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Enterococcus faecalis is a bacterial pathogen associated
with both endodontic and systemic infections. The biofilm
formation ability of E. faecalis plays a key role in its viru-
lence and drug resistance attributes. The formation of E.
faecalis biofilms on implanted medical devices often re-
sults in treatment failure. In the present study, we report
protein markers associated with the biofilm formation
ability of E. faecalis using iTRAQ-based quantitative pro-
teomics approach. In order to elucidate the biofilm-asso-
ciated protein markers, we investigated the proteome of
strong and weak biofilm-forming E. faecalis clinical iso-
lates in comparison with standard American Type Culture
Collection (ATCC) control strains. Comparison of E.
faecalis strong and weak biofilm-forming clinical isolates
with ATCC control strains showed that proteins associ-
ated with shikimate kinase pathway and sulfate transport
were up-regulated in the strong biofilm former, while
proteins associated with secondary metabolites, cofac-
tor biosynthesis, and tetrahydrofolate biosynthesis were
down-regulated. In the weak biofilm former, proteins
associated with nucleoside and nucleotide biosynthesis
were up-regulated, whereas proteins associated with
sulfate and sugar transport were down-regulated. Fur-
ther pathway and gene ontology analyses revealed that
the major differences in biofilm formation arise from
differences in metabolic activity levels of the strong and
weak biofilm formers, with higher levels of metabolic
activity observed in the weak biofilm former. The differ-
ences in metabolic activity could therefore be a major
determinant of the biofilm ability of E. faecalis. The new
markers identified from this study can be further char-
acterized in order to understand their exact role in E.
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faecalis biofilm formation ability. This, in turn, can lead
to numerous therapeutic benefits in the treatment of
this oral and systemic pathogen. The data has been
deposited to the ProteomeXchange with identifier
PXD006542. Molecular & Cellular Proteomics 17:
10.1074/mcp.RA117.000461, 643-654, 2018.

Enterococcus faecalis is a Gram-positive, facultative anaer-
obic coccus usually considered as a harmless commensal in
the gastrointestinal tract of humans (1). However, recent sur-
veillance data indicate that E. faecalis is emerging as a leading
pathogen in nosocomial infections accounting for about 90%
of all cases of life-threatening enterococcal infections such as
bacterial endocarditis, urinary tract infections, wound infec-
tions, and bacteremia leading to complications like meningi-
tis, among others (2-4). In addition, E. faecalis is also greatly
associated with root canal (endodontic) infections in the field
of dentistry (5-7).

The success of E. faecalis as a clinical pathogen lies in its
virulence attributes, including biofilm formation. E. faecalis is
able to adhere to surfaces and form surface-attached micro-
bial communities embedded in a matrix of extracellular poly-
meric substances known as biofilms (8-11). The National
Institutes of Health estimates that as many as 80% of bacte-
rial infections involve biofilm mode of growth, which contrib-
utes significantly to morbidity and mortality (12).

E. faecalis biofilm infections are extremely difficult to treat,
especially when biofilms are formed on implanted medical
devices. Hence, biofilm formation of E. faecalis is directly
associated with therapeutic failure. In the field of dentistry, E.
faecalis is known to form biofilms in the root canals of teeth
that cause treatment failure, adding heavy economic burden
(6, 13-15).

Strategies to combat the biofilm formation of E. faecalis can
lead to potential therapeutic benefits. However, there is cur-
rently a limited understanding of the factors associated with
biofilm formation of E. faecalis. Though, some of the previous
genetic screening studies have suggested the role of genes
coding for enterococcal surface protein Esp, aggregation
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substance AS, gelatinase GelE, and quorum sensing system
Fsr in E. faecalis biofilm formation, the association has always
not been clear due to conflicting literature reports (16-21).
Moreover, previous proteomics studies on E. faecalis have
been largely focused on the evaluation of the differential pro-
tein expression patterns in planktonic E. faecalis cells ex-
posed to antibiotics or to stress conditions (22-26).

In the current study, we have addressed this knowledge
gap by employing an iTRAQ-based proteomics analysis of E.
faecalis biofilms. The present study took a novel approach to
examine the protein expression profiles of E. faecalis biofilms
by comparing the proteomics profile of strong and weak
biofilm-forming clinical isolates with commonly used ATCC
laboratory isolates. This new approach and the comprehen-
sive examination of proteomics profiles helped in obtaining
direct evidence on biofilm regulators and the possible mech-
anisms governing biofilm formation of E. faecalis.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Growth Conditions—Strong and weak bio-
film-forming E. faecalis clinical isolates, namely Ef 63 and Ef 64,
derived from patients with failed root canal treatments, were included
in the current study (7, 27). Standard laboratory strains E. faecalis
ATCC 29212 and E. faecalis ATCC 51299 were used as the control
strains. Bacterial strains were cultured overnight in Brain-Heart Infu-
sion broth (Oxoid, Singapore) at 37°C under shaking conditions prior
to each experiment.

Biofilm Formation—E. faecalis biofilms were formed as described
previously (28). Briefly, overnight cultures of E. faecalis isolates were
harvested, washed with PBS, and resuspended in the culture medium
to ~10” cells/ml. The cells were then seeded into the wells of a
flat-bottomed, polystyrene microtiter plate and incubated at 37 °C for
48 h to allow for biofilm formation. Biofilm formation for each of the
four E. faecalis isolates included in the study was performed in bio-
logical replicates.

Protein Extraction from E. faecalis Biofilms—E. faecalis biofilm
proteins were extracted by harvesting and pelleting the biofilm cells.
The resultant pellets were washed once with PBS and then resus-
pended in a buffer containing 0.5 m triethylammonium bicarbonate,
pH 8.5, and 1% SDS. The resuspended cells were homogenized in a
Micro Smash MS-100 beater (Tomy Seiko Co., Ltd., Japan) with
0.5-mm glass beads in screw cap tubes at a pulse of 4,000 rpm for
20 s in 8eight cycles. The homogenized cells were centrifuged to
obtain the proteins in the supernatant. Protein estimation was carried
out using Bradford assay (Bio-Rad). 100 ug proteins from each sam-
ple were used for iTRAQ" labeling.

iTRAQ Labeling and Sample Cleanup—100 ug of proteins ex-
tracted from the E. faecalis isolates 63, 64, 51299, and 29212 were

" The abbreviations used are: iTRAQ, isobaric tags for relative and
absolute quantitation; LC-MS/MS, liquid chromatography-tandem
mass spectrometry; TOF, time of flight; 2D-LC, two-dimensional lig-
uid chromatography; ABC, ATP-binding cassette; ATCC, American
Type Culture Collection; BINGO, Biological Network Gene Ontology
tool; BLAST, Basic Local Alignment Search Tool; ID, identification;
iTRAQ, isobaric tags for relative and absolute quantitation; LC-MS/
MS, liquid chromatography-tandem mass spectrometry; MMTS,
Methyl methane-thiosulfonate; NCBI, National Center for Biotechnol-
ogy Information; ROK, repressor, open reading frame, kinase; TOF,
time of flight; UDP, uridine diphosphate.

labeled using iTRAQ Reagent 8-plex kit (SCIEX) according to the
manufacturer’s instructions with slight modifications. The first set of
biological replicates for E. faecalis isolates Ef 63, Ef 64, ATCC 51299,
and ATCC 29212 was labeled with labeling reagents 113, 114, 115,
and 116, respectively. The second set of biological replicates for E.
faecalis isolates Ef 63, Ef 64, ATCC 51299, and ATCC 29212 was
labeled with labeling reagents 117, 118, 119, and 121, respectively.
The iTRAQ labeling workflow is represented in Fig. 1. Briefly, protein
samples were reduced with 5 mm TCEP at 65 °C for 60 min, alkylated
with 10 mm MMTS for 15 min at room temperature, and then digested
with trypsin (Promega) in the ratio of 1:20 at 37 °C for 16 h. The
digested protein samples were labeled with iTRAQ reagent labels
according to the manufacturer’s protocol at room temperature for 2 h.
Following this, the eight iTRAQ-labeled peptide samples were com-
bined into a single centrifuge tube and were subjected to strong
cation exchange to remove interfering substances such as excess
iTRAQ reagent labels, organic solvent, and SDS according to the
manufacturer’s protocol (SCIEX). The resultant elutes were desalted
using Sep-Pak C18 cartridges (Water), and lyophilized before recon-
stitution in 20 mm ammonium formate in water of pH 10 for two-
dimensional liquid chromatography (2D-LC) separation.

2D LC-MS/MS Analysis—2D LC-MS/MS analysis was carried out
as described previously (29, 30). Briefly, the peptides were first sep-
arated with the 1290 Infinity LC system (Agilent) linked with a re-
versed-phase column to achieve the first dimension of the peptide
separation. Approximately 100 pg of the labeled peptides mixture
reconstituted in 20 mm ammonium formate in water, pH 10, were
injected using the micro-pickup loop mode into an Xbridge C18
column (C18, 3.5 um, 3.0 mm X 150 mm, Waters Corp., Milford, MA).
Mobile phase A consisting of 20 mm ammonium formate in water, pH
10, and mobile phase B consisting of 20 mm ammonium formate in
80% acetonitrile, pH 10, were used. The flow rate was set at 0.2
ml/min, and a total of 96 elute fractions were collected on a 96-well
v-bottom plate using step gradients of mobile B: 0% for 10 min,
0-80% for 60 min, held at 80% for 5 min, 80-100% for 1 min, held
at 100% for 5 min, 100—-0% for 1 min, held at 0% for 14 min. The
eluted fractions were pooled into ten fractions and desalted with
Sep-Pak® tC18 _Elution Plate (186002318, Waters Corp.) using a
vacuum manifold (Millipore) before second dimension reversed-
phase chromatography. The desalted pooled sample was then lyoph-
ilized and reconstituted with 98% water, 2% acetonitrile with 0.1%
formic acid. Peptides were separated on the second dimension of
peptide separation using nanoLC Ultra and ChiPLC-nanoflex (Eksi-
gent, Dublin, CA) in Trap Elute configuration. The samples were
loaded on a 200 um X 0.5 mm column (ChromXP C18-CL, 3 um) and
eluted on an analytical 75 um X 15 cm column (ChromXP C18-CL, 3
um). Mobile phase A containing 2% acetonitrile in H,O and 0.1%
formic acid and mobile phase B containing 98% acetonitrile in H,O
and 0.1% formic acid were used. The flow rate was set at 0.3 ul/min
with the following gradient elution for peptide separation: 5 to 5% of
mobile phase B in 1 min, 5 to 12% of mobile phase B in 19 min, 12 to
30% of mobile phase B in 120 min, 30 to 70% of mobile phase B in
10 min, 70 to 90% of mobile phase B in 2 min, 90 to 90% in 7 min, 90
to 5% in 6 min, and held at 5% of mobile phase B for 10 min.

MS analysis was performed in information-dependent mode using
a 5600 TripleTOF analyzer (QqTOF; AB SCIEX). Precursor ions were
selected across a mass range of 400-1800 m/z using 250 ms accu-
mulation time per spectrum. A maximum of 20 most abundant pre-
cursor ions per cycle from each MS spectra were selected for MS/MS
analyses with 100 ms accumulation time for each precursor, with a
dynamic exclusion of 15 s. MS/MS recording was carried out in high
sensitivity mode with rolling collision energy and with the iTRAQ
reagent collision energy adjustment turned on.
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Peptide and Protein Identification—Peptide identification and
quantification was carried out on the ProteinPilot 5.0 software Revi-
sion 1656 (AB SCIEX) using the Paragon™ algorithm and the inte-
grated false discovery rate (FDR) analysis function. In addition, further
processing was conducting using the Pro Group™ algorithm where
isoform-specific quantification was employed to determine potential
differences between the expressions of various isoforms. This Pro
Group algorithm involves calculating the protein ratios using only
ratios generated from the spectra that are unique to each protein or
protein isoform. This would eliminate any masking of changes in
expression that results from peptides that are shared between pro-
teins. The data were searched against a protein sequence database
downloaded from UniProtKB for E. faecalis 29212 on February 2,
2016. To increase the specificity of the search, these protein se-
quence data are added with the international protein index human
protein sequence database from the last release (July 2012). The
following user-defined search parameters were used for the obtained
MS/MS spectra: sample type: iTRAQ 8-plex (peptide labeled);
cysteine alkylation: methyl methane-thiosulfonate (MMTS); diges-
tion: trypsin; instrument: TripleTOF5600; special factors: none; spe-
cies: none; identification (ID) focus: biological modification; database:
uniprot_efaecalis_ipi_human.fasta; search effort: thorough; FDR anal-
ysis: yes. For the iTRAQ quantification, the peptide used for quanti-
fication was automatically selected based on the Pro Group algorithm
to determine the reporter peak area, error factor, and p-value. The
resultant data were subjected to auto bias-correction to remove any
possible variations arising from unequal mixing during the combina-
tion of different labeled samples. The ProteinPilot software calculates
the median ratio of all identified proteins based on an internal refer-
ence channel In order to account for potential iTRAQ ratio compres-
sion, background correction was performed to make fold changes
closer to their actual values as described by Strbenac et al., and this
function of the ProteinPilot software uses one of the best algorithms
to serve this purpose (31). The ProteinPilot software counts each
iTRAQ-modified peptide as unique to each identified protein. The
peak areas and the signal-to-noise ratios were extracted from the
database by ProteinPilot to translate the raw data into a quantifiable
data for downstream analysis.

The FDR determination of the data was subsequently conducted
by searching against the concatenated databases made up of in silico
on-the-fly reversal for decoy sequences that were generated auto-
matically by the software based on our combined E. faecalis Uni-
ProtKB and human ipi search database. The unused protein score of
=1.3 was used as the cutoff for correctly identified proteins, corre-
sponding to 0.4% FDR. The FDR was calculated using the number of
false positive hits as indicated by the reversed sequences over the
total number of proteins after applying the cutoff of =1.3 unused
protein score. The results were then exported into Microsoft Excel for
manual data interpretation. The cutoff threshold for up-regulation and
down-regulation of proteins was determined using population statis-
tics applied to the biological replicates as proposed by Gan et al.
(82, 33).

After determining the cutoff threshold, the four iTRAQ ratios ob-
tained from each of the biological replicates of Ef 63 or Ef 64 over the
biological replicates of the control Ef 51299 or Ef 29212 (e.g. 113/115,
113/116, 117/115, and 117/116) were subjected to the one sample t
test analysis to determine significant change in protein abundance.
The iTRAQ ratios were transformed by log, before averaging them.
These sets of four iTRAQ ratios were compared with a set of four
dummy ratios of zero that represents no changes in protein abun-
dance. A one sample t test was then conducted to evaluate whether
the iTRAQ ratio of a protein is truly different from the mean of zero.
Only the proteins showing p values < 0.05 for their mean iTRAQ ratios

were considered statistically significant and were selected for further
analysis.

Gene Ontology Analysis—The identified proteins were subjected to
gene ontology analysis using Cytoscape (v2.8.3) (34) with Biological
Network Gene Ontology Tool (BINGO) plugin (v2.44) (35). The result-
ant network figures were exported and visualized for overrepresen-
tation of pathways as described previously (36).

RNA Extraction and Real-time PCR—RNA was extracted from 48 h
E. faecalis biofilms using Qiagen RNeasy Protect Bacteria Mini Kit,
followed by reverse transcription and real-time PCR analysis to test
for the gene expression levels as previously described (27). Primer
sequences for the genes of interest were generated using National
Center for Biotechnology Information (NCBI) primer-Basic Local
Alignment Search Tool (BLAST) search. The list of primers used in this
study is provided in Supplemental Table 1.

Experimental Design and Statistical Rationale—48 h grown E.
faecalis biofilms were collected for iTRAQ-based mass spectrometry
analysis. Biofilm proteins were extracted from two independent sets
of each of the four strains Ef 63, Ef 64, Ef 51299, and Ef 29212 and
were included as biological replicates in the iTRAQ study (Fig. 1).
Protein expression profiles of the two control strains Ef 51299 and Ef
29212 were taken as the basis for determining the up-regulation/
down-regulation patterns in the strains Ef 63 and Ef 64. Proteins
meeting the required cutoff threshold ratios (Figs. 2 and 3) and show-
ing significant differential expression (One sample t test p value <
0.05) were considered as up-regulated or down-regulated based on
their expression patterns. Only the proteins that are up-regulated/
down-regulated wrt both Ef 51299 and 29212 were included for
further gene ontology and pathway enrichment analysis. For real-time
PCR analysis, RNA was extracted from four different biological rep-
licates of the strains Ef 63, Ef 64, Ef 51299, and Ef 29212. Real-time
PCR analysis was performed using four biological replicates and two
technical replicates each. Significance of the results was analyzed
following analysis of variance. Differences were considered significant
when p values are less than 0.05.

RESULTS

iITRAQ-based Quantitative Analysis of the Proteome of E.
faecalis Isolates Ef 63 and Ef 64—In order to identify the
biomarkers associated with the biofilm formation ability of E.
faecalis, an iTRAQ-based mass spectrometry quantitative
analysis was performed. Previously, we found that E. faecalis
clinical isolates Ef 63 and Ef 64 had significantly stronger and
weaker biofilm formation ability, respectively, when compared
with that of the two ATCC strains of E. faecalis (27). E. faecalis
ATCC strains 51299 and 29212 showed comparable levels of
biofilm formation, and both were included for iTRAQ analysis
in order to increase the robustness of comparison with the
strong and the weak biofilm forming E. faecalis isolates (Fig.
1). A qualification criterion of unused protein score =1.3 (was
used to obtain a total of 1412 proteins from the analysis. The
corresponding global FDR for the unused score of =1.3 was
0.4%. The differential expression analysis of the proteome
was performed by comparing the strong and the weak bio-
film-forming E. faecalis isolates Ef 63 and Ef 64 against each
of the ATCC strains individually. Analysis of fold changes of Ef
63 versus ATCC 51299 (113:115, 113:119, 117:115, 117:119),
Ef 63 versus ATCC 29212 (113:116, 113: 121, 117:116, 117:
121), Ef 64 versus ATCC 51299 (114:115, 114:119, 118:115,
118:119), and Ef 64 versus ATCC 29212 (114:116, 114:121,
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Biological replicate 1
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Fic. 1. Experimental workflow for iTRAQ labeling and analysis: iTRAQ 8-plex labeling was performed for two sets of biological replicates
of the strains Ef 63, Ef 64, ATCC 51299, and ATCC 29212. Each strain was labeled as follows for the two biological replicates: Ef 63 (113, 117),
Ef 64 (114, 118), ATCC 51299 (115, 119), and ATCC 29212 (116, 121). The labeled fractions were combined and subjected to strong cation
exchange chromatography and desalting, followed by separation using liquid chromatography mass spectrometry (LC-MS/MS), and bioin-

formatics data analysis.

118:116, 118:121) was carried out to get the differential ex-
pression profiles. The obtained fold changes were then fil-
tered using population statistics to get the significant thresh-
old cutoff of up-regulated and down-regulated proteins for
each of the comparisons performed in the study. Percentage
variations corresponding to 88% coverage were taken as the
threshold cutoff and any values outside 88% were considered
as significantly altered. Based on these population statistics,
the following cutoff fold change values were obtained for Ef 63
versus ATCC 51299 set: >1.5-fold and <0.67 (1/1.5)-fold for
up-regulated and down-regulated proteins corresponding to
50% variation, Ef 64 versus ATCC 51299: >1.5-fold and
<0.67 (1/1.5)-fold for up-regulated and down-regulated pro-
teins corresponding to 50% variation, Ef 63 versus ATCC
29212: >1.5-fold and <0.67 (1/1.5)-fold for up-regulated and
down-regulated proteins corresponding to 50% variation, and
Ef 64 versus ATCC 29212: >1.75-fold and <0.57 (1/1.75)-fold
for up-regulated and down-regulated proteins corresponding
to 75% variation (Fig. 2).

The profile of differentially expressed proteins in each com-
parison were represented using volcano plots by applying the
fold change and p value cutoff values (Fig. 3). The proteins
with fold changes beyond the cutoff values obtained from Fig.

2 and with p values < 0.05 were considered as the most
significantly affected proteins in each comparison.

Identification of Differentially Regulated Proteins in the
Strong and Weak Biofilm-forming E. faecalis Isolates Ef 63
and Ef 64—In order to identify the proteins that could be
associated with the biofilm formation ability of E. faecalis,
the list of differentially regulated proteins obtained from the
previous analysis were further scrutinized and combined for a
more robust comparison. Following a comparison of the
strong and the weak biofilm-forming strains with both the
ATCC control strains, only the list of proteins that were show-
ing significant up-regulation or down-regulation with respect
to both 51299 and 29212 were selected as significantly up-
regulated and down-regulated in the strong and the weak
biofilm formers.

(@) Up-regulated Proteins in the Strong Biofilm Former Ef
63—The proteins that are significantly up-regulated in the
strong biofilm former Ef63 in comparison with both the ATCC
strains are listed in Table I. Of these proteins, shikimate kinase
encoded by aroK, and 5-enolpyruvylshikimate-3-phosphate
synthase encoded by aroA are enzymes involved in the inter-
mediate and penultimate steps of the shikimate pathway,
which is essential for the synthesis of aromatic amino acids in
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Fic. 2. Determination of experimental variation for the identified proteins: (A) experimental variation of Ef 63 compared with ATCC
29212; (B) experimental variation of Ef 64 compared with ATCC 29212; (C) experimental variation of Ef 63 compared with ATCC 51299;
and (D) experimental variation of Ef 64 compared with ATCC 51299. The horizontal axis represents % variation of iTRAQ ratios. The primary
vertical axis represents the corresponding number of proteins (bars) having different % variation. The secondary vertical axis represents
the cumulative % of the counted proteins. Variation against 88% coverage of population was considered as the cutoff value.

bacteria (37, 38). Trehalose-6-phosphate encoded by trePP is
a part of trehalose metabolic pathway (39). Other up-regu-
lated proteins include prepentate dehydratase encoded by
pheA, which is a part of the phenylalanine biosynthesis path-
way and a sulfate permease protein encoded by ychM, be-
longing to sulfate transporter/secondary anion transporters
superfamily (40, 41). Members of the phage family protein, a
putative oxidoreductase DR75_1429, and hypothetical pro-
teins DR75_2587, DR75_1646, and DR75_1626 were also
up-regulated. Hypothetical protein DR75_2587 belongs to a
putative lipoprotein family based on NCBI BLAST results.

(b) Up-regulated Proteins in the Weak Biofilm Former Ef
64 —The proteins that are up-regulated in the weak biofilm
former Ef 64 are listed in Table Il. Of these, orotidine-5-
phosphate decarboxylase encoded by pyrF, dihydroorotase
encoded by pyrA, orotate-phosphoribosyltransferase en-
coded by pyrE, and carbamoy! synthase encoded by carA are
enzymes belonging to de novo pyrimidine nucleobase and
nucleotide biosynthetic process. Bifunctional protein en-
coded by pyrR is a transcriptional regulator of the pyrimidine
nucleotide operon. Other up-regulated proteins include ribo-
some recycling factor encoded by frr, which helps in the

dissociation of ribosomes from the mMRNA upon completion of
translation and is essential for cell growth, and hypothetical
proteins DR75_2329 and DR75_910 (42).

(c) Down-regulated Proteins in the Strong Biofilm Former Ef
63—The proteins that are down-regulated in the strong bio-
film former Ef 63 are listed in Table lll. Of these, DNA protec-
tion during starvation protein encoded by dps confers DNA
protection during stationary phase, and galactose mutarotase
encoded by galM is part of galactose metabolism (43, 44).
Aspartate-1-decarboxylase encoded by panD, dihydroneop-
terin aldolase encoded by folB, and serine O-acetyltrans-
ferase encoded by cysE are enzymes involved in metabolic
pathways such as biosynthesis of secondary metabolites,
cofactor biosynthesis, and tetrahydrofolate biosynthesis.
DR75_2966 and DR75_2967 are replication-associated pro-
teins belonging to plasmids or mobile genetic elements of
Gram-positive bacteria (45, 46). DR75_634 represents an
ethanolamine two-component response regulator, which
belongs to a phosphor-relay system. DR75_1696 and DR75_
1697 are proteins belonging to the phosphoenol-pyruvate-de-
pendent sugar transport system (PTS) responsible for the
transport of ascorbate and lactose respectively.
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Fic. 3. Volcano plots of differentially regulated proteins reveal significance patterns: (A) volcano plots of differentially regulated proteins
of Ef 63 compared with ATCC 29212; (B) volcano plots of differentially regulated proteins of Ef 64 compared with ATCC 29212; (C) volcano
plots of differentially regulated proteins of Ef 63 compared with ATCC 51299; and (D) volcano plots of differentially regulated proteins of Ef 64
compared with ATCC 51299. Threshold cutoffs determined for log, fold change ratios are represented by green lines. p value cutoff of 0.05
is represented by a yellow line. Gray dots represent proteins that do not show significant differences in expression, yellow dots represent
proteins that show significant differences in expression but within the cutoff log, fold change ratios, and red dots represent proteins that show
significant differences in expression outside the cut-off log, fold change ratios.

TaBLE |
Functional classification of the significantly up-regulated proteins of Ef 63 in comparison with both ATCC 29212 and 51299 strains
meeting both p value cutoff and log, fold-change cutoff criteria

Proteins upregulated in 63

: ; Unused Peptides  Fold change Fold change
Accession # Protein name Gene name protein score (gps%) wrt 29218 wrt 51298
UPIO0032E9DD8  3-phosphoshikimate 1-carboxyvinyl transferase; aroA; DR75_569 26.4 26 3.110713011  3.409029024

5-enolpyruvylshikimate-3-phosphate synthase
UPIO00291C4DE  Trehalose 6-phosphate phosphorylase trePP 18.68 13 3.023335133  1.983570371
UPIO0019F352C  Shikimate kinase (SK) (EC 2.7.1.71); shikimate aroK; DR75_570 10.04 5 2.480368467 3.124256418
kinase family protein
UPI000005C662 Putative oxidoreductase YcjS; oxidoreductase, DR75_1429 10 5 1.923075843 2.021658161
NAD-binding Rossmann fold family protein
UPIOO01E1A33D  Prephenate dehydratase pheA; DR75_571 8 5 2.891981312  3.264071801
UPI0O002910B7F  Phage major tail, phi13 family protein DR75_1505 3.8 2 3.200903531 2.780474197
UPIO0019F3544 Hypothetical protein DR75_2587 2.18 2 2.823765229 1.523319053
UPIO00291BF2D  Hypothetical protein DR75_1646 2 2 2.783602486 2.472863241
UPI0001B1D951 Sulfate permease; sulfate permease family protein  ychm; DR75_1732 2 2 1.752083299 1.823848359
UPI0001B2BBD4  Hypothetical protein DR75_1626 DR75_1626 2 1 17.41533347 9.888407625

(d) Down-regulated Proteins in the Weak Biofilm Former Ef
64 —The proteins that are down-regulated in the weak biofilm
former Ef 64 are listed in Table IV. Of these, UDP-N-acetyle-
nolpyruvoylglucosamine reductase encoded by murB is in-
volved in peptidoglycan biosynthesis pathway, guanosine
monophosphate reductase encoded by guaC is involved
in purine ribonucleotide interconversion, and aspartate
semialdehyde dehydrogenase encoded by asd is involved in
amino acid biosynthesis. DR75_2512 represents a PTS sugar

transport system responsible for sorbose transport and
DR75_2078 represents an ROK family protein responsible for
repressing xylose utilization. Sulfate permease and treha-
lose-6 phosphate phosphorylase proteins encoded by ychM
and trePP are down-regulated in the weak biofilm former Ef
64 in contrast to their up-regulation in the strong biofilm
former Ef 63. Aspartate 1-decarboxylase encoded by
panD is down-regulated in both Ef 64 and Ef 63. Other
down-regulated proteins include a putative lipoprotein
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TaBLE Il

meeting both p value cutoff and log, fold-change cutoff criteria

Functional classification of the significantly up-regulated proteins of Ef 64 in comparison with both ATCC 29212 and 51299 strains

Proteins upregulated in 64

; ! Unused Peptides Fold change Fold change
Accession # Protein names Gene names protein score (gps%) wrt 29218 wrt 51298

UPI000005C524 Ribosome-recycling factor (RRF) (ribosome- frr;DR75_1144 36.78 64 1.906634 1.764784
releasing factor)

UPIO0019F32AD Orotidine 5’-phosphate decarboxylase pyrF; DR75_712 20.48 12 2.080761 1.604881
(EC 4.1.1.23) (OMP decarboxylase)

UPI000005C2BD Bifunctional protein PyrR pyrR; DR75_720 18.04 14 2.086637 1.805877

UPIO001A5BFBD Carbamoyl-phosphate synthase, small subunit carA; DR75_716 18 11 1.980158 1.743035

UPI000175BFOF Dihydroorotase(DHOase) (EC3.5.2.3) pyrC; DR75_717 10 5 2.627464 2.391439

UPIO00005C2B4 Orotate phosphoribosyl transferase (OPRT) pyrE; DR75_711 2.66 2 2.216797 1.530228
(OPRTase) (EC 2.4.2.10)

UPI0001B6DECH Hypothetical protein DR75_2329 DR75_2329 2.04 1 1.812651 7.603089

TaBLE Il

meeting both p value cutoff and log, fold-change cutoff criteria

Functional classification of the significantly down-regulated proteins of Ef 63 in comparison with both ATCC 29212 and 51299 strains

Proteins downregulated in 63

; ; Unused Peptides  Fold change  Fold change
Accession # Protein names Gene names protein score (95%) wrt 29215 wrt 51299
UPI000005C830 Dps family protein; DNA protection during dps; DR75_1942 25.85 74 0.158975959  0.141553384
starvation protein

UPIO001B1DD9C  Galactose mutarotase -aldose epimerase galM 19.17 13 0.649019509  0.549455743
conserved domain

UPI0000059961 Replication-associated protein RepB; DR75_2966 10.19 7 0.505973488 0.505026395
cobQ/CobB/MinD/ParA nucleotide binding
domain protein (plasmid)

UPIO0019C6B36  PTS system ascorbate-specific 1B component; DR75_1696 8 8 0.242902381 0.518277773
PTS system, lactose/cellobiose specific 11B
subunit

UPIO00005C334  Aspartate 1-decarboxylase (EC4.1.1.11) panD; DR75_827 6.65 9 0.405554528  0.274218075
(aspartate alpha-decarboxylase)

UPI000005C853  7,8-dihydroneopterin aldolase (EC4.1.2.25); folB; DR75_1970 2.47 2 0.631259615  0.438989396
dihydroneopterin aldolase

UPI0000059960 Replication-associated protein B; putative DR75_2967 2.08 1 0.388184377  0.292597088
replication-associated protein (plasmid)

UPI000005C269 Ethanolamine two-component response regulator; DR75_634 2 1 0.546653837  0.60537555
ANTAR domain protein

UPIO001B2588A  Glycerophosphoryl diester phosphodiesterase DR75_1000 2 1 0.57470862 0.297523575
family protein

UPIO00005BCA4  Serine O-acetyltransferase cyskE; DR75_2093 2 1 0.399293872  0.34637114

TABLE IV

meeting both p value cutoff and log2-fold change cutoff criteria

Functional classification of the significantly down-regulated proteins of Ef 64 in comparison with both ATCC 29212 and 51299 strains

Proteins downregulated in 64

; ; Unused Peptides Fold change Fold change
Accession # Protein name Gene name protein score (g%%) wrt 2921% wrt 51298
UPIO00005C57D  UDP-N-acetylenolpyruvoylglucosamine reductase murB; DR75_1237 26.08 16 0.49488141 0.525412
UPIO00291C4DE  Trehalose 6-phosphate phosphorylase trePP 18.68 13 0.50414138 0.688992
UPIO00175BDE7  Guanosine monophosphate reductase guaC; DR75_1175 12.15 7 0.43528692 0.420406
UPIO0019C74B7  PTS system IIB component; PTS system sorbose DR75_2512 8.88 7 0.42363621 0.450195
sublIB component family protein
UPIO00005C334  Aspartate 1-decarboxylase (EC4.1.1.11) (aspartate panD; DR75_827 6.65 9 0.20464538 0.135274
alpha-decarboxylase)
UPIO00005C0BA  Aspartate-semialdehyde dehydrogenase asd 6 4 1.70472867
UPIOO01E19F8C  Hypothetical protein DR75_1765-possible peptidase = DR75_1765 5.77 3 0.3620089 0.300302
UPIOO0005BE6GD  Xylose repressor; ROK family protein DR75_2508 4.04 2 0.41415556 0.526703
UPIO00005BC96  TdcF protein; reactive intermediate/imine deaminase DR75_2078 4.03 2 0.41691202 0.480218
family protein
UPI0O00290D069  Phage regulatory, Rha family protein DR75_1539 4 3 0.83902121 0.87443
UPI0001B1D951  Sulfate permease ychm; DR75_1732 2 2 0.522333 0.553958
UPIOO01E1AQ077  Lipoprotein, putative DR75_1236 2 1 0.3670319 0.382167
UPIO00005C88A  Hypothetical protein DR75_2043 2 1 0.15033957 0.139521
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Fic. 4. Gene ontology analysis of differentially regulated proteins reveals significantly affected pathways in Ef 63 and Ef 64: (A)
biological processes, molecular functions, and cellular components that are significantly up-regulated in Ef 64 in comparison with ATCC 29212
and 51299 strains and (B) biological processes, molecular functions, and cellular components that are significantly down-regulated in Ef 63 in

comparison with ATCC 29212 and 51299 strains.

(DR75_1236), hydrolase (DR75_684), hypothetical proteins
DR75_2043, and DR75_1811, which is a probable ABC trans-
porter permease belonging to yitT family based on NCBI
BLAST results.

Pathway Enrichment Analysis of the Up-regulated and the
Down-regulated Proteins of Ef 63 and Ef 64 —In order to test
for pathway overrepresentation/enrichment, gene ontology
analysis for the up-regulated and down-regulated proteins of
the strong and weak biofilm formers was performed using
BINGO Cytoscape plugin. The pathway enrichment analysis
for each comparison was done under conditions GO_full and
GO_slim categories. The GO_full analysis represents the full
annotation of all the genes involved in various biological pro-
cesses and molecular functions, whereas the GO_slim anal-
ysis represented only the generic pathways affected in each
comparison set, corresponding to the bigger picture of path-
ways affected. The pathway enrichment analysis of up-regu-
lated proteins in Ef 63 and down-regulated proteins in Ef 64
with respect to the two ATCC control strains did not result in
any pathway mapping in the GO_slim analysis, whereas a
network of biological processes and molecular functions,
which were significantly affected was obtained in the GO_full
analysis (Figs. S1 and S4). The analysis of the up-regulated
proteins in Ef 64 with respect to the two control strains in
GO_slim mode showed the pathways relating to small mole-
cule metabolic process and nucleobase, nucleoside, nucleo-

tide and nucleic acid metabolic process, cellular nitrogen
compound metabolic process, biosynthetic process, and
RNA-binding activity to be significantly up-regulated (Fig 4A).
The full list of up-regulated biological processes and molec-
ular functions is provided in Fig. S2. The analysis of the
down-regulated proteins in Ef 63 with respect to the two
control strains in GO_slim mode showed the pathways relat-
ing to cofactor metabolic process, cellular amino acid and
metabolic derivative process, and lyase activity to be signifi-
cantly down-regulated (Fig 4B). The full list of down-regulated
biological processes and molecular functions is provided in
Fig. S3. Based on this analysis, there are a higher number of
metabolic processes up-regulated in Ef 64 and down-regu-
lated in Ef 63, indicating higher metabolic activity in the weak
biofilm former.

Correlation of iTRAQ Data with Quantitative Real-time PCR
(QPCR) Results—In order to verify the reliability of the iTRAQ
analysis, gene expression profiles of selected genes were
obtained using gPCR. Representative genes for gPCR anal-
ysis were selected based on the most important pathways
affected in each comparison and some of the unique trans-
porter class proteins that are not represented in the pathway
enrichment list. The significantly up-regulated and down-reg-
ulated gene expression profiles were obtained from qPCR (Fig
5A). The results obtained from gPCR analysis were then
checked for their correlation with iTRAQ data by Pearson’s
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Fic. 5. Quantitative real-time PCR analysis and correlation with iTRAQ data: (A) quantitative real-time PCR analysis of selected
significantly regulated genes obtained from iTRAQ analysis; (B) correlation of real-time gene expression data from A to iTRAQ protein
expression data of 63 wrt 29212; (C) correlation of real-time gene expression data from A to iTRAQ protein expression data of 64 wrt 29212;
(D) correlation of real-time gene expression data from A to iTRAQ protein expression data of 63 wrt 51299; and (E) correlation of real-time gene
expression data from A to iTRAQ protein expression data of 64 wrt 51299.

correlation analysis. A significant positive correlation was ob-
tained between the iTRAQ data and the gPCR results, which
indicates that the gene expression profile and the protein
expression profile follow a similar trend ensuring the reliability
of iTRAQ analysis (Figs. 5B-5E).

DISCUSSION

Bacterial-biofilm-associated clinical problems have been
described in a wide spectrum of Gram-positive as well as
Gram-negative organisms, including Staphylococcus aureus,
Streptococcus mutans, E. faecalis, Pseudomonas aeruginosa,
and Escherichia coli (47, 48). However, the molecular markers
and mechanism involved in E. faecalis biofilm formation is still
not clearly understood. Previously, we found significant
changes in the transcriptomic expression profile of E. faecalis
isolates pertaining to several cellular and metabolic processes
and transporters of the E. faecalis biofilm versus planktonic

modes (27). Taking a step ahead, in this iTRAQ-based pro-
teomics study, we specifically focused on the protein expres-
sion profiles of the strong and weak biofilm formers of E.
faecalis in comparison to the ATCC laboratory strains.
Analysis of the protein profiles signatures across different
strains elucidated interesting observations on metabolic pro-
cesses, biosynthetic processes, and transport systems such
as sugar transporters and sulfate permease involved in E.
faecalis biofilm formation. For instance, the up-regulation of
shikimate pathway proteins encoded by aroA and aroK in the
strong biofilm former indicates an increased synthesis of ar-
omatic amino acids in the strong biofilm former Ef 63. Certain
studies have shown that the production of 5-enolpyruvylshi-
kimate-3-phosphate synthase by aroA can lead to glyphos-
phate resistance in pathogenic bacteria such as S. aureus and
the virulence, growth, and UV tolerance of the plant pathogen
Burkholderia glumae (38, 49). This suggests that the strong
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Fic. 6. Novel regulators of E. faecalis biofilm formation identified from iTRAQ analysis.

biofilm former Ef 63 can display increased levels of glyphos-
phate resistance and pathogenesis mechanisms, possibly re-
sulting in higher biofilm formation. Similarly, up-regulation of
sulfate permease encoded by ychM in the strong biofilm
former Ef 63, and down-regulation of sulfate permease in the
weak biofilm former Ef 64, suggests that sulfur uptake/sec-
ondary anions transport have a role in E. faecalis biofilm
formation ability. Sulfur uptake has been shown to be impor-
tant for the virulence of certain pathogenic bacteria such as
Mycobacterium tuberculosis (41). In addition, links between
sulfur uptake, c-di-GMP signaling and biofilm formation have
been found in Shewanella oneidensis, where biofilm formation
is reduced due to decrease in sulfur uptake (48). Therefore,
the increased and decreased levels of sulfate permease found
in the biofilms of Ef 63 and Ef 64 could be associated with the
strong biofilm formation capability of Ef 63, and the weak
biofilm formation capability of Ef 64, respectively, indicating
the possible role of ychM as a regulator of biofilm formation in
E. faecalis.

Sugar transporter systems such as PTS system, lactose/
cellobiose-specific [IB subunit and PTS system sorbose su-
blIB component family protein are down-regulated in Ef 63
and Ef 64, respectively. This suggests that the active transport
of lactose and sorbose are down-regulated in the strong and
the weak biofilm formers, respectively. Though the exact cor-
relation between the expression of sugar transporters and
biofilm formation is still not clear, previous studies of E. faeca-
lis proteome in response to bile stress have shown up-regu-
lation of the IIAB component of a mannose-specific PTS
system (26). Similarly, comparative proteomics of E. faecalis
clinical isolates and food isolates showed IIA, IIBC, and IIATP-
binding cassette (ABC) components of the PTS system to be

up-regulated in the food isolates of E. faecalis (25). Taken
together, this indicates that sugar transport systems are dif-
ferentially regulated according to the stress response and the
isolate nature and may be possibly linked to the biofilm for-
mation ability of E. faecalis, depending on the nature of the
sugar transport system affected.

The pathway enrichment analysis of the differentially regu-
lated proteins using Cytoscape revealed interesting insights
into the metabolic profiles of the strong and the weak biofilm
formers Ef 63 and Ef 64. In the isolate Ef 64, small molecule,
nucleotide, and nitrogen compound metabolic processes and
biosynthetic pathways are significantly up-regulated, indicat-
ing a higher metabolic activity profile of the weak biofilm
former. In the isolate Ef 63, cofactor metabolic process, cel-
lular amino acid and derivative metabolic process, and lyase
activity are significantly down-regulated, indicating a lower
metabolic activity profile of the strong biofilm former. Previous
studies comparing biofilm and planktonic states of Strepto-
coccus pneumoniae have suggested that biofilm cells exhibit
low metabolic activity (50-52). In addition, certain studies on
Burkholderia cenocepacia and P. aeruginosa have shown that
persister cells, which represent a subpopulation of biofilm
cells, show a lowered metabolic activity state capable of
conferring protection against antibiotics and harmful environ-
mental conditions (10, 53-55). It is possible that the metabol-
ically active biofilm cells promote dispersal instead of
adhesion, resulting in biofilms with less mass. Hence, the
differences in the metabolism may have contributed to the
strong and weak biofilm-forming ability of Ef 63 and Ef 64,
respectively. Metabolic regulation is also observed in some
multispecies oral biofilm models. In a mixed-species biofilm
model of S. mutans, differences in fatty acid biosynthesis and
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branched chain amino acids metabolism were observed in the
mixed-species biofilms in comparison with single-species
biofilms (56). Similarly, in a mixed-species biofilm study of
Anaeroglobulus geminatus, differentially regulated proteins
were found to be involved in carbon metabolism, iron trans-
port, and proteolysis. These studies show that constant
changes in metabolic responses occur in bacterial biofilm
systems in order to cope with a dynamically changing envi-
ronment (57).

Correlation of the obtained iTRAQ data with RT-PCR results
confirms the reliability of the analysis, serving as a validation
for the novel regulators of biofilm formation identified from this
study. In conclusion, this pioneering proteomics study has
shed novel insights into the biofilm-forming ability of E. faeca-
lis. 1t was found that the shikimate pathway, sugar and sulfate
permease transporter systems, and metabolic profiles of E.
faecalis may have a significant role in the biofilm formation of
E. faecalis and its pathogenic traits (Fig. 6). Further studies
using genetic knock-out mutants are warranted to elucidate
the roles of the identified biomarkers associated with E. faeca-
lis biofilm, which may possibly provide a new tool set to
design novel treatment strategies for this recalcitrant bacterial
pathogen.
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