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The potential regulatory role of mannose phosphotransferase system EII in 
alkaline resistance of Enterococcus faecalis
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ABSTRACT
Objective: To investigate the role of mannose phosphotransferase system (Man-PTS) EII in 
the alkaline resistance of Enterococcus faecalis (E. faecalis).
Methods: The Man-PTS EIID (mptD) deletion (ΔmptD) and overexpressing (+mptD) strains of 
E. faecalis were constructed. The contribution of the Man-PTS EII to alkaline resistance was 
investigated by assessing growth and biofilm formation of E. faecalis at pH 7 and 10, as well 
as changes in intracellular ATP levels, pH, potassium ion concentration, membrane potential 
and membrane permeability. The effects of mptD on the expression of other Man-PTS EII 
components and membrane transport-related genes were evaluated by RT-qPCR at pH 10. In 
addition, six clinical strains were isolated. Three strains of E. faecalis with high to low alkaline 
resistance were screened, and RNA sequencing was performed to further explore the role of 
Man-PTS EII in the alkaline resistance.
Results: mptD enhanced the alkaline resistance of E. faecalis by maintaining pH homeostasis 
in an alkaline environment. Overexpression of mptD induced membrane hyperpolarization, 
reduced membrane permeability, decreased intracellular K+ levels, lowered cytoplasmic pH, 
and elevated ATP production, while the loss of mptD reversed these effects (p < 0.05). mptD 
coordinated the expression of Man-PTS EII components and upregulated genes encoding 
membrane transporter components (p < 0.01). All Man-PTS EII components were positively 
related to the degree of alkaline resistance of E. faecalis (p < 0.05).
Conclusion: Man-PTS EII is a key factor in the interaction between metabolism and ion 
membrane transport during the alkaline resistance process of E. faecalis. This study may 
provide new insights for understanding the alkaline resistance of E. faecalis.
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Introduction

Persistent root canal infection and reinfection are signif
icant factors contributing to the failure of root canal 
treatment in human teeth [1]. Enterococcus faecalis 
(E. faecalis) is a Gram-positive facultative anaerobe that 
is one of the most frequently detected bacteria in the 
polymicrobial biofilm community of persistent root 
canal infection and reinfection [2]. Its detection rate 
and abundance in the pathogenic biofilm community 
vary among different studies (ranging from 2.5% to 
78.3%), depending on the method used for bacteria 
detection [3–5]. Despite discrepancies in the detection 
rate, most previous and recent published literature sup
ported the presence and pathogenic role of E. faecalis in 
the persistent root canal infection, even when assessed 
with contemporary molecular detection methods (e.g. 
next-generation sequencing methods) [6–8]. This parti
cular bacterium possesses the capability of withstanding 
nutrient-deficient conditions and alkaline stress [9,10]. 
E. faecalis can form biofilms in root canals, which in turn 

can lead to treatment failure due to the persistence of 
infections and higher drug resistance [2]. Therefore, the 
efficacy of alkaline disinfectants in root canal treatment, 
such as calcium hydroxide, may be compromised by the 
alkaline resistance exhibited by E. faecalis.

As reported, Enterococci could maintain proton 
motive force (PMF) and intracellular pH homeostasis 
via adenosine triphosphate synthetase (ATPase) and 
proton antiporter mechanisms, consequently yielding 
alkaline resistance [11]. The alkaline resistance of 
E. faecalis may be affected by the nutrient availability 
in the biofilm [12]. When in a nutrient-deficient 
environment, substances such as glycerin can stimu
late the metabolism of E. faecalis, which in turn leads 
to increased alkaline resistance [12]. The develop
ment of alkaline resistance in E. faecalis is accompa
nied by the changes to metabolic activities, and its 
ability to tolerate extreme alkaline conditions is influ
enced by differences in physiological processes and 
metabolic pathways [11,13,14]. Therefore, inhibition 
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of energy metabolic activity is essential for reducing 
alkaline resistance in E. faecalis. To date, the detailed 
molecular mechanisms behind energy metabolism of 
bacteria related to alkaline resistance remain unclear.

The phosphoenolpyruvate (PEP) carbohydrate 
phosphotransferase system (PTS) plays an important 
role in the survival of bacteria in adverse environ
ments [15,16]. PTS is also reported to be involved in 
maintaining bacterial ion homeostasis as an adeno
sine triphosphate (ATP)-dependent regulator [17]. 
The mannose phosphotransferase system (Man-PTS) 
, as a part of PTS regulatory network, is crucial for 
the stress resistance of bacteria, and enzyme II (EII) is 
a sugar-specific protein complex consisting of EIIA, 
EIIB, EIIC and EIID, in which EIID plays a key role 
in the selection and use of PTS-sugars by bacteria 
[16,18,19]. Man-PTS could regulate various adaptive 
activities of bacteria through EII, including virulence 
gene expression and biofilm formation, which are 
closely related to the adaptation of bacteria to exter
nal environment [15,16,20]. There are reports that 
E. faecalis selectively metabolizes mannose to produce 
ATP in response to alkaline stress [21]. However, the 
role of Man-PTS EII in maintaining the alkalinity 
resistance of E. faecalis remains elusive.

Based on the above concerns, this study was 
designed to explore whether and how Man-PTS EII 
could regulate the alkaline resistance of E. faecalis.

Materials and methods

Bacterial strains and culture media

Bacterial strains used in this study are listed in 
Table 1. Two standard laboratory E. faecalis strains 
ATCC 29212 and ATCC 51299 were obtained from 
the American Type Culture Collection. The Man-PTS 
EIID (mptD) deletion (ΔmptD) and overexpressing 
(+mptD) strains of E. faecalis were constructed in 
our previous study and used for this study [22]. 
ΔmptD and +mptD strain were confirmed using 
PCR and quantitative real-time PCR as shown in 
Figure S1 and S2 of Supplementary Materials. Six 
clinical E. faecalis strains (XS 001, XS 002, XS 003, 

LY 001, LY 002 and LY 003) were isolated from root 
canals of teeth with failed root canal treatment under 
the approval of the Ethics Committee of School of 
Stomatology (No. [2022]A20), following Barbosa- 
Ribeiro’s radiological and clinical examinations [22– 
24]. The identification method for clinical E. faecalis 
strains was described in Supplementary Materials. 
Under anaerobic conditions, E. faecalis was incubated 
in brain heart infusion (BHI) (BD, USA) at 37°C. BHI 
media with pH = 10 was prepared using 0.2 M 
NaHCO3 and 0.2 M K2CO3 (Sinopharm, China) buf
fer solutions as previously described [25]. All BHI 
media were sterilized using PES membrane filter 
units (0.22 µm, Millipore, USA).

Dynamic growth curves

The dynamic growth curve method was used to 
observe the growth patterns of E. faecalis (ATCC 
29212, ΔmptD and +mptD). Briefly, 5 mL suspension 
(1 × 105 CFUs/mL) of E. faecalis was incubated in 
BHI with different pH (7 and 10). At 3, 6, 9, 12 and 
24 h after incubation, 200 μL of the suspension was 
retrieved into a 96-well plate and measured at 600 nm 
using a microplate reader (Synergy H1, Biotech, 
USA). The test was repeated six times.

Biofilms quantification

The biofilm formation ability of E. faecalis (ATCC 
29212, ΔmptD and +mptD) was evaluated using crys
tal violet (CV) staining. Briefly, as mentioned above, 
E. faecalis was adjusted to a concentration of 1 × 105 

CFUs/mL in BHI with different pH (7 and 10), and 
the final volume was 200 µL per well in 96-well poly
styrene microtiter plates. Following 48 h of incuba
tion at 37°C, non-adherent cells were removed by 
gentle PBS washing (×3), and the adherent bacteria 
were fixed with anhydrous methanol for 15 min. 
Subsequently, the biofilms were stained with 0.1% 
(w/v) CV dye for 15 min. After staining, the samples 
were gently rinsed with PBS (×3) to remove excess 
crystal violet. Then the dye was dissolved with anhy
drous methanol for 10 min and the optical density at 

Table 1. Strains used in this study.
Strains Relevant characteristics Reference of source

ATCC 29212 Standard strain of E. faecalis Laboratory preservation
ATCC 51299 Standard strain of E. faecalis Laboratory preservation
XS 001 Clinical strain of E. faecalis Clinical collection, this study
XS 002 Clinical strain of E. faecalis Clinical collection, this study
XS 003 Clinical strain of E. faecalis Clinical collection, [22]
LY 001 Clinical strain of E. faecalis Clinical collection, this study
LY 002 Clinical strain of E. faecalis Clinical collection, this study
LY 003 Clinical strain of E. faecalis Clinical collection, this study
ΔmptD mptD deletion of E. faecalis Self-constructed, [22]
+mptD mptD overexpression of E. faecalis Self-constructed, [22]
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560 nm was measured using a microplate reader 
(Synergy H1, Biotech, USA). The test was repeated 
six times.

Bacterial morphology

Field Emission Scanning Electron Microscope (FE- 
SEM) was used to observe the morphology of 
E. faecalis (ATCC 29212, ΔmptD and + mptD) in dif
ferent pH (7 and 10) conditions. Briefly, mid-log phase 
bacterial cells (n = 3) were harvested, resuspended in 
phosphate-buffered saline (PBS), spotted on coverslip 
and air-dried to pellicles. Pellicles from each strain 
were fixed with 2.5% glutaraldehyde for 12 h, serially 
dehydrated in ethanol and sputter-coated with gold. 
Specimens were imaged using FE-SEM (Zeiss Gemini 
SEM 500, UK) at specified magnifications.

Intracellular pH

The assays of intracellular pH (pHin) of E. faecalis 
(ATCC 29212, ΔmptD and +mptD) were performed 
as previously described [22]. Briefly, E. faecalis sus
pension (OD600 = 0.5) was incubated in 5 μM of pH 
fluorescent probe BCECF AM for 1 h at 37°C. And 
the intracellular pH calibration buffer kit (Invitrogen, 
USA) was used to generate calibration curves. The 
cells were washed twice and incubated in BHI with 
different pH (7 and 10) for 1 h. After the cells were 
centrifuged and resuspended, their fluorescence was 
detected using a microplate reader (Synergy H1, 
BioTek, USA). pH was assessed by the ratio of emis
sion intensity excited at 490 nm versus at 440 nm, 
using a calibration curve. The test was repeated six 
times.

Cellular ATP

The ATP levels assays of E. faecalis (ATCC 29212, 
ΔmptD and +mptD) were performed as previously 
described [22]. In brief, 100 µL bacterial suspensions 
(OD600 = 0.5) were added into a 96-well plate with 
black bottom, then 100 µL of the BacTiter-Glo 
Reagent (Promega, USA) was added and incubated 
for 5 min before recording the luminescence through 
a microplate reader (Synergy H1, BioTek, USA) after 
treating bacteria with BHI at different pH (7 and 10) 
for 1 h. The ATP level in a single cell was calculated 
according to the previously described method [22]. 
The test was repeated six times.

Intracellular potassium ions

Potassium ion (K+) levels of E. faecalis (ATCC 29212, 
ΔmptD and +mptD) were measured using EPG-2 
(Maokang Biology, China). In brief, E. faecalis 
(OD600 = 0.5) were incubated with 2 µM EPG- for 

30 min, fluorescence images for the FITC channel 
were taken with high-resolution laser scanning con
focal fluorescence microscopy (Leica TCS SP8 STED 
CW, Germany) after treating bacteria with BHI at 
different pH (7 and 10) for 1 h. Intracellular K+ was 
measured by the fluorescence intensity of FITC chan
nel. The test was repeated three times.

Membrane potential and permeability

The membrane potential and permeability assays of 
E. faecalis (ATCC 29212, ΔmptD and +mptD) were 
performed as previously described with minor mod
ifications [22,26]. In brief, the suspension of 
E. faecalis (OD600 = 0.5) was cultured for 24 h in 
BHI medium at pH 7 and 10. Subsequently, 10 μL 
of 3 mm DiOC2(3) (Invitrogen, USA) and 10 μL of 
50 μM TO-PRO-3 (Invitrogen, USA) were added 
simultaneously and incubated at room temperature 
for 1 h. Fluorescence signals were detected by flow 
cytometry (Beckman Coulter Inc, USA). The mem
brane potential was determined by the red/green 
fluorescence ratio of DiOC2(3), and the membrane 
permeability was evaluated by the ratio of TO-PRO-3 
red/DiOC2(3) green fluorescence. The test was 
repeated six times.

Alkaline resistance evaluation

The alkaline resistance evaluation of different 
E. faecalis strains was performed as previously 
described with minor modifications [22]. Dynamic 
growth curves and CFU count were used to evaluate 
the growth of different E. faecalis strains. The 
dynamic growth curve method was used to observe 
the growth patterns of E. faecalis, and the CFU count 
was used to observe the number of E. faecalis surviv
ing in the suspensions. Briefly, 5 mL suspension (1 ×  
105 CFUs/mL) of E. faecalis (two lab strains and six 
clinical isolates strains) were incubated in BHI with 
different pH (7 and 10). Dynamic growth curves were 
obtained at 3, 6, 9, 12 and 24 h after incubation, as 
described previously. After 24 h, the suspension was 
diluted in equal proportions and inoculated on BHI 
agar plates, incubated at 37°C for 24 h, and the num
ber of colonies was counted. The test was repeated six 
times. Based on the evaluation, the alkaline resistance 
of all strains was ranked and three strains represen
tative of high, medium and low alkaline resistance 
were used for the following experiments.

Reverse transcription quantitative real-time PCR 
(RT-qPCR)

Following 24 h incubation of E. faecalis (ATCC 
29212, ΔmptD and +mptD) in BHI at pH 10 or 
E. faecalis (ATCC 29212, LY 002 and XS 003) in 
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BHI at different pH (7 and 10), the bacteria were 
resuspended with BHI and adjusted to OD600 = 0.5. 
The bacteria were resuspended in lysozyme (20 mg/ 
mL) to lyse the cell wall. Bacterial total RNA was 
extracted with TRIzol® reagent (Invitrogen, USA), 
and cDNA was synthesized using the Hiscript II 
Q RT SuperMix cDNA synthesis kit (Vazyme 
Biotech, China) following the manufacturer’s instruc
tions. The QuantStudio 6 Real-Time PCR System 
(Life Technologies) was used to perform RT-qPCR 
with SYBR Green master mix (Vazyme Biotech, 
China), to determine relative mRNA expression 
levels. The 2−ΔΔCT method was used to quantify fold 
induction, and transcription levels of each gene were 
compared to the expression of the 16S rRNA gene, 
which was used as a reference gene. The test was 
repeated three times. The primers used in this study 
are listed in Table 2.

RNA-Seq transcriptome analysis

E. faecalis (ATCC 29212, XS 003 and LY 002) were 
incubated in BHI (pH = 10) for 24 h and then adjusted 
with BHI to OD600 = 0.5. RNA extraction, purification 
and modification were carried out according to stan
dard protocols. RNA-Seq was performed by Beijing 
Tsingke Biotech Co., Ltd. Briefly, the integrity of the 
RNA was first verified, and after RNA library construc
tion using Illumina (San Diego, CA) TruSeqTM RNA 
sample preparation Kit, RNA-seq paired-end sequen
cing was conducted using the Illumina NovaSeq 6000. 
The raw data format is FASTQ format. Quality control 
filtering of raw sequencing reads, including splice 
removal and the elimination of low-quality sequences, 
was performed using fastp software (https://github. 
com/OpenGene/fastp, version fastp-v0.23.0) with the 
following parameters: fastp -i sample.R1.fastq -I sam
ple.R2.fastq -o out.R1.fastq -p out.R2.fastq -q 20 -l 20 -n 
15. After processing, CleanData were obtained and then 
aligned to the E. faecalis ATCC 29212 genome. The 
software used for differential expression was DESeq2. 
The default screening criteria for significantly differen
tially expressed genes were FDR < 0.05 & |log2FC|≧1. 
Differentially expressed genes (DEGs) were identified 
for analysis using the Clusters of Orthologous Groups 

of proteins (COG) and the Kyoto Encyclopedia of 
Genes and Genomes (KEGG) in the Goatools and 
KOBAS software. Three samples were included in 
each group, with the reference genome acquired from 
the National Center for Biotechnology Information 
(GenBank: NZ_CP008816).

Statistical analysis

Transcriptome analysis was performed as described 
in the RNA-Seq section. For the analysis of other 
data, GraphPad Prism 8 statistical software was used 
and the Shapiro–Wilk and Kolmogorov –Smirnov 
tests were applied to assess normal distribution. All 
data were normally distributed and were shown as 
mean ± standard deviation (SD). Group comparisons 
were conducted using the unpaired t-test and one- 
way ANOVA. Statistical significance was defined as 
p < 0.05.

Results

mptD promoted alkaline resistance in E. faecalis

To investigate the potential role of Man-PTS EII in alkaline 
resistance of E. faecalis, the ΔmptD and +mptD strains 
from our previous study were used in this study [22]. 
Observation of the bacterial suspensions incubated in 
glass tubes for 24 h revealed that at pH 7, ∆mptD and 
+mptD suspensions were uniformly turbid similar to 
ATCC 29212, but at pH 10, +mptD showed much more 
aggregated bacteria at the bottom of the glass tubes than 
ATCC 29212 and ∆mptD, and the suspensions of +mptD 
were more turbid than ∆mptD (Figure 1(a)). Only the 
turbidity of ∆mptD was significantly affected at pH 10 
when compared to pH 7 (Figure 1(a)). Besides, at both 
pH 7 and 10, the crystal violet staining indicated that mptD 
promoted the biofilm-forming ability of E. faecalis 
(Figure 1(b,c)). FE-SEM showed that at pH 7, ∆mptD 
and +mptD showed similar morphology to ATCC 29212, 
while at pH 10, ATCC 29212 exhibited cell aggregation, 
and ∆mptD showed cell aggregates as well as a larger cell 
size, while +mptD showed normal cell morphology 
(Figure 1(d)). Meanwhile, at pH 7, expression level of 
mptD did not affect the growth of E. faecalis, while at pH 
10, overexpression of mptD promoted the growth of 

Table 2. Primer sequences used in this study.
gene Primer sequences 5’-3’ (forward) Primer sequences 5’-3’ (reverse)

16S rRNA AGCGGTGAAATGCGTAGATATATGGAG CTCATCGTTTACGGCGTGGACTAC
V-atpA (RS03135) ACTAATCGCCGTAATGCTTCCTTCAC GAAATGAGTGGTCGGTTAGAAGAAATGC
V-atpI (RS03110) TGAAGGAACATCAGCAGAGTGTAACC AGGCGGAACATCATAACGGTATTGG
mptA (RS11130) TTAATCGAACAAGCAGCTCCTCCAG TTTCTACGCCGCCTTCAACCAC
mptB (RS11125) ACAGGCAAGCGAATGATTACGAATG TGGCTGTCTGCTGCGACTTTTC
mptC (RS11135) ACTCGTTGCCTTTCTAGCTGGTATG TGCTACTAACGGTTGGTGGAATTGG
mptD (RS11140) ATACACACCCATACATTGCCTCACC GGACCCATCATCCCAACTTTAACCC
AA-ABC (RS12135) GGTGGACAAAAGCAACGGGTAG TAGCACTTCGCCAACCATTTCAG
AAP (RS15175) GTCCAGGGCTCGTCTTATCATTTC CATCCAAGCCACAATTTCTCCAAAG
ktrC (RS09125) TGTCCCGTATATTGATGCATTTTGG TGATTGCTGCAACTCTACCTAATGG
trkH (RS12510) CAACTTCCGCCGTCTGTGTTAC AAGCCTAAGCCGCCTAATTCAATC
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E. faecalis (Figure 1(e)). Based on the survival status and 
biofilm quality of ∆mptD and +mptD strains after 24 h, it 
was confirmed that Man-PTS EII has a regulatory effect on 
the alkaline resistance of E. faecalis.

mptD promoted energy metabolism and 
maintained pH homeostasis in E. faecalis

To further elucidate the regulatory role of Man-PTS EII 
in alkaline resistance and pH homeostasis maintenance 
in E. faecalis, we conducted comparative analyses of 
membrane potential dynamics, ion flux homeostasis, 
and energy metabolism between ΔmptD and +mptD 
strains. The membrane potential of all E. faecalis exposed 
to pH 10 showed different degrees of hyperpolarization 
compared to pH 7 (Figure 2(a)). At pH 7, the expression 
level of mptD did not affect the membrane potential and 
permeability of E. faecalis, but at pH 10, overexpression of 
mptD enhanced membrane hyperpolarization, and 
membrane permeability was significantly decreased. 
Loss of mptD resulted in reduced hyperpolarization and 
significantly increased membrane permeability (Figure 2 
(a-c)). The intracellular K+ concentration increased at pH 
10 compared to pH 7. The expression level of mptD did 

not affect the intracellular K+ concentration at pH 7, 
while at pH 10, overexpression of mptD caused 
a decrease in intracellular K+ concentration (Figure 3(a, 
b)). Intracellular pH measurements showed no signifi
cant difference among different strains at pH 7, while at 
pH 10, intracellular pH of ∆mptD was significantly higher 
and intracellular pH of +mptD was significantly lower 
than ATCC 29212 (Figure 3(c)). At pH 7, the expression 
level of mptD did not affect the intracellular ATP content 
in E. faecalis, while at pH 10, overexpression of mptD 
showed a significant increase in intracellular ATP content 
(Figure 3(d)). These results indicated that Man-PTS EII is 
an ATP-dependent regulator of pH equilibrium that 
enhances intracellular pH homeostasis of E. faecalis in 
alkaline environments through regulating ion transport 
and membrane dynamics.

mptD regulated the expression of Man-PTS EII 
and membrane transporter components in 
E. faecalis

To investigate the effect of Man-PTS EII on genes related 
to membrane transport of E. faecalis, we evaluated the 
expression of other Man-PTS EII components and 

Figure 1. Biological characteristics, growth kinetic assay and morphology of E. faecalis at pH 7 and 10. (a) Bacterial suspensions 
of ATCC 29212, ΔmptD and +mptD. (b, c) crystal violet staining biofilms and biofilm mass analysis of ATCC 29212, ΔmptD and 
+mptD. (d) Cell morphologies of ATCC 29212, ΔmptD and +mptD at exponential growth phase (10,000×). (e) Growth kinetics of 
ATCC 29212, ΔmptD and +mptD for 24 h. *p < 0.05; ***p < 0.001; ****p < 0.0001.
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membrane transport-related genes (V-ATPase, proton/ 
potassium ion countertransporters, and amino acid 
transporters) in ΔmptD and +mptD strains using RT- 
qPCR at pH 10. The expression of mptD was positively 
correlated with that of the other three Man-PTS EII con
stituent factors (mptA, mptB and mptC) (Figure 4(a)). This 
correlation attests to the role of mptD in the positive 
regulation of the expression of other Man-PTS EII 

components. Furthermore, the results indicated that 
mptD promoted the expression of genes related to 
V-ATPase, proton/potassium ion countertransporter, 
and amino acid transporter (Figure 4(b-d)). These findings 
suggest that Man-PTS EII, functioning as an ATP- 
dependent regulatory hub, plays a pivotal role in facilitat
ing the translocation of protons and amino acids through 
the action of V-ATPase.

Figure 2. The membrane potential of E. faecalis at pH 7 and 10. (a) Flow cytometry dot plots showing membrane potential of 
ATCC 29212, ΔmptD and +mptD, gates indicate the proportion of the hyperpolarized cell population. (b, c) membrane potential 
and permeability of ATCC 29212, ΔmptD and +mptD. ****p < 0.0001.
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Ranking and selection of E. faecalis with high, 
medium and low alkaline resistance

Depending on the results that Man-PTS EII is a key 
factor in the interaction between metabolism and ion 
membrane transport during the alkaline resistance 
process of E. faecalis, we propose that the alkaline 
resistance capacity of E. faecalis is intricately linked to 
the Man-PTS EII. To confirm this hypothesis, we 
isolated six clinical E. faecalis strains (XS 001, XS 
002, XS 003, LY 001, LY 002 and LY 003) from root 
canals of teeth with failed root canal treatment. We 
compared the alkaline resistance of these six strains, 
along with two standard laboratory E. faecalis strains 
(ATCC 29212 and ATCC 51299), through alkaline 
resistance analysis. Considering that bacteria suspen
sions in alkaline media may contain non-viable bac
terial cells, a combination of dynamic growth analysis 
and CFUs counting method was used for this analy
sis. The alkaline resistance profiles of eight strains 

were quantitatively assessed through dynamic growth 
curve analysis and CFU count methods (Figure 5(a, 
b)). Using ATCC 29212 as a reference, three strains 
of E. faecalis with high (XS 003), medium (ATCC 
29212) and low (LY 002) alkaline resistance were 
selected for subsequent experiments.

DEGs of the three E. faecalis strains with different 
alkaline resistance

To further verify the regulatory effect of Man-PTS 
EII on the alkaline resistance of E. faecalis, the 
gene expression patterns of E. faecalis ATCC 
29212 (moderate resistance, M group), XS 003 
(high resistance, H group) and LY 002 (low resis
tance, L group) were compared using RNA-seq 
analysis. The overall distribution of DEGs among 
the three groups is shown in Figure 6(a). 
Specifically, 1,300 DEGs were identified between 

Figure 3. The intracellular potassium ions concentration and pH, as well as cellular energy metabolism of E. faecalis at 
pH 7 and 10. (a) Intracellular potassium ion (K+) concentration of ATCC 29212, ΔmptD and +mptD are indicated by 
fluorescence intensity (green). (b) Quantification of intracellular K+ concentration of ATCC 29212, ΔmptD and +mptD. (c) 
Intracellular pH (pHin) of ATCC 29212, ΔmptD and +mptD. (d) Cellular ATP concentration of ATCC 29212, ΔmptD and 
+mptD. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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the H and M groups, with 772 upregulated and 528 
downregulated genes. Similarly, 802 DEGs were 
observed between the L and M groups, including 
375 upregulated and 427 downregulated genes. 
Additionally, 1,430 DEGs were detected between 
the H and L groups, with 804 upregulated and 
626 downregulated genes. KEGG enrichment ana
lysis suggested that DEGs between the three groups 
were enriched in pathways related to metabolism, 
especially carbohydrate metabolism and amino acid 
metabolism (Figure 6(b)). COG analysis showed 
DEGs for 19 predicted pathways. The number of 
up- and down-regulated genes in each functional 
category is shown in Table 3. Among the three 
groups, significant differences were found in 
genes encoding carbohydrate transport and meta
bolism, amino acid transport and metabolism, 
inorganic ion transport and metabolism, energy 
production and conversion, transcription and 
nucleotide transport and metabolism. The enrich
ment of fructose and mannose metabolism was 
positively related to the rank of alkaline resistance 
of three groups (Figure 7(a)).

Alkaline resistance of E. faecalis positively 
correlated with the expression of Man-PTS EII, 
membrane transport and amino acid metabolism 
genes

Based on the RNA-seq analysis results, we focused on 
the relationship between the expression level of Man- 
PTS EII and the level of alkaline resistance in 
E. faecalis. We observed that the higher the alkaline 
resistance of E. faecalis, the higher the expression of 
Man-PTS EII genes (Figure 7(b)). Meanwhile, the 
expression of membrane translocation and amino 
acid metabolic components was correspondingly ele
vated (Figure 7(b)). Additionally, we compared the 
expression of constituent factors of Man-PTS EII in 
ATCC 29212, XS 003 and LY 002 strains at pH 7 and 
10 using RT-qPCR. The results showed that the 
expression of Man-PTS EII constitutive factors in 
ATCC 29212, XS 003 and LY 002 was all up- 
regulated (Figure 7(c)). Notably, compared with LY 
002, the expression of Man-PTS EII-related genes 
showed significant upregulation in XS 003. These 
findings indicate that the overall gene expression 
level of Man-PTS EII was positively correlated with 
the alkaline resistance of E. faecalis.

Figure 4. mptD regulon expression in membrane translocation and amino acid metabolic components of E. faecalis. (a) RT- 
qPCR analysis of gene expression of Man-PTS EII. (b) RT-qPCR analysis of gene expression of V-ATPase. (c) RT-qPCR analysis 
of gene expression of proton/potassium ion countertransporter. (d) RT-qPCR analysis of gene expression of amino acid 
transporter. **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Discussion

The post-treatment apical periodontitis is associated 
with persistent or secondary endodontic infection in 
the root canal system and periapical tissues [27]. 
Although discrepancies exist, the detection of 
E. faecalis in root canals from patients with persistent 
periapical infections or failed root canal treatment is 
mostly supported by both previous and recent studies 
[2,12]. E. faecalis has been reported to be a highly 
alkaline-resistant bacterium [28,29]. Due to the buf
fering effect of dentin, the most often used intra- 
canal medicament calcium hydroxide can only 

produce an alkaline environment with a pH of 
about 10 in the root canal [30,31]. Therefore, an 
alkaline environment with a pH of 10 was used in 
this study to explore the mechanisms behind the 
alkaline resistance of E. faecalis.

Man-PTS, as a part of PTS regulatory network, 
plays an important role in stress survival of bacteria, 
and Man-PTS EII is the key complex of the Man- 
PTS. Previous studies have revealed that the Man- 
PTS EII could act as a regulator to promote the 
adaptation of E. faecalis to stressful conditions, 
thereby enhancing the capability of bacterial survival 

Figure 5. The alkaline resistance evaluation of E. faecalis. (a) Dynamic growth curves of E. faecalis at pH 7 and 10. (b) 
Representative images of CFUs and CFUs-counting comparison among groups after incubation at pH 10 for 24 h. ****p < 0.0001.
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Figure 6. Transcriptomic analysis of E. faecalis with high, medium and low alkalinity resistance at pH 10. (a) Volcano plot 
depicting the distribution of DEGs. (b) KEGG classification diagram of DEGs.
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[18]. As the Man-PTS EIID is reported to be crucial 
in the selection and use of PTS-sugars by bacteria 
[18], its gene mptD was selected to study the role of 
Man-PTS EII in the alkaline resistance of E. faecalis. 
Results also confirmed that the expression of mptD 
could positively regulate the expression of other Man- 
PTS EII components (mptA, mptB and mptC). Thus, 
mptD may act as a positive regulator of Man-PTS EII 
operon. The study utilized mptD deletion and over
expression strains to elucidate that the Man-PTS EII 
functions as an ATP-dependent regulator of pH 
homeostasis. By redirecting ATP flux, this mechan
ism enhances the survival of E. faecalis in an alkaline 
environment.

Numerous studies have shown that transmem
brane ion transport plays an important role in the 
pH homeostasis of Enterococcus [32,33]. The mem
brane potential of bacteria is one of the important 
factors for maintaining membrane transport func
tion and cellular metabolism. Alterations in mem
brane potential would affect the intracellular 
environment and functions of bacteria, such as bioe
nergy synthesis and ion channel activity [34,35]. The 
two members of the monovalent cation/proton anti
porter, trkH and ktrC, contribute to potassium 
homeostasis, maintaining intracellular protons and 
expelling potassium ions from the cell [36,37]. 
Meanwhile, V-ATPase provides a membrane voltage 
(Vm) for the monovalent cation/proton antiporter 
by hydrolyzing ATP, thereby maintaining pH home
ostasis under alkaline conditions [11,38]. The results 
of this study showed that in an alkaline environ
ment, Man-PTS EII participates in carbohydrate 
metabolism to generate energy, thereby promoting 
V-ATPase to provide Vm for the monovalent 
cation/proton antiporter, which leads to increased 
potassium ion efflux, proton influx and hyperpolar
ization of the membrane potential.

Previous studies have demonstrated that amino 
acid transport and metabolic pathways contribute to 
the survival of E. faecalis under alkaline conditions 
[21,39]. The metabolism of amino acids facilitates the 
response of bacteria to osmotic changes and supports 
survival and growth. Amino acid metabolizing 
enzymes participate in the catabolic pathways of argi
nine and glutamate, and convert carbon into acids, 
which helps maintain pH levels [32,40]. Proline has 
a strong hydration ability, which helps maintain the 
osmotic balance, prevent cell deformation and 
remove reactive oxygen species [41]. The Vm gener
ated by V-ATPase contributes to the PMF, which 
drives amino acid transmembrane transport [42]. 
Amino acids can generate pyruvate through deami
nation, which can enter the tricarboxylic acid cycle 
and supply energy through PTS [43]. However, 
amino acid metabolism remains a neglected pathway 
in the regulation of alkaline resistance. In this study, 
we found that Man-PTS EII regulates the expression 
of amino acid ABC transporter ATP binding protein 
(AA-ABC) and amino acid osmotic enzyme (AAP), 
thus maintaining amino acid transport and metabo
lism in E. faecalis under alkaline stress.

As shown in Figure 8, our findings reveal that 
under alkaline stress, E. faecalis utilizes Man-PTS 
EII to drive carbohydrate catabolism, thereby increas
ing intracellular ATP levels. Acting as an ATP- 
dependent regulatory hub, Man-PTS EII energizes 
V-ATPase-mediated proton translocation. The result
ing Vm and PMF generated by V-ATPase activity 
upregulate the expression of monovalent cation/pro
ton antiporter (trkH and ktrC), amino acid transpor
ters (AA-ABC) and osmoregulatory enzymes (AAP). 
This process triggers membrane hyperpolarization. 
The degree of hyperpolarization positively correlates 
with both the energy available for membrane trans
port and the driving force for potassium ion efflux, 
proton influx and amino acid uptake. Through PMF- 

Table 3. The number of differentially expressed genes of E. faecalis with different alkaline resistance under alkaline condition.
H VS M L VS M H VS L

COG category Genes DUGs DDGs Genes DUGs DDGs Genes DUGs DDGs

Energy production and conversion 64 37 27 41 11 30 68 44 24
Cell cycle control, cell division, chromosome partitioning 10 2 8 3 3 0 9 0 9
Amino acid transport and metabolism 85 51 34 61 17 44 91 63 28
Nucleotide transport and metabolism 50 33 17 26 8 18 54 32 22
Carbohydrate transport and metabolism 131 95 36 123 28 95 149 122 27
Coenzyme transport and metabolism 22 17 5 9 7 2 26 16 10
Lipid transport and metabolism 21 7 14 22 18 4 28 4 24
Translation, ribosomal structure and biogenesis 84 8 76 12 7 5 81 8 73
Transcription 67 45 22 36 20 16 83 47 36
Replication, recombination and repair 33 19 14 11 7 4 36 19 17
Cell wall/membrane/envelope biogenesis 43 19 24 35 26 9 55 16 39
Cell motility 5 3 2 2 1 1 6 3 3
Posttranslational modification, protein turnover, chaperones 26 5 21 11 8 3 28 5 23
Inorganic ion transport and metabolism 68 44 24 30 16 14 73 45 28
Secondary metabolites biosynthesis, transport and catabolism 11 8 3 8 5 3 11 7 4
Function unknown 167 92 76 105 65 41 204 94 111
Signal transduction mechanisms 25 13 12 20 9 11 27 15 12
Intracellular trafficking, secretion, and vesicular transport 13 8 5 4 1 3 17 8 9
Defense mechanisms 23 16 7 19 14 5 19 9 10
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dependent influx of pH-neutralizing solutes and 
amino acids, the system coordinately regulates meta
bolic adaptation, ion transport and osmotic home
ostasis to maintain intracellular pH homeostasis. This 

process enhances alkaline resistance and ultimately 
ensures bacterial survival in alkaline environments.

Previous studies have demonstrated that clinical 
E. faecalis strains exhibit higher alkaline resistance 

Figure 7. Alkaline resistance of E. faecalis positively correlated with the expression of Man-PTS EII, membrane transport and 
amino acid metabolism genes. (a) KEGG enrichment analysis of upregulated or downregulated DEGs. (b) Selected differential 
expression genes involved in Man-PTS EII and membrane transport and amino acid metabolism. (c) Comparison of mRNA 
expression levels of Man-PTS EII at pH 10 by RT-qPCR in E. faecalis compared to pH 7. ***p < 0.001; **p < 0.01.
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compared to standard laboratory strains [12,13]. In this 
study, alkaline resistance varied significantly among 
clinical E. faecalis strains, with some being very high 
while others being very low. This variability suggests 
divergent survival capabilities of clinical E. faecalis 
strains in alkaline environments, likely attributable to 
strain-specific molecular mechanisms. To investigate 
the correlation between Man-PTS and the alkaline 
resistance, three strains of E. faecalis with different alka
line resistance were selected for RNA-seq analysis. 
Results revealed a positive correlation between 
E. faecalis alkaline resistance and Man-PTS EII expres
sion levels, further supporting the involvement of Man- 
PTS EII in regulating alkaline resistance.

However, some studies have shown that genes and 
proteins related to the Man-PTS and glucose metabolism 
were downregulated in E. faecalis under alkaline stress 
[21,39]. This discrepancy likely stems from divergent 
experimental designs across studies, including variations 
in alkaline medium preparation methods and nutrient 
composition (e.g. carbohydrates, amino acids) [44]. 
Previous studies used tryptic soy broth (TSB) to prepare 
alkaline media to study changes in genes and proteins of 
E. faecalis under starvation and alkaline stress, while this 
study used BHI with full nutrients to explore changes in 
E. faecalis under alkaline stress. Although Man-PTS EII 
could transport both mannose and glucose, glucose is 
easily isomerized and converted to mannose under alka
line conditions [45,46]. Compared to TSB, the 

carbohydrates in BHI provide higher alkaline resistance 
for E. faecalis through the Man-PTS metabolic pathway. 
The glucose-containing BHI-based alkaline media of this 
study may help reveal the effect of carbohydrates on the 
alkaline resistance of E. faecalis through the Man-PTS EII.

Based on the findings of this study, Man-PTS EII is 
a key factor of the interaction between metabolic and ion 
membrane transport processes in the alkaline resistance 
of E. faecalis. This study may provide new insights for 
understanding the alkaline resistance of E. faecalis and 
develop strategies for the treatment of persistent root 
canal and periapical infections of human teeth.
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