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Abstract 

Biofilm formation is a critical step in the pathogenesis of difficult-to-treat Gram-positive bacterial infections. We identified that YajC, 
a conserved membrane protein in bacteria, plays a role in biofilm formation of the clinicall y r elev ant Enterococcus faecium strain E1162. 
Deletion of yajC conferred significantly impaired biofilm formation in vitro and was attenuated in a rat endocarditis model. Mass 
spectr ometr y anal ysis of supernatants of w ashed �yajC cells r ev ealed incr eased amounts in cytoplasmic and cell-surface-located 

pr oteins, including biofilm-associated pr oteins, suggesting that proteins on the surface of the yajC m utant ar e onl y loosel y attached. In 

Streptococcus mutans YajC has been identified in complex with proteins of two cotranslational membrane protein-insertion pathways; 
the signal recognition particle (SRP)-SecYEG-YajC-YidC1 and the SRP-YajC-YidC2 pathway, but its function is unknown. In S. mutans 
mutation of yidC1 and yidC2 resulted in impaired protein insertion in the cell membrane and secretion in the supernatant. The E. 
faecium genome contains all homologous genes encoding for the cotranslational membrane pr otein-insertion pathw ays. By combining 
the studies in S. mutans and E. f aecium , w e propose that YajC is involved in the stabilization of the SRP-SecYEG-YajC-YidC1 and SRP- 
YajC-Yid2 pathway or plays a role in retaining proteins for proper docking to the YidC insertases for translocation in and over the 
membr ane . 

Ke yw or ds: YajC; Biofilm; r at endocarditis model; Enter ococcus f aecium ; cotr anslational membr ane pr otein insertion pathw ay; Strepto- 
coccus mutans 
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Introduction 

Enterococci, gut commensals in a wide variety of hosts , ha ve 
emerged as one of the major nosocomial multidrug resistant 
pathogens, ranking among the top three causes of bloodstream,
surgical site, and urinary tract infections (Hidron et al. 2008 ). Ente- 
rococcus faecium , together with Enterococcus faecalis , are responsible 
for a sizable fraction of difficult-to-treat infections, mostly due to 
their ability to form biofilms (Donlan and Costerton 2002 ) and an- 
tibiotic resistance, with the latter most apparent in E. faecium with 

incr easing r ates of ampicillin and v ancomycin r esistance (Rice 
2001 , Miller et al. 2020 ). A biofilm is a complex microbial com- 
munity that is protected by an extracellular matrix and that can 

de v elop fr om a unicellular planktonic lifestyle (O’Toole et al. 2000 ,
Costerton 2001 , Abee et al. 2011 ). The transition from planktonic 
to the sessile state is triggered by environmental signals and it 
can be an important adaptation for survival of microorganisms 
(Chmielewski and Frank 2003 ). The clinical relevance of biofilms 
is related to difficult-to-treat infections, in particular those asso- 
ciated with medical implants and endovascular foreign bodies. 
Recei v ed 29 J an uar y 2024; revised 25 April 2024; accepted 17 May 2024 
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Commons Attribution-NonCommercial License ( https://cr eati v ecommons.org/licen
r e pr oduction in any medium, provided the original work is properly cited. For com
e v er al mec hanisms, including r elease of extr acellular DNA, pr o-
eins, and pol ysacc harides contribute to biofilm formation and
tability (Abee et al. 2011 , P a ganelli et al. 2012 , 2015 , 2016 ). Al-
hough these components are conserved in bacterial species, the 

olecular pathways leading to release of these factors seem to
e mostly species specific. So far, the identified mechanisms in-
olved in biofilm formation in E. faecium are related to autolysis
nd surfaces proteins (Heikens et al. 2007 , Hendrickx et al. 2007 ,
008 , Nalla par ed d y et al. 2011 , P a ganelli et al. 2013 , Top et al. 2013 ,
015 ). T he disco v ery of ne w mec hanisms of biofilm formation can
id in de v elopment of new drugs to treat these infections. 

In this study, we adapted an unbiased technique called 

icr oarr ay-based tr ansposon ma pping (M-Tr aM) (Zhang et al.
012 ) to perform a genome-wide screening for determinants in-
olved in biofilm formation in E. f aecium . This scr eening identified
ajC , encoding a membrane protein, as a critical determinant of
iofilm formation in E. faecium . Using a targeted mutagenesis ap-
r oac h in E. f aecium , we demonstr ate that YajC, pr edicted to be
art of two differ ent putativ e cotr anslational membr ane pr otein
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nsertion pathwa ys , pla ys a r ole in biofilm formation by r etaining
ytoplasmic and cell surface located proteins at the surface. 

aterials and methods 

acterial strains, plasmids, growth conditions, 
nd determination of growth curves 

nterococcus faecium and E. coli strains used in this study are
isted in Table S1 . The ampicillin-resistant clinical E. faecium iso-
ate E1162, for which a genome sequence is available (accession
umber ABQJ00000000, https:// www.ncbi.nlm.nih.gov/ assembly/ 
CF _ 000172675.1 ) was used throughout this study (van Schaik
t al. 2010 ). Enterococcus faecium were grown in brain–heart infu-
ion medium (BHI) at 37 ◦C. For biofilm assa ys , tryptic soy broth
TSB) supplemented with 1% glucose (TSBg) was used (Top et al.
013 ). Esc heric hia coli DH5 α and EC1000 (Leenhouts et al. 1996 )
er e gr own in Luria–Bertani medium. Where necessary, antibi-
tics (Sigma–Aldrich, Saint Louis, MO) were used at the following
oncentrations: gentamicin 300 μg/ml ( E. faecium ) and 25 μg/ml ( E.
oli ), spectinomycin 300 μg/ml ( E. faecium ) and 100 μg/ml ( E. coli ),
nd ampicillin 100 μg/ml ( E. coli ). Determination of growth curves
as performed as described pr e viousl y (Zhang et al. 2012 ) using a
ioScreen C instrument (Oy Growth Curves AB). 

dentification of genes involved in biofilm 

ormation in E. faecium by mapping of 
ransposon insertion sites 

e used the high throughput technique M-TraM for a genome-
ide screening (Zhang et al. 2012 ) to identify genes involved in
iofilm formation in E. faecium and follo w ed a similar a ppr oac h
s performed pr e viousl y by Amini et al. ( 2009 ). We gr e w a trans-
oson library constructed in the E1162 strain (Zhang et al. 2012 )

n 20 ml BHI with gentamicin (100 μg/ml) for 24 h. A volume of
0 μl of overnight culture was transferred to a glass slide coated
ith pol y- l -l ysine that w as placed in a glass P etri dish (14 cm) with
0 ml TSBg. Biofilm were allowed to grow on the glass slide for 24 h
t 37ºC and at 120 rpm. After 24 h growth, 20 μl of the planktonic
hase was tr ansferr ed to a new poly- l -lysine coated glass slide
nd again biofilms were allo w ed to gro w for 24 h. By repeating this
hr ee times, m utants pr esent in the libr ary that wer e deficient for
iofilm formation were enriched. After four passages, 1 ml from
he planktonic phase was collected and total genomic DNA from
he enric hed libr ary and that of the original library was isolated
nd hybridized to an E. faecium E1162 microarray to assess the
 elativ e abundance of clones enriched in comparison to the en-
ir e libr ary ( Fig. S1 ) (Zhang et al. 2012 ). Micr oarr ay data gener ated
n this study have been deposited in the Arr ayExpr ess database
 http:// www.ebi.ac.uk/ arr ayexpr ess ) under accession number E-

TAB-4524. 

ener a tion of a yajC markerless deletion mutant 
nd in trans complementation 

e generated a markerless mutant in the yajC gene in E. faecium
sing a pr e viousl y described a ppr oac h (Zhang et al. 2012 ). For
he amplification of the flanking regions of yajC , we used primers
 ajCup-F-XhoI, y ajCup-R-EcoRI, y ajCdn-F-EcoRI, and y ajCdn-R-
hoI ( Table S2 ). Generation of the deletion mutant was con-
rmed by PCR using the yajC c hec k-up and c hec k-down primers
 Table S2 ). 

A plasmid for the in trans complementation of the �yajC
 as constructed b y amplification of the yajC gene using the
 ajCpEF25-F-BamHI and y ajCpEF25-R-HindIII primers listed in
able S2 as described by pr e viousl y (Top et al. 2013 ). 

iofilm semistatic model and confocal laser 
canning microscopy 

 biofilm semistatic model was performed as pr e viousl y described
P a ganelli et al. 2013 ). In brief, overnight bacterial cultures were
iluted to an OD 660 of 0.01 in 6 ml TSBg and added to a cover-
lip coated with pol y- l -l ysine (0.45 μm; diameter, 12 mm; Becton
ickinson) inside a well from a six-well polystyrene plate (Corn-

ng Inc.). Biofilms were grown at 37 ◦C for 24 h at 120 rpm. After
4 h, the coverslips were washed once with 0.85% NaCl, and the
iofilms wer e c hemicall y fixed in 8% glutar aldehyde (Merc k) for
0 min and washed again with 0.85% NaCl. The biofilms were
tained with 15 μg/ml propidium iodide (PI) in 0.85% NaCl for
5 min. Pictures were analyzed with LAS AF software (Leica) and
iofilm was quantified using Comstat (Heydorn et al. 2000 ). Mat-
ab R2010b software (The MathWorks). The av er a ge thic kness and
iomass of the biofilms was measured at five randomly chosen
ositions. Statistical analysis of the data was performed using a
wo-tailed Student’s t -test. 

low cell biofilm model 
ynamic biofilms were studied in a Stovall flow cell system (Life
cience, Inc., Gr eensbor o, N.C.) as described pr e viousl y (P a ganelli
t al. 2013 ). In brief, 24 h TSB cultures were diluted until an OD 660

f 0.01 and inoculated in the chambers. Biofilms w ere gro wn in
SB diluted in PBS [1:10 (v/v)] with 1% glucose under a flow of
.13 ml/min during 17 h. Biofilm de v elopment was scanned at
 egular interv als of 7 min (40x objectiv e) with a DFC360 FX dig-
tal camera kit SP5 (Leica). After 17 h, the flo w w as increased to
.5 ml/min to wash a wa y loose cells . Final biofilms were stained
ith live/dead stain (BAC light kit; Invitr ogen). Ima ges wer e ac-
uired using a confocal microscope (Leica SP5). 

nitial polystyrene adherence assay 

he initial adherence assay was performed in triplicate, as de-
cribed pr e viousl y with minor modifications (Heikens et al. 2007 ,
 a ganelli et al. 2013 ). Ov ernight cultur es in TSBg of E. f aecium
tr ains wer e either washed two times with PBS, or not, and washed
ells were resuspended again in the same volume. Next, 100 μl of
acterial suspension was added in triplicate to the pol ystyr ene
late and incubated at 37ºC for 2 h. Bacteria were stained with
.2% crystal violet and eluted with 96% ethanol. Statistical analy-
is of the data was performed using a two-tailed Student’s t -test. 

nalysis of the supernatant proteome of E1162 

ild-type and the �yajC 

o determine the proteome of the supernatant of washed E1162
ild-type and �yajC , 4 ml of TSBg ov ernight gr o wn cells w ere
ashed 1x with 1 ml phosphate-buffered saline (PBS), resus-
ended in 1 ml PBS and incubated for 1 h at 4ºC while gently shak-

ng. After incubation, cells were centrifuged for 5 min at 13 000 ×
 . Supernatant was collected for total protein analysis and con-
entrated with a 10 k filter (Amicon Ultra—Merck Millipore). To-
al protein was loaded on a 12.5% SDS-PAGE gel, which was run
or 5 min. After Colloidal Blue staining, gel slices were cut to
nclude all proteins and in gel digestion pr ocedur e was started
s described before (Ince et al. 2010 ). Proteins were identified by
ano liquid c hr omatogr a phy MS/MS (Lu et al. 2011 ). MS/MS data
er e anal yzed with MaxQuant (Cox et al. 2009 ) using a specific
. faecium E1162 database downloaded from the Uniprot website)

https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae017#supplementary-data
https://www.ncbi.nlm.nih.gov/assembly/GCF_000172675.1
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae017#supplementary-data
http://www.ebi.ac.uk/arrayexpress
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae017#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae017#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae017#supplementary-data
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together with a contaminant database and filtered with Perseus 
as described before (Smaczniak et al. 2012 ). 

GAPDH, ATP synthase, and Tu localization 

GAPDH, ATP synthase, and Tu localization in E. faecium was per- 
formed on TSBg overnight cultures washed with PBS. Washed 

bacteria (10 μl) were placed on a cover slip coated with poly- l - 
lysine and dried at 55ºC for 20 min. Cells were washed with 3 ml 
Hanks’ balanced salt solution (HBSS) (Sigma–Aldrich), fixed with 

3% paraformaldehyde for 15 min and washed again with HBSS.
Cells were incubated with antirecombinant GAPDH monoclonal 
antibody (Thermo Fisher Scientific) , anti-Complex V alpha sub- 
unit (or ATP synthase) monoclonal antibody (Thermo Fisher Sci- 
entific) and antirecombinant Tu (or elongation factor Tu) poly- 
clonal antibody (Thermo Fisher Scientific) (1:200 in HBSS with 1% 

BSA) for 1 h on ice and subsequently washed with PBS. A sec- 
ondary IgG antibody Alexa Fluor 488 goat antirabbit or antimouse 
(Life Technology) (1:500 in HBSS with 1%BSA) was added and in- 
cubated for an additional 1 h on ice to detect binding to first anti- 
bodies for E. faecium . Cells w ere w ashed once more and incubated 

with 5 μg/ml FM 5–95 dye (Invitrogen) for 2 min on ice. Fluores- 
cence was analyzed in the confocal microscope (Leica SP5). Alexa 
488 and FM 5–95 were excited at 488 nm. As a control, bacteria 
wer e tr eated as described abov e, but omitting the first antibodies.
The amount of proteins present in the cell surface was calculated 

in Ima geJ (Sc hneider et al. 2012 ) by the ratio between gr een (pr o- 
tein of interested) and red signal (number of bacteria). 

SDS-PAGE and western blot 
Pr otein samples wer e equall y mixed with sample buffer (100 mM 

Tris-HCl, 5% dithiothreitol, 2% SDS, 0.004% bromophenol blue, 
and 20% gl ycer ol) and boiled for 5 min. Western blotting was car- 
ried out as described pr e viousl y (Hendric kx et al. 2007 ). Pr oteins 
were visualized using the ECL Plus western blotting detection sys- 
tem (GE Healthcare, Diegem, Belgium) and ImageQuant LAS 4000 
biomolecular imager GE Healthcare. 

Rat endocarditis model 
To assess the role of YajC in infective endocar ditis, tw o groups 
of five female Wistar rats (Charles River Laboratories Germany 
GmbH) were infected with E. faecium E1162 wild-type strain and 

with the �yajC , r espectiv el y, as described pr e viousl y (Haller et al.
2014 ). Valv e v egetations of one r at per gr oup (one inoculated with 

wild-type and one inoculated with the �yajC ) were fixed in 4% for- 
malin and further analyzed by microscopy. Fixed samples were 
processed for scanning transmission electron microscopy as de- 
scribed pr e viousl y (Wang et al. 2013 ). Samples were mounted onto 
specimen mounts and coated with 80% Pt–20% Pd to 10 nm using 
a Cressington 208HR sputter coater at 20 mA prior to examina- 
tion with a Phenom World tabletop scanning electron microscope 
(SEM). The SEM was operated with an acceleration voltage of 5 kV.
After weighting of the v alv e v egetations of the four r emaining r ats 
fr om eac h gr oup, 500 μl TSB was added per sample and the vegeta- 
tions were homogenized on ice using a tissue homogenizer. Serial 
dilutions of the samples were made in TSB and plated. Quanti- 
tative assessment was performed by weighing of the vegetations 
as well as culturing serial dilutions on agar plates incubated over 
night at 37 ◦C (Haller et al. 2014 ). 

Mouse colonization model 
Intestinal colonization by wild-type E1162 and �yajC was tested 

as pr e viousl y described (Zhang et al. 2012 , Top et al. 2013 ). In brief,
pecific pathogen free 10-week-old male Balb/c mice (16 mice in
otal) w ere pur chased from Charles River Laboratories Inc. (Maas-
richt, the Netherlands) and housed as described pr e viousl y. A
otal of 2 days before inoculation of bacteria, mice were admin-
stered subcutaneous injections of ceftriaxone (Roche, Woerden,
he Netherlands; 100 μl per injection, 12 mg/ml) two times daily
nd one time at the day of inoculation. For the remaining dura-
ion of the experiment, cefoxitin (0.125 g/l) was added to sterile
rinking water. The inoculum of 2 × 10 9 CFU/300 μl Todd Hewitt
roth E1162 or �yajC was prepared as described previously (Zhang
t al. 2012 , Top et al. 2013 ). Collection of samples and determina-
ion of bacterial outgrowth was performed as pr e viousl y described
Zhang et al. 2012 , Top et al. 2013 ). 

thics statement 
he rat endocarditis experiment was performed with permission 

f the regional administrative authority Freiburg (animal wel- 
are committee of the University of Freiburg; Regierungspräsid- 
um Fr eibur g Az 35/9185.81/G-07/72) and in accordance with the
erman animal protection law (TierSchG). The rats were handled 

n accordance with good animal practice as defined by FELASA
nd the national animal welfare body GV-SOLAS. 

The mouse colonization study was a ppr ov ed by the Animal
thics Committee Utr ec ht and the Animal Welfare Body Utrecht
s part of a pr oject, whic h was licensed by the Central Author-
ty for Scientific Pr ocedur es on Animals (CCD) (license number:
VD115002016568). 

esults 

dentification of genes involved in biofilm 

ormation in E. faecium by M-TraM 

e applied the M-TraM (Zhang et al. 2012 ) approach to identify
ew genes potentially involved in E. faecium biofilm formation.
her efor e, we enric hed a tr ansposon libr ary constructed in the
linical E. f aecium str ain E1162 (v an Sc haik et al. 2010 ) for m utants
eficient in biofilm formation in a semistatic biofilm model. Af-
er eac h r ound of enric hment, the planktonic fr action of the li-
rary was passed onto a new glass slide coated with pol y- l -l ysine
 Fig. S1 ). After four passages the amount of biofilm formation was
nl y a fr action of the initial cultur e, indicating a consider able en-
ichment of biofilm defective mutants in the planktonic phase 
f the fourth passage . T he genetic content of the library in the
lanktonic phase after the fourth passage was compared to the
otal transposon library grown in BHI broth using DNA microar- 
a ys . T his revealed that the relative abundance of transposon in-
ertions in 16 genes was significantly increased after enrichment 
or biofilm deficiency and as a result, these genes were considered
o be putativ el y involv ed in biofilm formation in E. faecium (Ta-
le 1 ). The transposon insertion mutant that was the most ( > 70-
old) enriched, contained a transposon insertion in the gene with
ocus tag EfmE1162_0936, designated y ajC . T herefore , the focus of
his study was the c har acterization of yajC and its role in biofilm
ormation. 

ajC plays a role in biofilm formation in vitro 

 he y ajC gene is part of the core genome of Gr am-positiv e and
r am-negativ e bacteria and is predicted to encode a protein
ontaining an N-terminal tr ansmembr ane domain and cytoso- 
ic C-terminus ( Fig. S2 ) (Hallgren et al. 2022 ). In Streptococcus
utans , YajC has been described to be part of two putative

otr anslational membr ane pr otein insertion pathwa ys , the signal

https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae017#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae017#supplementary-data


4 | FEMS Microbes , 2024, Vol. 5 

Table 1. Top genes putativ el y involv ed in biofilm formation in E. faecium according to M-TraM analysis. 

Locus Tag a Annotation Fold-change b 

EfmE1162_0936 Pr epr otein tr anslocase subunit YajC 71 .51 
EfmE1162_0935 Queuine tRNA-ribosyltr ansfer ase 46 .89 
EfmE1162_1879 ABC transporter , A TP-binding protein 13 .65 
EfmE1162_1566 ABC transporter, permease protein 10 .67 
EfmE1162_1563 Cytidine deaminase 8 .63 
EfmE1162_1028 Phosphate ABC transporter, phosphate-binding protein 7 .99 
EfmE1162_1562 Deoxyribose-phosphate aldolase 6 .79 
EfmE1162_2142 Nitr ate tr ansport ATP-binding pr otein NrtD 6 .69 
EfmE1162_0665 PTS system, fructose-specific family, IIABC components 6 .01 
EfmE1162_2009 Cation diffusion facilitator family transporter 5 .73 
EfmE1162_1550 Putativ e phosphoglucom utase 5 .62 
EfmE1162_1564 Basic membrane protein family 5 .55 
EfmE1162_1567 ABC transporter, permease protein 5 .38 
EfmE1162_1365 ComG operon protein 1 5 .26 
EfmE1162_1565 Ribose import ATP-binding protein RbsA 4 .85 
EfmE1162_0666 1-phosphofructokinase 4 .49 

a Locus tag of the genes containing the transposon insertion. 
b Fold-c hange deriv ed fr om the r atio of the unselected contr ol libr ary to the biofilm deficient enric hed libr ary. 
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ecognition particle (SRP)-SecYEG-YajC-YidC1 and the SRP-YajC-
idC2 pathway (Lara Vasquez et al. 2021 ). Genome analysis of E.
 aecium E1162 (v an Sc haik et al. 2010 ) r e v ealed the pr esence of all
enes encoding the proteins involved in the proposed pathways
n S. mutans , suggesting that similar pathways exist in E. faecium
 Table S3 ). Ho w e v er, although tr ansposon insertions wer e identi-
ed in these genes, none a ppear ed differ ential abundant in the
-TRAM experiment (data not shown). To confirm that YajC con-

ributes to biofilm formation in E. faecium , we constructed a mark-
rless deletion mutant ( �yajC ) and complemented this deletion in
rans by introducing a complete copy of yajC on the vector pEF25
Top et al. 2013 ) in �y ajC ( �y ajC + y ajC ). Biofilm formation of the
ild-type , �y ajC and the complemented strain ( �y ajC + y ajC ) was

ested in two biofilm models, a semistatic model and a flow cell
odel. In the semistatic model, a significant decrease in biofilm

iomass and thickness was observed in �yajC when compared to
he wild-type strain and this deficiency could be complemented
n �y ajC + y ajC , confirming the M-Tr aM r esults (Fig. 1 A). In the
ow cell model, biofilm formation of �yajC was also attenuated

Fig. 1 B). Already after 4 h of growth, the biofilm coverage of the
lide was less compared to wild-type and �y ajC + y ajC , which was
 v en mor e pr onounced after 17 h. In ad dition, the li ve/dead stain
 e v ealed r educed numbers of dead (r ed) cells in �yajC , further
onfirming its biofilm deficient phenotype (Desai et al. 2019 ). 

As a control, we performed growth curves of the wild-type,
yajC and the complemented strain ( �yajC + yajC ) and did not ob-

erve clumps or aggregates nor differences in growth rate indicat-
ng that the observed deficiency in biofilm formation of �yajC is
ot due to growth defects ( Fig. S3 ). 

ajC plays a role in initial cell adherence 

iofilm formation is a complex pr ocess, r anging fr om attac hment
f single cells to dispersion from a mature structure, and different
enes specifically contribute to each phase of biofilm formation
O’Toole et al. 2000 , Chmielewski and Frank 2003 ). In order to iden-
ify whether YajC is involved in single cell adhesion, we performed
n initial adherence assay in a 96-well polystyrene plate. We ob-
erved a small reduction in attachment by the �yajC mutant com-
ared to wild-type when incubated dir ectl y fr om ov ernight cul-
ure (Fig. 2 ). Ho w ever, when cells w ere w ashed with PBS and then
ncubated in a 96-well plate, the difference in cell adhesion was
ignificantl y lar ger between wild-type and �y ajC (Fig. 2 ). T hese re-
ults suggested that the proteins involved in initial adherence are
oosel y attac hed to the cell surface in the �yajC m utant. 

eletion of yajC results in increased amounts of 
roteins in the supernatant of washed cells 

n S. mutans , deletion of the genes encoding for YidC1 or YidC2,
elonging to the family of membrane insertases and part of the
otr anslational membr ane pr otein insertion pathwa ys , resulted in
ncr eased pr otein secr etion (P almer et al. 2012 ). As YajC is in com-
lex with both proteins in S. mutans , we investigated whether a
imilar phenotype could be observed for �yajC in E. faecium . We
nal yzed the pr oteome of PBS supernatants of washed wild-type,
yajC and complemented strain SDS-PAGE. In the �yajC mutant,
or e pr oteins wer e detected in the supernatant when compared

o wild-type and complemented strain after washing the cells
ith PBS, suggesting loose pr otein attac hment to the cell mem-
rane (Fig. 3 A). Nano liquid chromatography MS/MS of all pro-
eins present in the supernatant of washed �yajC and the wild-
ype str ain r e v ealed 272 pr oteins, of whic h 152 pr oteins wer e onl y
resent in the �yajC supernatant ( Table S4 ). Of these proteins,
4% wer e pr edicted as intr acellular or cytoplasmic pr oteins (CPs)
nd 6% as tr ansmembr ane or extr acellular pr oteins including pr o-
eins implicated in biofilm formation as PilA (Fms21) and the PilB
Fms9/EbpA fm 

) tip protein ( Table S4 ) (Hendrickx et al. 2007 , Sillan-
ää et al. 2008 ). 

Western blot analysis of the supernatants using specific anti-
odies against two predicted CPs , i.e . glyceraldehyde-3-phophate
ehydrogenase (GAPDH), elongation factor Tu and a predicted
embr ane bound pr otein ATP synthase, r e v ealed that these pr o-

eins wer e pr esent in higher quantities in the washed super-
atant of �yajC compared to wild-type and complemented strain

Fig. 3 B). Next, we verified the presence of these proteins on the
urface of washed wild-type , �y ajC and complemented cells by
onfocal laser scanning microscopy (Fig. 3 C). This r e v ealed that
hese intracellular proteins were detected at the surface of the
ild-type and complemented strains but were less abundant on

he surface of �y ajC (Fig. 3 D). T his indicates that in these condi-
ions CPs are found attached to the surface of wild-type E. fae-
ium cells, but that in �yajC attachment of these proteins is al-
er ed r esulting in inadequate r etaining or ca ptur e at the bacterial

https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae017#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae017#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae017#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae017#supplementary-data
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Figur e 1. T he effect of targeted yajC mutation on semistatic and flow cell biofilm model. (A) Confocal imaging of biofilm formation of wild-type , �y ajC 
and �y ajC + y ajC in a semistatic biofilm model. Cells wer e gr own for 24 h on pol y- l -l ysine-coated glass slides, in TSBg, at 120 rpm, at 37ºC, c hemicall y 
fixed in 8% glutaraldehyde and stained with PI (red) (scale bars in A, 10 μm). The biomass and av er a ge thic kness of biofilms was measur ed at fiv e 
random positions of three biological replicates and analyzed with Comstat/Matlab software. Pictures were taken at 63x magnification with 2.5 optical 
zoom. Asterisks r epr esent significant differ ences ( ∗∗∗P < .001) with the wild-type str ain as determined by an unpair ed two-tailed Student’s t -test. (B) 
Biofilms of wild-type , �y ajC and �y ajC + y ajC in a flow cell biofilm model. Biofilms were grown for 17 h in a Stovall flow cell system, in 1:10 diluted TSB 
with 1% glucose (0.13 ml/min), at 37ºC. Pictures were taken at 40x magnification with 2.5 optical zoom. Cells were stained with syto 9 and PI after 17 h 
of growth (scale bars in bright filter picture and confocal images, 30 μm and 10 μm, r espectiv el y). 

Figur e 2. T he effect of targeted yajC mutation on initial adhesion. E1162 
wild-type , �y ajC and �y ajC + y ajC were cultured overnight, washed two 
times with PBS, or not, 100 μl of bacterial suspension was added in 
triplicate to a pol ystyr ene plate and incubated for 2 h at 37ºC without 
shaking. Cell attachment was measured by absorbance of crystal violet 
at 595 nm and repeated three times. Asterisks represent significant 
difference ( ∗∗∗P < .001) with the wild-type strain as determined by an 
unpaired two-tailed Student’s t -test. 
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surface, which is in line with the results showing higher abun- 
dance of GAPDH, Tu and ATP synthase in the supernatant of �yajC 

r elativ e to wild-type and complemented strain. 

The E. faecium �yajC mutant is a ttenua ted in a 

r a t endocarditis model, but not in a mouse 

colonization model 
Enterococci can cause endocarditis in humans and biofilm for- 
mation is thought to be an important step in the pathogenesis of 
this type of infection (P a ganelli et al. 2016 ). Ther efor e, we tested 
f YajC contributes to infective endocarditis in a rat endocarditis
odel by comparing number of bacteria in the vegetations on the

ortic v alv e formed by wild-type E. f aecium and the yajC m utant.
s observed in Fig. 4 (A) and (B), E. faecium vegetations on heart
 alv es formed by �yajC were on average half of the weight of those
ormed by the wild-type (5 mg in �yajC compared to 10 mg in the
ild-type) and contained a significant decreased number of bacte- 

ia compared to E. faecium wild-type. SEM of the heart revealed al-
er ed v egetations in r at infected with �yajC r elativ e to r at infected
ith the wild-type str ain, demonstr ating the in vivo r ele v ance of
ajC in E. faecium pathogenesis (Fig. 4 C and D). In contrast, we did
ot observe a significant difference in number of colony-forming 
nits (CFUs) from the ileum, cecum, colon, and faeces in a mouse
olonization model (Fig. 4 E and F). These latter results suggest
hat YajC is not essential for gastrointestinal colonization and 

hat the yajC mutation did not have a significant impact on cell
iability. 

iscussion 

espite E. faecium ranks as one of most prevalent nosocomial
athogens, our knowledge of factors that play a role in E. faecium
athogenesis is r elativ el y limited. Biofilm formation is consider ed
n important step in E. faecium pathogenesis of catheter or other
or eign body-r elated infections (P a ganelli et al. 2012 ). In this study,
e identified YajC as a new important player in biofilm formation
f E. faecium . We demonstrated that disruption of the yajC gene re-
ulted in impaired biofilm formation in vitro and in vivo pr obabl y
ue to altered protein membrane retainment of effector proteins 

ike pilin proteins, at the cell surface. 
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Figur e 3. T he effect of targeted yajC mutation on protein attachment. (A) Proteins present in the supernatant of wild-type , �y ajC and �y ajC + y ajC after 
wash with PBS pH 7 were separated through a 12.5% SDS page gel with Coomassie blue stain. (B) Presence of GAPDH, ATP synthase, and Tu in the 
supernatant of washed E. faecium E1162 wild-type , �y ajC and �y ajC + y ajC was analyzed by western blot using α-GAPDH, α-ATP synthase, or α-Tu 
antibodies. (C) Cell surface exposure of GAPDH, ATP synthase and Tu on washed E. faecium wild-type , �y ajC and �y ajC + y ajC was analyzed by confocal 
microscopy. Washed cells were incubated with α-GAPDH, α-ATP synthase, or α-Tu antibodies and goat α-rabbit or goat α-mouse Alexa 488 (green). 
Bacterial membranes were stained with FM 95–5 (red) (scale bars in A, 10 μm). (D) Ratio between green (protein of interested) and red (bacteria) was 
calculated in Ima geJ softwar e. Asterisks r epr esent significant differ ence ( ∗∗∗P < .001) with the wild-type strain as determined by an unpaired two-tailed 
Student’s t -test. 
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YajC is predicted to be a membr ane pr otein. It was first de-
cribed in the Gr am-negativ e bacterium E. coli as part of an in-
egr al membr ane heter otrimeric complex with SecD and SecF
ll encoded by the secDF oper on, whic h is in association with a
embrane-embedded trimeric complex of SecY, SecE, and SecG

SecYEG) forming SecYEGDF-YajC also r eferr ed to as holotr anslo-
on or Sec system (Duong and W ickner 1997a , b ). This holotranslo-
on interacts with Y idC , an integral membrane protein, which is
nvolved in insertion of membrane proteins into the cytoplasmic

embr ane (Bec k et al. 2001 ). 
Differ ent to E. coli , Gr am-positiv e bacteria like S. mutans but also

. f aecium lac k the SecDF complex but pr oduce two YidC par alogs,
uggesting a different function for YajC (Lara Vasquez et al. 2021 ).
ver the last 20 years the group of Brady studied the membrane
iogenesis in S. mutans . Based on protein-binding assa ys , three
utative models for cotranslational membrane insertion path-
ays in S. mutans were proposed: (1) the SRP-YajC-Yid2 pathway,

2) SecYEG-YajC-YidC1 pathway, and (3) YidC1 and/or YidC2 au-
onomous pathway, independent of SRP and SecYEG-YajC, sug-
esting a role for YajC in pathways 1 and 2 (Lara Vasquez et al.
021 ). The generation of mutants in yidC1 and yidC2 in S. mutans
esulted in altered protein secretion, reduced biofilm formation,
nd reduction and alteration of the exopolysaccharide structure
nd composition (Hasona et al. 2005 , Palmer et al. 2012 , 2018 ,
ishra et al. 2019 ). Biofilm-forming ability of S. mutans is depen-

ent on secretion of glucosyltr ansfer ases, fuctosyltr ansfer ases,
nd the cell surface-localized adhesin P1 (Palmer et al. 2012 ). Dele-
ion of yidC1 in S. mutans resulted in increased secretion of two
lucosyltr ansfer ases while a decrease was observed in the yidC2
utant. 
To our knowledge, no yajC mutants were constructed in S. mu-
ans and ther efor e the r ole of YajC is still unkno wn. Ho w e v er, the
 esults fr om the curr ent study in E. f aecium suggest that YajC is
nvolved in the retainment of proteins at the membrane as we ob-
erv ed incr eased amounts of proteins in the culture supernatant
fter washing of the �yajC str ain. Pr oteome anal ysis of these su-
ernatants r e v ealed se v er al pr oteins, whic h hav e been shown to
e important in adherence to host cells and biofilm formation, in-
luding the tip protein of PilB, also designated endocarditis and
iofilm associated protein (EbpA fm 

) or Fms9 (EfmE1162_1256) and
he major subunit of PilA, also designated Fms21 (EfmE1162_0571)
Sillanpää et al. 2008 , 2010 , Hendrickx et al. 2013 ). The fact that
hese proteins were increased in the supernatant of the washed
ild-type E. faecium strain, suggests that they were no longer re-

ained at the cell surface of the �yajC m utant, whic h likel y ex-
lains the significant reduction in initial adherence and biofilm
ormation in vitro and the significant reduction of vegetations on
he aortic v alv e in the rat endocarditis model. 

Furthermore , two CPs , GAPDH and elongation factor Tu, which
ere detected at the surface of the wild-type and complemented

tr ain, wer e absent at the cell surface of the �yajC mutant but
resent in the washed supernatant. For long, the presence of
Ps, whic h lac k signal sequences, on the cell surface of both
r am-positiv e and Gr am-negativ e bacteria has been subject for
 esearc h. Ther e is growing evidence that these proteins have dif-
erent functions on the cell surface compared to their intracel-
ular function and can contribute to e.g. biofilm formation, while
hey are often found in the extracellular biofilm matrix (see re-
iew Ebner and Götz 2019 ). In S. mutans , pr otein inter actome anal-
sis r e v ealed an inter action between YidC2 and GAPDH, but not
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Figur e 4. T he effect of yajC mutation in the rat endocarditis model. Endocarditis of E. faecium wild-type and �yajC was measured by determining 
CFU/ml heart v alv e v egetations (A) and by determining the mass of v egetations in milligr ams (B) in a r at endocarditis model. Vegetations on the heart 
v alv e formed by wild-type (C) and �yajC (D) were visualized by Phenom World tabletop SEM with 10 000x magnification (scale bars in C and D, 10 μm). 
Arrows indicate E. faecium in a biofilm structure. For the mouse colonization model (E and F), mice were orally inoculated with wild-type E. faecium or 
�yajC . During 10 days, colonization of E. faecium was determined in stool pallets by CFU enumeration of the mice at different time points (E). After 10 
days of CFU counts of E1162 and �yajC were also determined in the ileum, cecum, and colon (F). Data are expressed as CFU per gram of stool/fecal 
contents and means are shown for eight mice per group. Asterisk represents significant differences ( ∗P < .05) as determined by an unpaired two-tailed 
Student’s t -test between the indicated samples. 
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YidC1, while the translation elongation factor Tu interacted with 

both YidC1 and YidC2. This suggests that the YidC1 and YidC2 in- 
sertases play a role in translocation of CPs to the cell surface (Lara 
Vasquez et al. 2021 ), but that YajC is necessary for membrane re- 
tainment. 

We also determined a difference in the presence of ATP syn- 
thase at the cell surface between E. faecium E1162 wild-type and 

the �yajC mutant. While the ATP synthase F 1 alpha and beta sub- 
units were identified at the cell surface in E1162 wild-type, they 
were detected in the supernatant in the �yajC mutant. Also this 
resembles the findings in S. mutans , where F 1 F 0 ATPase activity 
was decreased in both yidC1 and yidC2 mutant strains relative to 
the wild-type strain (Hasona et al. 2005 , Palmer et al. 2012 ). 

Since the phenotypes that we observed for the E. faecium �yajC 

mutant in the current study resembles that of the yidC1 and yidC2 
mutants in S. mutans , we hypothesize that also in E. faecium YajC is 
in complex with both YidC1 and YidC2, and is thus part of the co- 
tr anslational membr ane pr otein insertion pathways implicated in 

transport of CPs as well as extracellular proteins over the mem- 
br ane. Comparison of pr oteins identified in the E. faecium �yajC 

secretome with the protein interactome of S. mutans YidC1 and 

YidC2 r e v ealed nine pr oteins specificall y bound to YidC1, nine pr o- 
teins bound to both YidC1 and YidC2, and ele v en bound to YidC2 
( Table S4 ) (Lara Vasquez et al. 2021 ). 

In conclusion, our findings indicate that YajC is involved in 

membrane biogenesis as part of the SRP-SecYEG-YajC-YidC1 
pathway and SRP-YajC-Yid2 pathway. As part of these pathwa ys ,
ajC ma y pla y a role in r etaining pr oteins for pr oper doc king to the
idC insertases for translocation in and over the membrane or is

nvolved in the stabilization of the SRP-SecYEG-YajC-YidC1 and 

RP-YajC-Yid2 protein complexes . T his would corr obor ate with
ur findings of increased release of proteins in the supernatant of
he �yajC after washing the cells . As YajC is part of two different
athwa ys , it could be an interesting candidate as target to either
r e v ent biofilm formation and/or destabilize and kill E. faecium. In
taphylococcus aureus a small molecule screen identified a potent 
ompound which was able to reduce biofilm formation and toxin
roduction and appeared to target YidC (Hofbauer et al. 2018 ). 
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