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1. Introduction
Enterococcus faecalis is an anaerobic, gram-positive 

coccus commonly found in the human oral cavity, gastro-
intestinal tract, and vagina due to its ability to adapt well 
to nutrient-rich, low-oxygen environments with complex 
ecology [1]. Initially considered non-virulent, enter-ococci 
are now recognized as major causes of nosocomial infec-
tions globally. In particular, E. faecalis has been linked to 
chronic endodontic infections and failed root canal treat-
ments [2, 3].

It is widely assumed that microorganisms in the root 
canal originate from those colonizing the oral cavity [4]. 
Various studies support the prevalence of E. faecalis in 
root canals as associated with its presence in saliva [5].  
Endodontic infections, which begin in the dental pulp, 
create a unique microbial environment where E. faecalis 
thrives [6]. This bacterium's resilience in harsh conditions 
contributes to its persistence and treatment resistance. E. 
faecalis forms biofilms and acquires mobile genetic ele-
ments (MGEs) carrying drug resistance, posing significant 

treatment challenges [7]. 
Several virulence factors enhance E. faecalis pathoge-

nicity by enabling colonization and host tissue invasion, 
translocation through epithelial cells, and host's immune 
response evasion [8]. Furthermore, E. faecalis is highly 
proficient at exchanging and transmitting resistance and 
virulence genes through horizontal gene transfer [9]. Over 
the past decade, antibiotic-resistant genes have been trans-
ferred between different strains [10].

The advent of whole genome sequencing (WGS) has 
facilitated a more comprehensive exam-ination of entero-
coccal antimicrobial resistance genes (ARGs), phylogenet-
ics, and virulence [11]. As WGS becomes more accessible 
and cost-effective, previously archived isolate collec-tions 
are being re-examined and compared with newer isolates. 

Despite the clinical significance of E. faecalis in end-
odontic infections, comprehensive studies focusing on the 
genetic basis of its resistance and virulence in this context 
are limited. The current work aims to uncover the preva-
lence and distribution of population structure, resistome, 

Original Article
Genomic insights into Enterococcus faecalis implicated in endodontic infections: 
resistance, virulence, and genetic variability

Nezar Boreak1*, Ahlam Abdu Mohammed Mowkly2, Amnah Sharwani1, Shroog Ali Almasoudi1, 
Ahmed Huraysi1, Ibrahim Ali Sulily1, Ghadi Ghamdhan Jali1, Mohammed Abed Basihi1, Osama Alfaifi1, 
Elham Ali Tohari1, Rehaf Madkhali1 

1 Department of Restorative Dental Sciences, College of Dentistry, Jazan University, Kingdom of Saudi Arabia.
2 Dentist, Ministry of Health, Kingdom of Saudi Arabia

Journal Homepage: www.cellmolbiol.org

Cellular and Molecular Biology

 ⁎ Corresponding author. 
E-mail address: nboraak@jazanu.edu.sa (N. Boreak).
Doi: http://dx.doi.org/10.14715/cmb/2025.70.1.11

Article Info Abstract

Article history:

Received: October 14, 2024
Accepted: December 18, 2024
Published: January 31, 2025

Endodontic infections, often involving multispecies bacterial communities, present significant challenges in 
treatment due to their complex pathogenic mechanisms and resistance to con-ventional therapies. Entero-
coccus faecalis is a facultative anaerobic gram-positive bacterium that has been frequently recovered from 
secondary or persistent endodontic infections. This study investigates the population structure, resistome, mo-
bilome, and virulome of E. faecalis isolated from oral cavity sources, focusing on 22 genomes sequenced from 
saliva and root canal samples. The genome sequence analysis revealed a diversity of 14 sequence types (STs), 
high-lighting genetic variability within oral E. faecalis populations. Virulence profiling identified 39 genes 
involved in adherence, biofilm formation, toxin production, stress response, and immune evasion. Antimicro-
bial resistance (AMR) genes, including lsa(A), efrA, and tetM, were prev-alent across all genomes, indicating 
potential multidrug resistance. Mobile genetic elements (MGEs), such as insertion sequences, transposons, 
prophages, and plasmids, were also identi-fied, facilitating genetic exchange within and between species. 
Network analyses identified central virulence genes (e.g., asa1, gelE) and AMR genes (e.g., ANT (6)-Ia, dfrE) 
crucial for pathogenicity and resistance, highlighting their pivotal roles in E. faecalis infections. This study 
provides comprehensive insights into the genomic characteristics, AMR genes, virulence fac-tors, and gene-
tic mobile elements associated with E. faecalis isolates from the oral cavity, offering implications for dental 
health and potential strategies for infection control and treat-ment.

Keywords: Enterococcus faecalis, Endodontic infection, Antimicrobial resistance, Virulence factors, Genetic 
diversity.

Use your device to scan and read 
the article online

https://portal.issn.org/resource/issn/1165-158X
http://crossmark.crossref.org/dialog/?doi=10.14715/cmb/2024.71.1.11&domain=pdf
https://www.openaccess.nl/en/what-is-open-access


103

Genomic insights into E. faecalis.                                                                                                                                                                        Cell. Mol. Biol. 2025, 71(1): 102-110

mobilome, and virulome in E. faecalis isolated from the 
oral cavity. By bioinformatics analyses, and gene inter-
action network construction, we seek to identify specific 
genes and determine their potential impact on treatment 
outcomes. Our findings will contribute to a deeper under-
standing of E. faecalis 's role in persistent endodontic in-
fections and provide insights into developing targeted in-
terventions to mitigate this growing threat.

2. Materials and methods
2.1. Collection of genomic data and sequence analysis 

Twenty-two complete genome sequence files of E. fae-
calis isolated from oral cavity including saliva and root 
canal were downloaded in FASTA format from the NCBI 
(Accession: PRJNA891504) [11]. The Multi-locus se-
quence type (MLST) scheme and composition of the se-
quences were obtained from the BV-BRC database Bacte-
rial and Viral Bioinformatics Re-source Center (BV-BRC) 
database [12]. The whole genome sequences of the study 
sequences were aligned using MUSCLE in Molecular 
Evolutionary Genetics Analysis Version 11 (MEGA11) 
[13]. The phylogenetic tree is constructed based on the 
Neighbor-joining method in MEGA11. The generated out-
put file (.tree) was visualized and annotated on the Interac-
tive Tree of Life (iTOL) interface v5.

2.2. Antimicrobial resistance and virulence genes, their 
plasmid, and genomic context in E. faecalis 

The presence of resistance genes was identified using 
ABRicate 1.0.1 [14], ResFinder [15], AMRFinderPlus 
version 3.11.11 [16], and Comprehensive Antibiotic Re-
sistance Database (CARD) [17]. Intrinsic virulence factors 
were identified using ABRicate 1.0.1 with the Viru-lence 
Factor Database (VFDB) and Victors knowledgebase from 
BV-BRC. Plasmids associ-ated with E. faecalis were iden-
tified using ABRicate 1.0.1 with PlasmidFinder. The as-
sembled genomes were further analysed for mobile genet-
ic elements (MGEs), including insertion se-quences, using 
ISFinder [18] and MGEFinder [19] and intact prophages 
using PHASTEST [20], respectively. Integrative Conju-
gative Elements (ICE) and integrative and mobilizable 
elements (IME) were identified using MGEFinder and 
ISFinder. Virulence factors, resistance genes, and MGEs 
were considered significant if the identity and coverage 
percentage were greater than 90%. 

2.3. Gene interaction network analysis
The functional partners of the genes mediating an-

tibiotic resistance and virulence were identi-fied using 
the STRING database [21]. STRING includes physi-
cal and functional association partners obtained from 
high-throughput experimental data, co-expressed genes, 
databases, and literature. The identified antibiotic resis-
tance and virulence protein sequences were input into the 
STRING database, using the E. faecalis V583 strain as a 
reference. Sequences with more than 90% similarity were 
considered for further data retrieval. Interacting partners 
with a confidence score greater than 0.4 were considered 
for network construction. Various topo-logical parameters, 
and centrality measures such as degree, betweenness, ec-
centricity, closeness and topological coefficient were 
calculated using the Network analysis option in Cyto-
scape.3.10.2 [22]. The antibiotic resistance and virulence 
gene interaction networks were con-structed and visual-

ized using Cytoscape 3.10.2.

2.4. Statistical analysis
The statistical analysis section of this study focuses on 

the genomic characteristics and anti-microbial resistance 
(AMR) profiles of E. faecalis isolates obtained from oral 
cavity sources. A total of 22 complete genome sequences 
were analyzed, revealing significant genetic diversity with 
14 distinct sequence types (STs). The presence of virulence 
factors was assessed through bioinformatics tools, identi-
fying 39 genes associated with pathogenicity, including 
those in-volved in biofilm formation and immune evasion. 
Statistical methods, such as Multi-locus Sequence Typing 
(MLST) and phylogenetic analysis using the Neighbor-
Joining method, were employed to investigate the rela-
tionships among isolates. Additionally, network analysis 
was performed to identify interactions between AMR and 
virulence genes, providing insights into their functional 
associations and potential implications for treatment strat-
egies. These analyses underscore the complexity of E. fae-
calis infections and highlight the urgent need for targeted 
therapeutic approaches to combat resistance and virulence 
in clinical settings.

3. Results
3.1. Genomic features and population structure of E. 
faecalis from oral cavity isolates

The E. faecalis genome size of the study isolates 
ranged between 3.18 Mbp to 2.74 Mbp. The genomic map 
of the study isolates is shown in Fig. 1 which shows that 
the majority of the study isolates are sequentially similar. 
The MLST analysis assigned 14 different STs to the 22 
isolates of our study. The analysis of bacterial strains from 
saliva (S), and root canal (RC) revealed significant pat-
terns. Strains from the same patients often shared iden-

Fig. 1. BLAST comparisons of genome sequences from 22 isolates 
of E. faecalis isolated from oral cavity and E. faecalis V583 reference 
genome. The genome order from inner to outer ring (a) reference, 
BE5, BE7, BE8, BE11, BE13, BE15 (b)reference, BE16, BE17, 
BE25, BE32 and  BE33 (c) reference, BE43, BE45, BE47, BE51, 
BE52, BE54 (d) reference BE57, BE65, BE67, BE69, BE70.
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results cautiously, as the actual expression was not as-
sessed phenotypically in this study.

3.4. Characterization and association of mobile genetic 
elements

The study utilized Plasmid finder as a reference da-
tabase and employed the ABRicate program to identify 
plasmids within the isolates. This approach successfully 
detected plasmids in fourteen (BE67, BE65, BE54, BE52, 
BE51, BE43, BE33, BE32, BE25, BE15, BE13, BE11, 
BE8, BE7) of the isolates, highlighting the presence of 
the plasmid replicon DOp1 across these samples. The de-
tection of this replicon suggests a potential commonality 
or shared mechanism of plasmid carriage among these 
isolates, which may have implications for understanding 
plasmid-mediated gene transfer in this microbial commu-
nity. Additionally, the analysis re-vealed that nearly all iso-
lates contained intact prophages, with a variety of specific 
prophages being identified. The most prevalent prophage, 
Entero_phiFL3A_NC_013648, was found in fifteen iso-
lates, followed by Entero_phiFL1A_NC_013646 in nine 
isolates and several others in fewer numbers (Table S1 1). 
The presence of these prophages could indicate a signifi-
cant role in the genetic and phenotypic diversity of the iso-
lates, potentially affecting their virulence, adaptability, and 
resistance to environmental stresses. The study also identi-
fied six distinct insertion sequence (IS) families within the 
isolates: IS3, IS1380, IS256, IS6, ISL3, and IS30. The spe-
cific IS elements, such as ISLmo19 and ISS1N of IS6, and 
others, suggest a complex landscape of mobile genetic ele-
ments that contribute to genomic variability. These IS ele-
ments can facilitate gene rearrangements, horizontal gene 
transfer, and the spread of antibiotic re-sistance genes, 
which are crucial factors in microbial evolution and patho-
genicity. The detection of simple transposons, including 
Tn6009, Tn6000, and Tn5405, further underscores the dy-
namic nature of the genomes in these isolates (Table S2). 
Transposons are known to play a critical role in the mo-
bility of genetic elements, potentially leading to the dis-

tical sequence types (STs), such as BE15/BE43 (ST25), 
BE16/BE17 (ST260), BE7/BE8 (ST16), and BE32/BE33 
(ST55), indicating persistence in the individuals. Nota-
bly, BE11 and BE32, both ST55, were isolated from the 
same patient's saliva four months apart, suggesting long-
term persistence (Table 1). The diversity of Sequence 
Types (STs) identified in our study reflects varied genetic 
profiles within the oral cavity. ST300, ST40, ST55, and 
ST16, commonly reported in clinical and environ-mental 
contexts, highlight adaptability and potential transmission 
routes. Conversely, ST179, and ST380, and others less fre-
quently observed in oral isolates underscore unique micro-
bial ecologies. The phylogenetic tree reveals significant 
clustering of strains from the same patients, such as BE15/
BE43, BE16/BE17, BE7/BE8, BE32/BE33, and BE51/
BE52, indicating high genetic similarity and persistence 
within hosts irrespective of the isolation site. Strains BE11 
and BE32, isolated from the same patient's saliva four 
months apart, also cluster closely, demonstrating temporal 
consistency (Fig. 2).

3.2. Virulence factors associated with the isolates
The virulence genes were identified by comparing the 

E. faecalis genomes against VFDB, using ABRicate and 
Victors supported by BV-BRC. A total of thirty-nine dif-
ferent virulence genes were identified in the study isolates 
(Table 2). These virulence factors were classified based on 
their functions into several categories: adherence factors, 
biofilm formation factors, capsule formation factors, tox-
ins, secretion systems, immune evasion factors, enzymes, 
and regulatory factors. Most of the virulence genes were 
associated with immunomodulation (cpsA, cpsB, cpsC, 
cpsD, cpsE, cpsF, cpsG, cpsH, cpsI, and cpsK), adherence 
(ebpA, ebpB, ebpC, srtC, and Ef0485), biofilm formation 
(ebpA, ebpB, ebpC, and efaA), and biofilm modulation 
(bopD, fsrA, fsrB, and fsrC).

3.3. Anti-microbial resistance genes associated with the 
isolates

The presence of multiple antimicrobial resistance 
(AMR) genes in E. faecalis isolates were identified by 
comparing the results obtained from different tools (Ta-
ble 3). A total of eighteen AMR genes were identified in 
the study isolates. All isolates harbored the lsa(A) gene. 
The widespread occurrence of the lsa(A) gene among all 
isolates is particularly concerning as it confers resistance 
to clindamycin, quinupristin-dalfopristin, and dalfopris-
tin, limiting treatment options for severe infections. Most 
isolates also displayed biocide resistance (efrA) and tri-
methoprim resistance (tetM), except a few isolates, further 
complicates therapeutic strategies, potentially reducing 
the efficacy of commonly used antibiotics and disinfec-
tants. The diversity of additional AMR genes observed 
highlights the adaptability of E. faecalis in acquiring re-
sistance mechanisms against various antimicrobial agents. 
The presence of genes such as tetS, ErmB, ANT (6)-Ia, 
IsaE, dfrG, lnuB, catA, SAT-4, ANT (9)-Ia, aph(3')-III, Str, 
and bcrA in different isolates indicates a broad spectrum 
of resistance capabilities, encompassing antibiot-ics, bio-
cides, and disinfectants. Overall, these findings indicate 
that the isolates may contain diverse antimicrobial resis-
tance determinants, potentially indicative of a multidrug-
resistant (MDR) phenotype irrespective of their location in 
the oral cavity. However, it's important to interpret these 

Fig. 2. Phylogenetic relationships among E. faecalis isolates. Orange 
and green labels represent samples from intracanal and saliva, respec-
tively. Samples from the same patient are indicated by the same node 
color. The genome of the reference laboratory strain E. faecalis V583 
was used as an outgroup.
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GenBank  
accession Strain MLST Chromosomes Contigs Genome 

Length
GC 

Content tRNA rRNA CDS Partial 
CDS

CP110019.1 BE70 300 1 1 2872849 37.25588 65 12 2858 9
CP110020.1 BE69 300 1 1 2874917 37.26393 65 12 2828 6
CP110022.1 BE67 179 1 4 2980122 37.40216 60 12 3029 11
CP110030.1 BE65 1272 1 7 3182451 37.32652 68 12 4286 18
CP110032.1 BE57 40 1 2 2978663 37.38123 61 12 2977 9
CP110035.1 BE54 179 1 2 3013236 37.38874 61 12 3101 13
CP110036.1 BE52 74 1 1 2845082 37.64155 60 12 2777 8
CP110038.1 BE51 239 1 2 2846585 37.59322 61 12 2888 9
CP110039.1 BE47 380 1 1 2757740 37.59658 60 12 2687 2
CP110040.1 BE45 380 1 1 2745951 37.59514 60 12 2682 2
CP110041.1 BE43 25 1 6 3025526 37.39115 60 12 2995 10
CP110047.1 BE33 55 1 3 2986815 37.3524 61 12 2945 10
CP110050.1 BE32 55 1 3 2986731 37.35439 61 12 2924 7
CP110053.1 BE25 173 1 1 2761658 37.68048 60 12 2634 4
CP110054.1 BE17 260 1 5 2977527 37.38895 59 12 2930 5
CP110059.1 BE16 260 1 4 2978319 37.39485 62 12 2925 4
CP110063.1 BE15 25 1 5 3022182 37.39583 60 12 3001 11
CP110068.1 BE13 72 1 1 2995083 37.55722 63 12 2921 10
CP110069.1 BE11 55 1 2 2957563 37.40228 61 12 2866 7
CP110071.1 BE8 16 1 1 2863584 37.44629 62 12 2746 13
CP110072.1 BE7 16 1 2 2977930 37.29819 66 12 2919 13
CP110074.1 BE5 326 1 5 3034464 37.44253 61 12 3027 13

Table 1.  Genomic composition and population structure of the study isolates.

GenBank 
accession Virulent Genes

CP110019.1 bopD, cpsA, cpsB, cpsC, cpsD, cpsE, cpsG, cpsH, cpsI, cpsJ, cpsK, cylI, ebpA, ebpB, ebpC, EF0485, EF0818, 
efaA, fsrA, fsrB, fsrC, fss1, fss2, gelE, sprE, srtC

CP110020.1 bopD, cpsA, cpsB, cpsC, cpsD, cpsE, cpsG, cpsH, cpsI, cpsJ, cpsK, cylI, ebpA, ebpB, ebpC, EF0485, EF0818, 
efaA, fsrA, fsrB, fsrC, fss1, fss2, gelE, sprE, srtC

CP110022.1 bopD, cpsA, cpsB, cylA, cylB, cylI, cylL, cylM, cylR1, cylR2, cylS, ebpA, ebpB, ebpC, EF0485, EF3023, 
efaA, esp, fsrC, fss1, fss2, fss3, gelE, sprE, srtC

CP110030.1 ace, bopD, cpsA, cpsB, ebpA, ebpB, ebpC, EF0818, efaA, fsrC, fss1, gelE, sprE, srtC
CP110032.1 ace, bopD, cpsA, cpsB, ebpA, ebpB, ebpC, EF0818, EF3023, efaA, fsrA, fsrB, fsrC, fss1, fss2, gelE, sprE, srtC

CP110035.1 bopD, cpsA, cpsB, cylA, cylB, cylI, cylL, cylM, cylR1, cylR2, cylS, ebpA, ebpB, ebpC, EF0149, EF0485, 
EF3023, efaA, esp, fsrC, fss1, fss2, fss3, gelE, sprE, srtC

CP110036.1 ace, bopD, cpsA, cpsB, ebpA, ebpB, ebpC, EF0818, EF3023, efaA, fss1, fss3, srtC
CP110038.1 ace, bopD, cpsA, cpsB, ebpA, ebpB, ebpC, EF0818, EF3023, efaA, fsrC, fss1, gelE, sprE, srtC
CP110039.1 ace, bopD, cpsA, cpsB, ebpA, ebpB, ebpC, EF0818, efaA, fss1, fss3, srtC
CP110040.1 ace, bopD, cpsA, cpsB, ebpA, ebpB, ebpC, EF0818, efaA, fss1, fss3, srtC
CP110041.1 bopD, cpsA, cpsB, ebpA, ebpB, ebpC, EF0818, efaA, fsrC, fss3, gelE, sprE, srtC
CP110047.1 ace, bopD, cpsA, cpsB, ebpA, ebpB, ebpC, EF0818, EF3023, efaA, fss1, srtC
CP110050.1 ace, bopD, cpsA, cpsB, ebpA, ebpB, ebpC, EF0818, EF3023, efaA, fss1, srtC
CP110053.1 ace, bopD, cpsA, cpsB, ebpA, ebpB, ebpC, EF0818, EF3023, efaA, fss1, gelE, sprE, srtC
CP110054.1 bopD, cpsA, cpsB, ebpA, ebpB, ebpC, EF0818, EF3023, efaA, fsrA, fsrB, fsrC, fss1, gelE, sprE, srtC
CP110059.1 bopD, cpsA, cpsB, ebpA, ebpB, ebpC, EF0818, EF3023, efaA, fsrA, fsrB, fsrC, fss1, gelE, sprE, srtC
CP110063.1 bopD, cpsA, cpsB, ebpA, ebpB, ebpC, EF0818, efaA, fsrC, fss3, gelE, sprE, srtC

CP110068.1 bopD, cpsA, cpsB, cpsC, cpsD, cpsE, cpsG, cpsI, cpsJ, cpsK, ebpA, ebpB, ebpC, EF0818, EF3023, efaA, fsrA, 
fsrB, fsrC, fss1, fss2, gelE, sprE, srtC

CP110069.1 ace, bopD, cpsA, cpsB, ebpA, ebpB, ebpC, EF0818, EF3023, efaA, fss1, fss3, srtC

CP110071.1 bopD, cpsA, cpsB, cpsC, cpsD, cpsE, cpsF, cpsG, cpsH, cpsI, cpsJ, cpsK, cylA, cylB, cylI, cylI, cylL, cylM, 
cylR1, cylR2, cylS, ebpA, ebpB, ebpC, EF0485, EF3023, efaA, esp, fss1, fss2, srtC

CP110072.1 bopD, cpsA, cpsB, cpsC, cpsD, cpsE, cpsF, cpsG, cpsH, cpsI, cpsJ, cpsK, cylA, cylB, cylI, cylI, cylL, cylM, 
cylR1, cylR2, cylS, ebpA, ebpB, ebpC, EF0485, EF3023, efaA, esp, fss1, fss2, srtC

CP110074.1 bopD, cpsA, cpsB, ebpA, ebpB, ebpC, EF3023, efaA, fsrC, fss1, fss3, gelE, sprE, srtC

Table 2. List of virulent genes identified in the study isolates.
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semination of resistance genes and other functional genes 
that confer adaptive advantages. The identification of ap-
proximately 120 different composite transposons across 
14 isolates highlights the exten-sive genetic diversity and 
the potential for horizontal gene transfer events within this 
microbial population. We also observed that Tetracycline 
resistance gene, tet(M) of BE43 strain and linezolid re-
sistance genes lsa(E) gene of BE16 strain and fsrA gene 
of BE54 strain were pre-dicted to be within prophage se-
quences. 

3.5. AMR Gene interaction network analysis 
The mining of interaction partners for the AMR based 

on sequence similarity with E. faecalis V583 genome 
identified functional partners for five AMR genes. The 
network analysis of gene interactions of AMR genes re-
vealed intricate relationships among key genes (Fig. 3). 
ANT (6)-Ia emerged as central due to its interactions with 
metabolic enzymes like mprF and transport proteins such 
as ecfA1, highlighting its role in antibiotic resistance and 
cellular transport. The bcrA gene, associated with baci-
tracin resistance, interacted with ecfA1, ecfA2, and other 
transport-related genes, indicating its involvement in resis-

tance and membrane transport func-tions. The dfrE (folA) 
gene, crucial for folate biosynthesis, showed interactions 
with genes involved in nucleotide (thyA, purN, purH) and 
amino acid metabolism (glyA), suggesting a key role in 
these metabolic pathways. Lastly, efrA and lsa(A) were 
linked to efflux mechanisms and ribosomal protection, un-

Fig. 3. Gene interaction network of AMR genes. The AMR genes are 
highlighted by the colored nodes.

Table 3. List of AMR genes associated with the study isolates.

GenBank
accession CARD ResFinder AMRfinder ABRicate

CP110019.1 efrA, dfrE, lsa(A) lsa(A) lsa(A) lsa(A), dfrE
CP110020.1 efrA,  dfrE, lsa(A) lsa(A) lsa(A) lsa(A), dfrE
CP110022.1 dfrE, tet(M), lsa(A) lsa(A), tet(M) lsa(A), tet(M) lsa(A), tet(M), dfrE
CP110030.1 dfrE, tet(M), lsa(A) lsa(A), tet(M) lsa(A), tet(M) lsa(A), tet(M), dfrE
CP110032.1 efrA,  dfrE,  lsa(A) lsa(A) lsa(A) lsa(A), dfrE

CP110035.1 efrA,  tet(M), dfrE, ErmB, 
lsa(A) lsa(A), tet(M), ErmB lsa(A), tet(M), ErmB, 

ant(6)-Ia
lsa(A), erm(B), dfrE, 
tet(M)

CP110036.1 lsa(A), efrA,  tet(M), dfrE lsa(A), tet(M) lsa(A), tet(M), bcrA lsa(A), tet(M), dfrE
CP110038.1 efrA,  tet(M), dfrE, lsa(A) lsa(A), tet(M) lsa(A), tet(M) lsa(A), tet(M), dfrE
CP110039.1 efrA,  dfrE, lsa(A) lsa(A) lsa(A) lsa(A), dfrE
CP110040.1 efrA,  dfrE, lsa(A) lsa(A) lsa(A) lsa(A), dfrE
CP110041.1 efrA,  tet(M), dfrE, lsa(A) lsa(A), tet(M) lsa(A), tet(M) lsa(A), tet(M), dfrE

CP110047.1 tet(S), lsa(A),  efrA,  tet(M), 
dfrE lsa(A), tet(M),  tet(S) lsa(A), tet(M),  tet(S) lsa(A), tet(M),  tet(S), dfrE

CP110050.1 tet(S),  lsaA, efrA, tet(M), dfrE, 
lsa(A) lsa(A), tet(M),  tet(S) lsa(A), tet(M),  tet(S) lsa(A), tet(M),  tet(S), dfrE

CP110053.1 efrA,  tet(M), dfrE, lsa(A) lsa(A), tet(M) lsa(A), tet(M) lsa(A), tet(M), dfrE
CP110054.1 efrA,  dfrE, lsa(A) lsa(A) lsa(A) lsa(A), dfrE
CP110059.1 efrA, dfrE, lsa(A) lsa(A) lsa(A) lsa(A), dfrE
CP110063.1 efrA,  tet(M), dfrE, lsa(A) lsa(A), tet(M) lsa(A), tet(M) lsa(A), tet(M), dfrE
CP110068.1 efrA,  dfrE, lsa(A) lsa(A) lsa(A) dfrE, lsa(A)
CP110069.1 tet(S), lsa(A), efrA, tet(M), dfrE lsa(A), tet(M),  tet(S) lsa(A), tet(M),  tet(S) lsa(A), tet(M),  tet(S), dfrE

CP110071.1

dfrG,  APH(3')-IIIa,  lsaE,  
ANT(6)-Ia,  lnuB,  catA8,  SAT-
4,  efrA,  ErmB,  dfrE,  tet(M), 
lsa(A)

ant(6)-Ia ,  str,  
aph(3')-III,  dfrG,  
lsa(E),  lsa(A),  
lnu(B),  erm(B), 
tet(M),  cat

dfrG, lsa(A), str, 
catA, sat4, aph(3')-
IIIa, ant(6)-Ia, spw, 
lsa(E), lnu(B), 
erm(B), tet(M)

dfrG, lsa(A), str, catA8, 
sat4, aph(3')-IIIa, spw, 
lsa(E), lnu(B), ant(6)-Ia, 
erm(B), dfrE, tet(M)

CP110072.1
dfrG, APH(3')-IIIa, lsaE, 
ANT(6)-Ia, lnuB, catA8, SAT-4, 
efrA, ErmB, dfrE, tet(M), lsa(A)

ant(6)-Ia,  str,  
aph(3')-III,  dfrG,  
lsa(E),  lsa(A),  
lnu(B),  erm(B),  
tet(M), cat

dfrG, lsa(A), str, 
catA, sat4, aph(3')-
IIIa, ant(6)-Ia, spw, 
lsa(E), lnu(B), 
ant(6)-Ia, erm(B), 
tet(M)

dfrG, lsa(A), str, catA8, 
sat4, aph(3')-IIIa, spw, 
lsa(E), lnu(B), ant(6)-Ia, 
erm(B), dfrE, tet(M)

CP110074.1 efrA,  dfrE, lsa(A) lsa(A) lsa(A) lsa(A), dfrE
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derscoring their contributions to antibiotic resistance and 
the regulation of protein synthesis.

The network properties of antimicrobial resistance 
(AMR) genes in E. faecalis were analyzed, revealing key 
insights into their connectivity and potential roles within 
the bacterial genome. The genes included in the analysis 
are ANT (6)-Ia, bcrA, dfrE (folA), efrA, and lsa(A). Their 
respective network properties such as Betweenness Cen-
trality, Closeness Centrality, Degree, Eccentricity, and To-
pological Coefficient were calculated and summarized in 
Table 4. Network topological metrics of the AMR gene 
networks.

ANT (6)-Ia, dfrE (folA), and lsa(A) have the highest 
Betweenness and Closeness Centrality values of 1, high-
lighting their crucial roles as central hubs in the network. 
These genes also show the lowest Eccentricity, underscor-
ing their central position. The Degree analysis shows that 
bcrA, folA, EfrA, and lsa(A) are highly connected, with 
bcrA and EfrA having the highest Topological Coefficient 
at 0.1, indicating shared interaction partners. Overall, ANT 
(6)-Ia, dfrE (folA), and lsa(A) are pivotal in maintaining 
network connectivity, while bcrA and efrA, de-spite high 
connectivity, are more peripheral, suggesting roles in spe-
cific resistance mechanisms.

3.6. Virulence gene interaction network analysis 
The twenty-two virulent genes were found to have in-

teracting partners in the STRING data-base. The virulence 
gene network analysis of E. faecalis highlights several 
highly connected genes, which play pivotal roles in patho-

genicity (Fig. 4). The gene asa1, associated with adhe-sion 
and biofilm formation, exhibits extensive interactions with 
TDC, cylM, vanB, and gelE, indicating its central role in 
coordinating various virulence mechanisms. The Asa1 
gene medi-ates bacterial aggregation and enables plasmid 
transfer, also promoting biofilm formation. The cytolysin 
operon is a two-component system consisting of lysin (L) 
encoded by cylL1, cylL2, cylM, and cylB, and an activator 
(A) encoded by cylA.

The network analysis of virulent genes in E. faecalis 
reveals a complex interplay of gene in-teractions essential 
for pathogenicity. Key network properties highlight cen-
tral genes crucial for coordinating virulence mechanisms. 
cpsH, cylR1, and cylL emerge as pivotal genes with high 
Betweenness Centrality, indicating their role as bridges 
between different parts of the network. They also exhibit 
high Closeness Centrality, suggesting their efficiency in 
influencing other genes. Genes like asa1, gelE, sprE, and 
fss3 show high Degree, indicating their extensive connec-
tions within the network. cpsH, cylR1, and cylL have low 
Eccentricity, implying their central positioning and effi-
cient interaction capabilities.

The Topological Coefficient highlights cpsH, cylL, and 
cysS as genes likely to share interaction partners, facili-
tating coordinated virulence functions. This comprehen-
sive analysis sheds light on the structural framework of 
virulence in E. faecalis, identifying key genes pivotal for 
pathogenicity (Table 5).

4. Discussion
The identification of multiple adherence factors sug-

gests that E. faecalis has robust mechanisms for attaching 
to host tissues, which is critical for colonization and infec-
tion[23]. Biofilms pro-vide a protective niche for bacteria, 
enhancing their resistance to host immune responses and 
antimicrobial agents. The overlap of biofilm formation 
and adherence factors indicates that E. faecalis employs 
a coordinated strategy to establish and maintain persistent 
infections. Capsule formation is another crucial virulence 
mechanism, providing protection against phagocytosis 
and contributing to the bacterium’s ability to evade the 
host immune system. The comprehen-sive array of capsule 
formation cps operon encoding the polysaccharide capsule 
and 11 open reading frames (cpsA through cpsK) identi-
fied in these isolates underscores the importance of this 
virulence strategy in oral infections [24].

Toxins such as cylA and gelE are directly involved in 
damaging host tissues and modulating immune responses 
[24]. The presence of multiple toxin genes points to the ag-
gressive nature of E. faecalis in inflicting host damage to 
facilitate infection and dissemination. Secretion systems 
and regulatory factors, such as the fsr operon (fsrA, fsrB, 
fsrC), play critical roles in the ex-pression and secretion 

Fig. 4. Gene interaction network of virulent genes. The virulent genes 
are highlighted by the colored nodes. The interacting genes of the 
virulent genes are shown with colored edges.

Gene Betweenness 
Centrality

Closeness 
Centrality Degree Eccentricity Topological 

Coefficient
ANT (6)-Ia 1.000 1.000 8 1 0.0
bcrA 0.711 0.513 10 3 0.1
dfrE (folA) 1.000 1.000 10 1 0.0
EfrA 0.711 0.513 10 3 0.1
Lsa(A) 1.000 1.000 10 1 0.0

Table 4. Topological metrics of the AMR gene networks.
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of virulence determinants. The Fsr proteins are essential 
for producing two secreted proteases: gelatinase (GelE), 
serine protease (SprE) and enterocin O16 [25]. The fsr 
quorum-sensing system regulates biofilm development by 
promoting gelatinase production [26].

The dual role of these factors in regulation and secre-
tion highlights their importance in the pathogenicity of 
E. faecalis. Immune evasion factors, including perR and 
phrB, enable E. faecalis to persist within the host by neu-
tralizing host defenses [27]. The identification of such fac-
tors emphasizes the adaptive capabilities of E. faecalis in 
hostile environments like the oral cavity. The identifica-
tion of these virulence factors, especially those with over-
lapping roles, reveals a sophisticated pathogenic strategy 
that complicates effective management. Recent studies 
have clarified the role of phages in the horizontal gene 
transfer (HGT) of antimicrobial resistance (AMR) genes, 
as these genes are frequently found in prophage sequences 
and are stably inherited within the host genome, carrying 
antibiotic resistance determinants [28].

Gelatinase damages host tissue, facilitating bacterial 
migration and spread [29]. The fsr quorum-sensing system 
(fsrA, fsrB, fsrC) emerges as another crucial hub, regu-
lating genes like gelE and cylM, which are involved in 
extracellular matrix production and stress responses. The 
ebp operon (ebpA, ebpB, ebpC), linked to srtC, enhances 
bacterial adhesion and biofilm for-mation, further demon-
strating its significance in host colonization [30]. GelE, 
a gelatinase, interacts with regulatory genes and agrBfs, 
highlighting its dual role in matrix degradation and antibi-
otic resistance, tightly regulated by quorum sensing. The 
production of cytolysin has been demonstrated to contrib-
ute to the severity of enterococcal disease [31]. The cyl op-
eron, re-sponsible for cytolysin production, connects with 

ribosomal and metabolic genes, suggesting a link between 
virulence expression and the bacterial metabolic state.

5. Conclusions
In conclusion, our study provides a detailed analysis of 

Enterococcus faecalis isolates from the oral cavity, reveal-
ing diverse genomic characteristics, including 14 sequence 
types and a range of virulence and antimicrobial resistance 
genes. The findings underscore the pathogenic po-tential 
of E. faecalis in oral infections, characterized by robust 
adherence mechanisms, biofilm formation capabilities, 
and a spectrum of antimicrobial resistance profiles. De-
tection of mobile genetic elements such as plasmids and 
prophages highlight their role in genetic diversity and hor-
izontal gene transfer. Network analyses elucidate central 
genes like cpsH, cylR1, cylL in virulence, and ANT (6)-Ia, 
dfrE (folA), lsa(A) in resistance, emphasizing their pivotal 
roles. The genetic similarity observed between E. faecalis 
genomes in saliva and root canal samples sug-gests that 
the pathogen's presence in saliva may contribute to root 
canal contamination, thereby increasing the likelihood of 
periapical lesion development. This study enhances un-
derstanding of E. faecalis epidemiology and underscores 
its implications for oral health management and infection 
control strategies.

Supplementary materials
The following supporting information can be downloaded 
at: www.mdpi.com/xxx/s1, Table S1: List of prophages 
identified in the study isolates, Table S2: List of Mobile 
Genetic Elements identified in the study isolates.
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