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Abstract
Enterococcus faecalis (E. faecalis) belongs to lactic acid bacteria which can be used as a probiotic additive and feed, bringing 
practical value to the health of humans and animals. The prebiotic function of tea polyphenols lays a foundation for green 
tea polyphenols (GTP) to repair the adverse changes of E. faecalis under stress conditions. In this study, RNA-sequence 
analysis was used to explore the protective effect of GTP on E. faecalis under bile salt stress. A total of 50 genes were found 
to respond to GTP under bile salts stress, containing 18 up-regulated and 32 down-regulated genes. The results showed that 
multiple genes associated with cell wall and membrane, transmembrane transport, nucleotide transport and metabolism were 
significantly differentially expressed (P < 0.05), while GTP intervention can partly alleviate the detrimental effects of bile 
salt on amino acid metabolism and transport. The present study provides the whole genome transcriptomics of E. faecalis 
under bile salt stress and GTP intervention which help us understand the growth and mechanism of continuous adaptation 
of E. faecalis under stress conditions.

Abbreviations
E. faecalis	� Enterococcus faecalis
E. faecalis 131-2	� Enterococcus faecalis131-2
GTP	� Green tea polyphenols
GO	� Gene ontology
KEGG	� Kyoto encyclopedia of genes and 

genomes
SEM	� Scanning electron microscopy
DEGs	� Differentially expressed genes

Introduction

Enterococcus faecalis (E. faecalis), a lactic acid bacterium 
and common inhabitant in the gut, is one of the most com-
mon species of Enterococci [1]. E. faecalis strains have 
been found beneficial to mice and humans by improving 

the immunity and inhibiting pathogenic infection through 
producing bacteriocin [2]. In practical applications, some 
strains are used alone or in combination in livestock and 
poultry farms to improve animal growth performance, intes-
tinal health, and immune function [3]. E. faecalis plays a 
positive role in the recovery of hypercholesterolemia mice 
by regulating cholesterol transport and intestinal microbiota 
[4]. Meanwhile, they have also been found to be used to treat 
antibiotic-related diarrhea or irritable bowel syndrome to 
reduce the host's cholesterol level or improve immunity [5]. 
E. faecalis may be affected by various environmental factors, 
such as temperature, pH, and different energy sources, which 
can trigger changes in its physiological functions and meta-
bolic processes [6]. Bile salts are biological detergents which 
facilitate fat digestion in the small intestine. Exposure to 
bile may induce damages in bacterial membrane and nucleic 
acids, protein misfolding or denaturation as well as osmotic 
stress [1]. Nevertheless, the potential molecular pathways 
of E. faecalis exposed to these physiological deleterious 
impacts remain largely unknown.

Probiotics help maintain the balance of intestinal micro-
bial composition and function, and play a vital role in main-
taining the host's health and stability [7]. The existence 
of probiotics in adversity (specifically reflected in condi-
tions such as acidity and bile salts) can potentially reflect 
the strength of their viability [8]. There are several enzyme 
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activities in probiotics, such as deglycosylation or decarbox-
ylation, which are all favorable factors that help them sur-
vive in adversity [9]. In certain circumstances, polyphenols 
can be converted into biological forms that are more effec-
tive than the original phenolic compounds [10]. Research 
has demonstrated that green tea polyphenols (GTP) treated 
with Paecilomyces variotti tannase exhibited a significantly 
increased antioxidant capacity [11]. Another research found 
that the addition of GTP increased the tolerance of Pseu-
domonas aeruginosa to a series of stress conditions such 
as oxidants, organic acids, and heat [12]. Additionally, phe-
nolic compounds can be used as substrates for probiotics to 
improve their survivability and function in the gastrointes-
tinal environment [13].

GTP has a wide range of biological activities, and has 
become a research hotspot. In our previous experiment, 
GTP showed the potential to enhance ethanol tolerance of 
Saccharomyces cerevisiae [14], and it partially alleviated 
the adverse changes related to cell wall, cell membrane and 
basic metabolism during ethanol stress. Polyphenols have 
been reported to have the effect of selectively promoting 
growth of microbiota [9]. Polyphenol compounds may exert 
their health effects through a mechanism related to their 
capability to produce an adaptive response at the cellular 
level, which involves interaction with certain key proteins 
in activating cell signaling pathways of exposure to environ-
mental stress [7]. GTP can positively improve the imbalance 
of intestinal microbiota caused by high-fat diet, and signifi-
cantly reduce the ratio of Firmicutes/Bacteroidetes [15].

RNA sequencing (RNA-seq) can identify functional 
genes and related metabolic pathways that affect the growth 
of E. faecalis under the intervention of external conditions 
through deep sequencing technology [16]. In the adversity 
environment, the phenotypic characteristics of E. faecalis 
and the related expression of different genes have undergone 
significant changes [17]. In our present research, RNA-Seq 
was used to investigate the genome-wide transcription of E. 
faecalis which is under bile salt stress with or without GTP 
intervention. The results may enable us to preferably under-
stand the interaction between E. faecalis and GTP at the 
molecular level under bile salt stress in vivo. This provides 
a more reliable theoretical basis for whether GTP is suitable 
as a prebiotic or potential functional additive for E. faecalis.

Materials and Methods

Chemicals and Reagents

Green tea was obtained locally from Zhejiang province, 
Ningbo Beilun District, Baifeng tea plantation, and it was 
harvested in spring, 2021. Polyamide resin was bought from 
Ocean Chemical Co., Ltd. (Qingdao, China). Other reagents 

were purchased from Sinopharm Group Co., Ltd. (Shanghai, 
China). All chemicals and reagents were analytical grade.

Preparation of GTP

Employed a grinder to grind the dried green tea leaves into 
a powder state, and then passed through a 60-mesh sieve. 
On the basis of our previous experiment, 1000 g of tea pow-
ders were extracted with 16 L of distilled water at 96 °C 
for 40 min. After extraction, the extract was centrifuged 
at 4500 g for 15 min, and then the above operations were 
repeated to treat the insoluble residue. The obtained super-
natant is combined and concentrated, and the residue is dis-
solved, filtered and added to the polyamide column. 80% 
ethanol was used to elute the polyester amide column, and 
the elution was monitored and collected automatically by 
measuring the absorbance at 280 nm. The eluted fractions 
were analyzed by high-performance liquid chromatography, 
the desired fractions were collected and concentrated on the 
polyamide column rely on our previous methods [14], and 
GTP was obtained by lyophilizing the fractions in a freeze-
dry system.

Culture Conditions of E. faecalis 131‑2

E. faecalis 131-2 was acquired from China General Micro-
biological Culture Collection Center, Beijing, China. The 
strain of E. faecalis 131-2 was originally isolated from infant 
gut. The activated E. faecalis 131-2 were cultured in MRS 
broth at 37 °C for 12 h. MRS medium was used for pre-
cultivation at 30 °C with aeration and agita-tion (150 rpm). 
The activated E. faecalis cells were inoculated in 50 mL of 
fresh MRS medium at 30 °C with an initial OD600 of 0.1. 
Then 0.5 mL pre-cultured E. faecalis 131-2 was inoculated 
in 50 mL of MRS medium and incubated at 30 °C in an 
orbital shaker at 150 rpm till the mid-exponential phase. Bile 
salts was added into the experimental cultures to a final bile 
salts con-centration of 10% (v/v) at exponential phase after 
cultivated for 8 h. They were then randomly divided into 
four groups. According to our pre-experiment, four kinds 
of media [MRS broth (natural pH 6.3), pH 6.3 MRS broth 
with bile salts (0.2%, w/v), pH 6.3 MRS broth with bile salts 
(0.2%, w/v) and GTP (0.05%, w/v), pH 6.3 MRS broth with 
GTP (0.05%, w/v)] were prepared and pre-warmed. Then 
inoculated 1 mL pre-cultured E. faecalis 131-2 into 50 mL 
above media in order, and divided them into four groups: 
control group, bile salts group, bile salts-GTP group and 
GTP group. The E. faecalis 131-2 cells were cultured in 
incubator at 37 °C and monitored by measuring the optical 
density of the culture medium at 600 nm (OD600). Cells for 
scanning electron microscopy (SEM) analysis and RNA-seq 
analysis were collected after 8 h cultivation [18]. All sam-
ples were stored at − 80 °C before use.
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SEM Analysis

E. faecalis 131-2 cells from each culture were collected by 
centrifugation at 5000 g, 4 °C for 8 min. And then they were 
washed 3 times with 0.9% physiological saline. After those 
cells were resuspended in 2.5% glutaraldehyde at 4 °C for 
4 h and washed 3 times with 0.1 M PBS for 15 min each 
time. The cells then were rinsed and dehydrated with pro-
gressively higher concentrations of alcohol. The cells were 
eluted with a series of ethanol solutions (30, 50, 70, 80, 90, 
95, and 100%) for 10 min per elution, and afterwards with a 
gradient of tert-butanol and anhydrous ethanol mix mixtures 
(ratio 1:3, 1:1, 3:1, and 3:0) for 10 min in each mixture [19]. 
Subsequently, the bacterial cells were lyophilized. Finally, 
they were coated with a 40:60 gold/palladium alloy and 
observed with a SEM system (Hitachi S3400N).

Library Construction, RNA Preparation 
and Sequencing

E. faecalis 131-2 cells from each culture were collected by 
centrifugation at 5000 g, 4 °C for 8 min. Three independent 
biological replicates were performed in each treatment. Total 
RNA was extracted using the TRIzol (Invitrogen, Carlsbad, 
USA). After extraction, rRNA was removed by Ribo-Zero 
Magnetic kit (EpiCentre, Wisconsin, USA). In our experi-
ment, Illumina Truseqt™ RNA sample prep Kit was used 
to construct the library, but dUTP was used to replace dTTP 
in the dNTP reagent for the synthesis of the second strand 
of cDNA, so that the base in the second strand of cDNA 
contained A/U/C/G. Before PCR amplification, the second 
strand of UNG enzyme cDNA was digested to make the 
library contain only the first strand of cDNA. Eventually, the 
sequencing library was obtained by PCR amplification. The 
final library was tested and sorted by Illumina Hiseq 4000.

Reads Mapping, Annotation and Analysis

Using Illumina paired-end RNA-seq method, we sequenced 
the transcriptome and generated billions of reads in a single 
run. By using statistical method, the base distribution and qual-
ity fluctuation of each circle of all sequenced reads can be 
counted. They can also directly reflect the sequencing quality 
and library construction quality of samples. So as to ensure 
the accuracy of follow-up biological information analysis, 
the original sequencing data were filtered to get high-quality 
clean data. To ensure the smooth progress of subsequent analy-
sis, the specific operation processes are as follows: remove 
the adapter sequence in reads and reads not inserted in frag-
ments. Cut off the base with lower quality (mass value < 20) 

at the end of the sequence (3′end). If there are still bases with 
mass value < 10 in the remaining sequence, remove the whole 
sequence, otherwise keep it. Remove reads with N ratio over 
10%. Discard adapters and sequences with a length less than 
75 bp after quality trimming. Genes with ratio changed more 
than twofold (P < 0.05) were identified to have significantly 
different gene expression. The ratios were expressed including 
the up- and down-fold change. Descriptions and annotations 
of genes were available in the Genome Database of E. faecalis 
(https://​www.​ncbi.​nlm.​nih.​gov/​genom​e/?​term=​Enter​ococc​us+​
faeca​lis).

The pathway tool was then used to predict biochemical 
pathways using the annotation of the E. faecalis 131-2 genes. 
KEGG pathways and GO terms were retrieved from the 
KEGG and GO databases.

Definition and Analysis of Differentially Expressed 
Genes

Read per Kilobase of Transcript per Million Reads Mapped 
was used to estimate gene expression levels. Through the 
evaluation of the correlation of sample repetition, we com-
pared the gene expression levels in different libraries. Frag-
ments per kilobase of exon model per Million mapped reads 
was used to normalize and calculate the transcript levels of 
expressed genes. Under the condition of stress, the differ-
entially expressed genes (DEGs) were screened by the joint 
standard of at least twice change and P-value less than 0.05.

Quantitative Real‑Time PCR Validation

In order to ensure the reliability of transcriptome results, we 
selected 10 representative DEGs for real-time quantitative 
PCR quantitative analysis (Table S1). Total RNA of E. faecalis 
131-2 was reverse-transcribed into cDNA by Fastquant RT Kit 
(with gDNase) (TIANGEN BIOTECH). Then PCR reactions 
were performed with a LightCycler96® (Roche Diagnostics 
GmbH, Mannheim, Germany) thermocycler following the pro-
cedures: 94 °C for 3 min, followed by 40 cycles of 95 °C for 
3 s, 60 °C for 25 s, and a final extension of 72 °C for 2 min. 
The relative expression level of target genes was measured 
with the 2−ΔΔCT method.

Statistical Analysis

The data was analyzed by SPSS (SPSS Inc., Chicago, IL, 
USA, v 17.0.0). One-way analysis of variance (ANOVA) and 
the post hoc Tukey test were used for comparison between 
groups. P-value < 0.05 was considered statistically significant.

https://www.ncbi.nlm.nih.gov/genome/?term=Enterococcus+faecalis
https://www.ncbi.nlm.nih.gov/genome/?term=Enterococcus+faecalis
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Results

Effects of GTP on the Growth of E. faecalis

As shown in Fig. 1, compared with the control group, the 
bile salt group has a stronger inhibitory effect on the growth 
of E. faecalis 131-2, and GTP supplementation can effec-
tively alleviate the inhibitory effect of bile salt stress on the 
growth of E. faecalis. This showed that even if bile salt will 
negatively affect the growth of E. faecalis, the supplementa-
tion of GTP will make its growth tend to be normal. And in 
the absence of bile salt stress, the addition of GTP has no 
significant effect on the growth of E. faecalis 131-2, indicat-
ing that bile salts may one of the factors threaten the normal 
growth of E. faecalis 131-2.

Comparison of the Physiological Phenotypes of E. 
faecalis 131‑2

In the present study, the growth of E. faecalis 131-2 cells 
were strongly inhibited by bile salt at the exponential phase 
(P < 0.05), and GTP effectively alleviated the stress induced 
by bile salt (P < 0.05). It exhibited different cell morphol-
ogy of E. faecalis 131-2 among the control group (Fig. 2A), 
the bile salt group (Fig. 2B), and the bile salt-GTP group 
(Fig. 2C). In the bile salt group, the surface of E. faeca-
lis 131-2 cells were shrunken and certain flocculation was 
obvious. This may be related to changes in cell surface 

properties. However, for the bile salt-GTP group, the surface 
of E. faecalis 131-2 cells were smoother and less floccula-
tion was observed, which indicated that the supplementa-
tion of GTP will make its growth tend to be normal and 
greatly alleviated the adverse consequences induced by bile 
salt stress. We also observed that the cell surface morphol-
ogy of E. faecalis 131-2 in the GTP group was very similar 
to that of the control group and the bile salt group, with no 
significant negative effects (Fig. 2D).

Illumina Sequence Data

Libraries representing each sample transcriptome were con-
structed for RNA-seq analysis. A total of 30.1 GB with clean 
reads were obtained. The mapping Ratio statistics table as 
showed in Table S2. The average mass value of over 94% of 
the total bases was greater than 30. The reference genome 
of E. faecalis 131-2 was compared and located by using 
Penguin software. The results showed that a significant pro-
portion (over 83%) of reads in each library matched the E. 
faecalis 131-2 gene.

Defining DEGs

We analyzed the gene expression difference of the bile 
salt group and control group, the bile salt group and 
bile salt-GTP group respectively. The log2FC cutoff 
used for up-regulated and down-regulated genes here is 
|log2FC|≥ 1 (Log2FC represents the ratio of expression 

Fig. 1   Effects of GTP on the 
growth of E. faecalis. Results 
were obtained from three 
independent experiment and 
expressed as mean ± SD (n = 3). 
*P < 0.05 (Color figure online)
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levels between 2 groups). Compared with the control 
group, under bile salt stress, E. faecalis 131-2 identified 
a total of 1169 DEGs, including 588 up-regulated genes 
and 581 down-regulated genes (Fig. 3). 50 DEGs were 
identified in the bile salt-GTP group and the bile salt 
group, containing 18 up-regulated and 32 down-regulated 
genes. Tables S3-S4 exhibited the DEGs between the bile 
salt group and the control group, the bile salt-GTP group 
and the bile salt group, separately.

GO Classification Analysis

GO classification analysis were divided into three differ-
ent functional sub-groups to help us better understand the 
functional classification of DEGs under bile salt stress. 
As shown in Fig. S1, under bile salt stress compared with 
the control group abundant GO terms in biological pro-
cess were participated in “biological regulation”, “cellular 
process”, “metabolic process”, “multi-organism process”, 
and “response to stimulus”. Figure 4 exhibited the DEGs 
analysis of GO enrichment in bile salt-GTP group and bile 
salt group. After the supplementation of GTP under the 
bile salt stress, GO terms enriched in terms of biological 

Fig. 2   The electron micro-
graphs of E. faecalis 131-2 from 
scanning electron microscopy. 
A (control group), B (bile salt 
group), C (bile salt-GTP group) 
and D (GTP group)

Fig. 3   Screening and expression profiling of DEGs by using volcano plots between the control and bile salt group (A), and bile salt-GTP and 
bile salt group (B) (Color figure online)
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process were distributed in “biological regulation”, “cel-
lular process” and “metabolic process”. GO analysis of 
DEGs between the bile salt group and the control group 
was exhibited in Table S5, and GO analysis of DEGs 
between the bile salt-GTP group and the bile salt group 
was exhibited in Table S6. All genes between the bile 
salt-GTP group and the bile salt group was exhibited in 
Table S7.

KEGG Pathway Analysis

Through the enrichment of KEGG pathway and the analysis 
of DEGs between the bile salt group and the control group, 
we found sophisticated pathways under bile salt stress. Under 
the bile salt stress in Fig. S2, the number of genes enriched 
to "biosynthesis of amino acids" (ko01230, P < 0.05), 
"aminoacyl-tRNA biosynthesis" (ko00970, P < 0.05), and 
"oxidative phosphorylation" (ko00190, P < 0.05) is more 

Fig. 4   GO analysis of DEGs between the bile salt-GTP group and the bile salt group. Red bars represent up-regulated genes, blue bars represent 
down-regulated genes (Color figure online)
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than that of other functions. Oxidative phosphorylation 
is a biochemical process that occurs in the mitochondrial 
inner membrane of eukaryotic cells or in the cytoplasm of 
prokaryotes. It is the coupling reaction of ADP and inor-
ganic phosphoric acid to produce ATP through the energy 
released during the oxidation of substances in vivo [20]. In 
addition, the KEGG pathway "glycolysis/gluconeogenesis" 

also enriched more differential genes. It has been found that 
tumor cells have different metabolic changes from normal 
cells, and tumor cells themselves can adapt to the changes 
of metabolic environment through the conversion between 
glycolysis and oxidative phosphorylation [21]. These results 
suggested that the functions of these KEGG pathways were 
significantly altered after bile salt stress. As shown in Fig. 5, 

Fig. 5   KEGG analysis of DEGs between the bile salt-GTP group and 
the bile salt group. The diameter of the circle is proportional the num-
ber of DEGs enriched in each pathway. The color of circle represents 
the P-value for enrichment. Rich factor (%) is the ratio of the number 

of differentially expressed genes annotated in a pathway (as indicated 
in the y-axis) to the number of all genes annotated in this pathway 
(Color figure online)
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DEGs were notably enriched in pathway “valine, leucine and 
isoleucine degradation” (ko00280, P < 0.01) between the 
bile salt-GTP group and the bile acid group. KEGG analysis 
of DEGs between the bile salt group and the control group 
was exhibited in Table S8, while KEGG analysis of DEGs 
between the bile salt-GTP group and the bile salt group was 
exhibited in Table S9.

RNA‑Seq Expression Validation by Quantitative 
Real‑Time PCR

To quantitatively determine the reliability of the RNA-seq 
sequencing, we detected the relative expression of 10 ran-
domly selected DEGs by qRT-PCR (Fig. S3). The candidate 
DEGs contained 5 up-regulated genes and 5 down-regulated 
genes from Table S10. The data results showed that the gene 
EF0017, EF0187, EF0368, EF0744, and EF1182 showed an 
upward trend after GTP intervention. The genes EF0039, 
EF0121, EF0252, EF0836, and EF1166 showed a downward 
trend. RNA-seq and RT-qPCR data were highly consistent, 
manifesting the reliability of transcriptome results.

Discussion

The main component of the Enterococcus cell wall is pepti-
doglycan, which plays a vital role in maintaining the shape 
of bacterial cells and resisting internal and external pressure. 
[8]. Bacterial surface proteins compose a special molecular 
library with many important functions, such as adhesion, 
invasion, signaling, and interaction with host immune sys-
tem or environment [22]. The significant differential expres-
sion of genes may be due to compensation mechanisms to 
counteract bile salt stress and protect the bacterial cell wall 
from environment damage. Under bile salt stress, the genes 
EF0093 for LPXTG-motif cell wall anchor domain pro-
tein and EF3314 for cell wall surface anchor protein were 
up-regulated, while EF2685 for LPXTG cell wall anchor 
domain-containing protein, EF2486 for teichoic acids export 
ATP-binding protein TagH was down-regulated.

Bacterial cell membrane acts as an indispensable role 
in the selective absorption of nutrients, the discharge of 
wastes, and the adaptation and response of external envi-
ronment [23]. Membrane proteins are abundant in cells, 
which included signal and recognition receptors, ion 
transport proteins and channels, structural proteins and 
enzymes [24]. In our experiment under bile salt stress, we 
discovered that genes EF0025, EF0397, EF0943, EF1189, 
EF1288, EF2383, EF2771 to encode membrane protein 
were down-regulated. These results indicate that membrane 
proteins participated in and were affected by the stress 
response of E. faecalis against external conditions [25]. 
Wang et al. reported that 3-Phenyllactic acid can change 

the permeability of E. faecalis cell membrane and cause 
the leakage of intracellular components [26]. There was a 
study showed that bile salts can damage the cell membrane 
of bacteria, and change the phenotype of cells by affect-
ing certain biological processes (e.g., protein denaturation, 
the composition of fatty acids and phospholipids) [27]. We 
found genes EF0991 for penicillin-binding protein, EF0992 
for phosphor-N-acetylmuramoyl-pentapeptide transferase, 
EF2489 for UDP-N-acetylmuramate dehydrogenase, and 
EF0992 for UDP-N-acetylmuramoyl-L-alanine-D-gluta-
mate ligase participated in peptidoglycan biosynthesis were 
also prominently down-regulated. 10 genes (EF0282-0284, 
EF0365, EF1667, EF2875-2878, EF2880) participated in 
fatty acid biosynthesis were also observed the same decline. 
After GTP intervention under the bile salt stress, we found 
that the expression of genes related to E. faecalis cell wall 
and cell membrane did not alter significantly under bile salt 
stress. This may signify that the cell wall and membrane of 
E. faecalis were not the main action site of GTP, as well as 
not injured by GTP.

The heat shock protein DnaK is a molecular chaperone 
protein that participates in a variety of cellular activities. 
DnaK itself has a low endogenous rate of ATPase, which 
may accelerate modulation of the vital co-chaperone GrpE 
[28]. Under bile salt stress, two genes EF1307 for nucleotide 
exchange factor GrpE and EF1308 for molecular chaperone 
DnaK which encoding the two common heat shock proteins 
were up-regulated. This may imply the potential self-protec-
tion mechanism of E. faecalis under stress. Universal stress 
proteins are one of the most abundant proteins in growth-
restricted cells, so the down-regulated genes may indicate 
that bile salt stress still has a negative impact on cells to a 
certain extent [29]. Study has reported that the Gls24 super-
family proteins were involved in the survival of pathogenic 
Gram-positive cocci under oligotrophic conditions and other 
types of stress conditions through molecular mechanisms 
[30]. And Gls24 was previously considered to be a common 
stress protein of E. faecalis. Inactivation of Gls24 will lead 
to a decrease in the anti-bile salt stress capacity of E. faeca-
lis [31]. However, genes EF1058 encoding universal stress 
protein and EF3115 encoding Asp23/Gls24 family envelope 
stress response protein were down-regulated under bile salt 
stress. No obvious changes were found after adding GTP.

Amino acids are the main metabolites in the biosyn-
thesis and metabolism of E. faecalis [32]. Metabolites 
produced by the decomposition of amino acids follow the 
metabolic pathway of sugar or lipid with different char-
acteristics, and release energy ultimately [33]. Previous 
study has shown that some amino acids can be used as 
energy sources by E. faecalis [34]. Under bile salt stress, 
more than 20 genes (such as EF0043, EF0045, EF0105, 
EF0246, EF0451 etc.) associated with amino acid trans-
port and metabolisms were significantly down-regulated. 
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This indicated that acidic stress may affect the transpor-
tation and supply of amino acids, thereby inhibiting the 
growth and reproduction of E. faecalis. While interest-
ingly, compared with the bile salt group, the genes EF0105 
and EF0805 which were related to amino acid transport 
and metabolism were significantly up-regulated after GTP 
intervention. This revealed that GTP intervention may par-
tially alleviate the negative effects of bile salt on amino 
acid transport and metabolism. Genes involved in nucleo-
tide transport and metabolism show differential expres-
sion under bile acid stress. The genes (EF0688, EF0689, 
EF0807, EF0862, EF0864, EF0911, and EF0941) which 
were related to “ABC transporter, ATP-binding protein” 
and “ribonucleotide reductase assembly protein Nrdl” 
showed significant down-regulation under bile salt stress. 
This may indicate that E. faecalis is inhibited in internal 
nucleotide transport and metabolism under the stress of 
bile acid. The good survival conditions of E. faecalis not 
only depend on the protection of the genome, but also on 
the balance of the external environment, so that it can-
not be affected by changes that lead to cell pathology and 
reduced adaptability.

The 16 related genes (EF0019-EF0022, EF0516, 
EF0717, EF1013, EF1016-EF1019, EF1359, EF1769, 
EF1829, EF1830, EF1838, and EF2603) encoding the 
phosphotransferase system (PTS) were significantly down-
regulated under bile salt stress. The results showed that 
they were involved in the mannose, fructose, sorbose fam-
ily and PTS sugar transporter subunit IIABCD processes 
in the PTS system to varying degrees. The protein of sugar 
PTS can not only catalyze the uptake of carbohydrates, but 
also modulate the activity of multiple genes and proteins 
to make better use of available carbon sources [35]. A key 
factor of the modulation of carbohydrate metabolism is the 
PTS. The term “PTS” refers to a group of enzymes that 
can transfer the phosphate moiety from phosphoenolpyru-
vate (PEP) from one part of the system to the next in a 
relatively fixed order [36]. PEP contained carbohydrate 
PTS, or sugar PTS, which was mainly responsible for the 
accompanying transport and phosphorylation of carbohy-
drates into cells [37]. PTS has been found in different types 
of bacteria, and there were differences in order to better 
evolve to find the most suitable substrate carbon source 
[36]. After supplementing of GTP, 11 genes (EF0019-
EF0022, EF0516, EF0717, EF1013, EF1019, EF1359, 
EF1769, EF2603) were up-regulated among the above-
mentioned 16 genes of down-regulated. This indicated that 
under bile acid stress, substrates other than glucose may 
also contribute to the growth of E. faecalis.

Furthermore, the gene EF0718 which encoded 1-phos-
phofructokinase, the gene EF1049 which was involved 
in NADP-dependent phosphogluconate dehydrogenase, 
and the gene EF2425 encoding phospho-sugar mutase, 

reversed the downward trend of these genes in E. faecalis 
after GTP intervention. This manifested that the glyco-
lytic pathway of E. faecalis was inhibited in the bile salt 
environment, and the bacteria were beginning to choose 
non-preferred carbon and energy sources (such as various 
types of sugars), and GTP would assist this process.

ATP supports almost all cellular activities that need 
energy. ATP synthesis is the most common chemical reac-
tion in the biological world. ATPase is one of the most 
common and abundant proteins on earth [38]. Under the 
bile salt stress, eight genes (EF2607, EF2608, EF2609, 
EF2610, EF2611, EF2612, EF2613, EF2614) partici-
pated in ATP synthase were down-regulated. In addi-
tion, the gene EF2623 involved in cadmium-translocating 
P-type ATPase which can couple ATP hydrolysis to the 
translocation of protons across bacterial cell membranes 
was also down-regulated. However, compared with 
the bile salt environment, the genes (EF0805, EF1505, 
EF1674, EF1918) which respectively belong to amino 
acid ABC transporter ATP-binding protein, alpha/beta 
hydrolase, hypothetical protein and hypothetical protein 
EFDM72_1381 was significantly up-regulated in the bile 
salt-GTP group. It showed that the physiological func-
tions related to ATP in E. faecalis may be weakened in 
the bile salt environment, and GTP may partially improve 
this phenomenon.

Conclusions

In this study, we mainly used RNA-seq analysis to reveal 
the corresponding changes of E. faecalis 131-2 cells under 
bile salt stress. It also revealed the effects of GTP on E. 
faecalis under bile salt stress. The most enriched metabolic 
pathway of DEGs in the bile salt-GTP group compared 
with the bile salt group were valine, leucine and isoleu-
cine degradation, selenocompound metabolism, and PTS. 
These results may provide a more directional reference for 
further research on the effect of GTP on E. faecalis under 
bile salt environments in the future. The interaction mech-
anism between GTP and E. faecalis needs to be further 
explored in order to promote the application of E. faecalis 
and GTP in fermented foods and probiotic supplements.
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