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Abstract 

Enter ococcus f aecium ( Efm ) is a v ersatile pathogen, r esponsib le for m ultidrug-r esistant infections, especiall y in hospitalized imm uno- 
compromised patients. Its population structure has been c har acterized by diverse clades (A1, A2, and B (reclassified as E. lactis ( Ela )), 
adapted to different environments, and distinguished by their resistomes and virulomes. These features only partially explain the 
predominance of clade A1 strains in nosocomial infections. We investigated in vitro interaction of 50 clinical isolates (clade A1 Efm ) 
against 75 commensal faecal isolates from healthy humans (25 clade A2 Efm and 50 Ela ). Only 36% of the commensal isolates inhibited 

clinical isolates, while 76% of the clinical isolates inhibited commensal isolates. The most apparent overall differences in inhibition 

patterns wer e pr esented between clades. The inhibitor y acti vity w as mainl y mediated by secr eted, pr oteinaceous, heat-sta b le com- 
pounds, likely indicating an involvement of bacteriocins. A custom-made database targeting 76 Bacillota bacteriocins was used to 
r ev eal bacteriocins in the genomes. Our systematic screening of the interactions between nosocomial and commensal Efm and Ela on 

a large scale suggests that, in a clinical setting, nosocomial strains not only have an advantage over commensal strains due to their 
possession of AMR genes, virulence factors, and resilience but also inhibit the growth of commensal strains. 

Ke yw ords: Enterococcus; nosocomial; commensal; inhibition; bacteriocin 
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Introduction 

Enterococcus faecium colonizes the gastrointestinal tract of healthy 
individuals and animals but has in recent years emerged as a 
nosocomial pathogen (Arias and Murray 2012 ). Enterococcus fae- 
cium infections are an increasing concern in health care, due to 
its high intrinsic antimicr obial r esistance, its ca pacity to acquir e 
nov el r esistance genes, and its ability to withstand harsh condi- 
tions, including disinfectants (Arias and Murray 2012 , Wagenvoort 
et al. 2015 , Pidot et al. 2018 ). 

The clade structure of E. faecium has been characterized by 
a deep phylogenetic split, with clade B dominating in the com- 
m unity (Lebr eton et al. 2013 ), whic h was r ecentl y r eclassified as 
Enterococcus lactis (Belloso Daza et al. 2021 ). E. faecium clades are 
further split into clade A1 and A2, where clade A1 almost ex- 
Recei v ed 18 December 2023; revised 15 February 2024; accepted 5 Mar c h 2024 
© The Author(s) 2024. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This
Commons Attribution License ( https://cr eati v ecommons.org/licenses/by/4.0/ ), whic
medium, provided the original work is properly cited.
lusiv el y accounts for infections and ov erla ps with the former
lonal complex 17 (CC17) (Leavis et al. 2007 , Guzman Prieto et al.
016 ). Clade A2 has historically been mainly associated with live-
tock and domestic animals (Lebreton et al. 2013 , Gouliouris et al.
018 ), and non-hospital-associated human isolates (Arredondo- 
lonso et al. 2020 ). The clades differ in their accessory and core
enome, enabling adaption to different niches (Gallo w ay-P eña et
l. 2012 , Palmer et al. 2012 , van Hal et al. 2021 , AL-Rubaye et
l. 2023 ). The accessory genome of clade A1 is enriched in ac-
uir ed antibiotic r esistance determinants (Leavis et al. 2006 ), ge-
omic islands (van Schaik et al. 2010 ), specific insertion sequences

Leavis et al. 2007 , Werner et al. 2011 ), and virulence factors (Gao
t al. 2018 , AL-Rubaye et al. 2023 ). Enterococcus lactis is gener all y
ore antibiotic susceptible, while clade E. faecium A1 str ains ar e
 is an Open Access article distributed under the terms of the Cr eati v e 
h permits unrestricted reuse, distribution, and reproduction in any 

https://doi.org/10.1093/femsmc/xtae009
https://orcid.org/0000-0002-8605-6296
https://orcid.org/0000-0001-5810-8215
https://orcid.org/0000-0002-1314-0497
mailto:kristin.hegstad@uit.no
https://creativecommons.org/licenses/by/4.0/


2 | FEMS Microbes , 2024, Vol. 5 

f  

d  

a  

c  

C  

e  

a  

w  

2  

i  

a  

(  

(  

m  

I  

p  

g
 

β  

B  

a  

a  

s  

l
 

w  

o  

g
 

i  

a  

S  

t  

u  

i  

t  

s  

i  

o  

i  

t  

m  

t  

d  

a  

p  

r  

t  

t  

p  

T  

p  

o  

c  

e
 

d  

t  

c  

a  

t  

a  

b  

p  

c  

d  

t  

S  

i  

(  

c  

h  

S
 

a  

i  

u  

c  

i

M
B
T  

A  

a  

a  

U  

f  

c  

r  

S  

2  

(  

w  

c  

c  

s

W
a
A  

J  

W  

A  

m  

s  

A  

J  

J  

w  

b  

r  

t  

e  

a  

1  

n  

h

S
S
F  

a  

h  
r equentl y r esistant to m ultiple antibiotics, including ampicillin,
ue to differences in pbp5 sequence and its expression (Pietta et
l. 2014 ), and also acquired resistance to vancomycin, aminogly-
osides, and linezolid (Willems et al. 2005 , AL-Rubaye et al. 2023 ).
lade A1 strains are predominant in hospitalized patients (Ubeda
t al. 2010 , Taur et al. 2012 ) and infection is gener all y pr eceded by
symptomatic colonization with antibiotic-resistant strains and
ithin-host evolution (Ubeda et al. 2010 , Moradigaravand et al.
017 , Ba yjano v et al. 2019 ). Colonized patients may then contam-
nate healthcare workers as well as their surr oundings, whic h is
cceler ated by E. f aecium’s ability to withstand harsh conditions
Wendt et al. 1998 , Pidot et al. 2018 ), in turn leading to outbreaks
de Regt et al. 2008 ). Additionally, it has been shown that com-

ensal but not clinical E. faecium strains are susceptible to group
IA-Secreted phospholipase A 2 in human serum, although Gram-
ositiv e bacteria ar e consider ed r esistant to killing by serum (Pa-
anelli et al. 2018 ). 

In a murine gastrointestinal colonization model with systemic
-lactam administration, clade A1 strains dominated over clade
/ E. lactis strains (Singh et al. 2022 ). Ho w e v er, in the absence of
ntibiotics, clade B/ E. lactis strains outnumbered clade A1 strains
nd persisted longer in the same model, suggesting that clade A1
tr ains ar e r eplaced by clade B/ E. lactis str ains once the patient
eaves the hospital (Montealegre et al. 2016 ). 

While it seems a ppar ent why antibiotic-resistant A1 strains
ould replace antibiotic susceptible commensal strains, it is an
pen question whether clade A1 strains can also suppress their
rowth, or vice versa. 

A mode by which bacteria can inhibit the growth of competitors
s the release of bacteriocins, and enterococci have been described
s one of the most frequent bacteriocin producers (Almeida-
antos et al. 2021 ). Bacteriocins are defined as ribosomally syn-
hesized antimicrobial proteins or peptides, which either remain
naltered (class II bacteriocins) or are post-translationally mod-

fied by biosynthetic enzymes (class I bacteriocins). The biosyn-
hetic gene clusters consist of genes encoding the bacteriocin it-
elf and/or its biosynthetic enzymes, export pr oteins, pr oducer
mm unity mec hanisms, and, sometimes, regulators of the bacteri-
cin production (Heilbronner et al. 2021 ). The antibacterial activ-

ties of bacteriocins ar e v ery div erse and r ange fr om the degr ada-
ion of essential cellular components to the inhibition of specific

olecular tar gets, suc h as enzymes r equir ed for the synthesis of
he cell wall or cell membr ane, pr oteins or nucleic acids, to the
isintegration of bacterial membranes, but much of the mode of
ction of bacteriocins is not fully understood due to their com-
lexity (Simons et al. 2020 ). Bacteriocin production plays a crucial
 ole in sha ping the micr obiome, and they can pr e v ent or pr omote
he growth of a bacterial community by another strain or can lead
o the redistribution of microbiome members into sub-niches and
r otect a gainst colonization by bacteriocin-susceptible in vaders .
his can be utilized in a medical context by using probiotics for
athogen exclusion. In contrast to the majority of current antibi-
tics, most bacteriocins exhibit a narrow spectrum activity and
ould thus be attr activ e a gents for pr ecision ther a py (Heilbr onner
t al. 2021 ). 

Enterococcus -produced bacteriocins, known as enterocins (Bran-
is and Brandis 1963 ), predominantly fall into class II, c har ac-
erized by their small size ( < 10 kDa) and heat stability. Within
lass II, further subdivisions include class IIa (e.g. enterocins A
nd P), class IIb (e.g. enterocin C, 1071, and X), class IIc (e.g. bac-
eriocin AS-48 and enterocin 4), and class IId (e.g. Enterocin Q
nd L50) (Almeida-Santos et al. 2021 ). Enter ocin pr oducers hav e
een studied in different contexts, especially against food-borne
athogens , and ha v e been pr oposed as pr obiotics, ho w e v er, safety
oncerns have been raised (Hanchi et al. 2018 ). It has also been
iscussed that bacteriocins may offer ther a peutic options, ei-
her alone or in combination with other antimicrobials (Almeida-
antos et al. 2021 ). Case studies illustrate the feasibility of us-
ng bacteriocins a gainst v ancomycin-r esistant enter ococci (VRE)
Phumisantiphong et al. 2017 , Bucheli et al. 2022 ). The diversity,
lassification, potential use, and concerns regarding enterocins
ave been described in detail in a recent review article (Almeida-
antos et al. 2021 ). 

Pr e vious studies on interactions between E. faecium clades used
 limited number of isolates to r epr esent the different clades, thus
t is unknown how generalizable the observations are . Here , we
sed a large collection of 125 isolates, r epr esenting the clinical
lade A1 and the commensal clade A2 and E. lactis , to study the
nteractions between clinical and commensal isolates. 

aterials and methods 

acterial strain collection 

he bacterial strain collection was set up to r epr esent 50 clade
1, 25 clade A2 and 50 E. lactis (former clade B) isolates. E. lactis
nd A2 isolates were selected from the Tromsø 7 human faecal
dult population sample collection (Norwegian National Advisory
nit on Detection of Antimicrobial Resistance (K-res)) and 1 strain

rom the Netherlands which has previously been shown to be sus-
eptible to human serum (P a ganelli et al. 2018 ). Clade A1 isolates
 epr esenting CC17 wer e selected fr om the Norwegian Surv eillance
ystem for Antibiotic Resistance in Microbes (NORM) 2008 and
014 collections and Norwegian Vancomycin-resistant E. faecium
VRE fm ) collection from 2010 to 2015 (AL-Rubaye et al. 2023 ) as
ell as VRE isolates from 2019 r eceiv ed at K-res . T he isolates were
 hosen to r epr esent a wide r ange of sequence types (ST) and to
over the species phylogeny. Detailed information on the bacterial
train collection is given in Fig. 1 and Supplementary Table S1 . 

hole genome sequencing and bioinformatics 

nalyses 

ll isolates were genome sequenced and are available under PR-
NA858233, PRJEB64173, PRJEB71064 and PRJEB71065 ( Table S1 ).

hile most clade A1 isolates were Illumina sequenced, the clade
2 and B genome data were mostly hybrid assemblies of Illu-
ina and PacBio sequences. For comparative phylogenetic analy-

es, separ ate phylogenies wer e built for single clade A1 (I), clades
2 and B (II), and all clades combined (III), using K59-59 (PR-

NA858233) as a r efer ence for I and III and T7EF-50994744 (PR-
EB71065) for II. Mlplasmids v.2.1.0 (Arredondo-Alonso et al. 2018 )
as used to identify c hr omosomal contigs in the hybrid assem-
l y of eac h r efer ence. Sequence r eads wer e then ma pped to the
 efer ence c hr omosome using Snippy v.4.6.0 ( https://github.com/
seemann/snippy ) and SNPs identified using snp-sites v.2.5.1 (P a ge
t al. 2016 ). Within the core genome with 2 883,282 bp (I and III)
nd 2 662,653 bp (II) of r efer ence lengths, 13923 (I), 136938 (II) and
20697 (III) SNPs wer e identified. Maxim um-likelihood phyloge-
ies were inferred using RAxML v.8.2.12 with GTR + Gamma rate
eterogeneity model and 100 bootstraps (Stamatakis 2014 ). 

pot on lawn assay 

pot on lawn screening 

or the initial inter action scr eening, the indicator was applied to
 brain heart infusion (BHI) plate as a lawn and the putative in-
ibitor was added on top. For this, the indicator was pic ked fr om a

https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae009#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae009#supplementary-data
https://github.com/tseemann/snippy
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Figure 1. Phylogenetic relation and characteristics of strains used in this study. The strains are sorted according to their phylogenetic relationships as 
indicated by the phylogenetic tree on the left. Clades A1, A2, B ( E. lactis ) are indicated in front of the strain name. Characteristics (source, country of 
origin (NOR: Norway, NL: The Netherland), isolation site, resistance to vancomycin, ampicillin, and gentamicin (blue: presence, white: absence), and 
year of isolation) are color-coded. STs are also color-coded as indicated on the rainbow scale to the right. 
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blood agar plate and diluted to 0.5 McFarland in 5 ml 0.85% NaCl 
then diluted 1:10 in 5 ml 0.85% NaCl. This solution was applied 

with a cotton swab onto a BHI agar plate using a spiral plater for 
rotating the plate and dried for 5 min before applying the inhibitor.
The bacterial solution in NaCl equals 3 × 10 6 ± 7 × 10 5 CFU/ml (de- 
termined by CFU count n = 9) and since a cotton swab takes about 
150 mg of liquid, 5 ± 1 × 10 5 CFU/plate is applied. The inhibitor 
w as gro wn ov ernight in 5 ml liquid BHI at 37 ◦C with 220 r pm shak- 
ing, and 10 μl of this culture was applied on top of the lawn. Inhi- 
bition was read after 18 ± 2 h of incubation at 37 ◦C, according to 
the scoring illustrated in Fig. S1 : 3 – definite inhibition with a wide 
zone (Inhibition ++ ), 2 – definite inhibition with an intermediate 
one (Inhibition + ), 1 – definite inhibition with a narrow zone (In-
ibition), 0.5 – non-definite inhibition zone with colonies growing 
ithin the zone (Undefined inhibition), 0 – no inhibition. 
T he a v er a ge inhibition scor e per str ain was calculated as the

um of inhibition (0 to 3) divided by the number of interactions. 

upernatant on lawn 

he supernatant of strains that scored 1 in at least 2 interactions
as used for further assa ys . T hr ee r epr esentativ e str ains of each

lade were used as indicators and plated out as a lawn. Super-
atants were obtained by centrifuging 20 ml ov ernight cultur es at
000 rpm for 10 min at 4 ◦C, supernatants were filtrated through a

https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae009#supplementary-data
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.45 μm syringe filter follo w ed b y a 0.2 μm syringe filter (PES, VWR,
S) to avoid clogging of the 0.2 μm filter. Sterile supernatants were
oncentrated 5 times their volume using a 3 MWCO filter (Vivaspin
0, Merc k, German y) at 7000 r pm. Sterile filtr ated concentr ated
upernatants wer e tr eated with pr oteinase K (ThermoFisher Sci-
ntific, US) (3 μl of 10 mg/ml in 15 μl supernatant for 2 h at 37 ◦C) or
eat-inactiv ated pr oteinase K (100 ◦C for 10 min) or heat (100 ◦C for
0 min). 10 μl of untreated and treated supernatant was applied
n top of the lawn and inhibition was read after 18 ± 2 h of incu-
ation at 37 ◦C, according to the scoring described ( Fig. S1 ). The su-
ernatant of strains that sho w ed at least one grade 3 inhibition de-
pite pr oteinase K tr eatment, was inv estigated further. One ml of
he indicator at 0.5 McFarland was added in 10 ml top-agar (0.5%
 gar, Sigma Aldric h, US, in BHI), whic h was pour ed on a BHI a gar
late and dried for 30 min. Tenfold dilutions of the supernatants

n PBS (10 −1 to 10 −8 ) were added on top and the plates were read
fter 18 ± 2 h of incubation at 37 ◦C. PHASTER (PHAge Search Tool
nhanced Release) (Arndt et al. 2016 ) was used to identify and an-
otate pr opha ge sequences within the genomes of the 11 str ains,
hich sho w ed at least one gr ade one inhibition after pr oteinase K

reatment. 

rediction of bacteriocins using a novel 
atabase 

he whole genome sequences (WGS) of all strains were screened
gainst a bacteriocin database that has recently been published
Tedim et al. 2023 ) using CGE MyDbFinder with a cut-off of 80%
dentity and 80% cov er a ge. Briefly, this bacteriocin database in-
ludes 76 Bacillota bacteriocins (mostly from enterococci) that
ave either been previously described or detected in the process
f creating this proprietary database. 

solation and characterization of a ptsD 

ransposon (Tn) mutant 
solation of a ptsD Tn mutant 
o study the involvement of ptsD, we used a mariner Tn mu-
ant library in the strain E8202, as described in (de Maat
022 ). A tr ansposon m utant with an insertion in the gene en-
oding ptsD ( ptsD locus NZ_LR135344.1 711045..711866; E1162
ocus tag EfmE1162_1918) was isolated from an E. faecium
8202 (hospitalized patient isolate , T he Netherlands , 2015,
745) (Top et al. 2020 ) Tn mutant library ( mariner Tn cas-
ette carrying a gentamicin (GM) resistance gene) as de-
cribed pr e viousl y (Zhang et al. 2017 ), using the ptsD -specific
rimers ptsd_Efm_Tn_Fw 5 ′ -CGGAAGATGTTTTGGCGCTC-3 ′ and
tsd_Efm_Tn_Rv 5 ′ -TCCCAA GA CGA CCATTCCAAA-3 ′ as well as
he bidir ectional primer, whic h is complementary to the r e-
eats flanking the mariner Tn sequence, ftp_tn_both_ends_MmeI
 

′ -CGGGGACTT A TCA TCCAACC-3 ′ . The mutant E. faecium E8202
tsD ::GM was first confirmed by in-house Sanger sequencing of
he ptsd_Efm_Tn_Rv—ptsd_Efm_Tn_Rv PCR product, and then
enome sequenced using the Illumina MiSeq paired-end platform.
enomic comparison of the Tn mutant and wild-type was per-

ormed by using Nullarbor v.2.0.20191013 pipeline ( https://github.
om/ tseemann/ nullarbor), resulting in one synonymous core SNP
etween the strains (pos 855 132, CGC to CGA, silent (both argi-
ine)). Abricate v.1.0.1 with a custom database and a minimum

dentity and cov er a ge of 60% was used in confirming the presence
f the insertion only in the mutant. The genomes were further
ompar ed with pgv-mauv e v.0.3.2 to exclude an y other genomic
ifferences. 
haracterization of the ptsD Tn mutant 
v ernight cultur es of the wildtype strain E8202 and its mutant
8202 ptsD ::GM were diluted 1:100 in BHI, BHI with 2 g/L mannose,
üller Hinton (MH) broth, MH with 2 g/L mannose (Sigma-Aldrich,
S), Lysogen y br oth (LB) or LB with 2 g/L mannose and growth was
easured in an Epoch 2 Spectrophotometer with Gen5 Software

BioTek Instruments Inc., Winooski, Vermont US) at 37 ◦C, shaking
t 425 rpm, with OD 600 measurement every 10th min for 18 h (n = 6,
iological triplicates, technical duplicates). E8202 and its mutant
8202 ptsD ::GM were subjected to the spot on lawn assay as de-
cribed above and in addition to BHI, the assay was also conducted
n BHI with 2 g/L mannose, LB, and MH agar plates. 

esults 

election of representati v e strains 

he str ains wer e c hosen to r epr esent the div ersity of clades A1, A2
 E. faecium ), and B ( E. lactis ), as shown in Fig. 1 . All A1 strains orig-
nate from clinical samples, while all A2 and B strains are from
aeces of non-hospitalized individuals. Detailed strain character-
stics ar e giv en in Table S1 . A1 is the least diverse clade, while E.
actis shows the highest br anc hing. 

linical A1 strains inhibit commensal strains 

pot on lawn assays were conducted with overnight cultures of
ne clade and lawns of another clade . T hese spot on lawn assays
ho w ed that clade A1 strains inhibited the growth of clade A2 and
 ( E. lactis ) strains to a higher degree than vice versa (Fig. 2 , 3 ).
hile only 36% of commensal isolates (48% of A2 and 30% of B/ E.

actis ) could inhibit A1 strains, 76% of the clinical A1 strains could
nhibit commensal strains . T he sum of inhibition values (giving
ac h inter action a v alue fr om 0 to 3) for A1 strains was 4742, while
t was 2333 for commensal strains . T he strains which sho w ed the
ighest inhibition score belonged to ST5, ST165, ST69, ST2027, and
T1940 in A2, to ST2016, ST60, ST361 and ST96 for E. lactis and to
T787, ST78, ST117, ST80, ST192, and ST203 for A1. Phylogeneti-
all y r elated str ains show a similar inhibition pattern. The highest
nhibition score of clade A1 strains was mediated by the E. lactis
clade B) 51003823 ST94 and 51015840 ST2016 as well as clade A2
trains 50980395 ST165 and 51021120 ST5. The highest inhibition
core of commensal strains was mediated by the clade A1 strains
1269070 ST117 and 51273089 ST192 (Fig. 2 , Table S1 ). 

Av er a ge inhibition scor es wer e calculated as the av er a ge inhi-
ition per interaction. Clade A1 inhibited commensal strains at a
ignificantly higher level (Fig. 3 ). Strains that sho w ed at least one
rade 2 inhibition were used for further investigation, that is 35
ut of 50 A1 strains, 10 out of 25 A2 strains, 16 out of 50 B/ E. lactis .

nhibition is mediated by secreted, heat-stable, 
roteinaceous compounds 

hether supernatants were responsible for the inhibition seen in
he initial spot on lawn assay screening was evaluated. Five times
oncentrated supernatants of all strains, which sho w ed at least
ne grade 2 inhibition in the assay using ov ernight cultur e wer e
sed on lawns of three strains representing A1, A2, and B (Fig. 4 ). 

The concentrated supernatants exhibited a similar inhibitory
ctivity as the bacterial overnight culture. Most inhibition was ob-
erved mediated by the supernatant of clade A1 strains compared
o the other clades. As a control, the flow through from concen-
r ation (pr oteins < 3 kDa) was also tested on the lawn, yielding
o observable inhibition. Among the concentrated supernatants,
trains 51271945 ST78, K59-17 ST22, and K60-7 ST578 from clade

https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae009#supplementary-data
https://github.com/tseemann/nullarbor
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae009#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae009#supplementary-data
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(A) (B)

Figure 2. Inhibitory properties of the clades. (A) Clade A1 used as target lawn (x-axis) for investigating inhibition by clade A2 and B ( E. lactis ) strains 
(y-axis). (B) Clade A2 and B ( E. lactis ) strains used as target lawn (y-axis) for investigating inhibition by A1 strains (x-axis). Interaction is rated as 
indicated on the right. 

(A) (B)

Figure 3. Comparison of inhibition scores. (A) Inhibition score comparison between clade A1, A2, and B ( E. lactis ). (B) Inhibition scores of the clinically 
r ele v ant STs of clade A1 with n > 3. Bars show medians with interquartile range. Statistical analysis was performed using the Kruskal–Wallis test. 
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A1 exhibited the highest inhibition scor es. Notabl y, the concen- 
tr ated supernatants wer e mostl y heat stabile but susceptible to 
pr oteinase K tr eatment (2 mg/ml for 2 h at 37 ◦C). It is noteworthy 
that a gentler pr oteinase K tr eatment (1 mg/ml for 1 h at 37 ◦C,
see Fig. S2 ) did not eliminate the inhibitory effect. Upon heat- 
inactivation of proteinase K (10 min at 100 ◦C), the inhibitory ac- 
tivity was r estor ed (see Fig. S2 ). 

The inhibition mediated by concentrated supernatants of clade 
A1 str ains a gainst clade A2 and B str ains could not be full y abol- 
ished by proteinase K treatment, indicating the potential involve- 
ent of non-proteinaceous compounds . T he strains 51276488 
T117, K59-36 ST575, K60-7 ST578 and K60-14 ST192 sho w ed
rade two inhibition even after proteinase K treatment (2 mg/ml 
or 2 h at 37 ◦C). Hence, we suspect the involvement of phages
r other agents that are not sensitive to serine proteases. In
ilico analysis in Phaster sho w ed that these strains carry one
ntact pr opha ge r egion eac h ( Fig. S3 ). Out of the other nine
tr ains whic h sho w ed at least one grade one inhibition after pro-
einase K tr eatment, thr ee str ains did not contain pr opha ge r e-
ions (51269068, K59-55 and K60-14), four contained one pr opha ge

https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae009#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae009#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae009#supplementary-data
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Figure 4. Inhibition mediated by supernatant. (A) Clade A1 strains were used as target lawns (x-axis) and supernatants of clade A2 and B ( E. lactis ) 
str ains (y-axis) wer e placed on top to investigate their ability to inhibit the target. (B) Clade A2 and B ( E. lactis ) str ains (x-axis) wer e used as target lawns 
and supernatants of clade A1 strains (y-axis) were placed on top. Supernatants were 5x concentrated, or 5x concentrated and exposed to heat or 5x 
concentrated and treated with proteinase K. Inhibition is rated as indicated. 

r  

(  

(  

(  

(  

E  

w  

t  

e  

o  

t
s  

t  

n

B
A  

d  

2  

d  

F  

2  

b  

2  

e  

(  

a  

a  

B  

n  

S  

0
 

r  

s  

c  

c  

t  

s  

s  

h  

e  

s  

b  

s  

a  

p
 

b  

r  

a  

n  

v  

s  

t  

b  

K  

a  

o  

b  

t  
 egion eac h (51269070: Enter o_phiFL1A, 51269769: Lister_2389
Pope et al. 2007 ), K59-50: Lister_2389, K60-13: Entero_IME_EFm5
Gong et al. 2016 )) and two contained multiple prophage regions
K59-27: Entero_IME_EFm5 (Gong et al. 2016 ); Entero_phiFL1A
Yasmin et al. 2010 ), 51270828: Bacill_phBC6A52 (Bruce et al. 2021 );
nter o_IME_EFm5; Sta phy_SPbeta_lik e (Oli v eir a et al. 2019 )). Since
e suspected that phages could be involved in the pheno-

ype of the supernatants of 51276488, K59-36 and K60-7, we
xpected that single plaques would be visible upon dilution
f the native concentrated supernatants. Ho w ever, 10 −1 dilu-
ion sho w ed grade 1 inhibition, while dilutions 10 −2 to 10 −8 

ho w ed no inhibition (data not sho wn). Still, w e cannot exclude
he involvement of phages and further investigation would be
eeded. 

acteriocin presence in the different clades 

 novel bacteriocin database (Tedim et al. 2023 ) was used to pre-
ict bacteriocin encoding genes in all genomes (Fig. 5 ). A total of
1 different bacteriocins was detected, including the pr e viousl y
escribed bacteriocin encoding genes entA (Aymerich et al. 1996 ,
ugaban et al. 2021 ), entP (Cintas et al. 1997 ), bac43 (Todok or o et al.
006 ), bac51 (Yamashita et al. 2011 ), entL50AB (Cintas et al. 1998 ),
ac32 (Inoue et al. 2006 ), entB (Casaus et al. 1997 ), enxAB (Hu et al.
010 ), duracin (Pee v a et al. 2006 , Cui et al. 2012 ), entSE-K4 (Eguc hi
t al. 2001 ), entQ (Cintas et al. 2000 , Criado et al. 2006a ,b ), GM-1
Kang and Lee 2005 ) (in order of pr e v alence acr oss all 125 strains),
nd nine putative novel bacteriocins (Tedim et al. 2023 ). Clades A1
nd A2 encoded significantly more bacteriocin genes than clade
 ( E. lactis ) ( Fig. S4 ). There was a positive correlation between the
umber of bacteriocins and the inhibition score (Nonparametric
pearman correlation r = 0.563; confidence interval 95%: 0.426 to
.675, P value two-tailed < 0.0001, number of XY pairs: 125). 

Strains that sho w ed high inhibition and contained many bacte-
iocin genes could be good candidates for antibiotic de v elopment,
pecificall y a gainst A1 or as pr obiotic str ains. Commensal str ains
arrying entB, enxA and enxB or entL50A and entL50B all inhibited
lade A1 strains, and entL50AB, bacAS4 and duracin are exclusive
o commensal strains in this strain collection. The commensal A2
train 51010478 ( entA, bacAS32, bacAS3, entP, entL50AB , entB , enxAB )
tands out as a good probiotic candidate since it sho w ed high in-
ibition to clinical strains and the combination of entL50AB with
ntB and enxAB is unique to this strain. The A2 strain 50976613 also
ho w ed high inhibition and high bacteriocin count, ho w e v er, its
acteriocin gene profile is the same as 51024665, which does not
how any inhibition, thus the predicted bacteriocins of 50976613
re most likely not responsible alone for the observed inhibition
henotype. 

Clinical strains that show high inhibition and contain many
acteriocin genes can indicate which bacteriocins are clinically
 ele v ant. The bacteriocin genes bacAS11 , bacAS5, entQ , and bac43
r e exclusiv e to clade A1 and corr elate with an inhibition phe-
otype (clade B/ E. lactis strain 50966714 has a 98.67% identical
ariant of bac43 but does not show inhibition in supernatant as-
a y). T he gene encoding bacteriocin 43 is often co-present with
he plasmid replicase rep 18b (10 bac43 and rep18b /14 bac43 , strains with
ac43 but without rep 18b are 51273106, 51269059, K60-15 and
resVRE0016). Clades A1 and A2 share entB and enxAB , while A2
nd B/ E. lactis share bacAS4 and duracin , but none of the bacteri-
cin genes found in A1 and B/ E. lactis were absent in A2. The genes
acAS3, bac32 and bac51 also correlated with an inhibition pheno-
ype and were found in clinical and commensal strains. BacAS31

https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae009#supplementary-data
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Figure 5. Presence of bacteriocins in genomes of clade A1, A2 and B ( E. lactis ) strains. (A) Bacteriocins in clade A1, (B) Bacteriocins in clade A2 and B ( E. 
lactis ). Bacteriocin presence was predicted using a novel database. Bacteriocin classes are indicated on the right side of the panel. Total number of 
bacteriocins is given below, where dark green is the highest number of different bacteriocins (n = 9). The inhibition score from the initial spot on lawn 
assay is shown at the bottom of the gr a ph, wher e dark blue is the highest av er a ge inhibition score. STs are indicated for clade A1 strains below the 
panel. 
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as unique to A2, while bacAS8 , entSE-K4 and GM-1 were unique
o clade B/ E. lactis . 

A number of strains sho w ed inhibition in the spot on lawn as-
ay, but onl y fe w bacteriocin genes wer e detected, suc h as clade A1
trains 51269769 ( entA ), 51271936 ( entA ), 51274642 ( entA and ba-
AS11 ), 51273089 ( entA and bacAS11 ), 51276488 ( entA and bacAS9 )
nd K60-13 ( entA , bacAS5 ) and clade B/ E. lactis strains 50966714
 bac43 (with 98.67% identity), bac51 ) and 50981542 ( entL50A and
 ). In these strains , undisco vered bacteriocins and/or other fac-
ors could be responsible for the inhibition phenotype. 

The two strains, clade B/ E. lactis strains 51001117 and 50981525,
ho w ed inhibition in the spot on lawn interaction screening, but
o bacteriocin genes were found. Of note, neither of the strains
ho w ed inhibition in the supernatant assa y. T hus , certain cues
ight be necessary for their inhibition phenotype or other factors
ight be involved. 

he potential role of ptsD in susceptibility to 

nhibitors 

iven that some mannose-specific phosphotransferase systems
PTS) have been documented as a receptors for class II bacteri-
cins and bacteriophages in various bacterial species (Jeckelmann
nd Erni 2020 ), and considering that a mannose PTS encoded by
tsD and exclusive to clinical strains (referred to as pts Clin ) of E.
aecium has been identified (Zhang et al. 2013 ), we proceeded to
xplor e the involv ement of ptsD in the observed inhibition. All
1 strains, except K59-44 and K59-46, carried ptsD , while none of

he Clade A2 or B strains carried this gene ( Fig. S5 ). Ther efor e the
n mutant E8202 ptsD ::GM was isolated from an E8202 Tn mu-

ant library and confirmed by WGS. E8202 and its mutant E8202
tsD ::GM did not show significant growth differences in BHI, BHI
ith 2 g/L mannose, LB, LB with 2 g/L mannose, MH or MH with
 g/L mannose ( Fig. S6 ). They also did not show a difference in
usceptibility to inhibition by other A1, A2 or B strains in spot on
a wn assa ys ( Fig. S7 ). 

iscussion 

ur results show that clade A1 isolates can suppress the growth
f commensal isolates . T his ma y help to understand the dynam-
cs of clade A1 carriage preceding infection in a nosocomial set-
ing. Our findings are in line with the results from a murine gas-
rointestinal colonization model with systemic β-lactam admin-
str ation wher e clade A1 str ains dominated ov er E. lactis (clade B)
trains (Singh et al. 2022 ) and in the absence of antibiotics, E. lac-
is (clade B) outnumbered A1 strains (Montealegre et al. 2016 ). Of
ote, the strength of these two studies is the use of a murine gas-
rointestinal colonization model, ho w ever, they only used a total
f 12 strains and the use of antibiotics may limit the comparability
o our findings. While many previous studies were biased to w ar ds
ither clinical m ultidrug-r esistant (MDR) E. f aecium str ains or non-
uman envir onmental E. f aecium str ains or wer e limited in strain
umber, the strength of our study is the balance of human clini-
al isolates and human commensal isolates and the high number
f isolates. 

In the spot on lawn screening the cell density of the spot is
 uc h higher than the lawn, which represents the conditions of

v er gr owth. Her e, we found that nosocomial clade A1 strains in-
ibit commensal strains significantly more than the other way
r ound. With onl y 3 exceptions, all other 72 commensal strains
re susceptible to inhibition by multiple nosocomial clade A1
tr ains, whic h can partiall y explain the predominance of these
n infections . T hr ee of the nosocomial ST192 str ains whic h show
igh inhibition belong to the core genome MLST cluster type 3
hich has been described as a successful clone in Norway (AL-
ubaye et al. 2023 ). The A1 STs showing inhibition of commen-
al str ains ar e known as inv asiv e in Eur ope (Werner et al. 2020 ,
L-Rubaye et al. 2023 ). Inter estingl y, we also found se v er al com-
ensal str ains, whic h can inhibit all clinical str ains, including VRE

nd other MDR strains . T hese strains ha ve high potential for use
s pr obiotics. Mor eov er, since we also show that many commen-
al strains lack the ability to inhibit nosocomial str ains, pr obiotic
trains should be chosen carefully after phenotypic characteri-
ation to fully harness their potential. It is a limitation of this
tudy that cell-to-cell contact or other cues (Gonzalez and Mavri-
ou 2019 ) which might be r equir ed to trigger the phenotype of
ome interactions was not considered. Pilot experiments where
oth strains were grown together, and the supernatant from this
o-culture was isolated, did not show inhibition. The presumable
eason is that the supernatant represents a mixture of secretions
f both strains and thus also putative immunity proteins, as well
s a dilution of putative effectors. Future studies could investigate
hether certain stressors can enhance interactions. 
Since the interactions were mostly mediated by heat-stable

r oteinaceous secr eted compounds, the pr esence of bacteriocins
n the genome sequences was predicted using a novel database
Tedim et al. 2023 ). We observed that clades A1 and A2 encoded
ignificantly higher numbers of bacteriocins compared to E. lac-
is . The number of bacteriocins is in line with the results from
ur inter action scr eening, wher e clinical str ains inhibit commen-
al strains significantly more often than the other way around.
any of the strains showing a high inhibition phenotype also en-

oded a high number of bacteriocins, such as entA (Aymerich et
l. 1996 , Fugaban et al. 2021 ), bac43 (Todok or o et al. 2006 ), entP
Cintas et al. 1997 ), bac32 (Inoue et al. 2006 ), bac51 (Yamashita et
l. 2011 ) and entL50A and B (Cintas et al. 1998 ). All known pre-
icted bacteriocins were of Class II, meaning ribosomally synthe-
ized antimicrobial proteins or peptides, which do not undergo
osttranslational modification. In addition, nine genes encoding
o vel bacteriocins , called bacAS# , were detected in the strain se-
uences . T he bacteriocin encoding genes entB, enxA and B , entL50A
nd B were all found in strains able to inhibit clade A1 strains,
nd entL50A and B ar e exclusiv e to commensal str ains . T hese bac-
eriocins would thus be good candidates for antimicrobial devel-
pment or as adjuvants of antibiotics . T he bacteriocin encoding
enes bac43, bacAS11 and bacAS5 were exclusive to clade A1 and
o-occurred with an inhibition phenotype . T hey thus stand out as
linicall y r ele v ant bacteriocins. Bacteriocin 43 has originally been
iscov er ed in a clinical VR E. faecium strain from the US and was
escribed as a Class IIa bacteriocin, active against several ente-
ococcal species and located on mobilizable plasmids (Todokoro
t al. 2006 ). It was later also discov er ed on small theta-replicating
lasmids ( rep 18b ) of differ ent VR E. f aecium str ains fr om hospital-

zed patients from Germany and Canada (Freitas et al. 2016 ). In
ur strain collection, the bac43 gene was found in VR E. faecium
 v anA or v anB ) and in VSE str ains and bac43 was mostly co-present
ith rep 18b (10 bac43 and rep18b /14 bac43 ) which is in line with the pre-
ious findings. Of note, some bacteriocins, such as Enterocin Q
Cintas et al. 2000 , Criado et al. 2006a ,b ), ar e optimall y pr oduced
t higher temper atur es and might thus not have been responsible
or the phenotype we see in the interaction screening. 

It is a limitation of this study, that the regulation and expres-
ion of the individual enterocins were not studied. Production, re-
ease, and activity of bacteriocins, are tightly controlled by a com-
lex network of genetic elements. For example, the expression of

https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae009#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae009#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae009#supplementary-data
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cytolysin is tightly controlled by a two-component regulatory or 
a quorum-sensing system (Haas et al. 2002 ). Also, some Class IIa 
bacteriocins with a double glycine leader, which also includes a 
fe w enter ocins, ar e r egulated by a thr ee-component r egulatory 
system that encompasses a peptide pheromone, a membrane- 
bound histidine protein kinase that serves as receptor for the pep- 
tide pheromone, and finally, a response regulator protein that ac- 
tivates the operons participating in the bacteriocin biosynthesis 
upon phosphorylation (Nes et al. 2014 ). Future studies could also 
study the bacteriocin-operons’ immunity genes. 

The presence or absence of bacteriocin genes could not ex- 
plain all phenotypes that we observed in the spot on lawn interac- 
tion screening. For example, some strains share the same bacte- 
riocin genes, but show a different inhibition pattern, while others 
share an inhibition pattern but hav e differ ences in their bacte- 
riocin genes. We thus suspect that there might be other bacteri- 
ocins or yet other factors than bacteriocins involved. Since some 
of the inhibition mediated by clade A1 supernatants was not abol- 
ished by proteinase K treatment, we suspect the involvement of 
non-pr oteinaceous a gents, suc h as lipopeptides or pha ges, and in 

silico analysis in Phaster sho w ed that these strains carry an intact 
pr opha ge r egion. 

A receptor for bacteriocins and bacteriophages across bacterial 
species is the mannose-specific phosphotr ansfer ase system (PTS) 
which also acts as a mannose transporter (Jeckelmann and Erni 
2020 ). In E. faecalis , it has been shown that the mpt operon, encod- 
ing a mannose phosphotr ansfer ase system, is involv ed in bacte- 
riocin susceptibility (Héchard et al. 2001 , Opsata et al. 2010 ). Bac- 
teriocin resistance of E. faecalis was linked to reduced expression 

of the mpt operon, and an mptD mutant was bacteriocin (pediocin 

PA-1 and mesentericin Y105) r esistant (Héc hard et al. 2001 , Opsata 
et al. 2010 ). Mor eov er, mannose-induced PTS expr ession leads to 
enhanced sensitivity of E. faecalis JH2-2 to the bacteriocin mesen- 
tericin Y105 (Héchard et al. 2001 ). In E. faecium , a mannose PTS,
encoded by ptsD exclusive to clinical strains, is involved in col- 
onization by clinical strains during antibiotic treatment (Zhang 
et al. 2013 , AL-Rubaye et al. 2023 ) and it was suggested that the 
mannose PTS system of E. faecium could be a mean to control E.
f aecium (Somar ajan and Murr ay 2013 ). It was also speculated that 
ptsD could be targeted by bacteriocins (Zhang et al. 2013 ), since 
mannose PTSs are common targets of bacteriocins (Kjos et al.
2010 , Opsata et al. 2010 ). In our study, we did not observe a dif- 
ference in susceptibility to inhibition between E8202 and its mu- 
tant E8202 ptsD ::GM. This might be because the secretions of the 
inhibitors contain multiple compounds and e v en if one lac ks its 
target the other compounds could still exert the phenotype. In 

addition, E8202 could compensate for the lack of ptsD by the use 
of another mannose PTS. Potentially, the effect of a compound on 

ptsD can only be seen for isolated compounds at higher concentra- 
tions and the spot on la wn assa y might ha v e lac k ed the sensiti vity
to detect this . Furthermore , it could be that the whole pts operon 

or a different component than ptsD is targeted since an extracel- 
lular loop of the membrane-located protein MptC was responsible 
for specific target recognition by the class IIa bacteriocins in Liste- 
ria monocytogenes (Kjos et al. 2010 ). 

In summary, our study offers critical insights into the dynam- 
ics of E. faecium colonization within both hospital and community 
en vironments . Specifically, in a hospital setting, we predict the dis- 
placement of commensal strains by nosocomial clade A1 strains.
This replacement is driven by the pronounced ability of clade A1 
strains to inhibit clade A2 and B strains and will be propelled in the 
pr esence of selectiv e pr essur e by antimicr obials, wher e the AMR 

profile will give clade A1 strains an ad ditional ad vantage over sus- 
eptible clade A2 and B str ains. In contr ast, in a comm unity set-
ing, we anticipate the replacement of clinical clade A1 strains by
ommensal strains, as these are also able to inhibit the growth
f clade A1 strains . T his is likely to be spurred by the carriage of
MR genes in A1, which will pose a fitness cost to the carrier in

he absence of antibiotic pr essur e. 
Ov er all, this study provides insights into the complex interplay

f E. faecium clades, which has important implications for clinical
nd public health str ategies. Firstl y, the implications include the
ensible use of antimicrobials to minimize the selective pressure 
riving the ov er gr owth and spr ead of clade A1 strains as well as
he need for antimicrobial stew ar dship programs. Secondly, the
redicted displacement of clinical strains by commensal strains 

n the community underscores the potential benefits of promoting 
ommensal strains to prevent the overgrowth of clinical strains,
hich could include interventions promoting commensal colo- 
ization, such as probiotics or faecal microbiota transplantation.
utur e r esearc h should continue to explor e these inter actions and
he potential interventions our study has suggested. 
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