and Enterococcus faecalis. The short branch length in
Clade B, containing Lactobacillus casei, Lactobacillus paracasei and Lac-
tobacillus rhamnosus indicates that these species share conserved se-
quences. Leuconostoc mesenteroides, Lactobacillus delbrueckii, Lactoba-
cillus helveticus and Lactobacillus fermentum were included in Clade C,
Pediococcus acidilactici and Pediococcus pentosaceus in Clade D and
Lactobacillus plantarum and Lactobacillus brevis comprises Clade E.

3.2. Bacteriocin distribution across the genomes of the model LAB strains

Bacteriocins are widespread among the evaluated species of LAB. In
this study, at least one bacteriocin structural gene was identified in
88.5% (n= 394) of the 445 genomes of model LAB and 51 strains
(11.5%) did not present any putative bacteriocin genes in their gen-
omes. Excluding the strains with any predicted putative bacteriocin, the
number of bacteriocin genes in the LAB genomes varied from 1
(n= 128) to 11 (n=1) and the majority of the genomes of bacterial
strains encoded different classes of bacteriocins. The complete de-
scription of the putative bacteriocin genes founded in each strain of the
model LAB is described in Supplementary Material section B. Table 1
summarizes the sequence homology of the bacteriocin structural genes
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predicted by BAGEL software. The relative abundance of the bacter-
iocin structural genes within the monophyletic clades obtained in this
study is summarized in Fig. 2. The bacteriocin distribution among the
394 positive results strains of LAB is represented in the form of a
heatmap (Fig. 3).

3.2.1. Class I
Class I of bacteriocins comprises ribosomally synthesized and post-

translationally modified peptides (RiPPs), comprising polypeptides
with unusual amino acids and/or tridimensional structures that impacts
their properties (Alvarez-Sieiro et al., 2016). Class I bacteriocins were
found in the genome of 23.1% (n=103) of the strains, varying from 1
(n=65) to 4 (n=1) and they are majorly found in the clade A.

3.2.1.1. Glycocins. Three putative glycocin genes were identified by
BAGEL. Glycocins were restricted to subclade A2-2, within four
genomes of E. faecalis strains. The complete sequences of the
predicted glycocins are present in Table S2. Two structural genes
were predicted based on genetic context for the strains E. faecalis
ATCC 29212, CLB21560 and TY1. The other structural gene presented
100.00% identity with enterocin 96 and it was found in the genome of
E. faecalis KB1.

Bacteriocins that undergo post-translational modifications comprise
class I and those containing glycosylated residues are allocated in the
glycocin subclass (Norris & Patchett, 2016). Sugar moieties can be
linked to the sidechains of serine or threonine residues (O-glycosyla-
tion), arginine residues (N-glycosylation) and cysteine residues (S-gly-
cosylation) (Garcia De Gonzalo, Zhu, Oman, & vander Donk, 2014;
Norris & Patchett, 2016). Glycosylation of bacteriocins is directly linked
to their antimicrobial potential and the absence of glycosylation can

abolish the antibacterial effect (Bednarska, Wren, & Willcocks, 2017).
There are so far only five glycocin representatives isolated from bac-
terial culture: glycocin F, isolated from Lb. plantarum KW30, glycosy-
lated in Ser18 and Cys43 (Venugopal et al., 2011); plantaricin ASM1, an
glycocin F homolog, isolated from Lb. plantarum A-1 and also glycosy-
lated in Ser18 and Cys43 (Hata, Tanaka, & Ohmomo, 2010); sublancin
168, isolated from a Bacillus subtilis 168 and glycosylated in Cys22
(Garcia De Gonzalo et al., 2014; Paik, Chakicherla, & Hansen, 1998);
enterocin F4-9, isolated from E. faecalis F4-9 and probably glycosylated
in Ser37 and Thr46 (Maky et al., 2015); and enterocin 96, produced by
E. faecalis WHE 96 and probably glycosylated in Ser33 and Cys13
(Izquierdo et al., 2009).

3.2.1.2. Lasso peptides. Lasso peptides, like glycocins, are a subclass of
class I bacteriocins. One putative lasso peptide structural gene (Table
S3), also restricted for subclade A2-2, was predicted based on genetic
context in the genome of E. faecalis ATCC 29212.

Lasso peptides contain an N-terminal macrolactam ring formed by
an isopeptide bond with β- or γ-carboxyl group of Asp or Glu com-
prising seven to nine amino acids through which the linear C-terminal
tail is threaded (Acedo, Chiorean, Vederas, & van Belkum, 2018;
Kaweewan, Hemmi, Komaki, Harada, & Kodani, 2018; Kuroha, Hemmi,
Ohnishi-Kameyama, & Kodani, 2017). This post-translational mod-
ification in the bacteriocin structure makes lasso peptides resistant to
proteases (Kaweewan et al., 2018; Soudy, Wang, & Kaur, 2012). Mi-
crocin J25 was the first lasso peptide discovered (Solbiati et al., 1999)
and several others have been discovered by means of in silico ap-
proaches (Hegemann, Zimmermann, Xie, & Marahiel, 2015).

3.2.1.3. Lanthipeptides. Fourteen putative lanthipeptides were
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Fig. 1. Bayesian midpoint rooted majority-rule consensus tree generated by bayesian inference (BI) analysis of complete 16S rRNA-encoding gene sequences of 445
model LAB strains. Node values showed beside major clades represent bayesian posterior probability (PP) values, calculated using the best trees found by MrBayes,
expressed in percentages. The scale bar represents the evolutionary distance (9 nucleotides changes per 1,000 nucleotides analyzed).
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identified in the genome of 41 strains, five of which were identified
based on similarity searches with previously characterized
lanthipeptides. The complete sequences of the predicted
lanthipeptides are present in Table S4. Lanthipeptides were also
found in clade A, except for subclade A2-1. One putative cytolysin I
was found for seven E. faecalis strains (ATCC 29212, CLB21560,
FDAARGOS_324, FDAARGOS_528, sorialis, TY1, V583). The putative
macedocin was identified for S. macedonicus ACA-DC 198 and S.

agalactiae SA111. The strains S. macedonicus ACA-DC 198 also
comprised a putative mcdA1 and a putative thermophilin 1277. Nisin
Z structural peptide was identified in the genome of eight Lc. lactis
strains (AI06, F44, CV56, G423, IO-1, S0, UC08 and UC11). Nine out of
the 14 genes of lanthipeptides were identified for 25 genomes based on
genetic context. Two non-similar lanthipeptides were found for two Lc.
lactis strains (KF147 and NCDO 2118), three were found in four S.
agalactiae genomes (C001, CNCTC 10/84, SA111 and SG-M25) and four

Table 1
Putative bacteriocin structural genes and whether the initial identification by BAGEL was based on the presence of bacteriocin-associated genes (context) or a
sequence homology.

Class Homologs Prediction Identity (%) E-value

Glyocin 2 Context – –
1 Enterocin 96 100.00 7e-56

Lasso peptide 1 Context – –

Lanthipeptide 10 Context – –
1 Cytolysin I 100.00 1e-48
1 Macedocin 100.00 1e-37
1 mcdA1 100.00 3e-39
1 Nisin Z 100.00 2e-41
1 Thermophilin 1277 100.00 2e-43

Sactipeptide 4 Context – –
Cyclic peptide 18 Context – –

1 Butyrivibriocin AR10 54.17 1e-08

LAP 3 Context – –

Class II 1 Acidocin 8912 100.00 7e-35
2 Acidocin LF221B 41.67 to 49.18 < 2e-08
1 Bac32 98.88 4e-66
2 BlpI 32.79 to 40.38 < 9e-08
2 BlpK 75.68 to 94.05 < 2e-15
1 BlpN 60.61 3e-25
2 BlpM 40.00 to 71.62 < 1e-08
2 BlpU 46.15 to 100.00 < 2e-14
4 Bovicin 255 52.27 to 90.67 < 1e-13
5 Carnocin CP52 30.00 to 33.64 < 3e-07
1 Enterocin B 100.00 4e-53
1 Enterocin EJ97 97.73 5e-32
2 Enterocin P 85.29 to 100.00 < 3e-43
2 Enterocin SEK4 76.12 to 85.96 < 4e-39
2 Enterocin X (alpha) 29.09 to 100.00 < 7e-09
9 Enterocin X (beta) 44.23 to 100.00 < 5e-14
2 Garvieacin Q 75.51 to 77.08 < 2e-24
1 Gassericin T 53.85 2e-7
1 Hiracin JM79 88.00 1e-31
1 Lactacin F (lafX) 44.64 4e-12
2 Lactocin 705 (alpha) 40.54 to 40.82 < 1e-08
5 Lactococcin A 38.03 to 100.00 < 5e-10
7 Lactococcin B 37.50 to 100.00 < 8e-11
1 Leucocin K 40.68 5e-12
4 LSEI 2386 43.18 to 100.00 < 9e-11
1 LSEI 2163 100.00 5e-30
1 mr10A 100.00 5e-31
1 mr10B 97.67 3e-31
1 Mutacin IV 39.58 3e-11
1 Plantaricin 423 84.75 8e-37
1 Plantaricin A 100.00 7e-33
1 Plantaricin E 100.00 2e-40
2 Plantaricin F 35.19 to 100.00 < 5e-083e-38
1 Plantaricin J 100.00 1e-40
1 Plantaricin K 98.25 2e-40
1 Plantaricin N 100.00 6e-39
3 Plantaricin NC8 (alpha) 45.95 to 100.00 < 5e-08
1 Plantaricin PA 100.00 7e-46
1 Pediocin 28.57 6.5
1 Pentocin KCA1 55.56 6e-26
7 Thermophilin A 34.78 to 100.00 < 7e-04
1 Thermophilin 13 (chain B) 100.00 2e-44
3 UviB 32.20 to 51.52 < 2e-06

Class III 20 Enterolysin A 36.36 to 100.00 < 3e-30
4 Helveticin J 34.83 to 47.41 < 3e-59
1 Zoocin A 58.76 6e-121
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were found in 19 S. thermophilus genomes (ACA-DC 2, APC151, ASCC
1275, B59671, CNRZ1066, CS8, DGCC 7710, EPS, GABA, KLDS SM,
LMG 18311, MN-BM-A01, MN-BM-A02, MN-ZLW-002, N4L, ND03,
ND07, S9 and ST109).

Lanthipeptides are RiPPs presenting the uncommon amino acids
thioether-linkage-containing lanthionine (Lan) and methyllanthionine
(MeLan), characterized by the sulfur–to–β-carbon thioether cross-links
between cysteine thiols and the desaturated amino acids 2,3-didehy-
droalanine (Dha) and (Z)-2,3-didehydrobutyrine (Dhb) by the in-
tramolecular Michael-type addition (Chen et al., 2019; Dias, Caetano,
Pinheiro, & Mendo, 2015; Ongey & Neubauer, 2016). The structural
peptide is synthesized as a linear and inactive chain and, after the post-
translational crosslinks, cleaved in two chains, the N-terminal leader
peptide and the later mature and active lanthipeptide (Dias et al.,
2015). Several lanthipeptides have been synthesized in vitro for possible
industrial applications, such as lactocin S (Ross, Liu, Pattabiraman, &
Vederas, 2010), lacticin 3147 (W. Liu, Chan, Liu, Cochrane, & Vederas,
2011) and lacticin 481 (Knerr & van der Donk, 2013). However, only
nisin is licensed as a food preservative (E234) in the form of Nisaplin™,
containing 2.5% of nisin A, produced by Lc. lactis (Martinez, Alvarenga,
Thomazini, Fávaro-Trindade, & Sant’Ana, 2016).

3.2.1.4. Sactipeptides. Sactipeptides was also restrained to clade A,
being found in two species comprised in the subclade A1. Four
putative sactipeptides were identified based on genetic context in the
genome of 42 strains (Table S5). Sactipeptides were restricted to the
species Lc. lactis (229, 275, A12, AI06, CV56, F44, FM03, G423, G50,
KF147, KLDS 4.0325, IL1403, IL6288, IO-1, MG1363, NCDO 2118,
NZ9000, S0, UC06, UC063, UC77 and UL8) and S. thermophilus (ACA-
CS8, DC 2, ASCC 1275, B59671, CNRZ1066, DGCC 7710, EPS, GABA,
JIM 8232, KLDS 3.1003, KLDS SM, LMG 18311, MN-BM-A01, MN-BM-
A02, MN-ZLW-002, NCTC12958, ND07, S9, ST3 and ST109).

Sactipeptides are marked by the presence of an intramolecular
thioether bond between the sulfur atom of a Cys residue with the α-
carbon of an acceptor amino acid (Flühe & Marahiel, 2013; Grove et al.,
2017). Subtilosin A, produced by Bacillus subtilis 168, was the first
sactipeptide discovered (Babasaki, Takao, Shimonishi, & Kurahashi,
1985) and its complete structure was elucidated as a thioether-con-
taining peptide only in 2003 (Kawulka et al., 2003). Other sactipeptides
include thurincin H (Lee, Churey, & Worobo, 2009), propionicin F
(Brede et al., 2004) and thuricin CD (Rea et al., 2010).

3.2.1.5. Head-to-tail cyclized peptides. Unlike the previously discussed
class I bacteriocins, cyclic peptides were found in two different clades.
Three putative cyclic peptides were predicted for some species
comprised in subclade A1 and 15 genes were diffused among clade E
species. The eighteen structural genes were predicted based on genetic
context in the genome of 44 strains. Two putative cyclic peptides were
predicted for Lc. lactis UC08 and UC11 and one for S. thermophilus
NCTC12958; eight for Lb. casei (ATCC 393, CECT 9104 and L5C); one
gene simultaneously for Lb. casei (BL23 and W56) and Lb. paracasei
(LC2W and LC355); one for 16 Lb. rhamnosus strains (4B15, ATCC
11443, ATCC 53103, ATCC 8530, BFE5264, BPL5, DSM 14870, GG, Lc
705, LOCK900, LOCK908, LR-B1, LR5, LRB, Pen and SCT-10-10-60);
and five for 16 strains of Lb. paracasei (8700:2, ATCC 334, BD-II,
CAUH35, EG9, FAM18149, HD1.7, HDS-01, IIA, JCM 8130, KL1, L9,
LOCK919, N1115, TK1501, TMW 1.1434, ZFM54 and Zhang). One
cyclic peptide was identified for Lb. paracasei FAM18149 and JCM
8130, sharing 54.17% of identity to previously characterized
butyrivibriocin AR10. The complete sequences of the predicted cyclic
peptides are present in Table S6.

Circular bacteriocins are synthesized as a linear precursor con-
taining a leader peptide. The proteolytic cleavage of the leader peptide
and the formation of a peptide bond between the regions N- and C-
terminal increases the peptide stability and antimicrobial activity
(Gabrielsen, Brede, Nes, & Diep, 2014; van Heel, Montalban-Lopez,
Oliveau, & Kuipers, 2017). The first circular bacteriocin isolated was
enterocin AS-48, produced by E. faecalis S-48 (Gálvez, Giménez-
Gallego, Maqueda, & Valdivia, 1989; Samyn et al., 1994). Carnocyclin
A, produced by Carnobacterium maltaromaticum UAL30 (Martin-
Visscher et al., 2008), and garvicin ML, produced by Lactococcus gar-
vieae DCC43 (Borrero et al., 2011) are other examples.

3.2.1.6. Linear Azole-containing peptides (LAPs). Three LAP putative
genes (Table S7) were identified in the genome of two strains
comprised in subclade A1-1 and D2-1, one for Lc. lactis IO-1 and two
for Lb. helveticus R0052.

Linear azole-containing peptides are another subclass of class I
bacteriocins that is comprised of peptides containing heterocyclic rings
of thiazole and/or oxazole derived from the cyclodehydration and de-
hydrogenation of the amino acids Cys, Ser and Thr (Arnison et al.,
2013; Banala, Ensle, & Süssmuth, 2013). This subclass was first de-
scribed in 2000 (Nizet et al., 2000) in the isolation of streptolysin S.
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Fig. 2. Relative abundance of bacteriocin structural genes within the five monophyletic clades of the 445 model LAB strains. The number of bacteriocin genes (n)
found by BAGEL is indicated on the axis of abscissa.
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Fig. 3. Distribution of putative bacteriocin structural genes among 445 model LAB strains. Rows represent strains and columns represents classes and subclass (GL for
glycocins, LP for lasso peptides, LT for lanthipeptides, SA for sactipeptides, CP for Head-to-Tail Cyclized Peptides and LA for Linear Azole containing Peptides).
Bacterial clades are represented by letters. The gray and black colors indicate low (0 genes) and high abundance (7 genes), respectively.
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Microcin B17 is another example of LAP (Heddle et al., 2001).

3.2.2. Class II
Class II bacteriocins were found in 60.4% (n=269) of the genomes,

varying from 1 (n= 73) to 7 (n=7). Class II bacteriocins distribution
across the genome of the model LAB strains was wider compared to
class I. Ninety-two class II bacteriocin genes were distributed in all
bacterial clades demonstrated in the study. Into clade C, this class of
bacteriocins was restricted to subclade C2 and into clade D restricted to
subclade D2-2. The complete sequences of the class II bacteriocins can
be found in Table S8. The result found in silico in this model study is
coherent, once class II distribution across LAB are abundant compared
to other classes of bacteriocins (Alvarez-Sieiro et al., 2016; Bédard &
Biron, 2018; Collins et al., 2017; Umu et al., 2016).

Class II bacteriocins are unmodified peptides divided into four
subclasses. Class IIa bacteriocins (pediocin-like) are characterized by
the presence of two different peptide chains separated by a molecular
hinge at the conserved Asp residue. The N-terminal region contains two
Cys residues crosslinked by a disulfide bond and a conserved
YGNGVXC-consensus motif, probably responsible for interactions with
the bacterial target and the C-terminal region is less conserved and is
probably related to the specificity of the target (Alvarez-Sieiro et al.,
2016; Cui et al., 2012). Subclass IIb (two-peptide) comprises bacter-
iocins composed by two structurally different peptides with proximal
genes inside the cluster (Nissen-Meyer, Oppegård, Rogne, Haugen, &
Kristiansen, 2010). Generally, both structural genes are required for
bacteriocin activity (Armstrong et al., 2016). Bacteriocins synthetized
without the N-terminal leader peptide, found in all other bacteriocin
classes, comprises subclass IIc (Masuda, Zendo, & Sonomoto, 2012) and
bacteriocins with varying structures are grouped in subclass IId
(Maldonado-Barragán et al., 2013). There is also in class II a commer-
cial representant, which is the pediocins homologs (subclass IIa), pro-
duced by Pediococcus spp. and commercialized under the names Alta
2341™ or Microgard™ (Silva, Silva, & Ribeiro, 2018).

3.2.3. Class III or bacteriolysins
Similar to class II, class III bacteriocins had a more diverse dis-

tribution across the phylogenetic clades of the model LAB evaluated,
being found in 45.8% of the strains (n= 204), varying from 1
(n=181) to 3 (n=1). Putative bacteriolysins were identified in all
clades, except in clade B containing Lb. brevis and Lb. plantarum. Three
class III bacteriocins were predicted based on similarity searches.
Twenty enterolysin A homologs, originally produced by E. faecalis LMG
2333 (Nilsen, Nes, & Holo, 2003), were found in all clades that pre-
sented at least one putative class III bacteriocin predicted, with identity
varying from 36.36 to 100.00%. The four helveticin J homologs, ori-
ginally isolated from Lb. helveticus 481 (Joerger & Klaenhammer, 1986),
with identity varying from 34.83 to 47.41%, were restricted to subclade
D2-1 and the zoocin A homolog (58.76%) was restricted to subclade A1-
2, being present only in the S. agalactiae species. Zoocin A was first
characterized by Streptococcus zooepidemicus 4881 (Simmonds, Naidoo,
Jones, & Tagg, 1995). Details of the sequence identity can be found in
Table S9. Closely related species like Lb. casei and Lb. paracasei shared
two enterolysin A homologs in their genomes, suggesting some bac-
teriocin genes conservation in their co-evolution.

Bacteriolysins are large heat-labile antimicrobial proteins (Sun
et al., 2018). Class III bacteriocins are, in general, more diverse across
LAB than class I, however, not as largely distributed as class II (Alvarez-
Sieiro et al., 2016). Helveticin M, produced by Lactobacillus crispatus
K313 (Sun et al., 2018), and lysostaphin (Schindler & Schuhardt, 1964)
are some examples of class III bacteriocins.

4. Discussion

The bioprotective and biopreservative potential of LAB in cheeses is
related to (i) competition for substrates (exploitative competition); and

(ii) production of antagonistic substances (interference competition)
(Favaro, Barretto Penna, & Todorov, 2015; Fuka et al., 2013; Nespolo &
Brandelli, 2010). Interference competition is mediated through the
production of a wide range of molecules, including antibiotics, non-
ribosomally and ribosomally synthesized peptide antimicrobials and
products of the sugar metabolism (Bachmann et al., 2013; García-
Bayona & Comstock, 2018; Teusink & Molenaar, 2017). The products of
the sugar metabolism of LAB showed to inhibit potentially pathogenic
bacteria. Organic acids target the bacterial cell wall, cytoplasmatic
membrane and some metabolic pathways, which could lead to bacter-
icidal effect (Hauser, Thielmann, & Muranyi, 2016; Kralik, Babak, &
Dziedzinska, 2018; Mani-López, García, & López-Malo, 2012). Low
molecular weight organic acids can also pass the phospholipid bilayer
in its undissociated forms, which leads to increased cytoplasmic pH due
to the dissociation of the acid (Kralik et al., 2018). A study performed
by Kralik et al. (2018). showed that 5% of lactic acid reduced cell
viability of Mycobacterium avium subsp. paratuberculosis. Other products
of the heterofermentative metabolism affects the viability of bacterial
competitors, like ethanol (Castellano, Pérez Ibarreche, Blanco Massani,
Fontana, & Vignolo, 2017; Vieco-Saiz et al., 2019).

Class I bacteriocins are found in clade A and E, which are also
phylogenetic closer to each the other three clades (Fig. 1) and species
comprised in clade A encode more diverse classes of bacteriocins. These
results suggest that bacteriocin genes responsible for class I bacteriocins
biosynthesis could be more conserved in the co-evolution of the LAB
species. Novel bacteriocin genes were identified in different genera of
the model LAB strains analyzed. Two novels putative glycocins and one
lasso peptide were identified in the genome of some strains belonging to
the E. faecalis species (subclade A2-2). Ten novel lanthipeptides were
distributed in five species allocated in clade A (L. lactis, S. agalactiae, S.
macedonicus, S. thermophilus and E. faecium). The four novel sactipep-
tides identified were also concentrated in clade A, for species Lc. lactis
and S. thermophilus. The species Lc. lactis and S. thermophilus, belonging
to clade A, and Lb. rhamnosus, Lb. casei and Lb. paracasei, belonging to
clade E presented some of the 18 novel cyclic peptides identified. Some
strains of Lc. lactis (subclade A1-1) and Lb. helveticus (subclade D2)
comprised the three novel linear azole-containing peptides. On the
other hand, bacteriocins belonging to classes II and III appears to be
more widespread among the bacteria clades evaluated. Clade B is
comprised of species that only present class II bacteriocins, while the
species comprised in clade D, except subclade D2-2, encode genes re-
sponsible for class III bacteriocins synthesis (Fig. 3).

Bacteriocins produced by LAB have long been associated with anti-
Listeria monocytogenes effect in cheeses (Davies, Bevis, & Delves-
Broughton, 1997; Guitián et al., 2019; Winkelströter, Tulini, & De
Martinis, 2015) and cheese-production equipment (Pérez-Ibarreche,
Castellano, Leclercq, & Vignolo, 2016). Some studies have also reported
the bactericidal effect of bacteriocin against pathogens in cheeses, such
as Escherichia coli O157:H7 (Rodríguez et al., 2005) and Listeria innocua
(Yang, Fan, Jiang, Doucette, & Fillmore, 2012). Cheese spoilage bac-
teria are also affected by bacteriocins. A study performed by Yang et al.
(2012) demonstrated the potential of bacteriocins produced by LAB
isolated from cheeses and yogurts against the spoilage bacteria Pseu-
domonas fluoresecens, Bacillus cereus and Erwinia carotovora. Anti-
bacterial effect of bacteriocin-producing LAB isolated from curd against
Staphylococcus aureus, Pseudomonas aeruginosa, Klebsiella pneumoniae,
Proteus vulgaris and Enterobacter aerogenes has also been reported
(Indira, Venkateswarulu, Vidya Prabhakar, Abraham Peele, &
Krupanidhi, 2018). Our results suggest a potential role of the selected
model LAB species in the bioprotection and in the biopreservation of
artisanal cheeses.

Bacteriocins produced by LAB also play an important role in the
competitive dynamics among close related species within ecosystems
rich in nutrients (Ghoul et al., 2015; Stubbendieck, Vargas-Bautista, &
Straight, 2016; Teusink & Molenaar, 2017). Bacteriocins normally
possess narrow spectrum of antimicrobial activity, targeting strains
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within a species or specific species (Vieco-Saiz et al., 2019), which
could explain the restricted distribution of class I bacteriocins among
the phylogenetic clades. Unlike metabolic products of the sugar fer-
mentation pathways, bacteriocins production is phenotypically-related
and inducible by the presence of competitors. Bhattacharya, Pak, and
Bashey (2018) have demonstrated that bacteriocins are only detectable
at elevated cell densities, when the competition for nutrients is high,
suggesting that bacteriocin production influenced by a fixed frequency
of bacterial cells in the niche, like a quorum-sensing mechanism, or
induced by bacterial competition. Bacteriocins competition mechan-
isms includes pore-formation, leakage of intracellular substrates, dis-
ruption of proton motive force, inhibition of synthesis or degradation of
the cell-wall, inhibition of protein synthesis and disruption of DNA
replication (García-Bayona & Comstock, 2018; Kumariya et al., 2019).

LAB actively interact with the undesirable microbiota of cheeses
through interference competition. A study performed by Ryan, Rea,
Hill, and Ross (1996) revealed that even at similar acid production rate,
the production of the bacteriocin lacticin 3147 by Lc. lactis was constant
during 6months of cheddar cheese ripening and controlled the devel-
opment of undesirable microorganism. Cavicchioli, Camargo, Todorov,
and Nero (2017) evaluated the antimicrobial activity of a bacteriocin-
producing Enterococcus hirae strains against strains of Listeria mono-
cytogenes isolated from artisanal cheese, verifying a decrease in the L.
monocytogenes count from approximately 4.5 CFU ml−1 to undetectable
levels after 48 h of co-culture in milk.

Symbiotic interactions among LAB can promote the growth of fa-
vorable species and the bacterial succession during cheese ripening
depends of the competitive interactions of the bacteria comprising the
microbiota of the food matrix (Fuka et al., 2013). Fuka et al. (2013)
demonstrate that many of the non-LAB species and pathogens dis-
appeared during cheese ripening after 90 day in the artisanal Croatian
ewe’s milk cheese. In a Brazilian Minas cheese model, Lacerda et al.
(2011) have demonstrated that Lc. lactis was the prevalent species after
7 days of ripening succeeded by Streptococcus salivarius after 60 days.
Flórez and Mayo (2006) demonstrate through PCR amplification of the
bacterial species involved in Spanish blue-veined Cabrales cheese ri-
pening were Lactobacillus paraplantarum, Lc. lactis and Lactococcus raf-
finolactis, that disappeared after 60 days of maturation, succeeding by
Lactobacillus kefiri, Lactobacillus buchneri and Streptococcus parauberis
after 90 days. This data could also explain the phylogenetic distribution
of the bacteriocin genes, suggesting that the similar distribution of
bacteriocin classes among genetically related species could be an evo-
lutionary advantage to favor symbiotic relationship among LAB species
and also favor competitive relationship LAB-pathogens and LAB-spoi-
lage bacteria.

Our results demonstrate that interference competition could be re-
lated to phylogeny. Bacterial fitness is determined by the ecological
niche in which the microorganism is present and its capability to sur-
vive and to reproduce in this habitat (Bachmann, Molenaar, Branco Dos
Santos, & Teusink, 2017). The limitation of nutriments acts as a selec-
tive pressure in the fitness of LAB in the dairy environment (Bachmann
et al., 2017; Teusink & Molenaar, 2017), once bacteriocins are pro-
duced only in the presence of bacterial competitors (Bhattacharya et al.,
2018). The bacterial growth rate is decreased with the ATP-costly
bacteriocin production, however, not all individuals of one species
population express the bacteriocin-related genes (Dobson, Cotter, Ross,
& Hill, 2012; Dykes & Hastings, 1997). The production of bacteriocins
in situ depends on different factors and the presence of the genes alone
does not guarantee its production. Nonetheless, the cost of the bacter-
iocin production indeed is small due the benefits gained from killing the
competing bacteria (Bhattacharya et al., 2018; Dykes & Hastings,
1997).

5. Conclusion

The phylogenetic analysis performed in this model study revealed

five monophyletic clades (A, B, C, D and E). The evaluated species had
different repertoires of bacteriocins predicted in their genomes, which
appeared to be conserved among those included in the same phyloge-
netic clade. Several novel putative bacteriocins were found, however,
most of them remain uncharacterized. Our extended prediction of
bacteriocins confirms that the evaluated LAB species represent a rich
source of novel antimicrobials that may now be screened experimen-
tally. Our also study revealed, through characterization of bacteriocins
distribution, that interference competition appears to be related with
the phylogenetic allocation of the LAB species and demonstrated the
abundance of potentially novel class I bacteriocins in LAB comprised in
clades A and E. The information comprised in this study provides fur-
ther information on the mechanism involved in bacterial competition
over nutriments and bacteriocin production in the artisanal cheese
microenvironment, suggesting their importance in the bioprotection, in
the biopreservation and in the bacterial succession in artisanal cheeses.

According to the presented results we hypothesize that bacteriocin
classes appears to be conserved among closely related species as a
strategy to favor both symbiotic relationship among LAB species and
competitive relationship among LAB and undesirable bacteria. Given
the increasing production and consumption of artisanal chesses around
the globe, further studies on the isolation and the genome sequence of
LAB isolated directly of artisanal cheeses could provide more conclusive
results concerning the bacteriocin diversity produced in the artisanal
cheese microenvironment.
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