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Abstract
Bacteriocins are antimicrobial peptides produced by bacteria. This study aimed to in silico analyze the presence of bacteriocin 
gene clusters (BGCs) among the genomes of 22 commensal Staphylococcus isolates from different origins (environment/
human/food/pet/wild animals) previously identified as bacteriocin producers. The resistome and plasmidome were studied 
in all isolates. Five types of BGC were detected in 18 genomes of the 22 bacteriocin-producing staphylococci included in 
this study: class I (Lanthipeptides), class II, circular bacteriocins, the non-ribosomal-peptide lugdunin and the thiopeptide 
micrococcin P1 (MP1). A high frequency of lanthipeptides was detected in this collection: BGC variants of BSA, bacCH91, 
and epilancin15X were identified in two Staphylococcus aureus and one Staphylococcus warneri isolates from food and wild 
animals. Moreover, two potentially new lanthipeptide-like BGCs with no identity to database entries were found in Staphylo-
coccus epidermidis and Staphylococcus simulans from food and wild animal, respectively. Interestingly, four isolates (one S. 
aureus and one Staphylococcus hominis, environmental origin; two Staphylococcus sciuri, food) carried the MP1 BGC with 
differences to those previously described. On the other hand, seven of the 22 genomes (~32%) lacked known genes related 
with antibiotic or disinfectant-acquired resistance mechanisms. Moreover, the potential carriage of plasmids was evaluated, 
and several Rep-proteins were identified (~73% of strains). In conclusion, a wide variety of BGCs has been observed among 
the 22 genomes, and an interesting relationship between related Staphylococcus species and the type of bacteriocin has been 
revealed. Therefore, bacteriocin-producing Staphylococcus and especially coagulase-negative staphylococci (CoNS) can be 
considered good candidates as a source of novel bacteriocins.
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Introduction

Antimicrobial resistance (AMR) represents one of the big-
gest challenges of modern medicine worldwide [1]. This 
AMR global problem requires novel antimicrobial agents 
and strategies to overcome the threat by various pathogens, 
including multidrug-resistant (MDR) and zoonotic bacteria 
[2, 3]. About 35% of all drugs and 60–80% of all antimicro-
bial products have originated from natural products, and the 
development of innovative products derived from natural 
substances is gaining attention for pharmaceutical and thera-
peutic uses [4–6]. However, financial pressure from drug 
companies as well as difficulties in the isolation and identi-
fication of new natural compounds have severely limited the 
discovery rate from these important sources [5, 6].

Typically, bacteriocins are ribosomally synthesized pep-
tides, encoded by operons including the structural genes 
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whose products are often post-translationally modified 
by specific enzymes encoded by adjacent genes. In these 
genetic systems, regulatory genes, immunity genes, trans-
porters, and other genes that encode accessory proteins are 
also found [7–9]. Traditionally, the identification of novel 
bacteriocins has used cultivation-based approaches that 
involved screening of numerous isolates for antimicrobial 
activity, followed by long-term biochemical characteriza-
tion [10, 11]. More recently, genome mining has become 
an important methodology in the discovery of novel natu-
ral products with antimicrobial activity [7]. In this respect, 
ribosomally synthesized and post-translationally modified 
peptides (RiPPs) of bacterial origin are natural compounds 
that are highly attractive candidates for antibacterial pre-
vention and therapy [7, 12]. Nevertheless, other types of 
bacteriocins can be also very relevant such as Aureocins or 
Epidermicin NI01 [13].

Bacteriocins have been divided in three major classes 
depending on their amino acid composition, chemical struc-
ture, complexity, mode of action, and steps involved in their 
production (synthesis, transport, and immunity): class I, small 
post-translationally modified peptides; class II, unmodified 
bacteriocins; and class III, larger and thermo-labile peptides 
[14, 15]. Moreover, recent reviews have proposed the inclusion 
of additional classes among Gram-positive bacteriocins: class 
IV (circular), class V (sactipeptides), class VI (thiopeptides) 
and non-ribosomal peptides (NRP) [13, 14, 16–22].

Within the last few years, increasing numbers of bacteri-
ocins have been isolated and identified from Gram-positive 
microorganisms [15], and the lanthipeptides (class I) belong 
to the most frequently found [23]. These peptides represent 
a promising type of natural antibacterial molecules, active 
against many Gram-positive pathogens, including antibi-
otic-resistant strains such as methicillin-resistant S. aureus 
(MRSA) and vancomycin-resistant enterococci (VRE) [24].

Environmental members of the phylum Actinobacte-
ria and Firmicutes including bacilli and lactic acid bacte-
ria, and many Proteobacteria such as Escherichia coli are 
well-known as producers of biologically active substances 
[25–27]. In addition, Staphylococcus species, in particular 
coagulase-negative staphylococci (CoNS) isolated from a 
wide variety of natural sources, have also been found to be 
interesting sources of BGCs for bacteriocins [28–30].

In previous studies carried out by our group [31–33], a col-
lection of 92 bacteriocin-producing staphylococci was detected 
in a screening approach performed with 1205 staphylococci of 
different species and origins (~7.7% were bacteriocin produc-
ers) (Table S1). Twenty-two of these isolates of 11 species, 
both coagulase-positive and negative staphylococci (CoPS and 
CoNS, respectively), were included in this study for further 
characterization. Isolates were selected under a OneHealth per-
spective based on their antimicrobial activity profile (high pro-
duction) and their origin. The specific objectives of this study 

were (1) to predict and analyze the presence of BGCs in the 
genomes of the 22 selected bacteriocin-producing Staphylo-
coccus isolates and (2) to investigate the novelty or the homol-
ogy between our BGCs after comparison with those previously 
reported in databases.

Material and Methods

Isolates Included in the Study

The genomes of 22 Staphylococcus isolates, both CoPS 
and CoNS, of eleven different species and six origins, were 
included in this study for genomic comparison. The bacte-
riocin-producing isolates were as follows (number of iso-
lates, identification code): (a) S. aureus from food (n = 1, 
X3410), environment (n = 1, C5802), and wild mammal 
(n = 1, C8609); (b) Staphylococcus pseudintermedius from 
dogs (n = 2, C4502, C8478) and human (n = 1, C8189); (c) 
Staphylococcus chromogenes from wild mammals (n = 2, 
C9838, C9727); (d) Staphylococcus hyicus from wild mam-
mals (n = 2, C9581, C9585); (e) S. sciuri recently reclassified 
as Mammaliicoccus sciuri [34, 35] were recovered from wild 
birds (n = 3, C9213, C9179, C9529) and food (n = 2, X3011, 
X3041); (f) Staphylococcus lugdunensis from humans (n = 2, 
C9161, C9954); (g) S. hominis of environmental origin 
(n = 1, C5835); (h) S. warneri (n = 1, X2969) from food; (i) 
S. simulans recovered from a wild mammal (n = 1, C9832); 
(j) S. epidermidis (n = 1, X3009), from food and (k) Staphy-
lococcus xylosus (n = 1, C9255) isolated from wild birds. The 
characteristics of the 22 isolates analyzed in this study are 
indicated in Table S2.

DNA Extraction, Amplification, and Sequencing

The NucleoSpin microbial DNA Kit (Macherey and Nagel, 
Germany) was used for DNA extraction. For it, 2 ml of a 24-h 
grown culture in normal BM medium at 37 °C were pelleted 
(40 mg) by centrifugation (10 min at 10,000 rpm), and the 
FastPrep-24 Classic homogenizer (MP Biomedicals) was used 
for mechanical disruption. Genomic DNA was subsequently 
purified according to the manufacturers’ instructions.

The genomic libraries for eight Staphylococcus isolates 
(X2969, X3009, X3041, C8609, C9832, C9581, C9585, and 
C9838) were prepared with the TruSeq DNA PCR-Free Kit 
(Illumina) by the Genomics and Bioinformatics Core Facil-
ity (CIBIR), whereas the genomic libraries of the other iso-
lates (C4502, C9161, C9179, C9213, C9255, C9529, C9727, 
C9954, X3011, and X3410) were prepared with the Nextera 
XT library preparation kit (Illumina) by the NGS Compe-
tence Center Tübingen (NCCT). In both cases, libraries were 
sequenced in different runs on an Illumina MiSeq platform 
with the MiSeq Reagent Kit v3 (Illumina, 150 cycle). The 
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genomes of the isolates C5802, C5835, C8478, and C8189 
were previously obtained in collaborative studies of the 
OneHealth-UR research group and all isolates belong to the 
strain collection of the University of La Rioja.

The Whole Genome project has been deposited at Gen-
Bank under the accession PRJNA974190 and the respective 
accession numbers are included in Table S2.

Data Analysis

Raw reads quality was checked using FastQC (v0.11.8) [36]. 
Trimming of raw reads, de novo assembly, and assembly 
polishing were performed with Trimmomatic (v0.39) [37], 
SPAdes (v3.15.5), and Pilon (v1.24), respectively [38, 39], 
through the Shovill pipeline [40]. Then, assembled genomes 
were functionally annotated using Prokka (v1.14.6) [41].

Using protein files exported from the Prokka annotations 
in FASTA format, a maximum likelihood tree was computed 
via the RaxML program (v8.2.12) [42], applied inside Phy-
loPhlAn (v3.0.60) pipeline using the PhyloPhlAn protein 
markers database and with the default diversity parameter 
for genus/family level phylogenies [43]. The tree was visual-
ized using the ggtree package (v3.4.4) of R (v4.2.1) [44, 45].

Resistome and Plasmidome

The resistance genotypes and the presence of plasmid rep-
lication (rep) genes were studied through ResFinder and 
PlasmidFinder web tools, respectively [46]. In all cases, 
the default parameters with relaxed mode were used and S. 
aureus was selected as reference species.

Bacteriocin Gene Clusters Prediction

To predict and analyze homologous bacteriocin gene clusters 
(BGCs) in the 22 genomes, all annotated genomes in Gen-
Bank format were uploaded to antiSMASH (v6.1.1) [47] and 
BAGEL4 [48] with all parameters and a relaxed mode. For 
BGC prediction, the genomes were considered as a pool of 
contigs both including chromosome and plasmid regions.

To extract homologous BGCs of micrococcin P1 (MP1) from 
Macrococcus caseolyticus, pBac115 plasmid sequence (acces-
sion number KM613043.1) was used as reference, and the pro-
tein sequences identified by antiSMASH were blasted against 
the NCBI protein database using the Cblaster (v1.3.15) tool with 
default parameters [49]. To simplify the output, unique non-
redundant homologous BGCs per species were aligned against 
the M. caseolyticus BGC and the MP1 genomes from this study 
using the Clinker (v0.0.25) tool with the default parameters [50].

To investigate whether all identified micrococcin P1  
BGCs were encoding the identical thiopeptide, the structural 
protein sequences were extracted from all BGCs of interest. 
Then, they were mutually aligned by MAFFT (v7.310) and 

visualized with Jalview (v2.11.2.0) according to ClustalX 
color scheme [51].

Moreover, identity comparisons between the MP1 plas-
mid from S. hominis S34-1 (CP040733.1) and the MP1-
producing isolates (S. sciuri X3041 and X3011, S. hominis 
C5835, S. aureus C5802) were performed with Clustal W2 
and Emboss Needle [52], and Clinker (v0.0.25) tools [50].

Results

The complete genomes of 22 bacteriocin-producing Staphy-
lococcus spp. isolates, both CoPS and CoNS were obtained 
by WGS and annotation. Phenotypic and molecular charac-
teristics of the isolates as well as results of resistome and 
plasmidome analyses are presented in Tables S2 and S3. 
Several bacteriocin-encoding gene clusters were identified, 
which are summarized in Table 1.

According to the analysis of the 22 genomes included in  
this study, seven out of 22 (~32%) isolates lacked of known 
antibiotic or disinfectant resistance-related genes. The 
remaining 15 isolates (~68%) carried at least one gene 
associated with antibiotic resistance (beta-lactams, mac-
rolides, lincosamides, streptogramins and aminoglycosides 
(LSA), tetracyclines, phenicol, fusidic acid, and fosfomycin) 
or disinfectant agents. Regarding the plasmidome, a wide 
variety of Rep protein genes were identified in 16 of the 
studied genomes. Among these genomes, eight carried rep 
and antimicrobial resistance genes and the other eight only 
carried rep genes (Table S2). Interestingly, isolates C9727, 
C9954, and C9161 did not carry any potential antimicrobial 
resistance gene, disinfectant-related resistance mechanism 
or plasmids (lack of Rep protein genes) (Tables S2 and S3).

The use of antiSMASH and BAGEL4 software revealed 
the presence of a large number and wide diversity of BGCs 
in the various genomes (Table 1). Comparison of all pre-
dicted BGCs identified five types of BGCs in 18 of the 22 
genomes of bacteriocin-producing isolates from different 
species and origins included in this study (Fig. 1). The BGCs 
from this study were assigned to class I (lanthipeptides), 
class II (bacSp222, lactococcin972 and blp), circular bacte-
riocins, NRPs (lugdunin), and thiopeptide (MP1), as follows:

1. Class I: Seven out of the 22 genomes (~32%) carried 
a lanthipeptide-like BGCs with identities to database 
entries. The isolates were recovered from wild ani-
mals (S. aureus C8609 and S. simulans C9832) or food 
(S. aureus X3410, S. warneri X2969, S. epidermidis 
X3009). Interestingly, two of these isolates (C9832 and 
X3009) seemed to carry currently unknown lanthip-
eptide-encoding BGCs. Moreover, a type V lanthipep-
tide was detected in S. hyicus isolate C9585 recovered 
from a wild animal (wild boar), and strong identity was 
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found between the BGC predicted in S. chromogenes 
C9727 (wild boar) and the structural gene coding for 
the lanthipeptide hominicin.

2. Class II: Genes for lactococcin972-like peptides were 
detected among 6 out of 22 genomes (~36%) from (a) 
three isolates recovered from wild animals (S. aureus 
C8609, S. xylosus C9255 and S. simulans C9832); (b) 
two S. sciuri isolates from food samples (X3041 and 
X3011); and (c) one S. aureus C5802 isolate recovered 
from an environmental sample. Moreover, part of the 
bacSp222 bacteriocin gene cluster was detected in two S. 
pseudintermedius (C8478 and C8189) isolates recovered 
from the same dog–human zoonosis case and a blp-like 
bacteriocin operon was identified in S. xylosus C9255.

3. BGCs for circular bacteriocins were identified in three 
isolates recovered from wild animals (S. chromogenes 
C9838, S. hyicus C9581, and S. xylosus C9255). The 
predicted BGCs revealed high identity with uberolysin/
circularinA and aureocyclicin 4185 described in the 
databases for other species.

4. Non-ribosomal-peptide-synthetase genes (NRPS) coding 
for lugdunin were detected in two S. lugdunensis isolates 
(C9161 and C9954) recovered from humans.

5. Four isolates (~18%) carried a BGC coding for the thio-
peptide micrococcin P1: S. aureus C5802 and S. hominis  
C5835 from environmental samples and two S. sciuri 
X3011 and X3041 from food.

Class I: Lanthipeptides

The incidence of lanthipeptides was particularly notewor-
thy and detected in ~32% of the evaluated bacteriocin-
producing isolates (n = 7) (Fig. 1). A comparison between 
the lanthipeptide BGC operons was performed following 
the same criteria in all the used sequences. Figure 2 rep-
resents the genetic environment of the BGCs detected in 
this study (S. aureus X3410 and C8609, S. hyicus C9585, S. 
warneri X2969, S. epidermidis X3009, S. simulans C9832 
and S. chromogenes C9727) and those previously described 
(accession number): bacCH91 (JQ655767), hyicin3682 

Table 1  Details of the type of bacteriocin gene clusters (BGC) predicted both by antiSMASH or BAGEL4 among the 22 genomes included in 
this study

a Abbreviation: MP1 micrococcin P1, NRPs non-ribosomal-peptide-synthetase, RiPP ribosomally synthesized and post-translationally modified 
peptide
b Bacteriocin names: bacsp222, BSA, bacCH91
c None: in these cases, the relation of the predicted secondary metabolites with antimicrobial substances could not be verified

Isolate Specie Origin BGC type(s)a BGC predictiona,b,c

X3041 S. sciuri Food Class II, thiopeptide Lactococcin972, MP1
X3011 S. sciuri Food Class II, thiopeptide Lactococcin972, MP1
C9179 S. sciuri Wild bird NRPs Nonec

C9213 S. sciuri Wild bird NRPs Nonec

C9529 S. sciuri Wild bird NRPs Nonec

C9585 S. hyicus Wild mammal Lanthipeptide Lanthipeptide V
C9581 S. hyicus Wild mammal RiPP Circular
C9838 S. chromogenes Wild mammal RiPP 2 Circular
C9727 S. chromogenes Wild mammal Lanthipeptide Hominicin variant
C9832 S. simulans Wild mammal Class II, lanthipeptide Lactococcin972, new lanthipeptide
C5835 S. hominis Environmental Thiopeptide MP1
C9255 S. xylosus Wild bird Class II, RiPP Lactococcin972, blp, circular
X2969 S. warneri Food Lanthipeptide Epilancin15X variant
X3009 S. epidermidis Food Lanthipeptide New lanthipeptide
C8478 S. pseudintermedius Pet Class II Bacsp222
C8189 S. pseudintermedius Human Class II Bacsp222
C4502 S. pseudintermedius Pet NRPs Nonec

C5802 S. aureus Environmental Class II, thiopeptide Lactococcin972, MP1
C8609 S. aureus Wild mammal Class II, lanthipeptide Lactotococcin972, BSA
X3410 S. aureus Food Lanthipeptide BacCH91
C9954 S. lugdunensis Human NRPs Lugdunin
C9161 S. lugdunensis Human NRPs Lugdunin
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(KY021154), epidermin (X62386), BSA (BA000033.2), 
pep5 (Z49865), and epilancin15X (JQ979180).

The S. aureus X3410 and C8609 BGC revealed a high 
degree of identity to the bacteriocin bacCH91 (JQ655767), 
BSA (BA000033.2), epidermin (X62386), and hyicin3682 
(KY021154). On the other hand, the S. warneri X2969 
BGC showed a close identity with the coding operon of 

epilancin15X (JQ979180) also related with pep5 BGC 
(Z49865). Regarding S. epidermidis X3009 BGC, slight 
identities were detected between the predicted structural 
genes but not with the rest of the encoding genes. Moreo-
ver, the S. simulans C9832 and S. hyicus C9585 lanthip-
eptide operons were classified separately from the rest of 
BGCs (Fig. 2).

Fig. 1  Maximum likelihood tree of protein markers of the 22 bacte-
riocin-producing isolates of different origins (environmental, food, 
human, pet, and wild animal both birds and mammals). The bacteri-
ocin gene clusters (BGC) identified after in silico analysis are marked 
with  symbols and colors: class I, lanthipeptides (blue star); class II, 
lactotoccin972 (purple circle) and bacsp222 (yellow cross); circu-

lar (green square), NRPS (red rhombus), thiopeptide (pink triangle). 
Abbreviation of specie: SA S. aureus, SP S. pseudintermedius, SSc 
S. sciuri, SCh S. chromogenes, SSi S. simulans, SX S. xylosus, SL S. 
lugdunensis, SH S. hominis, SE S. epidermidis, SW S. warneri. This 
figure is in color in the online version but in black and white in the 
print version
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Finally, the BGC predicted on the S. chromogenes 
C9727 genome was identified as hominicin. Since only 
the partial amino acid sequence of this bacteriocin has been 
reported [53], further studies will be performed to deter-
mine their identity.

Comparative analysis presented in Fig. 3 revealed 100% 
amino acid identity between the bacteriocin structural peptide 
of S. aureus X3410 and C8609 and the BacCH91 structural 
peptide. Moreover, only slight differences were observed when 
comparing the bacteriocin structural pre-peptides of S. aureus 

Fig. 2  Genetic environment comparison between the bacteriocin 
gene clusters (BGCs) coding for lanthipeptides (class I) in the anti-
microbial-producing isolates detected in this study and those selected 

as references from the databases. This figure is in color in the online 
version but in black and white in the print version
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C8609 and X3410 with the BsaA2 (83% of identity) and 
BsaA1 (92%) amino acid sequences. In relation to the BGC 
of S. warneri X2969, an 82% of identity was detected with the 
Epilancin15X structural pre-peptide. In addition, antiSMASH 
analysis allowed us to identify a lanthipeptide V-like BGC in 
the S. hyicus C9585 genome. Noteworthy, the BGCs of bacte-
riocin-producing S. epidermidis X3009 and S. simulans C9832 

did not show homologues in the database, indicating the detec-
tion of two putatively new lanthipeptides (Fig. 3).

Class II: Bacteriocins

Genome analysis also led to the identification of three types 
of class II bacteriocins. The BGC for lactotococcin972 was  

Fig. 3  Sequence alignments of the structural peptides coding for lan-
thipeptide-like bacteriocins (detected in this study*) and those previ-
ously described and published in public databases used as reference. 
A S. warneri X2969 and the pre-peptide of epilancin15X and pep5 
bacteriocins. B Hyicin 3682, epidermin, BsaA1, BsaA2, bacCH91 

peptides with those detected in S. aureus C8609 isolate and S. aureus 
X3410. C Structural peptides detected among the genomes included 
in this study. * Symbol to indicate the structural peptide of the iso-
lates included in this study. This figure is in color in the online ver-
sion but in black and white in the print version
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predicted in six genomes, and after genomic environment com-
parisons, all but one potential lactococcin972 BGCs predicted 
revealed identity with the structural gene of the L. lactis_
pBL1_NC004955.1 reference sequence (Fig. S1). Moreover, 
high identities were observed when considering the lactococ-
cin972 BGC predicted among the genomes included in this 
study, specially between S. aureus C8609 and C5802 and S. 
sciuri X3041 and X3011. Contrary, the BGC predicted to code 
for lactococcin972 in the S. simulans C9832 genome did not 
show relevant identity neither with the reference sequences 
considered nor with the rest of the predicted operons.

We also detected the identical structural gene of the 
bacSp222 bacteriocin in the genomes of the two S. pseud-
intermedius isolates recovered from the same human-pet 
zoonosis case. This bacteriocin was described for the first 
time in the plasmid p222 of S. pseudintermedius, used as 
reference (CP011490.1) [54]. Finally, a Class II type BGC 
was predicted in S. xylosus C9255 which was related to the 
blp bacteriocin family [55].

Circular Bacteriocins

In the present study, three putative novel circular BGCs have 
been identified in S. hyicus C9581, S. xylosus C9255, and S. 
chromogenes C9838 isolates recovered from wild animals. 
The detected coding genes showed identity with the conserved 
domain of uberolysin, a circular bacteriocin firstly detected in 
Streptococcus uberis [56]. Comparative analysis of the BGCs 
of the potential circular bacteriocin carriers predicted in the 
present study and those used as references (S. aureus_WH39_
CP060492, S. uberis_DQ650653 and S. aureus _pRJ101_Aure-
ocyclicin4185_KF836421) was performed. A high identity was 
exhibited between one of the BGC predicted in the S. chro-
mogenes C9838 and one of S. xylosus C9255 genomes with 
the operon coding for the circular bacteriocin described for S. 
aureus WH39. Additionally, these BGCs were closely related 
with the aureocyclicin 4185 BGC and the strongest identity 
was detected when compared with the BGC predicted in the 
S. hyicus C9581 genome. Finally, the other BGC predicted to 
code for a circular bacteriocin in S. chromogens C9838 could 
be considered as an unrelated genetic system (Fig. S2).

Non‑Ribosomal Peptides

Regarding NRPs, operons related with this type of second-
ary metabolites were predicted in six genomes from a wide 
variety of species and origins (Table 1). Genome analysis 
revealed high diversity between them, and no bacteriocins 
were detected except for the two clinical S. lugdunensis 
genomes (9%), carrying the lugdunin BGC. Interestingly, 
comparisons with the lugdunin coding operon revealed high 
identity > 95% with the first discovered lugdunin producer 
(S. lugdunensis_IVK28_CP063143.1) (Fig. S3) [57].

Thiopeptides

Previous studies by our group confirmed the production of 
MP1 bacteriocin by environmental staphylococcal isolates 
using mass-spectrometry analysis [58]. Based on this find-
ing, we decided to further characterize these isolates by 
genome mining tools. Thus, the BGC for MP1 thiopeptide 
production were detected in sequences of the four bacte-
riocin-producing isolates included in this study (S. aureus 
C5802 and S. hominis C5835 isolates from environmental 
samples; two S. sciuri X3011 and X3041 isolates from food).

Genetic environment comparisons between the four 
MP1 producers included in this study and those previ-
ously described confirmed the high identity between the 
BGC structures of isolates from the genus Staphylococ-
cus but with clear differences to the BGCs from other 
genera (Fig. 4). The reference sequences used for the 
MP1 operon analysis were as follows (isolate reference/
accession number): Bacillus safensis (SDG14_10_1/
JACEVK010000010), Bacillus cereus (ATCC14579/
CP034551), Listeria monocytogenes (FDA802499/
AAAXMT010000009), Streptococcus pseudoporci-
nus (NCTC5385/LR594035), Macrococcus caseo-
lyticus (pBac115/KM613043), Staphylococcus agnetis 
(4244/JABULG020000014), S. intermedius (14S03307/
MWRT01000009), Staphylococcus felis (F30k1271111/
QKYH01000057), S. aureus  (358/CP077876), S. 
hominis (34/CP040733), and S. sciuri (IMDOS72p/
CAJVGN010000003). Moreover, close to 100% iden-
tity was observed among S. intermedius (14503307) and 
S. felis (F30k1271111), between S. aureus (358) and S. 
hominis (34), and between the two independent S. sci-
uri isolates. In addition, the DNA sequence analysis of 
the MP1 genetic environment revealed the closest rela-
tionship between the operon identified in M. caseolyti-
cus (pbac115) with those found in Staphylococcus. The 
strongest differences were observed between Staphy-
lococcus and M. caseolyticus (115) MP1 operons with 
those described in Bacillus spp. isolates (SDG14_10_1 
or ATCC14579) (Fig. 4).

For deeper research of the MP1 BGC detected among the 
isolates included in this study, a global comparison with the 
NCBI database was performed. Individual BlastN analysis 
with each of the contigs carrying the MP1 BGC revealed a 
close affinity between the MP1 operon of our four carrier 
genomes and a complete plasmid coding for MP1 BGC of 
S. hominis_34 (CP040733.1). Moreover, the tight relation-
ship between the entire MP1 plasmid of S. hominis_34 and of 
S. hominis C5835, recovered from this study, is noteworthy. 
In this respect, the BlastN analysis revealed a high identity 
and coverage percentage (> 90%), differing in 5 genes coding 
for ATPases or genes with unknown function. This identity 
was lower when comparing the MP1 BGC of the S. aureus 
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Fig. 4  Genetic environment comparison of MP1 thiopeptide gene clus-
ters of Bacillus safensis (SDG14_10_1/JACEVK010000010), Bacillus 
cereus (ATCC14579/CP034551), Listeria monocytogenes (FDA802499/
AAAXMT010000009), Streptococcus pseudoporcinus (NCTC5385/
LR594035), Macrococcus caseolyticus (pBac115/KM613043), Staphy-
lococcus agnetis (4244/JABULG020000014), S. intermedius (14S03307/

MWRT01000009), S. felis (F30k1271111/QKYH01000057), S. aureus 
(358/CP077876), S. hominis (34/CP040733), S. sciuri (IMDOS72p/
CAJVGN010000003), S. hominis (C5835, this study), S. aureus (C5802, 
this study), S. sciuri (X3041, this study), and S. sciuri (X3011, this 
study). This figure is in color in the online version but in black and white 
in the print version

◂
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C5802 isolate with S. hominis_34. However, high identity was 
observed between the S. aureus C5802 and S. hominis C5835 
MP1 operons, also when comparing the flanking areas so it 
can be suggested that these two isolates could share a common 
genetic element. Finally, the presence of identical additional 
genes upstream of the MP1 operon in the two S. sciuri from 
this study and the selected reference (MP1 coding plasmid of 
S. sciuri IMDOS72) should be mentioned. Further analysis 
should be carried out to confirm the relation of the four MP1 
BGC detected in this study to mobile genetic elements such 
as plasmids and their transmission capability.

Moreover, differences in the MP1 structural gene were 
studied at the protein level (Fig. 5). Regarding the amino 
acid sequence alignment, it is important to note that Staphy-
lococcus isolates were all identical when considering the 
MP1 structural gene, except for S. agnetis from the database 
which presented two amino acid changes in the leader pep-
tide. Moreover, the high identity between Staphylococcus 
and M. caseolyticus sequences was outstanding, which only 
differs in a few amino acids within the leader peptide. On the 
other hand, the comparison with the other isolates included 
in this study revealed huge differences in the leader pep-
tide sequences and even punctual amino acid exchanges and 
insertions within the mature peptides of L. monocytogenes 
and S. pseudoporcinus, likely affecting the structure and/or 
antimicrobial activity of their bacteriocins.

Discussion

The new genome mining tools offer an important technologi-
cal resource in the discovery of novel natural products based 
either on the detection of bacteriocin structural genes or 
other bacteriocin-associated genes [59]. In this study, ~82% 
of the investigated bacteriocin-producing Staphylococcus 
isolates (18 out of 22 genomes) carried at least one bac-
teriocin coding gene among which a large diversity was 
observed independently of isolate origin (human, pet, wild 
animals, food, and environmental). Here, five types of BGCs 
were identified among 18 bacteriocin-producing isolates, 
coding for bacteriocins of class I (lanthipepthides), class 
II (lactococcin972, bacSp222, and blp family bacteriocin), 
class IV (circular bacteriocins), NRP, and thiopeptides. 
Interesting relationship between related Staphylococcus spe-
cies and the type of bacteriocin has been observed.

Focusing on lanthipeptides, they are characterized by 
their small (< 5 kDa) size, their post-translational modifi-
cations and they contain lanthionine or β-methyllanthionine 
residues in their structure [60, 61]. In the present work, 
seven lanthipeptide-like BGCs have been described among 
the 22 studied genomes, and genomic comparisons with 
those bacteriocin clusters previously referred in the lit-
erature allowed us to classify these putative new bacteri-
ocins into class I. Upon lanthipeptide BGC identification 

Fig. 5  Differences at the protein level of the structural gene cod-
ing for the thiopeptide MP1: B. safensis (SDG14_10_1), B. cereus 
(ATCC14579), L. monocytogenes (FDA802499), S. pseudoporci-
nus (NCTC5385), M. caseolyticus (pBac115), S. agnetis (4244), S. 
intermedius (14S03307), S. felis (F30k1271111), S. aureus (358), S. 

hominis (34), S. sciuri (IMDOS72p), S. hominis (C5835, this study), 
S. aureus (C5802, this study), S. sciuri (X3041, this study), S. sciuri 
(X3011, this study). This figure is in color in the online version but in 
black and white in the print version
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among bacteriocin-producing staphylococci, bioinformatic 
analyses indicated the highest identity of the bacteriocins 
predicted in this study to the reference ones: (i) the BSA 
bacteriocin discovered from an MRSA strain involved in 
community-acquired infections [62]; (ii) the bacCH91 
bacteriocin reported by Wladyka and colleagues in 2013 
[63], although they only reported the structural gene; (iii) 
the epilancin15X antimicrobial peptide firstly detected in 
a clinical S. epidermidis isolate [64]. These results showed 
a close relationship between the putative structural genes 
detected in the newly investigated isolates and those previ-
ously reported, which suggests the detection of new variants 
of both BSA and epilancin15X bacteriocins. In addition, 
a lanthipeptide-like BGC type (V) was detected in the S. 
hyicus C9585 genome showing identity with those recently 
reported elsewhere [65, 66].

Interestingly, the BGCs detected in S. warneri and S. 
epidermidis bacteriocin-producing isolates seemed to be 
putative new lanthipeptide-like bacteriocins. Lanthipeptide 
BGC are characterized by the presence of a structural gene 
which is post-translationally modified by dehydratase, 
phosphatase, glycosidase, cyclase, oxidase enzymes, 
and ABC transporters [18]. Moreover, the presence of a 
C-terminal core region in the structural gene of S. simulans 
C9832 suggests that this operon could code for a type I 
lanthipeptide, while the one detected in S. epidermidis 
X3009 revealed higher identity to pep5 bacteriocin (Figs. 2 
and 3). Future work will focus on the optimization of 
the extraction conditions to obtain inhibition in the well 
diffusion assay and to finally confirm the proteinaceous 
nature of the inhibitory compound and to decipher the 
peptide structure. Moreover, the use of heterologous 
expression systems will be important for future validation 
of the in silico screening studies [67–69].

Focusing on class II bacteriocins, lactococcin-like clusters 
were identified in six out of the 22 bacteriocin-producing 
isolates included. These bacteriocins are described as linear 
non-pediocin-like molecules. Among them, lactococcin972 
produced by Lactococcus lactis subsp. lactis IPLA 972 is 
the most representative and frequent [70]. Figure S1 shows 
a lactococcin-like operon comparison, and all clusters 
contained the precursor of lactococcin972 domain.

In addition, the bacSp222 bacteriocin of class II has also been 
detected in this study. It was the first reported bacteriocin pro-
duced by S. pseudintermedius [54], and its genetic cluster organ-
ization revealed identity to aureocin A53. Moreover, bacsp222 is 
characterized by its bactericidal activity and virulence capacity 
that acts in modulating the immune system of the host [54].

The recently proposed class IV bacteriocins are circular pep-
tides, formed by the post-translational covalent linkage between 
their carboxy and amino termini [71]. Currently, aureocyclicin 
4185 from S. aureus 4185 is the first circular bacteriocin of 
Staphylococcus included in this category [72]. In this respect, 

we identified here two putative novel BGCs encoding circu-
lar bacteriocins of the circularin A/uberolysin family without 
identity to the previously reported circular staphylococcins 
(Fig. S2). Moreover, the S. hyicus C9581 isolate seems to carry 
the aureocyclicin 4185 bacteriocin coding genes.

Finally, cyclic lugdunin, which was the first NRP described 
among staphylococci and is considered as an independent class 
of antibacterials, was detected in two clinical S. lugdunensis 
isolates of the present work. Likewise, Zipperer and collabora-
tors discovered lugdunin in a nasal S. lugdunensis isolate with 
antimicrobial activity against a wide range of Gram-positive 
bacteria including methicillin-resistant S. aureus (MRSA) [57]. 
The NRPS operon is about 30 kbp and encodes four genes 
(lugABCD) for the biosynthesis of lugdunin. Not all S. lug-
dunensis produce antimicrobial peptides although the lugdunin 
BGC seems to be conserved in this species and interestingly, 
the GC-content indicates horizontal transfer to S. lugdunensis 
from another bacterial species [57].

Regarding the bacteriocin classification proposed by de 
Freire Bastos in 2020, thiopeptides could be considered as a new 
class of staphylococcins (Class VI) [13]. Thiopeptides are sulfur-
containing, ribosomally produced and highly post-translationally 
modified peptides with strong inhibitory and competitive poten-
tial [73, 74]. Most likely, MP1 (originally designated micrococ-
cin) was firstly discovered in a strain of Micrococcus by its activ-
ity against Mycobacterium tuberculosis and it was characterized 
as a hydrophobic and heat-stable molecule with high activity 
against a wide range of Gram-positive bacteria [75]. So far, MP1 
has been isolated from different genera, including Micrococcus, 
Staphylococcus, Streptococcus, and Bacillus spp., and origins 
(food, humans, and animals).

Focusing on Staphylococcus, MP1 production has been 
reported for isolates of S. equorum from cheese [76], S. epi-
dermidis [77], S. felis from cats [78], S. hominis recovered 
from human skin [79], S. sciuri [29], and recently, S. aureus 
[30]. In the present study, MP1 production has been verified 
at the genetic level among four bacteriocin-producing isolates 
(~18%) with high antimicrobial activity against both MSSA 
and MRSA: two S. aureus and S. hominis isolates from envi-
ronmental samples (river water) and two S. sciuri isolates 
recovered from raw meat chicken.

Comparison of the MP1 BGCs (Fig. 4) revealed major 
genetic differences between the staphylococcal isolates 
and Bacillus. First, the number of structural genes can 
differ between both genera (one for Staphylococcus and 
up to four for Bacillus cereus). Next, the staphylococcal 
strains appear to produce only one product [77], while 
a mixture of similar thiopeptides with different post-
translational modifications [thiocillin I, II, III, MP1 
and micrococcin P2 (MP2)] have been reported among 
Bacillus [80]. Only after horizontal gene transfer of the 
MP1 BGC into S. aureus RN4220, a yet uncharacterized 
by-product of MP1 could be detected [30]. In this study, 
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the strong capacity of MP1 to force RN4220 to change 
its metabolic capacity via citZ mutation was highlighted. 
In addition, the comparison of the MP1 BGCs included 
in this study illustrates the high identity between the 
Staphylococcus isolates, especially when considering the 
same species and with M. caseolyticus.

Most staphylococcal BGCs appear to be associated with 
mobile genetic elements such as plasmids, transposons, 
IS-elements, or chromosomal islands [28, 30, 57]. Hence, 
BGCs can be transferred between strains and lineages and 
are important genetic determinants of competitive fitness 
within a given habitat [30]. Due to the great diversity of 
staphylococcal isolates and origins detected among our bac-
teriocin-producing isolates and the high frequency of MP1 
carrier detection, the occurrence of certain mechanisms of 
BGC transfer could be assumed as mentioned above.

The analysis of the genomes included in this study 
allowed us to identify a wide diversity of BGCs and more 
concretely, the comparison of the genetic environment of 
MP1 revealed identity to the reference plasmids of S. hom-
inis and S. sciuri, indicating that the BGCs are plasmid-
encoded. However, although the detection of rep sequences 
by PlasmidFinder, third-generation sequencing technolo-
gies, such as PacBio [81] or Oxford Nanopore (ONT) [82] 
instruments are recommended to confirm the presence of 
transferrable BGC.

Conclusion

In conclusion, our findings revealed a great abundance and 
diversity of bacteriocin gene clusters including unique systems 
and unfrequently detected among staphylococcal genomes. In 
this respect, the genus Staphylococcus and specially CoNS 
isolates have been confirmed as a valuable source of new pep-
tide structures with promising functionalities for treatment and 
prevention. Moreover, the OneHealth perspective should be 
accentuated as a good perspective for further research on the 
alternatives for the AMR crisis.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s12602- 023- 10119-w.

Acknowledgements The authors acknowledge support by the High 
Performance and Cloud Computing Group at the Zentrum für Daten-
verarbeitung of the University of Tübingen, the state of Baden-Würt-
temberg through bwHPC, and the German Research Foundation (DFG) 
through grant no INST 37/935-1 FUGG.

Author Contribution C.T., B.K., A.P., R.F.-F., and C.L. contributed to 
the design of the study. C.T., B.K., A.P., and C.L. contributed to the 
general supervision of the study. A.M.A.E. and M.T. carried out the 
processing of the sequences. R.F.-F., A.M.A.E., and A.M. collaborated 
in the data analysis and R. F.-F. developed the first version of the manu-
script. C.T., C.L., and B.K. made the first revision of the manuscript. 
C.T., M.Z. and A.P. contributed to project funding. All authors revised 

the different versions of the manuscript, read, and agreed to the submit-
ted version of the manuscript.

Funding Open Access funding provided thanks to the CRUE-CSIC 
agreement with Springer Nature. This study was funded by the project 
PID2019-106158RB-I00 from the Ministry of Spain (MCIN/AEI/10. 
13039/501100011033). A.P. acknowledges grants from Deutsche 
Forschungsgemeinschaft (DFG) TRR156 (project ID 246807620); 
TRR261 (project ID 398967434); and Cluster of Excellence 
EXC2124 Controlling Microbes to Fight Infection (CMFI) (project ID 
390838134). R.F.-F. has a predoctoral contract FPU from the Ministry 
of Science, Innovation and Universities of Spain (FPU18/05438) and 
a training fellowship for predoctoral student exchanges in international 
research centers (Ministry of Spain, EST21/00631).

Data Availability All data generated or analyzed during this study are 
available within this paper and its supplementary information files. 
References [75–79] corresponds to Supplementary material (Table S2). 
Illumina reads for 21 staphylococcal isolates included in this study 
can be found at the BioProject PRJNA974190 and C5802 is registered 
with ERS659514 accession number (ENA). The respective BioSample 
numbers are indicated in Supplementary Table S2.

Declarations 

Ethics Approval This article does not contain any studies with human 
participants or animals performed by any of the authors.

Competing Interests The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Murray CJL, Ikuta KS, Sharara F, Swetschinski L, Robles Aguilar G, 
Gray A, Han C, Bisignano C, Rao P, Wool E, Johnson SC, Browne 
AJ, Chipeta MG, Fell F, Hackett S, Haines-Woodhouse G, Kashef 
Hamadani BH, Kumaran EAP, McManigal B, Achalapong S, Agarwal 
R, Akech S, Albertson S, Amuasi J, Andrews J, Aravkin A, Ashley 
E, Babin F-X, Bailey F, Baker S, Basnyat B, Bekker A, Bender 
R, Berkley JA, Bethou A, Bielicki J, Boonkasidecha S, Bukosia J, 
Carvalheiro C, Castañeda-Orjuela C, Chansamouth V, Chaurasia S, 
Chiurchiù S, Chowdhury F, Clotaire Donatien R, Cook AJ, Cooper 
B, Cressey TR, Criollo-Mora E, Cunningham M, Darboe S, Day 
NPJ, De Luca M, Dokova K, Dramowski A, Dunachie SJ, Duong 
Bich T, Eckmanns T, Eibach D, Emami A, Feasey N, Fisher-Pearson 
N, Forrest K, Garcia C, Garrett D, Gastmeier P, Giref AZ, Greer 
RC, Gupta V, Haller S, Haselbeck A, Hay SI, Holm M, Hopkins 
S, Hsia Y, Iregbu KC, Jacobs J, Jarovsky D, Javanmardi F, Jenney 
AWJ, Khorana M, Khusuwan S, Kissoon N, Kobeissi E, Kostyanev 
T, Krapp F, Krumkamp R, Kumar A, Kyu HH, Lim C, Lim K, 
Limmathurotsakul D, Loftus MJ, Lunn M, Ma J, Manoharan A, 

https://doi.org/10.1007/s12602-023-10119-w
http://creativecommons.org/licenses/by/4.0/


Probiotics and Antimicrobial Proteins 

1 3

Marks F, May J, Mayxay M, Mturi N, Munera-Huertas T, Musicha P, 
Musila LA, Mussi-Pinhata MM, Naidu RN, Nakamura T, Nanavati 
R, Nangia S, Newton P, Ngoun C, Novotney A, Nwakanma D, Obiero 
CW, Ochoa TJ, Olivas-Martinez A, Olliaro P, Ooko E, Ortiz-Brizuela 
E, Ounchanum P, Pak GD, Paredes JL, Peleg AY, Perrone C, Phe 
T, Phommasone K, Plakkal N, Ponce-de-Leon A, Raad M, Ramdin 
T, Rattanavong S, Riddell A, Roberts T, Robotham JV, Roca A, 
Rosenthal VD, Rudd KE, Russell N, Sader HS, Saengchan W, Schnall 
J, Scott JAG, Seekaew S, Sharland M, Shivamallappa M, Sifuentes-
Osornio J, Simpson AJ, Steenkeste N, Stewardson AJ, Stoeva T, Tasak 
N, Thaiprakong A, Thwaites G, Tigoi C, Turner C, Turner P, Van 
Doorn HR, Velaphi S, Vongpradith A, Vongsouvath M, Vu H, Walsh 
T, Walson JL, Waner S, Wangrangsimakul T, Wannapinij P, Wozniak 
T, Young Sharma TEMW, Yu KC, Zheng P, Sartorius B, Lopez AD, 
Stergachis A, Moore C, Dolecek C, Naghavi M (2022) Global burden 
of bacterial antimicrobial resistance in 2019: a systematic analysis. 
Lancet 399:629–655. https:// doi. org/ 10. 1016/ S0140- 6736(21) 02724-0

 2. Ovchinnikov KV, Kranjec C, Telke A, Kjos M, Thorstensen T, 
Scherer S, Carlsen H, Diep DB (2021) A strong synergy between 
the thiopeptide bacteriocin micrococcin P1 and rifampicin 
against MRSA in a murine skin infection model. Front Immunol 
12:676534. https:// doi. org/ 10. 3389/ fimmu. 2021. 676534

 3. Aljeldah MM (2022) Antimicrobial resistance and its spread is 
a global threat. Antibiotics 11:1082. https:// doi. org/ 10. 3390/ 
antib iotic s1108 1082

 4. Calixto JB (2019) The role of natural products in modern drug 
discovery. An Acad Bras Ciênc 91:e20190105. https:// doi. org/ 10. 
1590/ 0001- 37652 01920 190105

 5. Cragg GM, Newman DJ, Snader KM (1997) Natural products in 
drug discovery and development. J Nat Prod 60:52–60. https:// doi. 
org/ 10. 1021/ np960 4893

 6. Strohl WR (2000) The role of natural products in a modern drug 
discovery program. Drug Discovery Today 5:39–41. https:// doi. 
org/ 10. 1016/ S1359- 6446(99) 01443-9

 7. Morton JT, Freed SD, Lee SW, Friedberg I (2015) A large scale 
prediction of bacteriocin gene blocks suggests a wide functional 
spectrum for bacteriocins. BMC Bioinformatics 16:381. https:// 
doi. org/ 10. 1186/ s12859- 015- 0792-9

 8. Arnison PG, Bibb MJ, Bierbaum G, Bowers AA, Bugni TS, Bulaj 
G, Camarero JA, Campopiano DJ, Challis GL, Clardy J, Cotter PD, 
Craik DJ, Dawson M, Dittmann E, Donadio S, Dorrestein PC, Entian 
K-D, Fischbach MA, Garavelli JS, Göransson U, Gruber CW, Haft 
DH, Hemscheidt TK, Hertweck C, Hill C, Horswill AR, Jaspars 
M, Kelly WL, Klinman JP, Kuipers OP, Link AJ, Liu W, Marahiel 
MA, Mitchell DA, Moll GN, Moore BS, Müller R, Nair SK, Nes IF, 
Norris GE, Olivera BM, Onaka H, Patchett ML, Piel J, Reaney MJT, 
Rebuffat S, Ross RP, Sahl HG, Schmidt EW, Selsted ME, Severinov 
K, Shen B, Sivonen K, Smith L, Stein T, Süssmuth RD, Tagg JR, 
Tang GL, Truman AW, Vederas JC, Walsh CT, Walton JD, Wenzel 
SC, Willey JM, Van Der Donk WA (2013) Ribosomally synthesized 
and post-translationally modified peptide natural products: overview 
and recommendations for a universal nomenclature. Nat Prod Rep 
30:108–160. https:// doi. org/ 10. 1039/ C2NP2 0085F

 9. Azevedo AC, Bento CBP, Ruiz JC, Queiroz MV, Mantovani HC 
(2015) Distribution and genetic diversity of bacteriocin gene 
clusters in rumen microbial genomes. Appl Environ Microbiol 
81:7290–7304. https:// doi. org/ 10. 1128/ AEM. 01223- 15

 10. Carson DA, Barkema HW, Naushad S, De Buck J (2017) Bacteriocins 
of non-aureus staphylococci isolated from bovine milk. Appl Environ 
Microbiol 83:e01015–e1017. https:// doi. org/ 10. 1128/ AEM. 01015- 17

 11. Yap PG, Lai ZW, Tan JS (2022) Bacteriocins from lactic acid 
bacteria: purification strategies and applications in food and 
medical industries: a review. Beni-Suef Univ J Basic Appl Sci 
11:51. https:// doi. org/ 10. 1186/ s43088- 022- 00227-x

 12. Bennallack PR, Bewley KD, Burlingame MA, Robison RA, 
Miller SM, Griffitts JS (2016) Reconstitution and minimization 

of a micrococcin biosynthetic pathway in Bacillus subtilis. J 
Bacteriol 198:2431–2438. https:// doi. org/ 10. 1128/ JB. 00396- 16

 13. Silva CCG, Silva SPM, Ribeiro SC (2018) Application of bacte-
riocins and protective cultures in dairy food preservation. Front 
Microbiol 9:594. https:// doi. org/ 10. 3389/ fmicb. 2018. 00594

 14. Alvarez-Sieiro P, Montalbán-López M, Mu D, Kuipers OP 
(2016) Bacteriocins of lactic acid bacteria: extending the fam-
ily. Appl Microbiol Biotechnol 100:2939–2951. https:// doi. org/ 
10. 1007/ s00253- 016- 7343-9

 15. de Freire Bastos MDC, Miceli De Farias F, Carlin Fagundes P, 
Varella Coelho ML (2020) Staphylococcins: an update on anti-
microbial peptides produced by staphylococci and their diverse 
potential applications. Appl Microbiol Biotechnol 104:10339–
10368. https:// doi. org/ 10. 1007/ s00253- 020- 10946-9

 16. Newstead LL, Varjonen K, Nuttall T, Paterson GK (2020) Staphylococ-
cal-produced bacteriocins and antimicrobial peptides: their potential as 
alternative treatments for staphylococcus aureus infections. Antibiotics 
9:40. https:// doi. org/ 10. 3390/ antib iotic s9020 040

 17. Li JWH, Vederas JC (2009) Drug discovery and natural products: 
end of an era or an endless frontier? Science 325:161–165. https:// 
doi. org/ 10. 1126/ scien ce. 11682 43

 18. Torres Salazar BO, Heilbronner S, Peschel A, Krismer B (2021) 
Secondary metabolites governing microbiome interaction of 
staphylococcal pathogens and commensals. Microb Physiol 
31:198–216. https:// doi. org/ 10. 1159/ 00051 7082

 19. Heilbronner S, Krismer B, Brötz-Oesterhelt H, Peschel A (2021) 
The microbiome-shaping roles of bacteriocins. Nat Rev Microbiol 
19:726–739. https:// doi. org/ 10. 1038/ s41579- 021- 00569-w

 20. Gradisteanu Pircalabioru G, Popa LI, Marutescu L, Gheorghe I, Popa 
M, Czobor Barbu I, Cristescu R, Chifiriuc MC (2021) Bacteriocins in 
the era of antibiotic resistance: rising to the challenge. Pharmaceutics 
13:196. https:// doi. org/ 10. 3390/ pharm aceut ics13 020196

 21. Mercado V, Olmos J (2022) Bacteriocin production by bacil-
lus species: isolation, characterization, and application. Probi-
otics Antimicro Prot 14:1151–1169. https:// doi. org/ 10. 1007/ 
s12602- 022- 09966-w

 22. Gontijo MTP, Ramia NE, Dijamentiuk A, Elfassy A, Taha S, Mangavel 
C, Revol-Junelles AM, Borges F (2022) Mining biosynthetic 
gene clusters in Carnobacterium maltaromaticum by interference 
competition network and genome analysis. Microorganisms 10:1794. 
https:// doi. org/ 10. 3390/ micro organ isms1 00917 94

 23. Ongey EL, Neubauer P (2016) Lanthipeptides: chemical syn-
thesis versus in vivo biosynthesis as tools for pharmaceutical 
production. Microb Cell Fact 15:97. https:// doi. org/ 10. 1186/ 
s12934- 016- 0502-y

 24. Simons A, Alhanout K, Duval RE (2020) Bacteriocins, antimicro-
bial peptides from bacterial origin: overview of their biology and 
their impact against multidrug-resistant bacteria. Microorganisms 
8:639. https:// doi. org/ 10. 3390/ micro organ isms8 050639

 25. Bagley MC, Dale JW, Merritt EA, Xiong X (2005) Thiopeptide 
antibiotics. Chem Rev 105:685–714. https:// doi. org/ 10. 1021/ 
cr030 0441

 26. Fernandes A, Jobby R (2022) Bacteriocins from lactic acid 
bacteria and their potential clinical applications. Appl Bio-
chem Biotechnol 194:4377–4399. https:// doi. org/ 10. 1007/ 
s12010- 022- 03870-3

 27. Bosák J, Hrala M, Micenková L, Šmajs D (2021) Non-antibiotic 
antibacterial peptides and proteins of Escherichia coli : efficacy 
and potency of bacteriocins. Expert Rev Anti Infect Ther 19:309–
322. https:// doi. org/ 10. 1080/ 14787 210. 2020. 18168 24

 28. Janek D, Zipperer A, Kulik A, Krismer B, Peschel A (2016) High 
frequency and diversity of antimicrobial activities produced by nasal 
Staphylococcus strains against bacterial competitors. PLoS Pathog 
12:e1005812. https:// doi. org/ 10. 1371/ journ al. ppat. 10058 12

 29. Van Der Veken D, Hollanders C, Verce M, Michiels C, Ballet 
S, Weckx S, Leroy F (2022) Genome-based characterization of 

https://doi.org/10.1016/S0140-6736(21)02724-0
https://doi.org/10.3389/fimmu.2021.676534
https://doi.org/10.3390/antibiotics11081082
https://doi.org/10.3390/antibiotics11081082
https://doi.org/10.1590/0001-3765201920190105
https://doi.org/10.1590/0001-3765201920190105
https://doi.org/10.1021/np9604893
https://doi.org/10.1021/np9604893
https://doi.org/10.1016/S1359-6446(99)01443-9
https://doi.org/10.1016/S1359-6446(99)01443-9
https://doi.org/10.1186/s12859-015-0792-9
https://doi.org/10.1186/s12859-015-0792-9
https://doi.org/10.1039/C2NP20085F
https://doi.org/10.1128/AEM.01223-15
https://doi.org/10.1128/AEM.01015-17
https://doi.org/10.1186/s43088-022-00227-x
https://doi.org/10.1128/JB.00396-16
https://doi.org/10.3389/fmicb.2018.00594
https://doi.org/10.1007/s00253-016-7343-9
https://doi.org/10.1007/s00253-016-7343-9
https://doi.org/10.1007/s00253-020-10946-9
https://doi.org/10.3390/antibiotics9020040
https://doi.org/10.1126/science.1168243
https://doi.org/10.1126/science.1168243
https://doi.org/10.1159/000517082
https://doi.org/10.1038/s41579-021-00569-w
https://doi.org/10.3390/pharmaceutics13020196
https://doi.org/10.1007/s12602-022-09966-w
https://doi.org/10.1007/s12602-022-09966-w
https://doi.org/10.3390/microorganisms10091794
https://doi.org/10.1186/s12934-016-0502-y
https://doi.org/10.1186/s12934-016-0502-y
https://doi.org/10.3390/microorganisms8050639
https://doi.org/10.1021/cr0300441
https://doi.org/10.1021/cr0300441
https://doi.org/10.1007/s12010-022-03870-3
https://doi.org/10.1007/s12010-022-03870-3
https://doi.org/10.1080/14787210.2020.1816824
https://doi.org/10.1371/journal.ppat.1005812


 Probiotics and Antimicrobial Proteins

1 3

a plasmid-associated micrococcin P1 biosynthetic gene cluster 
and virulence factors in Mammaliicoccus sciuri IMDO-S72. Appl 
Environ Microbiol 88:e02088-e2121. https:// doi. org/ 10. 1128/ aem. 
02088- 21

 30. Krauss S, Harbig TA, Rapp J, Schaefle T, Franz-Wachtel M, 
Reetz L, Elsherbini AMA, Macek B, Grond S, Link H, Nieselt K, 
Krismer B, Peschel A, Heilbronner S (2023) Horizontal transfer 
of bacteriocin biosynthesis genes requires metabolic adaptation 
to improve compound production and cellular fitness. Micro-
biol Spectr 11:e03176-e3222. https:// doi. org/ 10. 1128/ spect rum. 
03176- 22

 31. Fernández-Fernández R, Lozano C, Eguizábal P, Ruiz-Ripa L, 
Martínez-Álvarez S, Abdullahi IN, Zarazaga M, Torres C (2022) 
Bacteriocin-like inhibitory substances in staphylococci of differ-
ent origins and species with activity against relevant pathogens. 
Front Microbiol 13:870510. https:// doi. org/ 10. 3389/ fmicb. 2022. 
870510

 32. Fernández-Fernández R, Lozano C, Ruiz-Ripa L, Robredo B, Azcona-
Gutiérrez JM, Alonso CA, Aspiroz C, Zarazaga M, Torres C (2022) 
Antimicrobial resistance and antimicrobial activity of Staphylococcus 
lugdunensis obtained from two Spanish hospitals. Microorganisms 
10:1480. https:// doi. org/ 10. 3390/ micro organ isms1 00814 80

 33. Fernández-Fernández R, Abdullahi IN, González-Azcona C, Ulloa 
A, Martínez A, García-Vela S, Höfle U, Zarazaga M, Lozano C, 
Torres C (2023) Detection of antimicrobial producing Staphylo-
coccus from migratory birds: potential role in nasotracheal micro-
biota modulation. Front Microbiol 14:1144975. https:// doi. org/ 10. 
3389/ fmicb. 2023. 11449 75

 34. Chun J, Oren A, Ventosa A, Christensen H, Arahal DR, Da Costa 
MS, Rooney AP, Yi H, Xu XW, De Meyer S, Trujillo ME (2018) 
Proposed minimal standards for the use of genome data for the 
taxonomy of prokaryotes. Int J Syst Evol Microbiol 68:461–466. 
https:// doi. org/ 10. 1099/ ijsem.0. 002516

 35. Madhaiyan M, Wirth JS, Saravanan VS (2020) Phylogenomic 
analyses of the Staphylococcaceae family suggest the reclassi-
fication of five species within the genus Staphylococcus as het-
erotypic synonyms, the promotion of five subspecies to novel 
species, the taxonomic reassignment of five Staphylococcus spe-
cies to Mammaliicoccus gen. nov, and the formal assignment of 
Nosocomiicoccus to the family Staphylococcaceae. Int J Syst Evol 
Microbiol 70:5926–5936. https:// doi. org/ 10. 1099/ ijsem.0. 004498

 36. Andrews S (2010) FastQC: A quality control tool for high 
throughput sequence data. Available online at: http:// www. bioin 
forma tics. babra ham. ac. uk/ proje cts/ fastqc

 37. Bolger AM, Lohse M, Usadel B (2014) Trimmomatic: a flexible 
trimmer for Illumina sequence data. Bioinformatics 30:2114–
2120. https:// doi. org/ 10. 1093/ bioin forma tics/ btu170

 38. Prjibelski A, Antipov D, Meleshko D, Lapidus A, Korobeynikov 
A (2020) Using SPAdes de novo assembler. Curr Protoc Bioin-
form 70. https:// doi. org/ 10. 1002/ cpbi. 102

 39. Walker BJ, Abeel T, Shea T, Priest M, Abouelliel A, Sakthikumar S, 
Cuomo CA, Zeng Q, Wortman J, Young SK, Earl AM (2014) Pilon: 
an integrated tool for comprehensive microbial variant detection and 
genome assembly improvement. PLoS ONE 9:e112963. https:// doi. 
org/ 10. 1371/ journ al. pone. 01129 63

 40. Seemann T (2019). Shovill pipeline. Available online at: https:// 
github. com/ tseem ann/ shovi ll

 41. Seemann T (2014) Prokka: rapid prokaryotic genome annota-
tion. Bioinformatics 30:2068–2069. https:// doi. org/ 10. 1093/ 
bioin forma tics/ btu153

 42. Stamatakis A (2014) RAxML version 8: a tool for phylogenetic 
analysis and post-analysis of large phylogenies. Bioinformatics 
30:1312–1313. https:// doi. org/ 10. 1093/ bioin forma tics/ btu033

 43. Asnicar F, Thomas AM, Beghini F, Mengoni C, Manara S, Manghi P, 
Zhu Q, Bolzan M, Cumbo F, May U, Sanders JG, Zolfo M, Kopylova 

E, Pasolli E, Knight R, Mirarab S, Huttenhower C, Segata N (2020) 
Precise phylogenetic analysis of microbial isolates and genomes from 
metagenomes using PhyloPhlAn 3.0. Nat Commun 11:2500. https:// 
doi. org/ 10. 1038/ s41467- 020- 16366-7

 44. Xu S, Li L, Luo X, Chen M, Tang W, Zhan L, Dai Z, Lam TT, 
Guan Y, Yu G (2022) Ggtree: a serialized data object for visuali-
zation of a phylogenetic tree and annotation data. iMeta 1. https:// 
doi. org/ 10. 1002/ imt2. 56

 45. R Core Team (2018) R: a language and environment for statisti-
cal computing. R Foundation for Statistical Computing, Vienna, 
Austria

 46. Technical University of Denmark (2023) Center of genomic epidemi-
ology server. Available online at: http:// www. genom icepi demio logy. 
org

 47. Blin K, Shaw S, Augustijn HE, Reitz ZL, Biermann F, Alanjary 
M, Fetter A, Terlouw BR, Metcalf WW, Helfrich EJN, van Wezel 
GP, Medema MH, Weber T (2023) antiSMASH 7.0: new and 
improved predictions for detection, regulation, chemical structures 
and visualisation. Nucleic Acids Res gkad344. https:// doi. org/ 10. 
1093/ nar/ gkad3 44

 48. van Heel A, de Jon A, Song C, Viel JH, Kok J, Kuipers OP (2018) 
BAGEL4: a user-friendly web server to thoroughly mine RiPPs 
and bacteriocins. Nucleic Acids Res 46:W278–W281. https:// doi. 
org/ 10. 1093/ nar/ gky383

 49. Gilchrist CLM, Booth TJ, Van Wersch B, Van Grieken L, Medema 
MH, Chooi YH (2021) cblaster: a remote search tool for rapid identifi-
cation and visualization of homologous gene clusters. Bioinformatics 
Adv 1:vbab016. https:// doi. org/ 10. 1093/ bioadv/ vbab0 16

 50. Gilchrist CLM, Chooi YH (2021) clinker & clustermap.js: auto-
matic generation of gene cluster comparison figures. Bioinformat-
ics 37:2473–2475. https:// doi. org/ 10. 1093/ bioin forma tics/ btab0 07

 51. Waterhouse AM, Procter JB, Martin DMA, Clamp M, Barton GJ 
(2009) Jalview Version 2—a multiple sequence alignment editor 
and analysis workbench. Bioinformatics 25:1189–1191. https:// 
doi. org/ 10. 1093/ bioin forma tics/ btp033

 52. Madeira F, Pearce M, Tivey ARN, Basutkar P, Lee J, Edbali 
O, Madhusoodanan N, Kolesnikov A, Lopez R (2022) Search 
and sequence analysis tools services from EMBL-EBI in 2022. 
Nucleic Acids Res 50:W276–W279. https:// doi. org/ 10. 1093/ nar/ 
gkac2 40

 53. Kim PI, Sohng JK, Sung C, Joo HS, Kim EM, Yamaguchi T, Park 
D, Kim BG (2010) Characterization and structure identification of 
an antimicrobial peptide, hominicin, produced by Staphylococcus 
hominis MBBL 2–9. Biochem Biophys Res Commun 399:133–
138. https:// doi. org/ 10. 1016/j. bbrc. 2010. 07. 024

 54. Wladyka B, Piejko M, Bzowska M, Pieta P, Krzysik M, Mazurek 
Ł, Guevara-Lora I, Bukowski M, Sabat AJ, Friedrich AW, Bonar 
E, Międzobrodzki J, Dubin A, Mak P (2015) A peptide factor 
secreted by Staphylococcus pseudintermedius exhibits proper-
ties of both bacteriocins and virulence factors. Sci Rep 5:14569. 
https:// doi. org/ 10. 1038/ srep1 4569

 55. Fontaine L, Boutry C, Guédon E, Guillot A, Ibrahim M, Grossiord 
B, Hols P (2007) Quorum-sensing regulation of the production 
of Blp bacteriocins in Streptococcus thermophilus. J Bacteriol 
189:7195–7205. https:// doi. org/ 10. 1128/ JB. 00966- 07

 56. Lasagno M, Navarro MDLA, Moliva M, Reinoso E (2019) 
Screening of bacteriocin associated genes of Streptococcus uberis 
strains. Heliyon 5:e02393. https:// doi. org/ 10. 1016/j. heliy on. 2019. 
e02393

 57. Zipperer A, Konnerth MC, Laux C, Berscheid A, Janek D, 
Weidenmaier C, Burian M, Schilling NA, Slavetinsky C, Marschal 
M, Willmann M, Kalbacher H, Schittek B, Brötz-Oesterhelt H, 
Grond S, Peschel A, Krismer B (2016) Human commensals 
producing a novel antibiotic impair pathogen colonization. Nature 
535:511–516. https:// doi. org/ 10. 1038/ natur e18634

https://doi.org/10.1128/aem.02088-21
https://doi.org/10.1128/aem.02088-21
https://doi.org/10.1128/spectrum.03176-22
https://doi.org/10.1128/spectrum.03176-22
https://doi.org/10.3389/fmicb.2022.870510
https://doi.org/10.3389/fmicb.2022.870510
https://doi.org/10.3390/microorganisms10081480
https://doi.org/10.3389/fmicb.2023.1144975
https://doi.org/10.3389/fmicb.2023.1144975
https://doi.org/10.1099/ijsem.0.002516
https://doi.org/10.1099/ijsem.0.004498
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1002/cpbi.102
https://doi.org/10.1371/journal.pone.0112963
https://doi.org/10.1371/journal.pone.0112963
https://github.com/tseemann/shovill
https://github.com/tseemann/shovill
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1038/s41467-020-16366-7
https://doi.org/10.1038/s41467-020-16366-7
https://doi.org/10.1002/imt2.56
https://doi.org/10.1002/imt2.56
http://www.genomicepidemiology.org
http://www.genomicepidemiology.org
https://doi.org/10.1093/nar/gkad344
https://doi.org/10.1093/nar/gkad344
https://doi.org/10.1093/nar/gky383
https://doi.org/10.1093/nar/gky383
https://doi.org/10.1093/bioadv/vbab016
https://doi.org/10.1093/bioinformatics/btab007
https://doi.org/10.1093/bioinformatics/btp033
https://doi.org/10.1093/bioinformatics/btp033
https://doi.org/10.1093/nar/gkac240
https://doi.org/10.1093/nar/gkac240
https://doi.org/10.1016/j.bbrc.2010.07.024
https://doi.org/10.1038/srep14569
https://doi.org/10.1128/JB.00966-07
https://doi.org/10.1016/j.heliyon.2019.e02393
https://doi.org/10.1016/j.heliyon.2019.e02393
https://doi.org/10.1038/nature18634


Probiotics and Antimicrobial Proteins 

1 3

 58. Fernández-Fernández R, Lozano C, Fernández-Pérez R, Zarazaga 
M, Peschel A, Krismer B, Torres C (2023, under revision) Detec-
tion of micrococcin MP1 in commensal and environmental staph-
ylococcal isolates with high antimicrobial activity against MRSA. 
Int J Antimicrob Agents (in revision)

 59. Egan K, Field D, Ross RP, Cotter PD, Hill C (2018) In silico 
prediction and exploration of potential bacteriocin gene clusters 
within the bacterial genus Geobacillus. Front Microbiol 9:2116. 
https:// doi. org/ 10. 3389/ fmicb. 2018. 02116

 60. Jack RW, Tagg JR, Ray B (1995) Bacteriocins of gram-positive 
bacteria. Microbiol Rev 59:171–200. https:// doi. org/ 10. 1128/ mr. 
59.2. 171- 200. 1995

 61. McAuliffe O, Ross RP, Hill C (2001) Lantibiotics: structure, bio-
synthesis and mode of action. FEMS Microbiol Rev 25:285–308. 
https:// doi. org/ 10. 1111/j. 1574- 6976. 2001. tb005 79.x

 62. Daly KM, Upton M, Sandiford SK, Draper LA, Wescombe PA, 
Jack RW, O’Connor PM, Rossney A, Götz F, Hill C, Cotter PD, 
Ross RP, Tagg JR (2010) Production of the Bsa lantibiotic by 
community-acquired Staphylococcus aureus strains. J Bacteriol 
192:1131–1142. https:// doi. org/ 10. 1128/ JB. 01375- 09

 63. Wladyka B, Wielebska K, Wloka M, Bochenska O, Dubin G, 
Dubin A, Mak P (2013) Isolation, biochemical characterization, 
and cloning of a bacteriocin from the poultry-associated Staphylo-
coccus aureus strain CH-91. Appl Microbiol Biotechnol 97:7229–
7239. https:// doi. org/ 10. 1007/ s00253- 012- 4578-y

 64. Ekkelenkamp MB, Hanssen M, Danny Hsu S-T, De Jong A, 
Milatovic D, Verhoef J, Van Nuland NAJ (2005) Isolation and 
structural characterization of epilancin 15X, a novel lantibiotic 
from a clinical strain of Staphylococcus epidermidis. FEBS Lett 
579:1917–1922. https:// doi. org/ 10. 1016/j. febsl et. 2005. 01. 083

 65. Pei Z-F, Zhu L, Sarksian R, Van Der Donk WA, Nair SK (2022) 
Class V Lanthipeptide cyclase directs the biosynthesis of a sta-
pled peptide natural product. J Am Chem Soc 144:17549–17557. 
https:// doi. org/ 10. 1021/ jacs. 2c068 08

 66. Xu M, Zhang F, Cheng Z, Bashiri G, Wang J, Hong J, Wang Y, 
Xu L, Chen X, Huang S, Lin S, Deng Z, Tao M (2020) Functional 
genome mining reveals a class V lanthipeptide containing a d 
-amino acid introduced by an F 420 H 2 -dependent reductase. 
Angew Chem Int Ed 59:18029–18035. https:// doi. org/ 10. 1002/ 
anie. 20200 8035

 67. Piper C, Hill C, Cotter PD, Ross RP (2011) Bioengineering of a 
nisin A-producing Lactococcus lactis to create isogenic strains 
producing the natural variants nisin F, Q and Z: Comparing natu-
ral Nisin variants. Microb Biotechnol 4:375–382. https:// doi. org/ 
10. 1111/j. 1751- 7915. 2010. 00207.x

 68. Van Heel AJ, Kloosterman TG, Montalban-Lopez M, Deng J, Plat 
A, Baudu B, Hendriks D, Moll GN, Kuipers OP (2016) Discov-
ery, production and modification of five novel lantibiotics using 
the promiscuous nisin modification machinery. ACS Synth Biol 
5:1146–1154. https:// doi. org/ 10. 1021/ acssy nbio. 6b000 33

 69. Mesa-Pereira B, O’Connor PM, Rea MC, Cotter PD, Hill C, Ross 
RP (2017) Controlled functional expression of the bacteriocins 
pediocin PA-1 and bactofencin A in Escherichia coli. Sci Rep 
7:3069. https:// doi. org/ 10. 1038/ s41598- 017- 02868-w

 70. Martı́nez B, Fernández M, Suárez JE, Rodrı́guez A (1999) Syn-
thesis of lactococcin 972, a bacteriocin produced by Lactococ-
cus lactis IPLA 972, depends on the expression of a plasmid-
encoded bicistronic operon The GenBank accession number 
for the sequence reported in this paper is AJ002203. Micro-
biology 145:3155–3161. https:// doi. org/ 10. 1099/ 00221 287-  
145- 11- 3155

 71. Van Belkum MJ, Martin-Visscher LA, Vederas JC (2011) Struc-
ture and genetics of circular bacteriocins. Trends Microbiol 
19:411–418. https:// doi. org/ 10. 1016/j. tim. 2011. 04. 004

 72. Potter A, Ceotto H, Coelho MLV, Guimarães AJ, Bastos MDCDF 
(2014) The gene cluster of aureocyclicin 4185: the first cyclic bac-
teriocin of Staphylococcus aureus. Microbiology 160:917–928. 
https:// doi. org/ 10. 1099/ mic.0. 075689-0

 73. Eijsink VGH, Axelsson L, Diep DB, Håvarstein LS, Holo H, Nes 
IF (2002) Production of class II bacteriocins by lactic acid bacteria; 
an example of biological warfare and communication. Antonie Van 
Leeuwenhoek 81:639–654. https:// doi. org/ 10. 1023/a: 10205 82211 262

 74. Acedo JZ, Chiorean S, Vederas JC, Van Belkum MJ (2018) The 
expanding structural variety among bacteriocins from Gram-
positive bacteria. FEMS Microbiol Rev 42:805–828. https:// doi. 
org/ 10. 1093/ femsre/ fuy033

 75. Su TL (1948) Micrococcin, an antibacterial substance formed by 
a strain of Micrococcus. Br J Exp Pathol 29:473–481

 76. Carnio MC, Höltzel A, Rudolf M, Henle T, Jung G, Scherer S 
(2000) The macrocyclic peptide antibiotic micrococcin P 1 is 
secreted by the food-borne bacterium Staphylococcus equorum 
WS 2733 and inhibits Listeria monocytogenes on soft cheese. 
Appl Environ Microbiol 66:2378–2384. https:// doi. org/ 10. 1128/ 
AEM. 66.6. 2378- 2384. 2000

 77. Bennallack PR, Burt SR, Heder MJ, Robison RA, Griffitts JS 
(2014) Characterization of a novel plasmid-borne thiopeptide 
gene cluster in Staphylococcus epidermidis strain 115. J Bacteriol 
196:4344–4350. https:// doi. org/ 10. 1128/ JB. 02243- 14

 78. O’Neill AM, Worthing KA, Kulkarni N, Li F, Nakatsuji T, McGrosso 
D, Mills RH, Kalla G, Cheng JY, Norris JM, Pogliano K, Pogliano 
J, Gonzalez DJ, Gallo RL (2021) Antimicrobials from a feline com-
mensal bacterium inhibit skin infection by drug-resistant S. pseud-
intermedius. eLife 10:e66793. https:// doi. org/ 10. 7554/ eLife. 66793

 79. Yao L, Liu Yuanzhen DuZ, Zhang L, Chen J, Shen Z, Liu Q, 
Qin J, Lv H, Wang H, He L, Liu J, Huang Q, Sun Y, Otto M, 
Li M (2020) Skin microbiota analysis-inspired development of 
novel anti-infectives. Microbiome 8:85. https:// doi. org/ 10. 1186/ 
s40168- 020- 00866-1

 80. Wieland Brown LC, Acker MG, Clardy J, Walsh CT, Fischbach MA 
(2009) Thirteen posttranslational modifications convert a 14-resi-
due peptide into the antibiotic thiocillin. Proc Natl Acad Sci USA 
106:2549–2553. https:// doi. org/ 10. 1073/ pnas. 09000 08106

 81. Rhoads A, Au KF (2015) PacBio sequencing and its applications. 
Genom Proteom Bioinform 13:278–289. https:// doi. org/ 10. 1016/j. 
gpb. 2015. 08. 002

 82. Lu H, Giordano F, Ning Z (2016) Oxford nanopore MinION 
sequencing and genome assembly. Genom Proteom Bioinform 
14:265–279. https:// doi. org/ 10. 1016/j. gpb. 2016. 05. 004

 83. Lozano C, Rezusta A, Ferrer I, Pérez-Laguna V, Zarazaga M, 
Ruiz-Ripa L, Revillo MJ, Torres C (2017) Staphylococcus pseud-
intermedius human infection cases in Spain: dog-to-human trans-
mission. Vector-Borne Zoonotic Dis 17(4):268–270. https:// doi. 
org/ 10. 1089/ vbz. 2016. 2048

 84. Gómez P, Casado C, Sáenz Y, Ruiz-Ripa L, Estepa V, Zarazaga 
M, Torres C (2017) Diversity of species and antimicrobial resist-
ance determinants of staphylococci in superficial waters in Spain. 
Smalla K, editor. FEMS Microbiol Ecol 93(1):fiw208. https:// doi. 
org/ 10. 1093/ femsec/ fiw208

 85. Ruiz-Ripa L, Alcalá L, Simón C, Gómez P, Mama OM, Rezusta 
A, Zarazaga M, Torres C (2019) Diversity of Staphylococcus 
aureus clones in wild mammals in Aragon, Spain, with detec-
tion of MRSA ST130- mecC in wild rabbits. J Appl Microbiol 
127(1):284–291. https:// doi. org/ 10. 1111/ jam. 14301

 86. Ruiz-Ripa L, Gómez P, Alonso CA, Camacho MC, Ramiro Y, de 
la Puente J, Fernández-Fernández R, Quevedo MA, Blanco JM, 
Báguena G, Zarazaga M, Höfle U, Torres C (2020) Frequency 
and characterization of antimicrobial resistance and virulence 
genes of coagulase-negative staphylococci from wild birds in 

https://doi.org/10.3389/fmicb.2018.02116
https://doi.org/10.1128/mr.59.2.171-200.1995
https://doi.org/10.1128/mr.59.2.171-200.1995
https://doi.org/10.1111/j.1574-6976.2001.tb00579.x
https://doi.org/10.1128/JB.01375-09
https://doi.org/10.1007/s00253-012-4578-y
https://doi.org/10.1016/j.febslet.2005.01.083
https://doi.org/10.1021/jacs.2c06808
https://doi.org/10.1002/anie.202008035
https://doi.org/10.1002/anie.202008035
https://doi.org/10.1111/j.1751-7915.2010.00207.x
https://doi.org/10.1111/j.1751-7915.2010.00207.x
https://doi.org/10.1021/acssynbio.6b00033
https://doi.org/10.1038/s41598-017-02868-w
https://doi.org/10.1099/00221287-145-11-3155
https://doi.org/10.1099/00221287-145-11-3155
https://doi.org/10.1016/j.tim.2011.04.004
https://doi.org/10.1099/mic.0.075689-0
https://doi.org/10.1023/a:1020582211262
https://doi.org/10.1093/femsre/fuy033
https://doi.org/10.1093/femsre/fuy033
https://doi.org/10.1128/AEM.66.6.2378-2384.2000
https://doi.org/10.1128/AEM.66.6.2378-2384.2000
https://doi.org/10.1128/JB.02243-14
https://doi.org/10.7554/eLife.66793
https://doi.org/10.1186/s40168-020-00866-1
https://doi.org/10.1186/s40168-020-00866-1
https://doi.org/10.1073/pnas.0900008106
https://doi.org/10.1016/j.gpb.2015.08.002
https://doi.org/10.1016/j.gpb.2015.08.002
https://doi.org/10.1016/j.gpb.2016.05.004
https://doi.org/10.1089/vbz.2016.2048
https://doi.org/10.1089/vbz.2016.2048
https://doi.org/10.1093/femsec/fiw208
https://doi.org/10.1093/femsec/fiw208
https://doi.org/10.1111/jam.14301


 Probiotics and Antimicrobial Proteins

1 3

Spain. Detection of tst-carrying S. sciuri isolates. Microorgan-
isms 8(9):1317. https:// doi. org/ 10. 3390/ micro organ isms8 091317

 87. Mama OM, Ruiz-Ripa L, Lozano C, González-Barrio D, Ruiz-Fons 
JF, Torres C (2019) High diversity of coagulase negative staphy-
lococci species in wild boars, with low antimicrobial resistance 
rates but detection of relevant resistance genes. Comp Immunol 

Microbiol Infect Dis 64:125–129. https:// doi. org/ 10. 1016/j. cimid. 
2019. 03. 006

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.3390/microorganisms8091317
https://doi.org/10.1016/j.cimid.2019.03.006
https://doi.org/10.1016/j.cimid.2019.03.006

	Genomic Analysis of Bacteriocin-Producing Staphylococci: High Prevalence of Lanthipeptides and the Micrococcin P1 Biosynthetic Gene Clusters
	Abstract
	Introduction
	Material and Methods
	Isolates Included in the Study
	DNA Extraction, Amplification, and Sequencing
	Data Analysis
	Resistome and Plasmidome
	Bacteriocin Gene Clusters Prediction

	Results
	Class I: Lanthipeptides
	Class II: Bacteriocins
	Circular Bacteriocins
	Non-Ribosomal Peptides
	Thiopeptides

	Discussion
	Conclusion
	Anchor 18
	Acknowledgements 
	References


