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Abstract 

Enter ococcus f aecium is an opportunistic pathogen a b le to colonize the intestines of hospitalized patients. This initial colonization is an 

important step in the downstream pathogenesis, which includes outgrowth of the intestinal microbiota and potential infection of the 
host. The impact of intestinal o ver gro wth on host–enterococcal interactions is not well understood. We ther efor e applied a RNAseq 

approach in order to unravel the transcriptional dynamics of E. faecium upon co-culturing with human deri v ed colonic e pithelium. 
Co-cultures of colonic epithelium with a hospital-associated vancomycin resistant (vanA-type) E. f aecium (VRE) show ed that VRE 
resided on top of the colonic epithelium when analyzed by micr oscopy. RNAseq r ev ealed that exposure to the colonic epithelium 

r esulted in upr egulation of 238 VRE genes compar ed to the contr ol condition, including genes implicated in pili expression, conjugation 

(plasmid_2), genes related to sugar uptake, and biofilm formation (chromosome). In total, 260 were downregulated, including the vanA 

operon located on plasmid_3. Pathway analysis revealed an overall switch in metabolism to amino acid scavenging and reduction. In 

summary, our study demonstrates that co-culturing of VRE with human colonic epithelium promotes an elaborate gene response in 

VRE, enhancing our insight in host–E. faecium interactions, which might facilitate the design of novel anti-infectivity str ate gies. 

Ke yw ords: resistant; Enterococcus faecium ; epithelium; plasmids; gene expression; RNAseq 
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Introduction 

Vancomycin resistant Enterococcus faecium (VRE) emerged as an 

important opportunistic pathogen and is recognized by the World 

Health Organization (WHO) as a global threat (WHO 2017 ). In hos- 
pital settings, VREs are able to colonize the intestines of patients,
follo w ed b y r a pid outgr owth, whic h puts patients at risk of self- 
contamination during common hospital pr ocedur es, and subse- 
quent bacteraemia (de Regt et al. 2008 , Ubeda et al. 2010 , Ruiz- 
Garbajosa et al. 2012 , Taur et al. 2012 , Chilambi et al. 2020 ). While 
enter ococci ar e minority species in a healthy microbiota, account- 
ing for < 0.1% of intestinal microbiota, these numbers can sig- 
nificantl y incr ease in hospitalized patients wher e E. f aecium can 

e v en r epr esent the majority bacterial species in the intestines 
(Magruder et al. 2019 ). Extensi ve molecular e pidemiological and 

compar ativ e genomic anal yses r e v ealed that E. f aecium str ains 
from hospitalized patients are part of a distinct phylogenetic clade 
that was initially designated clonal complex-17 and later renamed 

clade A1 (Willems et al. 2005 , Lebreton et al. 2013 , Arredondo- 
Alonso et al. 2020 ). Enterococcus faecium genes unique to clade A1 
include putative virulence genes, genes encoding antibiotic trans- 
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r e pr oduction in any medium, provided the original work is properly cited. For com
ort, intestinal colonization factors, and genes implicated in car- 
ohydrate metabolism particularly indicating a shift to the uti- 
ization of amino sugars, like those that occur on cell surfaces and
n mucin (Lebreton et al. 2013 ). Plasmidome analyses indicated
hat the predicted plasmidome size of isolates from hospitalized 

atients was consider abl y lar ger than that fr om other isolation
ources, such as non-hospitalized persons, dogs, pigs, and poultry 
Arredondo-Alonso et al. 2020 ). Plasmid encoded genes specific for
solates from hospitalized patients include a locus of three genes
utativ el y encoding an ABC transport system with similarity to

ipopr otein/bacteriocin/macr olide export systems, a bacteriocin 

ene with homology to bacA , and a complete phosphotr ansfer ase
ystem (PTS) putativ el y involv ed in carbohydr ate uptake (Zhang et
l. 2013 ). The acquisition and enrichment of specific carbohydrate
ptake systems in clade A1 strains may provide these isolates a
roader and or novel metabolic repertoire allowing clade A1 E. fae-
ium to colonize the dysbiotic intestinal microbiota of hospitalized 

atients (Zhang et al. 2013 ). In fact, disruption of the intestinal mi-
r obial comm unity in hospitalized patients is thought to be one
f the k e y factors contributing to the outgr owth of E. f aecium in
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ospitalized patients (Ubeda et al. 2010 , Stein-Thoeringer et al.
019 ). Antibiotic-dri ven d ysbiosis in the mammalian host does not
nly leads to Enterococcus outgrowth, it also results in changes in
he arc hitectur e of the intestinal epithelial cell lining. In an in-
estinal colonization model in mice, antibiotic treatment allow-
ng enterococcal outgrowth resulted in a reduction of the mucus-
ssociated intestinal microbiota layer, colon wall, and Muc-2 mu-
us layer, as well as deformation of E-cadherin adherens junctions
etween colonic cells and entr a pment of E. faecium in an extracel-
ular matrix consisting of secretory IgA, polymeric immunoglob-
lin receptor, and epithelial cadherin (E-cadherin) proteins (Hen-
rickx et al. 2015 ). 

Together, these findings suggest that particular genes acquired
y hospital-associated E. faecium strains facilitate intestinal colo-
ization especially in hospitalized patients and result in signifi-
ant changes in the intestinal ar chitecture. Ho w ever, detailed in-
ights on E. faecium host interaction in the human intestines are
till lar gel y lac king. Recentl y, human-deriv ed colonic or ganoids
ave been used as an ex vivo model to study human spe-
ific bacteria–host inter actions. Differ entiated colonic organoids,
ro wn as monolay ers of colonic epithelium, express several cell
ypes , including colonocytes , Lgr5 + stem cells , m ucus-pr oducing
oblet cells, and important cell structures like occludin and E-
adherin (Jung et al. 2011 , Zachos et al. 2016 , McClintock et al.
020 ). In this study, we applied an RNA sequencing a ppr oac h to
nr av el E. f aecium -host tr anscriptional r esponses during experi-
ental in vitro colonization of human-derived colonic epithelium.
ur findings highlight important transcriptional changes of E. fae-

ium that may play an important role during intestinal coloniza-
ion, which enhances our insight in host–E. faecium interactions. 

ethods 

rganoid line and growth conditions 

he clonal human-derived colonic organoid cell line Pt15-70206
as used to grow colonic epithelium according to the protocol de-

cribed by Vonk et al. ( 2020 ). In brief, a colonic organoid stock was
hawed and organoids were cultured in domes of Matrigel covered
y medium containing 15% Advanced DMEM/F12, 1x Glutamax,
00 U/ml Penicillin-Stre ptom ycin, 10 mmol/l HEPES (all Invitro-
en), 25% Rspo1 Conditioned Medium, 10% Noggin Conditioned
edium (conditioned medium was home-made), 2% B27 (Invotro-

en), 1.25 mM N-acetylcysteine, 10 mM Nicotinamide, 10 μM p38
nhibitor SB202190 (all Sigma-Aldrich), 50 ng/ml mEGF (Invitro-
en), 0.5 μM A83–01 (Tocris), 50% Wnt-3A Conditioned Medium
WCM). After on av er a ge 13 passa ges, or ganoids wer e disrupted
nd used to seed transwells and generate confluent colonic ep-
thelium. During the first 24 h in trans wells , medium was sup-
lemented with 10 nM r oc k inhibitor Y-27632 (Selleck Chemicals).
nce the TEER surpassed 100 ohm/cm 

2 , the culture medium was
eplaced by culture medium lacking WCM, nicotinamide, and p38
nhibitor, called differentiation medium (Zomer-van Ommen et al.
018 ). Differentiation medium was refreshed 24 h before the inoc-
lation of co-cultures by differentiation medium without added
enicillin–Stre ptom ycin, to prevent inhibition of bacterial growth.
ll experiments were performed in accordance with r ele v ant eth-

cal guidelines and regulations. 

acterial strain and growth conditions 

he vancomycin (vanA-type, ST117) resistant E. faecium strain
8202 was pr e viousl y isolated from a patient via a rectal swab
uring a Dutch hospital outbreak in 2015. This strain was fully
equenced and assembled and contains a total of six plasmids
Arredondo-Alonso et al. 2020 ). Enterococcus faecium E8202 is used
hroughout this study except for the confocal live imaging exper-
ment in which the hospital-derived E. faecium strain E745 was
sed (Arredondo-Alonso et al. 2020 , Top et al. 2020 ). Sequences
ere annotated using Prokka version 1.10 and operon-mapper
ith default settings (Seemann 2014 , Taboada et al. 2018 ). An-
otation was further expanded by blasting genes manuall y, a p-
lying a 98% identity cut-off. Bacteria were initially cultured at
7 ◦C and shaking at 150 rpm in Brain Heart Infusion broth to an
D600 of 0.4. After a washing step in PBS, bacteria were resus-
ended in organoid culture media and concentrated to an artifi-
ial OD600nm of 0.6. These cultures were subsequently used for
o-cultures with colonic epithelium, applying a multiplicity of in-
ection of 6. Co-cultur es wer e spun down at 250 × g for 5 min to
nsure cell contact and used for 24 h co-culture at 37 ◦C and 5%
O 2 . 

onfocal li v e imaging 

o-culture of a colonic epithelium and E. f aecium wer e anal ysed
or fluorescence using confocal live imaging with a confocal laser

icroscope (Leica SP5) and a Plan Apo 40x objective (numerical
 pertur e of 0.85). Onl y for this experiment, the vancomycin (vanA-
ype) r esistant E. f aecium str ain E745 was used as we were not able
o generate a GFP producing strain E8202 (Zhang et al. 2017 ). A
onstitutiv el y GFP expr essing plasmid w as constructed b y or der-
ng a gblock containing a strong bacillus promotor (P groE ) and the
r ee-use GFP (Integr ated DNA Tec hnologies) (Jiao et al. 2017 , N
oleman 2019 ). This gblock was then digested and ligated with
WS3-msrC-Pbac-T7 using the ApaI and SmaI restriction sites lo-
ated on both the plasmid as gblock (de Maat et al. 2019 ). The re-
ulting plasmid was then used to tr ansform E. f aecium str ain E745
n order to constitutiv el y expr ess GFP in confocal microscopy. GFP
as excited at 488 nm, Alexa Fluor 647-conjugated wheat germ
gglutinin (WGA) (ThermoFisher Scientific) was excited at 633 nm,
nd Alexa Fluor 405-conjugated phalloidin (Thermo Fisher Sci-
ntific) at 405 nm. Pictures were analysed with LAS AF software
Leica). 

N A extr action and RN A sequencing 

N A extraction w as performed according to a modified protocol
f the RNeasy Mini Kit (Qiagen). First, 80% of the media in the up-
er compartment of transwells was slowly removed. Cells were
hen resuspended in 200 μl RL T buffer , transferred to 2 ml bead
eat tubes (0.5 ml glass 0.1 mm beads, Sigma-Aldrich), and snap
rozen in liquid nitrogen. Beat beating was applied at 3800 rpm
or 1 min, follo w ed b y 1 min incubation on ice and two additional
ounds of beat beating, using the Mini-Beadbeater-24 (Biospec).
he RNeasy Mini Kit protocol was then resumed at the ethanol
d dition ste p. The r ecommended DNases tr eatment was a pplied
uring RN A extraction, follo w ed b y an additional DNase treat-
ent (TURBO DNA-free kit, Ambion). Total RNA was quantified

y Qubit assay (Invitrogen). Samples were sent to the Utrecht Se-
uencing Facility (USEQ; http://useq.nl ) for rRNA r emov al using
he TruSeq Stranded mRNAn kit (Illumina) for replicates 1–3 and
he Stranded Total RNA Library Prep for replicates 4–6, due to
iscontinuation of the rRNA r emov al kit. The NextSeq500 (Illu-
ina) was used, with high output and single-end sequencing of
 ×75 bp (Illumina) and the company protocol/standard settings
USEQ). 

http://useq.nl
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Figure 1. Co-cultures of colonic epithelium and E. faecium reveal spatial 
organization. (A) Colonic epithelium used for confocal live imaging, 
visualized by a side view of stacked images. (B) Confocal live imaging of 
co-culture consisting of colonic epithelium and a GFP expressing 
v ancomycin-r esistant E. f aecium str ain E745. Ima ges ar e stac ked to 
generate a side view of the co-cultures. Actin was stained by phalloidin 
(in blue), mucus was stained by WGA (in red), and E. faecium expressed 
GFP (in green). 
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Data processing and analysis 

Sequence data were trimmed using Trim Galore version 0.6.4 with 

standard settings . T he human genome (Ensembl r elease 99, c hr o- 
mosome 1–22, X, Y, MT) was merged to the genome of E. faecium 

E8202 and used to create a database with STAR version 2.7.9a us- 
ing standard settings and -sjdbOverhang 49 (Dobin et al. 2013 ). Se- 
quence data were subsequently aligned to STAR with standard 

settings and -quantMode GeneCounts . The resulting list of aligned 

genes was split into two parts; analysis of the host response and 

pathogen r esponse. Anal ysis of sequencing data were performed 

in R version 4.0 and the functions of the pac ka ges ggplot2 (Wic k- 
ham 2016 , R Core Team 2020 ). Genes with a low number of read 

counts wer e r emov ed to suppr ess sequencing noise using the con- 
dition: rowSums ( counts ( df ) > = 5) > = 6. This results in remaining 
genes with at least 5 read counts per 6 samples. DESeq2 version 

1.30 was then used for the analysis of differentially expressed 

genes, while a ppl ying batc h corr ection (Lov e et al. 2014 ). Apeglm 

shrinka ge estimator v ersion 1.14 was subsequentl y a pplied, effec- 
tiv el y accounting for genes with extr emel y low expr ession le v els,
among other expression ranges ( Fig. S1 ) (Zhu et al. 2019 ). A cut-off 
of adjusted P -values .05 and a fold change of 1.5 were applied to 
distinguish differ entiall y expr essed genes . T he top 50 upregulated 

and downregulated genes were determined based on the lowest 
adjusted P -v alues. Normalized r ead counts per sample were com- 
puted using DESeq2’s size factor method and emplo y ed for visual- 
izing the expression of these selected genes . For pathwa y analysis ,
genes were selected using a cutoff of adjusted P -values ≤ .1 and 

fold change ≥ 1.5. KEGG automatic annotation server was first ap- 
plied to predict gene function (Moriya et al. 2007 ). P athway anal y- 
sis was subsequently performed using ClusterProfiler version 4.0, 
with 999 permutations and gene set size limitations of 8 and 100,
r espectiv el y (Yu et al. 2012 ). 

Compar a ti v e plasmid analysis 

The Basic Local Alignment Search Tool (blastn at https://blast. 
ncbi.nlm.nih.gov/Blast.cgi , interrogated on 27 April 2023) was 
used to find plasmids with sequence similarity to E. faecium 

E8202 plasmid_2 (GenBank accession number LR135345.1) and 

plasmid_3 (GenBank accession number LR135346.1). For plas- 
mids similar to E8202 plasmid_2 all 14 plasmids with a cover- 
a ge > 85% cov er a ge and identity > 95% were selected and down- 
loaded (Table 1 ). A BLAST search using the thresholds (cover- 
age > 75%; identity > 95%) was performed to identify plasmids 
similar to E8202 plasmid_3. This resulted in only two similar 
plasmids: E. faecium plasmid pUK040_2 and E. faecium plasmid 

p4_03A17012. Reducing cov er a ge thr esholds to > 60% yielded 20 
additional hits (Table 2 ). The 22 plasmid sequences display- 
ing similarity to plasmid_3 were also downloaded. E8202 plas- 
mid_2 and 3 GenBank files (LR135345.1 and LR135346.1, respec- 
tiv el y) wer e uploaded in Pr oksee [ https://pr oksee.c ,a (Gr ant et 
al. 2023 )]. Subsequently, FASTA files of identified plasmids sim- 
ilar to E8202 plasmid_2 or 3 (Tables 1 and 2 ) were uploaded 

and aligned to the E8202 plasmids using the BLAST Sequence 
comparison tool in Proksee. Aligned plasmids were visualized 

in Proksee. PlasmidFinder2.1 ( https:// cge.food.dtu.dk/ services/ 
PlasmidFinder/, repA_N database, 100% identity based on Plas- 
midFinder; Softwar e v ersion: 2.0.1; Database v ersion: (2023-01- 
18)) (Carattoli et al. 2014 )) was used to identify plasmid encoded 

rep genes, and P athogenwatc h ( https://pathogen.watc h ) was used 

to infer STs of the isolates carrying E8202 plasmid_2 and plas- 
mid_3 similar plasmids. 
esults 

sta blishing E. f aecium -human colonic 

pithelium co-cultures 

o study E. faecium –host interaction, we first cultured human de-
iv ed colonic differ entiated e pithelium. Using confocal li v e ima g-
ng, we visualized both the colonic epithelium and a mucus
ayer (Fig. 1 A). We then continued to co-culture the vanA-type
 ancomycin-r esistant E. f aecium str ain E8202 for 24 h with colonic
ifferentiated epithelium. This strain was isolated from a hospi- 
alized patient in 2015 and using full genome assembly, was de-
ermined to belong to clade A1 (ST117) and containing 6 plasmids
 Table S1 ) (Arredondo-Alonso et al. 2020 ). We first established that
his E. faecium strain was able to grow in both the cell culture

edium (i.e. control condition) as well as in the co-culture with
olonic epithelium ( Fig. S2 ). We then continued to visualize the
patial organization of the co-cultures using confocal live imag- 
ng. For this purpose, we used the modified v ancomycin-r esistant
. f aecium str ain E745 that continuousl y expr essed Gr een fluor es-
ence Protein (GFP) and co-cultured with colonic epithelium. En- 
erococcus faecium strain E8202 did not accept the GFP expression
lasmid upon tr ansformation, whic h is why w e w ere for ced to use
his second E. faecium strain. Enterococcus faecium strain E745 is also
 v anA-type v ancomycin-r esistant str ain, r ecov er ed fr om a hospi-
alized patient in 2000, and also belongs to clade A1 (ST16) (Zhang
t al. 2017 ). We observed that E. faecium E745 resided on top of the
olonic epithelium, rather than being positioned between colonic 
ells (Fig. 1 B). It was unclear if E. faecium and the colonic cells were
n direct contact or separated by the mucus layer. 

ranscriptome of colonic epithelium during 

olonization with E. faecium E8202 

e next investigate the transcriptional response of colonic ep- 
thelium upon co-culturing with E. faecium E8202 by performing 

https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae014#supplementary-data
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://proksee.c
https://cge.food.dtu.dk/services/PlasmidFinder/
https://pathogen.watch
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae014#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae014#supplementary-data
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Figure 2. Sc hematic r epr esentation of cultur e conditions for RNA sequencing. To determine the host r esponse and pathogen r esponse, r espectiv el y, 
v ancomycin r esistant E. f aecium str ain E8202 and colonic epithelium wer e co-cultur ed and cultur ed separ atel y in otherwise identical cultur e 
conditions for 24 h. Culturing w as follo w ed b y RN A extraction, rRN A depletion, subsequent libr ary pr epar ation, and sequencing. Anal ysis was split into 
two parts; one to determine the enterococcal response and a separate one to determine the host response. 
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NA sequencing (Fig. 2 ). Sequencing resulted in 5.4–29.1 million
eads (10th–90th percentile) per sample. For the co-culture sam-
les and colonic epithelium samples, 0.9–13.2 million reads (10th–
0th percentile) mapped to genes from the human genome indi-
ating large variation in read counts between the six replicates,
nd more importantly, that in three of the six replicates the rec-
mmended minimum of 10 million reads aligning with the eu-
aryotic part of the database was not r eac hed ( Fig. S3 ) (Wester-
ann et al. 2017 ). Principal component analysis (PCA) also indi-

ated lar ge v ariation between batc hes and to a lesser extent vari-
tion based on culture condition ( Figs S4b and S5b ). Ther efor e, we
ecided to not continue with the analysis of the host response
nd only focus on the bacterial response during colonic epithe-
ium colonization. 

o-culture of E. faecium E8202 with colonic 

pithelium results in altered patterns of E. 
aecium gene expression 

equencing resulted in 5.4–29.1 million reads (10th–90th per-
entile) per sample. For the co-culture samples and E. faecium
amples, 3.1–31.2 million reads (10th–90th percentile) mapped to
. faecium specific genes ( Fig. S3 ). This is in accordance with the
ov er a ge used in pr e vious studies that applied dual RNA sequenc-
ng to measure genome-wide transcriptional changes of both bac-
eria and host cells on bacteria (Westermann et al. 2017 ). The high
ead count numbers for housek ee ping genes gdh (5300 normal-
zed reads) and gyrA (14 800 normalized reads) additionally indi-
ate sufficient gene cov er a ge ( Fig. S4a ). The hprt1 housek ee ping
ene, a ppear ed to be transcribed in lo w er amounts, but w as still
etected in all replicates . PC A revealed that culture condition (i.e.
ither E. faecium monoculture or co-culture with human colonic
pithelium) was the main driver of the observ ed v ariance in gene
xpression between the samples in E. faecium E8202 ( Fig. S5a ). 

Compared to the control condition (here E. faecium grown in
r answells in onl y cell cultur e differ entiation medium in the same
onditions as the co-cultures), and while applying batch correc-
ion, we observed a total of 498 differentially expressed E. faecium
enes ( p adj < 0.05, fold change > 1.5, Fig. 3 ) in response to exposure
o the colonic epithelium. From these, 238 genes were upregulated
47.8%) and 260 genes were downregulated (52.2%) ( Tables S2
nd S3 ). 
nterococcus faecium E8202 upregulated genes 

f all 238 significantly upregulated genes ( Table S2 ), 187 (79%)
enes are chromosomally located, 49 genes on plasmid_2 (21%),
nd one gene on plasmid_3 and one on plasmid_6. 

The top 50 significantly upregulated chromosomally lo-
ated genes are part of eight locus clusters. Cluster 93
 epr esents genes that are involved in purine metabolism
EQB38_RS06220, xpt; EQB38_RS06235, purE; EQB38_RS06240, purK ;
QB38_RS06245, purB ; EQB38_RS06265, purC ; EQB38_RS06270,
urS ; EQB38_RS06275, purQ ; EQB38_RS06280, purl ; EQB38_RS06285,
urF ; EQB38_RS06290, purM ; EQB38_RS06295, purN ;
QB38_RS06300, purH ; EQB38_RS06305, purD EQB38_RS06310),
hile cluster 94 r epr esents genes that ar e involv ed in pyrim-

dine metabolism ( p yrR , EQB38_RS07020, p yrB , p yrC , carA ,
arB , p yrDII , p yrDB , p yrF , p yrE ). In addition, a cluster of three
oci, EQB38_RS02225 (l ytTR famil y DNA-binding domain-
ontaining protein), EQB38_RS02230 (sensor histidine ki-
ase), and agrB putativ el y encodes a two-component system,
hile loci EQB38_RS14980, EQB38_RS14985, EQB38_RS14990,
QB38_RS14995 are part of a putative operon with a yet unknown
unction (Fig. 4 and Table S2 ). 

In addition, the top 50 significantly upregulated genes also
ncluded c hr omosomal genes that ar e not pr edicted to be
art of a gene operon or gene cluster r epr esenting nine loci
ith the following putative functions: bifunctional acetaldehyde-
oA/alcohol dehydrogenase (EQB38_RS01120), NCS2 family per-
ease (EQB38_RS05170), amino acid permease (EQB38_RS10240),

lass II bacteriocin (EQB38_RS10540). Finally, EQB38_RS17170
 sspP ), putativ el y encoding a C47 peptidase is localized on the
.778 bp large plasmid_6. 

8202 plasmid_2 upregulated genes 

n addition to the c hr omosomal located genes, 49 genes (out of
38 genes, 21%) that were upregulated are located on a 188 833 bp
arge plasmid, named plasmid_2 (GenBank: LR135345.1). In fact,
9/179 (27%) of plasmid_2 protein coding genes were significantly
pregulated, indicating that this 188 833 bp plasmid seems to be
ighl y r esponsiv e to the experimental conditions. 

Of the 49 significantl y upr egulated genes, 36 genes (73%)
rouped in eight gene clusters ( Table S4 , Fig. 4 , Fig. S6a ). Six
enes of cluster 52 (loci EQB38_RS15745, EQB38_RS15750,

https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae014#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae014#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae014#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae014#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae014#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae014#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae014#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae014#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae014#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae014#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae014#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae014#supplementary-data
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Figure 3. Volcano plot r epr esenting the significant upregulated and downregulated genes in E. faecium during colonization of colonic epithelium. Genes 
with gene ID description r epr esent the most significant gene response in terms of fold change ( x -axis) and consistent response between batches 
( P -value .05). 
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EQB38_RS15755, EQB38_RS15760, EQB38_RS15770, EQB38_ 
RS15775) are annotated as genes belonging to the putative 
pilA (fms21) gene cluster, encoding PilA/Fms21 pili from pilin 

gene clusters [PGCs-1 (Hendrickx et al. 2008 )]. The 16 upregu- 
lated genes (EQB38_RS15785, EQB38_RS15790, EQB38_RS15795, 
EQB38_RS15800, EQB38_RS15805, EQB38_RS15810, EQB38_ 
RS15815, EQB38_RS15820, EQB38_RS15825, EQB38_RS15830, 
EQB38_RS15835, EQB38_RS15840, EQB38_RS15845, EQB38_ 
RS15850, EQB38_RS15855, EQB38_RS15860) located adjacent 
to the pilA (fms21) gene cluster are predicted to be part of a 
conjugative type IV secretion system (Goessweiner-Mohr et al. 
2013 ). Fiv e upr egulated genes (EQB38_RS15870, EQB38_RS15875,
EQB38_RS15880, EQB38_RS15885, EQB38_RS15890) wer e pr edicted 

to be implicated in plasmid r ange, r eplication, and maintenance,
while loci EQB38_RS16235 and EQB38_RS16240, putativ el y encode 
an ABC transporter system. A final cluster of se v en upr egulated 

genes (EQB38_RS16630, EQB38_RS16695, EQB38_RS16700, EQB38_ 
RS16705, EQB38_RS16710, EQB38_RS16715, EQB38_RS16720) were 
predicted to encode a PTS system and regulatory genes). 

In addition, 13 genes, not contained in larger gene clusters,
wer e significantl y upr egulated ( Table S4 , Fig. S6a ). Of these se v en 

are encoding a putative hypothetical protein (EQB38_RS15920, 
EQB38_RS15950, EQB38_RS15955, EQB38_RS16050, EQB38_ 
RS17365, EQB38_RS16450, EQB38_RS17370). The traE gene 
(EQB38_RS15705) encoding a putativ e ATP ase is located up- 
stream of the pilA (fms21) gene cluster. Furthermore, two 
genes (EQB38_RS16055 and EQB38_RS16485) putativ el y encode 
a DN A c ytosine methyltr ansfer ase and a PBECR4 domain- 
containing protein, with predicted roles in plasmid maintenance. 
EQB38_RS16140 putativ el y encodes a r esponse r egulator tr an- 
scription factor, while EQB38_RS16300 is predicted to encode the 
TnpB DNA endonuclease. Finally, EQB38_RS16335 is predicted 

to encode a Toll/interleukin-1 receptor (TIR)-domain-containing 
protein. 
t
8202 do wnregula ted genes 

f all 260 significantly downregulated genes ( Table S3 ), 251 (97%)
enes ar e c hr omosomall y located, while onl y nine genes were lo-
alized on plasmids (plasmid_2, 1 gene; plasmid_3, 4 genes; plas-
id_4, 3 genes; and plasmid_7, 1 gene). This indicates that the

ownregulated genes were much more dominated by chromoso- 
ally located genes instead of plasmid genes than this was the

ase for the upregulated genes ( Table S4 ). The four downregulated
enes located on plasmid_3, v anS , v anH , v anA , and v anX ar e part of
he v anA v ancomycin r esistance oper on. Plasmid_3 is a 40,152 bp
arge plasmid (Genbank number NZ_LR135346.1), which has a full 
ength rep2 replicase belonging to the Inc18 family similar to the
eplicase of pRE25. 

In addition to the v anA oper on, two lar ge c hr omosomall y
ncoded clusters comprising of 18 genes encompassing loci 
QB38_RS12610–EQB38_RS12710 (cluster 64) and 14 genes encom- 
assing loci (EQB38_RS12745–EQB38_RS12835) (clusters 33 and 65) 
oth encoding pha ge pr oteins wer e significantl y downr egulated
 Table S3 , Fig. 4 ). Loci EQB38_RS02360–EQB38_RS02365 putativ el y
ncode enzymes implicated in aspartate reduction, while loci 
QB38_RS09805–EQB38_RS09830 encode proteins that are part of 
 putative PTS. Furthermore, other genes belonging to the top 50
ownregulated genes putatively encoding various cellular func- 
ions are displayed in Fig. 4 and further described in Table S3 . 

EGG pathway analysis 

o further understand the physiological processes encoded by dif- 
er entiall y expr esses the statistical enrichment ( p adj < 0.1, fold
hange > 1.5) of these E. faecium E8202 genes in KEGG path-
 ays w as determined. In addition of finding similarities in func-

ion based on genomic clustering, KEGG analysis also allows 
 genome-wide identification of genes encoding shared func- 
ions. From the resulting 498 differentially expressed genes, 335 

https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae014#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae014#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae014#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae014#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae014#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae014#supplementary-data
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Figure 4. Differ entiall y tr anscribed genes in E. f aecium E8202 upon co-culturing with human colonic epithelium. Top 50 significant differ entiall y 
expr essed, upr egulated, and downr egulated genes, comparing contr ol condition with co-culturing with colonic epithelium. Mor e genes can be part of 
the gene clusters described on the figure, but not shown if they are in the top 50 upregulated or downregulated genes. Read counts are normalized per 
sample using DESeq2’s size factor method. Replicates are indicated by columns, while genes are grouped per gene operon. 
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ould be annotated with a KEGG function ( Table S5 ). Pathway
nal ysis r e v ealed that these genes belong to differ ent pathwa ys ,
s shown in Fig. 5 and Table S5 , such as (1) alanine, aspar-
ate and glutamate metabolism, converting aspartate into fu-

arate and n-carbamoyl-l-aspartate and, additionally convert-
ng glutamine into 5-phosphoribosylamine, or alternativ el y into
arbamoyl phosphate ( carA , carB , purA , purB , purF , purQ , pyrB );
2) arginine biosynthesis, which applies glutamine for conver-
ion into ammonia, follo w ed b y carbamo yl phosphate, citrulline
nd lastly into arginine ( ar cA , ar cB , ar cC ); (3) purine metabolism,
lso con verting glutamine , 5-phosphoribosylamine and possibly
-phosphoribosyl diphosphate (PRPP) for the putative synthe-
is of inosinic acid (IMP) and consequently adenylic acid (AMP)
 arcC , purA , purB , purC , purD , purE , purF , purH , purL , purM , purN ,
urQ , purS ); (4) pyrimidine metabolism, utilizing glutamine, car-
amoyl phosphate and n-carbamoyl-l-aspartate for the gener-
tion of PRPP and uridylic acid (UMP) ( carA , carB , pyrF , pyrDII ,
 yrB , p yrC , p yrDB , p yrE , p yrR ), and (5) fructose and mannose
etabolism, including the conversion of sorbitol to fructose-6P,
nd conversion of mannose to mannose-6P and fructose-1P to
ructose-1,6P 2 (EQB38_RS07795–EQB38_RS07920 , EQB38_RS08575 ,
QB38_RS07935 ). Expression of the genes belonging to these
athw ays w as significantl y upr egulated when E. f aecium was
o-cultured with colonic epithelium compared to the control
ondition. Lastly, we found that expression of genes involved
n biosynthesis of cofactors to be upr egulated, conv erting 2-
ehydropantoate into pantoate (EQB38_RS01355), menaquinone

vitamin k1) into menaquinol, and phylloquinone (vitamin k2) into
hylloquinol (EQB38_RS14695). 

In contrast, KEGG based pathway analysis indicated down-
 egulated expr ession of genes to be involved in (1) biosynthe-
is of amino acids, particularly the conversion of homocysteine
nto methionine, ornithine into proline, and aspartate into lysine
 lysC , asd , dapA , dapB , dapH , patA , dapF ); (2) starch and sucrose

etabolism, mainl y the conv ersion of sucr ose to glucose and fruc-
ose ( crr , sacA , celB , sacP , celC , scrK ); (3) galactose metabolism, the

https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae014#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae014#supplementary-data
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F igure 5. Gene pathw ay annotation of E. faecium genes that are differentially expressed upon co-culturing with colonic epithelium. Genes that are 
significantl y upr egulated or downr egulated cluster ed based on KEGG gene pathways anal ysis using ClusterPr ofiler v ersion 4.0 within R. Counts, 
displayed as circles, r epr esent the number of differ entiall y expr essed genes that belong to a giv en pathw ay. Cir cle size is proportionate to counts . T he 
x -axis r epr esents the gene r atio; the pr oportion of differ entiall y expr essed genes to all the genes that ar e annotated in a specific pathway. 
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conversion of galactose, raffinose and stachyose ( galM , galK , galT ,
galE , sacA ); (4) biosynthesis of nucleotide sugars, which is a large 
pathway that includes galactose metabolism and also the galac- 
tose genes ( galE , galT , galK ) in addition to fructose and mannose 
metabolism ( scrK ); and (5) pentose and glucuronate interconver- 
sions , the con version of altronate and galacturonate ( uxaA , uxaB ,
uxaC ). 

E8202 plasmids_2 and 3 compar a ti v e analysis 

As noted abo ve , a sizeable fraction of the genes on plasmid_2 were 
differ entiall y expr essed upon inter action with human colonic ep- 
ithelium r elativ e to the contr ol condition. To assess whether plas- 
mids similar to E8202 plasmid_2 similar wer e pr esent in the 
NCBI nonredundant nucleotide database a blastn search was per- 
formed with accession NZ_LR135345.1 ( E. faecium isolate E8202 
plasmid_2) as query. This resulted in 14 plasmid hits with > 85% 

cov er a ge and > 95% identity (search date 27 April 2023) (Table 1 ,
Fig. S6a ). All 14 plasmid hits r epr esented lar ge r epUS15 plasmids 
with sizes ranging between 184 907 and 239 811 bp that were con- 
tained in E. f aecium . Twelv e of the 14 str ains carrying the E8202 
plasmid_2 similar plasmids were of ST117, just like E8202, thus 
belonging to the clade A1 subpopulation of hospital adapted E.
f aecium . One str ain (E6055) is ST18, also clade A1, and one strain 

BMT-3-2-1 is ST889, a single locus variant of ST117 and expected 

to cluster in E. faecium cladeA1. The fourteen E. faecium isolates 
with similar plasmids as E8202 plasmid_2 originated from seven 

differ ent Eur opean countries and wer e r ecov er ed between 2010 
and 2018 from hospitalized patients either from clinical sites or 
from faeces. 

Alignment of these 14 plasmids with E8202 plasmid_2 r e v ealed 

that of the 49 significantly upregulated genes, 40 (81%) were con- 
served in all the aligned plasmids. Plasmids pHJB-2-1_01 and pSS- 
-8_01 lacked a part of the pilA (fms21) gene cluster (loci 2813 and
814; srtA and pilA , r espectiv el y), while E6055 plasmid_2 lac ked
he abiE operon (loci 2842 and 2843) encoding bacterial abortive
nfection (Abi) system to xin anti-to xin genes that may play a role
n plasmid stabilization (Dy et al. 2014 ). This plasmid also lacked
wo loci, 2854 and 2855, that putativ el y encode hypothetical pro-
eins. Loci 2871 and 2872, tentativ el y encoding for a hypotheti-
al protein and a DN A c ytosine methyltransferase were absent in
0 of the 14 plasmids and onl y pr esent, beside E8202 plasmid_2,
n E7356 plasmid_2, WGS1811-4-7 plasmid_1, pE1_230, and E6055 
lasmid_2. Finally, locus 2929, putatively encoding a hypothetical 
rotein was lacking from plasmid pE1_230 ( Fig. S6 ). 

A BLAST search using the thresholds (coverage > 75%; identity
 95%) was performed to identify plasmids displaying similarity to
8202 plasmid_3. This resulted in only two similar plasmids: E. fae-
ium plasmid pUK040_2 and E. faecium plasmid p4_03A17012. This 
ndicates that E8202 plasmid_3 is not as conserved as E8202 plas-

id_2. Reducing cov er a ge thr esholds to > 60% r esulted in 20 addi-
ional hits ( Fig. S6b ). This yielded in total 18 E. faecium , 3 E. faecalis ,
nd 1 E. durans plasmids carrying the v anA oper on that displayed
imilarity with E8202 plasmid_3 (Table 2 ). Alignment of these plas-
ids r e v eals that these plasmids are highly diverse with respect

o size (ranging between 17 934 and 88 799), rep genes and rep
amilies, often carrying multiple rep genes belonging to different 
ep families, and that particular fragments or modules were con-
erved with E8202 plasmid_3 (Table 2 and Fig. S6b ). The highly mo-
aic structure of plasmid_3 might be explained by the high num-
er of predicted IS elements (IS 1216 ; ( n = 4), IS 30 and IS 6770 ) and
enes encoding recombinase family proteins ( n = 5). Despite the
osaic structure, the downregulated vanA operon genes, vanH ,
 anA , v anX , and the upstream located regulatory genes vanR and
 anS wer e conserv ed in all identified E8202 plasmid_3 similar plas-

https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae014#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae014#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae014#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae014#supplementary-data
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ids . T he vanY and vanZ genes, in the vanA transposon Tn 1546
GenBank: M97297.1 (Arthur et al. 1993 )] contained in plasmid
IP816 and located downstream of v anX , ar e missing possibl y be-
ause of r ecombination e v ent facilitated by the insertion of IS 1216
nd IS 30 -type of insertion sequences downstream of vanX . In fact,
ne of the plasmids similar to E8202 plasmid_3 is pIP816 extracted
rom one of the first gl ycopeptide-r esistant E. f aecium r eported
strain BM4147) and was sampled from a patient with leukaemia
n France in 1986 (Leclercq et al. 1988 ). 

Enter ococcal str ains carrying plasmids displaying a le v el of
imilarity with E8202 plasmid 3 r epr esented m ultiple species ( E.
 aecium , E. f aecalis , and E. durans ) and were isolated from multiple
ources (humans and c hic ken), although most isolates wer e E. f ae-
ium (19/23) r ecov er ed fr om hospitalized patients of whic h 18 wer e
f sequence types belonging to the hospital associated clade A1. 

iscussion 

olonization and subsequent ov er gr owth of v ancomycin r esistant
. faecium is an important cause for subsequent infection and dis-
emination within and between hospitalized patients . T he impact
f this intestinal ov er gr owth on host–enter ococcal inter actions is
ot well studied. In this study, we applied an RNA sequencing
 ppr oac h with the aim unr av el the tr anscriptional dynamics of
oth E. faecium and human derived colonic epithelium upon co-
ulturing. In our studies, we used the hospital-associated van-
omycin (v anA-type) r esistant E. f aecium str ain E8202, whic h was
r e viousl y isolated fr om a patient during a Dutch hospital out-
reak (Top et al. 2020 ). Our results reveal that the main transcrip-
ional response of E. faecium strain E8202 to colonic epithelium
nvolv es upr egulation of genes involv ed in pilus biogenesis, plas-

id conjugation machinery, and maintenance systems located on
lasmid_2 and downregulation of vancomycin resistance genes

ocated on plasmid_3. In addition, we observed transcriptional
 e wiring of E. faecium by redirecting its metabolism to w ar ds amino
cid scavenging and reduction. Unfortunately, we were not able to
erform a detailed analysis of the host response, which was due
o the fact that the sequence depth of replicate 4–6 was below
he recommended minimum of 10 million reads, resulting in sub-
tantial sequencing batch variation (Westermann et al. 2017 ). This
as r efr ained us fr om e v aluating the r esponse of host colonic cells
pon exposure to E. faecium. 

Co-culturing of E. faecium E8202 with colonic epithelium for 24 h
esulted in the differentially expression of a broad array of genes.
f the upregulated genes, a substantial number were located on
. faecium E8202 plasmid_2. Of these genes, 22, contained in two
lusters, encoded the pilA ( fms21 ) gene cluster gene cluster and a
onjugativ e type IV secr etion system. The pilA ( fms21 ) gene clus-
er encodes the genes necessary for the biosynthesis of E. faecium
ilA (Fms21) pili (Hendrickx et al. 2008 , Sillanpää et al. 2008 , Kim
t al. 2010 ). This gene cluster has pr e viousl y been linked to lar ge
onjugative plasmids (Kim et al. 2010 ). PilA (Fms21) pili are puta-
ive adhesins that were associated with gut colonization, biofilm
ormation, and virulence (Kim et al. 2010 , Șchiopu et al. 2023 ).
he pilA ( fms21 ) gene cluster is located in between genes, that are
redicted to be part of a putative conjugative type IV secretion
ystem, and that are also upregulated. This may suggest that the
ilA ( fms21 ) cluster could be part of this type IV conjugation ap-
aratus. Although it has been thought that conjugation machines

n Gr am-positiv e species seem to differ from their Gr am-negativ e
pecies counterparts by lacking conjugative pili (Grohmann et al.
018 ), it has also been shown that Ebp pili are implicated in in-
eraction with neighboring cells to facilitate lateral gene transfer
y conjugation (La Rosa et al. 2016 ). Whether the pilA ( fms21 ) is in-
eed part of a conjugation a ppar atus in E. f aecium r emains to be

nvestigated. 
Expression of surface adhesins in Gr am-positiv e bacteria is

ightl y contr olled (Kr eik eme yer et al. 2011 ). It has been shown be-
ore that PilA (Fms21) pili were expressed only when cells were
rown on solid media suggesting contact-dependent pilus forma-
ion (Hendrickx et al. 2008 ). Also, for other Gram-positive bacte-
ia growth condition and growth phase-dependent expression of
ili has been reported (Kreik eme yer et al. 2011 ). In E. faecalis , ex-
ression of the Ebp pilus encoding locus is enhanced by the pres-
nce of bicarbonate, which might be especially relevant for the
xperimental setup detailed in our study as in the distal colon
here is a net secretion of bicarbonate implicated in mucin expul-
ion from the crypt into the colonic lumen (Bourgogne et al. 2010 ,
irchenough et al. 2015 ). Still, detailed knowledge about environ-
ental signals triggering E. faecium pilus expression is incomplete.

ike pili expression, also the expression of conjugative type IV
ecretion systems in Gram-positive bacteria is tightly controlled.
n general, the conjugation apparatus is not expressed until the
ystem is induced by signaling molecules from the environment
Kohler et al. 2019 ). These signal molecules include small peptides
hat signal as a function of cell density, a process called quorum
ensing. Sex pher omone-r esponsiv e plasmids, whic h ar e found in
oth E. faecalis and E . faecium strains and are amongst the best-
tudied conjugative plasmids regulated by quorum sensing (Magi
t al. 2003 , Goessweiner-Mohr et al. 2013 , Kohler et al. 2019 , Pena
t al. 2019 ). Accumulation of E. faecium at the surface of colonic
pithelium ma y ha v e trigger ed the expr ession of both pili and the
onjugation a ppar atus. If so, this would impl y that conjugational
ene exchange is enhanced at the surface of the intestinal ep-
thelial cell lining in the gut, similarly as the finding of increased
onjugativ e tr ansfer in biofilms (K ell y et al. 2009 ). 

Another set of genes located on plasmid_2 and upregulated
n the presence of colon organoids encode a phosphoenolpyru-
 ate: carbohydr ate PTS sugar tr ansport system. Bacterial PTS cat-
lyzes the uptake and concomitant phosphorylation of various
arbohydr ates (Saier 2015 ). Expr ession of PTS systems is tightly
ontrolled so that genes encoding enzymes r equir ed for uptake
nd metabolism of the substrate are only expressed, in fact, dere-
r essed, when the substr ate is av ailable (Deutsc her et al. 2006 ).
he observation that expression of this PTS system is upregu-

ated (der epr essed) suggests that under these conditions the sub-
trate for the PTS is a vailable , likely pro vided by the cultured
r ganoids, wher eas this was not the case in the control condi-
ion. Recently, Huang et al. sho w ed also upr egulated PTS r elated
enes when endogenous infected E. faeciu m isolates were grown
n the presence of urine (Huang et al. 2023 ). Genes encoding puta-
iv e r egulators of the PTS located on plasmid_2 are the adjacent
oci 2975 (EQB38_RS16700), encoding a putative SIS (Sugar Iso-

erase) domain-containing proteins and 2974 (EQB38_RS16695),
entativ el y encoding a sigma 54-inter acting tr anscriptional r egu-
ator and possibly locus 2964 (EQB38_RS16630) encoding a puta-
iv e GntR famil y tr anscriptional r egulator (Yamamoto et al. 2001 ,
eutscher et al. 2006 ). KEGG pathways analysis also revealed
hanges in expression of several E. faecium genes implicated in
tarch and sugar metabolism. Specifically, genes implicated in the
 eduction of galactose, r affinose, and stac hy ose w ere do wnreg-
lated. In contrast, genes implicated in mannose and fructose
etabolism pathways were upregulated, increasing the conver-

ions of sorbitol to fructose-6P, and conversion of mannose into
annose-6P and fructose-1P into fructose-1,6P2. The uptake and

tilization of fructose , mannose , and amino sugars have been re-
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ported to be linked to E. faecium isolates belonging to the hospital 
clade (clade A1) and were shown to play an important role in col- 
onization of the intestinal tract of mice, following antibiotic treat- 
ment (Lebreton et al. 2013 , Zhang et al. 2013 ). The increased uti- 
lization of sorbitol and glycogen suggests sources of these com- 
pounds in our model. The main known source of glycogen in our 
model comes from mucus secretion, mainly MUC2, though E. fae- 
cium is not known as a m ucus degr ader (Bansil and Turner 2018 ).
Maltose and sorbitol ar e furthermor e examples of nutrients that 
are utilized by specialist bacteria in the colon (Deibel et al. 1963 , Le 
Breton et al. 2005 , Sarmiento-Rubiano et al. 2007 ). Together, these 
metabolic changes suggest that they r epr esent important func- 
tions during intestinal colonization. 

In addition, plasmid_2 genes encoding an ABC transporter im- 
plicated in the uptake of ions , sugars , amino acids , and other sub- 
str ates wer e upr egulated. Genes encoding an ABC tr ansporter in- 
volved in maltodextrin metabolism wer e r eported to be str ongl y 
expressed during mouse intraperitoneal infection with E. faecalis ,
suggesting that this ABC transporter might be important for E.
faecalis virulence (Muller et al. 2015 ). This is corr obor ated by the 
observ ation that inactiv ation of this ABC tr ansporter in E. f aecalis 
r educed enter ococcal colonization (Sauv a geot et al. 2017 ). Alter- 
nativ el y, ABC exporters mediate efflux toxins and antimicrobial 
agents , thus ma y contribute to antibiotic resistance (Da vidson and 

Chen 2004 ). 
Finall y, a putativ e TIR domain-containing pr otein was up- 

r egulated. Bacterial TIR-domain-containing pr oteins structur all y 
mimic host domains, which are crucial for pr otein–pr otein inter- 
action in the TLR signaling cascade (Newman et al. 2006 , Chan et 
al. 2009 ). Ther efor e, TIR pr oteins hav e been implicated in immune 
e v asion. In E. f aecalis , the TIR-domain-containing pr otein TcpF at- 
tenuates MyD88-mediated signaling and promotes bacterial sur- 
vival within macrophages (Kraemer et al. 2014 ). In E. faecium , it has 
been reported that TIR-domain-containing proteins promote bac- 
terial pr olifer ation in human blood, indicating that TirE may con- 
tribute to E. faecium pathogenesis (Wagner et al. 2018 ). Why this 
locus is upregulated in this experimental setup is yet unknown 

and remains to be investigated. 
In addition to the changes in the expression on genes present 

in plasmid_2, we also observ ed c hanges in gene expression of pos- 
sible other virulence factors, such as pr oteases. Specificall y, we 
observ ed upr egulation of sspP , a putativ e sta phopain peptidases 
C47, encoded on E8202 plasmid_6. Studied peptidases from the 
C47 family include staphopain A in staphylococci. In Staphylococ- 
cus aureus Staphopain A is a k e y mediator of S. aureus virulence 
and plays a putativ e r ole in the destruction of connective tissue,
the inhibition of host imm une r esponse, and the modulation of 
biofilm integrity (Laarman et al. 2012 , Kolar et al. 2013 ). It is cur- 
r entl y unknown the role of sspP in enterococci. In contrast, expres- 
sion of clpP and clpX , both ATP-dependent proteases, w as do wn- 
regulated (Roy et al. 2019 ). clpP and clpX are important in bacterial 
gr owth and ar e part of the cellular protein quality control sys- 
tems by refolding or degrading damaged proteins (Moreno-Cinos 
et al. 2019 ). Upregulation of clpP was observed in E. faecalis as a 
result of cell stress and resulted in the downregulation of pyrim- 
idine metabolism genes p yrE , p yrC , and p yrF (Zheng et al. 2020 ).
In concordance with this finding, downregulation of clpP in E. fae- 
cium E8202 co-occurred with upregulation of genes implicated in 

pyrimidine metabolism upon co-culturing with colonic epithe- 
lium, including pyrimidine metabolism genes pyrE and pyrC . In 

addition, genes pyrB and pyrR wer e upr egulated in our study, as 
well as purine metabolism genes purC , purD , purF , purH , purL , purM ,
purN , purQ , and purS . Lim et al. compar ed gene expr ession during 
iofilm-formation with gene expression of cells in the planktonic 
hase using a vanA-type E. faecium strain (Lim et al. 2017 ). Al-
hough they observed a downregulation of clp protease in biofilm
ells r elativ e to planktonic cells, they did not r eport c hanges in
he expression of pyrimidine metabolism genes. In S. aureus , the
urine biosynthesis gene purF has been shown to regulate cell
rowth, biofilm formation and to play a k e y role in persistent
ethicillin-resistant S. aureus bacteraemia (Li et al. 2018 , 2021 ). It

emains to be investigated if purF could play a role in biofilm for-
ation in enterococci as well and if this gene is also implicated

n regulation of expression of pilli genes. It is intriguing that some
imilarities seem to exist in the tr anscriptional pr ofile observ ed in
. f aecium when co-cultur ed with human colonic epithelium and
hen grown in biofilms. 
KEGG pathway anal ysis r e v ealed a major shift in gene expres-

ion leading to a r econfigur ation in metabolic pathways for energy
upply. Since most of the easily accessible nutrients and carbon
ources are absorbed in the small intestines, the microbiota of the
olon is commonly composed of bacteria designed to salv a ge en-
rgy and nutrients from alternative sources. Some of these have
 volv ed to salv a ge amino acids , purines , and pyrimidines as pri-
ary sources of carbon, nitrogen, and energy, similar to the re-

ponse of E. faecium in our study (Sriv astav a et al. 2011 , Hartwich
t al. 2012 , Dai et al. 2015 , Wang et al. 2020 ). Colonocytes are able
o metabolize glutamine into glutamate , aspartate , alanine , and
actate, potentially explaining why these amino acids are avail- 
ble for E. faecium (Dar c y-Vrillon et al. 1993 , Blachier et al. 2009 ). It
s unclear if E. faecium competes for amino acids with the colono-
ytes in our model, or if E. faecium contributes to conversion path-
a ys , for instance , by the generation of arginine. Lim et al. ob-

erv ed a downr egulation of the ar ginine deiminase system ( arcA ,
r cB , r c ) in biofilm forming vanA-type vancomycin resistant E . fae-
ium when compared to E . faecium grown in the planktonic phase
Lim et al. 2017 ). This is in contrast with our findings and also with
heir own expectations . T hey describe that an increase in arginine
xpression is expected during biofilm development, since it is an
lternativ e ener gy source when sugars are depleted. While sal-
 a ge pathways like those of amino acids can gener all y r esult in
he production of beneficial short chain fatty acids, they are also
nown to cr eate by-pr oducts that act as toxins to host cells, like
ndoles , phenols , and amines (Potrykus et al. 2008 ). The increased
eduction of glutamine by E. faecium may result in the produc-
ion toxic ammonia. Accumulation of ammonia is known to dis-
upt tight junctions of host cells and seems a possible way for
athogens to disrupt the barrier function of the intestines (Yokoo 
t al. 2021 ). Disruption of tight junctions in the pr esence of E. f ae-
ium was also pr e vious observ ed by Hendric kx et al. in the mouse
ut colonization in vivo model (Hendrickx et al. 2015 ). Ho w ever, in
ur study, we also observed that during E. faecium and colonic ep-
thelium co-culturing the arginine synthesis pathway of E. faecium 

s upr egulated, whic h, thr ough the activ ation of the urea cycle,
ould result in the reduction of ammonia. Whether or not am-
onia is accumulated during E. faecium and colonic epithelium 

o-culturing is unknown and remains to be investigated. 
Finall y, we observ ed a downr egulation of v ancomycin r esis-

ance genes encoded by E8202 plasmid_3 ( v anH , v anA , v anX ) and
n lesser degree of vanS , upon co-culture with colonic epithelium.
he vanS gene is a sensor histidine kinase that can detect van-
omycin and forms a two-component system together with vanR .
he vanR gene encodes the response regulator that regulates the
xpression of the vanH , vanA , and vanX vancomycin resistance
enes (Arthur et al. 1997 ). The exact mechanism by which vanS
etects vancomycin is still unknown. It is speculated that van-
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omycin is detected dir ectl y or that downstream effect of van-
om ycin acti vity, suc h as the accum ulation of lipid II, is being
ensed (Guffey and Loll 2021 ). In our experiments, culture me-
ia was not supplemented with v ancomycin, and v ancomycin can
her efor e not be responsible for changes in the expression of van-
omycin resistance genes. One possibility is that membrane stress
s responsible for the observed changes in expression. If this were
he case, this would mean that E . f aecium gr own in the control
ondition should endure more membrane stress than the condi-
ion with colonic epithelium, resulting in the observed downreg-
lation of vancomycin resistance genes during co-culturing. Al-
hough the exact signals that control the expression of the vanA
peron in this study are not known, this is, to our knowledge, the
rst time that it is shown that upon interaction with human host
ells r epr esentativ e of the human gut epithelium expression of
 ancomycin r esistance genes is not induced in E. f aecium . It is yet
nknown if non-induction or downregulation of vancomycin re-
istance genes functions as a way to pr eserv e ener gy or if it has
dditional functions . Moreo ver, non-induction or downregulation
f the v anA oper on could be part of lar ger structur al c hanges
n the cell wall, whic h potentiall y affects host–pathogen interac-
ion (Chang et al. 2018 ). Together, these results suggest that the
 anA-type v ancomycin r esistant E. f aecium str ain E8202 used in
his study, remains susceptible to vancomycin upon colonization
n colonic epithelium. Future studies in which media are supple-
ented with vancomycin, might reveal vanA gene operon driven

hanges in host–pathogen interaction. 
The 188 833 bp large conjugative E8202 plasmid 2 that encoded

ver a quarter of the genes that wer e upr egulated when E. f ae-
ium E8202 was co-cultured with human colonic epithelial cells
as highl y conserv ed among E. f aecium . Ov er 80% of these upreg-
lated genes were found to be contained on 14 similar large con-

ugativ e E. f aecium plasmids and these plasmids wer e also con-
ained in E. faecium strains belonging to the hospital subpopula-
ion clade A1. This suggests that these types of large conjuga-
ive plasmids may contribute to gut colonization and pr olifer a-
ion of E. faecium in hospitalized patients, thus to the ecological
uccess of this subpopulation in the hospital en vironment. T his is
n line with the pr e vious observ ation that particularly plasmid se-
uences (the plasmidome) contribute to nic he ada ptation, includ-

ng hospitals (Arredondo-Alonso et al. 2020 ). In contrast, E8202
lasmid_3 on which the downregulated vanA operon is located

s less conserved among E. faecium or other Enterococus species, in-
icating that this plasmid seems to be more modular. The obser-
ation that the vanA operon on E8202 plasmid_3 was surrounded
y insertion sequences and recombinase encoding genes ( Fig. S6b )
uggests that this operon can frequently be transferred between
lasmids. Linkage of the vanA operon to a diverse range of plas-
ids with a high degree of mosaicism has also been reported be-

or e, and pr oposed to importantl y contribute local ada ptation of
. faecium clones (Rosvoll et al. 2010 , Wardal et al. 2017 ). 

To conclude, RNA sequencing of a confluent monolayer of hu-
an colonic epithelium co-cultured with vancomycin resistant

. f aecium r e v ealed an elabor ate and div erse bacterial r esponse.
hen exposed to the colonic epithelium, colonization of E . fae-

ium seems to be facilitated by pili expression and downregulation
f vancomycin resistance operon, while metabolism switched to
mino acid scavenging and reduction. In addition, upregulation
f conjugative type IV secretion system and various plasmid host
ange , maintenance , and replication systems suggest increased
lasmid dissemination in E. faecium upon interaction with human
olonic epithelium, which can contribute to the increased relative
bundance and intestinal outgrowth of clade A1 E. faecium in hos-
italized patients. Future studies involving additional E. faecium
trains and isogenic mutants are required to confirm the results
btained here and to mechanistically study the role of the iden-
ified cell responses in host–pathogen interaction. Increasing the
nowledge on the mechanisms implicated in E. faecium–host in-
eraction may help to design novel anti-infectivity strategies. 
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upplementary data is available at FEMSMC Journal online. 
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