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Abstract: The toxin–antitoxin (TA) system is a regulatory system where two sets of genes 

encode the toxin and its corresponding antitoxin. In this study, the prevalence of TA systems 

in independently isolated clinical isolates of Enterococcus faecium and Enterococcus faecalis 

was determined, the dominant TA system was identified, different virulence genes in E. faecium 

and E. faecalis were surveyed, the level of expression of the virulence and TA genes in normal 

and stress conditions was determined, and finally their associations with the TA genes were 

defined. Remarkably, the analysis demonstrated higBA and mazEF in all clinical isolates, and 

their locations were on chromosomes and plasmids, respectively. On the other hand, a quan-

titative analysis of TA and virulence genes revealed that the expression level in both genes is 

different under normal and stress conditions. The results obtained by anti-mazF peptide nucleic 

acids demonstrated that the expression level of virulence genes had decreased. These findings 

demonstrate an association between TA systems and virulence factors. The mazEF on the 

plasmids and the higBA TA genes on the chromosomes of all E. faecium and E. faecalis strains 

were dominant. Additionally, there was a decrease in the expression of virulence genes in the 

presence of anti-mazF peptide nucleic acids. Therefore, it is suggested that mazEF TA systems 

are potent and sensitive targets in all E. faecium and E. faecalis strains.

Keywords: Enterococcus faecium, Enterococcus faecalis, toxin–antitoxin system, virulence 

genes, peptide nucleic acids

Introduction
Toxin–antitoxin (TA) systems, first described in the mid-1980s, are regulatory loci 

that encode a toxin and its corresponding antitoxin. The TA system could be RNA 

or a protein, but in all TA systems reported to date, the antitoxin has been found to 

be unstable while the toxin is stable.1 TA loci are often transferred by horizontal 

transformation and are more often associated with pathogenic bacteria; most of them 

have been found on plasmids containing antibiotic resistance,2 and virulence genes 

may also be harbored on TA plasmids. The use of toxins has been proposed as a new 

approach for antimicrobial therapy in pathogenic bacteria.3

The majority of clinical enterococcal infections are caused by Enterococ-

cus faecalis and Enterococcus faecium. E. faecalis is considered to be more 

virulent; however, E. faecium is more likely to be antibiotic resistant.4 Twenty 

years ago, only 10% of the nosocomial enterococcal infections were caused by  

E. faecium.4 Now, approximately 40% of the enterococcal nosocomial infections 

worldwide are caused by E. faecium.5 This ratio changed in favor of E. faecium in the 

United States during the late 1990s and in Europe around the year 2000.6 In the last two 

decades, the emergence of enterococci as an important nosocomial pathogen has been 
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increasingly documented. Unfortunately, the pathogenesis of 

enterococcal infections is only partly understood. However, 

several adhesins, hemolysin, hyaluronidase, aggregation sub-

stances, gelatinase, and genes encoding pili are now considered 

possible virulence factors.7 So far, at least 22 different genes, 

collectively called fms (E. faecium surface protein-encoding 

genes) are considered putative virulence factors in Entero-

coccus spp. Virulence factors encoded by acmfm (fms8), 

hyl, espfm, sgrA, and ecbA are most strongly associated with 

clinical lineages in E. faecium.8 Antisense therapies, which 

are sequence dependent, silence a specific gene. The antisense 

components are analogs of messenger (m)RNA; therefore, this 

technology is involved in the inhibition of gene expression. 

Many techniques are available for antisense therapy that use 

different RNA analogs, such as phosphorodiamidate mor-

pholino oligomers, locked nucleic acids, and peptide nucleic 

acids (PNA). Among these, the properties of PNA make them 

particularly appropriate for antisense therapy in bacteria. This 

technique is applied for molecular bioengineering, therapeutic 

methods, and antibiotics.9–11 The structure of PNAs is similar to 

that of DNA or RNA, except that the nucleobases are changed 

to a pseudopeptide12 following the Watson and Crick base-

pairing rule; however, PNAs can bind DNA and RNA.13

The TA system could be a potent target for antibiotic 

therapy. In theory, the activation of a toxin or the inhibition 

of an antitoxin is an attractive strategy for antimicrobial 

therapy.14,15 Amitai et al16 demonstrated that 5% of bacterial 

cells were viable and 95% were killed after toxin activation 

because the increased toxin could not be neutralized by the 

antitoxin. However, when coexpressing mazE (antitoxin) and 

neutralizing mazF (toxin), 85% of the cells were viable because 

the toxin was neutralized and inhibited by the antitoxin.16 

Nonetheless, the most important step for potency of the TA 

system, as a target, is to identify a TA system that is prevalent 

in all pathogenic clinical strains and to determine its functional-

ity. While the analysis of a TA system can be instructive, until 

now, there has been no information available on the prevalence 

and identity of TA systems in pathogenic E. faecium and  

E. faecalis. Therefore, it is necessary to study a TA system 

that is prevalent and transcribed in all clinical pathogenic  

E. faecium and E. faecalis strains and to evaluate the TA sys-

tem as a potent target in E. faecium and E. faecalis.

Materials and methods
ethics statement
The ethical committee members of the Universiti Putra 

Malaysia (Selangor, Serdang, Malaysia) approved (JMMP-

July [10] 02) the collection of wound samples for the 

identification of Enterococcus spp. from patients; all patients 

and the parents or guardians of children in this study provided 

their written consent. The ethical committee of the Universiti 

Putra Malaysia specifically approved this study.

Bacterial isolates
A total of 79 clinical isolates of E. faecalis and E. faecium 

were identified during the period of May 2009–March 2010 

from a tertiary teaching hospital. Of these Enterococcus 

isolates, 29 were E. faecium and 50 isolates were E. faecalis. 

The isolates were collected from urine, blood, pus, vaginal, 

and sterile body fluids.

evaluation of different virulence genes
All of the isolates were subjected to the amplified pilA, pilB, 

hylA, ecbA, scm, fms8, efaAfm, and sgrA genes using the 

specific primers that were designed.

evaluation of the Ta systems
All the clinical isolates of E. faecium and E. faecalis were 

subjected to polymerase chain reaction (PCR) using total 

chromosomal or plasmid DNA. Oligodeoxy nucleotide 

primer pairs were designed for specific genes using sequences 

obtained from GenBank (European Nucleotide Archive: 

http://www.ebi.ac.uk/ena/). Primers were synthesized to 

amplify the mazEF, relBE, and higBA TA genes.

Plasmid transformation
For confirmation that the TA genes were harbored by plas-

mids, a transformation was performed. The plasmid-free 

strain Staphylococcus aureus RN4220 was used as a trans-

forming host. Plasmid DNA was extracted from the clinical 

isolates using a plasmid extraction kit (Thermo Fisher Sci-

entific, Waltham, MA, USA) and was then fractionated into 

agarose gel by electrophoresis. Each plasmid-specific band 

was purified from the agarose gel using the QIAEX II® Gel 

Extraction Kit. The isolated plasmids were then transformed 

into the S. aureus RN4220 competent cells. For confirmation 

that the plasmids harbored the TA genes, different purified 

plasmids were subjected to PCR.

sequence analysis
The PCR products of the virulence and TA genes were 

purified from gel agarose, and the purified products were 

sequenced by Sigma-Aldrich Co. (St Louis, MO, USA).  

The results of the DNA sequencing were run in the Chromas 

Lite program to analyze their similarity to the sequenced gene 

in the GenBank library.
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stress induction
The stress on the E. faecium and E. faecalis strains was 

induced by heat stress aqua: E. faecium and E. faecalis were 

shifted from 37°C to 42.5°C for 30 minutes, as described by 

Anderson et al.17 RNA was extracted from the bacteria in 

normal and stress conditions, and the level of expression of 

the TA systems and virulence genes was evaluated by real-

time quantitative (RT-q)PCR.

rT-qPcr
The specific primers and TaqMan probes for the TA genes, 

the virulence genes, and the 23S ribosomal (r)RNA (a refer-

ence gene) were all designed using the GenScript software 

and were synthesized by Sigma-Aldrich Co. The ability of 

the primers for each specific gene to amplify the appropriate 

amplicon length was evaluated using 4 μL of complemen-

tary (c)DNA in a total volume of 20 μL per reaction in a 

Mastercycler® realplex 2  (Eppendorf, Hamburg, Germany) 

with the TaqMan® Fast Universal PCR Master Mix. The 

thermocycling conditions consisted of an initial denaturation 

for 15 minutes at 95°C, followed by 40 cycles of 95°C for 

15 seconds, 60°C for 40 seconds and 68°C for 20 seconds. 

The RT-qPCR results were then analyzed quantitatively to 

estimate the level of TA and the virulence transcription fac-

tors in E. faecium and E. faecalis by calculating the number 

of mRNAs that were produced.

Pna design
The mazF toxin was targeted for the antisense PNA 

therapy. Specific PNA was designed for the mazF toxin. 

The mazF (+10 start codon) PNA sequence was designed 

and synthesized by Promega Corporation (Fitchburg, WI, 

USA). The PNA structure was mazF:KFFKFFKFFK-eg-

ATGATTAGAC-CONH2.

antisense Pna therapy of E. faecium 
and E. faecalis containing the mazEF Ta 
locus plasmid
A 0.5 McFarland standard of clinical isolates of E. faecalis 

(three isolates) and E. faecium (two isolates) containing the 

plasmid mazEF TA locus and all the virulence genes were 

prepared. PNA of different concentrations (1–10 μmol) 

in each well of a Costar microplate, in combination with  

0.5 McFarland standards of E. faecalis and E. faecium, were 

prepared. The negative control was Mueller Hinton broth, 

and the positive control was E. faecium without PNA. The 

Costar microplate was incubated at 35°C. The effects of PNA 

at different concentrations (1–10 μmol) against E. faecalis and 

E. faecium were examined. RT-qPCR was performed to check 

the expression level of mazF and the virulence genes.

Results and discussion
The mazEF and higBA Ta genes are 
prevalent in all clinical isolates of 
E. faecium and E. faecalis
In the current study, both plasmid and chromosomal DNA 

were subjected to amplification by PCR to identify the 

prevalence of different TA genes and their location on the 

plasmid or chromosome. For this purpose, after extraction 

of the chromosomal and plasmid DNA from the E. faecalis 

and E. faecium strains, the specific primers were used to 

amplify the mazEF, relBE, and higBA TA genes. All chosen 

TA systems belong to a type II TA system; thus, both the 

toxin and antitoxin are proteins. For accuracy of the PCR 

results, the toxin and antitoxin were separately subjected to 

amplification. The results were confirmed with the presence 

of both the toxin and antitoxin genes. The results of the PCR 

analysis demonstrated that the TA genes were more prevalent 

on the plasmid than on the chromosome; the exception was 

the higBA TA system. The prevalence of the TA systems is 

displayed in Figure 1.

The mazEF TA system was found on the plasmids of 

all E. faecium and E. faecalis strains, but it was present 

in only 59.4% (number [n]=43/79) of the chromosomal 

DNA samples. It could be concluded that mazEF was likely 

harbored by the plasmid; this can be confirmed by plasmid 

transformation. Evaluation of the relBE TA system showed 

that 59.5% (n=47/79) of the E. faecium and E. faecalis strains 

were positive for the relBE TA system on the plasmid. 

However, lower prevalence rates (19% [n=15/79]) were 

observed in the chromosomal DNA. When evaluating E. 

faecium strains for the presence of higBA TA loci, 39.2% 

(n=31/79) of the plasmid DNA and 100% (n=79/79) of the 

chromosomal DNA possessed the higBA TA system.

Therefore, the mazEF and higBA TA loci had a 100% 

prevalence among E. faecium and E. faecalis. Thus, the 

mazEF and higBA TA systems are putative targets that are 

prevalent in all E. faecium and E. faecalis strains.

After using the plasmid extraction kit, the plasmid was 

subjected to adenosine triphosphate-dependent DNase, which 

digested the linear DNA, but was not effective against double-

strand super-coiled DNA. This confirmed that there was no 

contamination in the chromosomal DNA. The confirmation 

was made through plasmid transformation into the S. aureus 

RN4220 free plasmid as well. The next section shows that 

the mazEF TA locus is harbored by a 20 kb plasmid.
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Figure 1 Prevalence of the different Ta loci among Enterococcus faecium and Enterococcus faecalis clinical isolates.
Abbreviation: Ta, toxin–antitoxin.

The mazEF Ta system is harbored 
by a plasmid while the possible location 
of relBE is on the chromosome
To confirm that the TA locus was harbored by a plasmid and 

not contaminated by the chromosomal DNA, a transformation 

was performed. After extraction of the plasmid from E. faecium 

using the plasmid extraction kit, the plasmids were fractionated 

on 1% agarose gel. Then, each plasmid was purified using the 

QIAEX II® Gel Extraction Kit, which is able to purify DNA 

fragments between 100 bp and 50 kb in length. As shown in 

Figure 2, most E. faecium and E. faecalis strains contain two 

plasmids, while some of the strains contain three plasmids.

After purification of each plasmid, they were subjected to 

PCR to probe for the mazEF and higBA TA loci. The 20 kb  

plasmid had a positive result for mazEF, while negative 

results were obtained for higBA in all the purified plasmids. 

Thus, the 20 kb plasmid was transformed to the S. aureus 

RN4220 plasmid-free strain by electroporation. Plasmid 

extraction was performed on the S. aureus RN4220 con-

taining the mazEF TA system plasmid (Figure 3). PCR was 

performed to confirm the presence of the mazEF TA locus on 

the 20 kb plasmid. These results confirmed that the mazEF 

TA system is harbored by the plasmid. The PCR results of the 

plasmid confirmed the presence of mazEF and the absence 

of higBA. Therefore, the mazEF TA locus is harbored by the 

plasmid, and the bacterial chromosome potentially possesses 

the higBA TA locus.

pilB, fms8, efaAfm, and sgrA are the most 
prevalent virulence genes in E. faecium 
and E. faecalis
A total of 79 E. faecalis (50 isolates) and E. faecium  

(29 isolates) isolates from clinical infections were analyzed 

for the presence of different virulence genes including pilA, 

pilB, hylA, ecbA, scm, fms8, efaAfm, and sgrA. The analysis 

showed that the prevalence of the different virulence genes 

in Enterococcus spp. ranged from 35.4% to 100%. pilB, 

fms8, efaAfm, and sgrA were the most prevalent virulence 

genes and were observed in all 79 isolates. The second most 

prevalent virulence gene, scm, was found in 92.4% of the 

isolates (n=73/79). ecbA was determined to be the third most 

prevalent virulence gene with a frequency of 81% (n=64/79). 

pilA had a prevalence of 73.4% (n=58/79) in the clinical 

isolates of Enterococcus spp. The lowest prevalence was 

reported in hyl with a frequency of 35.4% (n=28/79). The 

prevalence rates of the different virulence genes are shown 

in Figure 4. The analysis also showed that all the selected 

virulence genes were found in E. faecium and that hyl was 

predominant with a prevalence rate of 82.7%. In E. faecalis, 

all the virulence genes with different prevalence rates were 

observed, as shown in Table 1. This is the first report of the 

prevalence of selected virulence genes in E. faecalis, which 

demonstrates the possibility of horizontal transformation 

between E. faecium and E. faecalis.

Functionality of Ta loci based on 
an evaluation of the quantity of toxin 
and antitoxin
To assess the level of expression of mazE and mazF, relB 

and relE, and higB and higA, RT-qPCR was performed. The 

level of expression of each TA gene in stressed cultures was 

evaluated relative to the control cells. The experiment was 

compared with that under normal conditions. The results 

under normal conditions had almost the same quantity of 

toxin and antitoxin, as indicated in Figure 5. The results of the 

heat stress showed an increase in toxin levels and a decrease 

in antitoxin levels. The reason for this increase in toxin and 

decrease in antitoxin could be explained by the degradation of 
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20 kbp

M

10 kb

3,000 bp

Figure 2 Plasmid profiles of different Enterococcus spp. strains.
Note: lane M: marker.

2 1 M

20 kb

Figure 3 S. aureus rn4220 containing the mazEF Ta locus on a plasmid after 
transformation.
Notes: lane M: marker; lane 1: 20 kb plasmid containing mazEF Ta loci; lane 2: 
plasmid-free S. aureus rn4220 (negative control).
Abbreviations: S. aureus, Staphylococcus aureus; Ta, toxin–antitoxin.

In 2009, Ramage et al18 demonstrated the functionality of 

the TA system under stress using RT-qPCR. They identified 

88 different TA systems in Mycobacterium tuberculosis.18 

They then induced stress by hypoxia and phagocytosis by 

macrophages and observed the functionality of four dif-

ferent TA systems. Antitoxin degradation led to increased 

toxin transcription. Thus, the results indicated an increase 

in toxin and antitoxin mRNA. However, the antitoxin, 

which is unstable, was targeted by a protease, leading to an 

increase in free toxin.19 An increase in toxin expression and 

a decrease in antitoxin expression were also observed in the 

present study.

A study by Wang and Wood20 evaluated the mqsRA TA 

system (mqsR is the antitoxin, and mqsA is the toxin) under 

oxidative stress and tested its effect on the rpoS gene, which 

is responsible for controlling 500 genes in Escherichia coli, 

including biofilm formation. Their findings revealed that 

the antitoxin (mqsR) caused a decrease in the expression of 

the rpoS gene under normal conditions, leaving the E. coli 

unable to form biofilms. Under oxidative stress conditions, 

the antitoxin was degraded, and the rpoS gene was induced, 

resulting in biofilm formation.20 Therefore, the results of the 

current study are consistent with those of Wang and Wood20 

and indicate that stress can cause antitoxin degradation.

Quantity evaluation of different virulence 
genes in normal and stress conditions
The expression levels of the virulence factors of the  

E. faecalis and E. faecium clinical strains in normal conditions, 

the antitoxin. Greater transcription occurred because the TA 

system had the same promoter, and the antitoxin was unstable 

and was degraded by a protease. Therefore, the amount of 

toxin increased. However, the analysis by RT-qPCR showed 

that stress could increase the expression of toxin and decrease 

antitoxin expression.
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Table 1 Distribution of the different virulence factors in E. faecium and E. faecalis

Virulence genes E. faecalis (50 isolates) E. faecium (29 isolates) Total (79 isolates)

pilB 50 (100%) 29 (100%) 79 (100%)
fms8 50 (100%) 29 (100%) 79 (100%)
efaAfm 50 (100%) 29 (100%) 79 (100%)
sgrA 50 (100%) 29 (100%) 79 (100%)
scm 44 (88%) 29 (100%) 73 (92.4%)
ecbA 35 (70%) 29 (100%) 64 (81%)
pilA 29 (58%) 29 (100%) 58 (73.4%)
hyl 4 (8%) 24 (82.7%) 28 (35.4%)

Abbreviations: E. faecium, Enterococcus faecium; E. faecalis, Enterococcus faecalis.

120%

Prevalence of different 
virulence genes
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Figure 4 Prevalence of different virulence genes in the clinical Enterococcus faecium  
and Enterococcus faecalis isolates.
Note: The pilB, fms8, efaAfm, and sgrA genes were identified in all the clinical 
isolates.

and their response to heat stress, were determined using RT-

qPCR (Figure 6). As shown in Figure 6, the expressions of 

all the virulence genes examined in normal conditions were 

functional, and with heat stress, the expression level of all 

the virulence genes showed an increase. Therefore, the patho-

genicity of E. faecalis and E. faecium might have increased. 

Only one study has demonstrated the role of stress in the 

expression level of virulence genes in E. faecalis. There are 

no studies that explain the expression level of virulence genes 

under normal and stress conditions in E. faecium. In 2010, 

Lenz et al21 demonstrated that sublethal stress could cause an 

increase in the pathogenicity of E. faecalis by increasing the 

expression level of virulence genes. E. faecalis were exposed 

to sublethal osmotic, heat, high hydrostatic pressure, acid, 

and bile salt stress. Almost the same results were obtained, 

which indicated that stress causes more pathogenicity in  

E. faecalis. The results obtained in the current study were 

consistent with the findings by Lenz et al21 in that there was 

an increase in the expression level of all the virulence genes 

in E. faecalis and E. faecium in the 79 clinical isolates. In 

the next section, the relationship between virulence genes 

and TA systems will be discussed.

The mazEF Ta system has a direct role 
in the regulation of virulence genes
As the mazEF TA locus was prevalent in all clinical strains 

of E. faecalis and E. faecium, it was targeted for silencing by 

anti-mazF PNA. Antisense therapy causes the silencing of a 

specific gene. This technique is applied in molecular bioen-

gineering, therapeutic methods, and antibiotics.9–11 PNA is an 

analog of nucleotide sequences. It has been found to be the best 

complementary strand of DNA and RNA.12 PNA has many 

properties that make it unique, such as its stability against 

proteases and nucleases, and its stability in high concentra-

tions of salt and at high temperatures.22 Another important 

property of PNA for efficiency is its size. As normal PNA is 

larger than an antibiotic, it must be designed to be smaller to 

pass through the cell. It is also important that the synthesized 

PNA is efficient against the target gene. The mazF (antitoxin) 

is approximately 171 bp in size. The PNA was designed based 

on the start codon and the ten nucleotides before the start codon 

region of the mazF gene. The size of the PNA was 10 mer 

(shorter than common PNAs). Then, the anti-mazF PNA was 

evaluated against E. faecium and E. faecalis strains containing 

the mazF gene at different concentrations in Mueller Hinton 

broth. The results were evaluated by RT-qPCR for determina-

tion of the specificity of the anti-mazF PNA and its association 

with the expression level of virulence genes.

As shown in Figure 7, with increases of PNA, the amount 

of mazF to be silenced and also the quantity of virulence genes 

showed a decrease. Therefore, these findings show the direct 

role of the TA system on the pathogenicity of E. faecium and 

E. faecalis. PNA antisense therapy is a good technique for 
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Figure 5 rT-qPcr analysis of the mazEF, relBE, and higBA Ta systems under normal and stress conditions.
Notes: almost the same expression levels for antitoxin and toxin were present in normal conditions, while the levels of toxins were greater than the antitoxins in stress 
conditions.
Abbreviations: Ta, toxin–antitoxin; rT-qPcr, real-time quantitative polymerase chain reaction.
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Figure 6 rT-qPcr analysis of pilA, pilB, hyl, ecbA, scm, fms8, efaAfm, and sgrA virulence genes under normal and stress conditions.
Note: The expression levels of all the virulence genes in heat stress were greater than under normal conditions.
Abbreviation: rT-qPcr, real-time quantitative polymerase chain reaction.

antisense therapy. The results obtained by Good et al23 showed 

2 μM anti-acpP PNA SP4 and no viable bacterial cells. Goh 

et al24 showed the RNA silencing aspect to bacterial growth. 

They revealed that by reducing the mRNA PNA, a 50% reduc-

tion was observed in the cell growth of E. coli.24

Some limitations of this study were the high cost of 

performing the PNA antisense therapy on a large scale and 

the higBA TA system.

Conclusion
This study describes and validates a novel target, mazF, 

which is found in clinical isolates of E. faecium and 

E. faecalis strains. First, the mazEF TA locus was shown 

to be present in all E. faecium strains. We showed that the 

mazEF and higBA loci are ubiquitous in a collection of E. 

faecium and E. faecalis clinical isolates. The expression 

and function of the mazEF, relBE, and higBA TA loci in 
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Figure 7 effect of the anti-mazF Pna against E. faecalis and E. faecium (the same results were obtained in both) containing the mazEF Ta system plasmid.
Note: mazF and all the virulence gene transcripts were subsequently decreased.
Abbreviations: E. faecalis, Enterococcus faecalis; E. faecium, Enterococcus faecium; Pna, peptide nucleic acids; Ta, toxin–antitoxin.

E. faecium and E. faecalis strains was confirmed by RT-

qPCR. Therefore, the TA system appears to be reliably 

expressed in those strains that pose a particular challenge 

in medicine. Second, inactivation of the mazF toxin using 

an anti-mazF PNA selectively decreased the expression of 

the virulence genes. Therefore, inactivation of the mazF 

toxin has been validated as a novel antimicrobial strategy. 

This research provides a first step in the introduction of the 

mazEF TA system as a sensitive target; however, further 

studies are needed to test the effectiveness of mazF in vivo. 

Furthermore, the occurrence and potential for activation of 

the mazEF TA system in other pathogenic bacteria remains 

to be investigated.
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