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A B S T R A C T

Listeria monocytogenes is known as a major food-borne pathogen causing a severe life-threatening disease, lis-
teriosis, in susceptible patients. This bacterium has special features that facilitate its survival in different con-
ditions and cause resistance to antibacterial agents and biocides. Toxin-antitoxin (TA) system has a potential to
be introduced as an antibacterial target because of its participation in cell physiology, including stress response,
antiphage activity, biofilm formation, and resistance to antibiotics. In this study, after the identification of 6
genes of 3 TA pairs (lM/E-lM/F, lM/S-lM/B and ydc/D-ydc/E) via existing databases, the presence and expression
level of these genes were investigated by PCR and q-PCR techniques, respectively. The result of RT-qPCR re-
vealed that identified genes were expressed in different strains and ydc (maz) increased under thermal stress. It
seems that the products of these genes play an important role in the physiology and survival of the bacterium
especially in heat stress. Presence of 6 detected TA genes in all of the tested isolates demonstrated that TA system
could be an antibacterial target in L. monocytogenes; however, more research is needed to explain the actual role
of these genes.

1. Introduction

Listeria monocytogenes is considered as an opportunistic pathogen
because of its ability to cause a variety of symptoms, including me-
ningitis, abortion, and septicemia [1,2], mostly in susceptible in-
dividuals suchas newborns, pregnant women, aging and im-
munosuppressed patients [3,4]. The bacterium is an important food-
borne pathogen that can survive in harsh conditions, including low
temperature, high acidity, and salty environments [5,6]. Among var-
ious virulence factors, biofilm formation provides protection to bac-
terial cells against antibiotics [7,8].

Nowadays, antibiotic resistance is common among food-borne pa-
thogens [9,10], and there is a difficulty with treating the food-borne
infections [10–12]. Therefore, finding new antibacterial targets in re-
sistant isolates is necessary to combat against the food-borne patho-
gens.

Toxin-antitoxin (TA) systems can be identified as an antibacterial
target [13]where two components of this system (toxin and antitoxin)
are on an operon. The toxins of all characterized bacterial II TA systems
are proteins, whereas the antitoxins are either proteins or small RNAs

(sRNAs). In general, the toxin is more stable than the antitoxin. Cur-
rently, TA systems are allocated to five classes (I–V) according to their
genetic structure and regulation. In type I and III TA modules, the an-
titoxins are small noncoding RNAs, while the antitoxins of the other TA
classes are small proteins [14,15]. In normal conditions, the antitoxin
neutralizes the toxic effect of toxins [16].

Different functions are attributed to TA genes, including resistance
to antibiotics [17], programmed cell death [18], biofilm formation
[19], response to different stresses [20], gene regulation [21], quorum
sensing [22], and antiphage activity [23]. Several studies have reported
the presence of these modules in various bacteria [24–26] and their role
in antibiotic resistance [27]. However, to the best of our knowledge, no
scientific data on the prevalence of putative type II toxin-antitoxin
systems in L. monocytogenes isolates have been reported. Therefore, this
study was designed (i) to identify the putative TA genes in L. mono-
cytogenes by bioinformatic analyzing of different databases, (ii) to va-
lidate the results with polymerase chain reaction (PCR) assay, and (iii)
to measure the expression level (in normal and heat shock conditions)
of identified genes using RT-qPCR.
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2. Methods

2.1. Bacterial isolates

In this study, 54 L. monocytogenes isolates were used (supplementary
file). The isolates were obtained from the Microbiology Department of
Iran University of Medical Sciences, Iran.

2.2. Bioinformatic analysis

The whole genome of L. monocytogenes ATCC 19,117 and L. mono-
cytogenes EGD-e was retrieved from NCBI database in order to identify
the putative TA genes in L. monocytogenes isolates. The lm/E-lM/F, lM/
S-lm/B, and ydc/D-ydc/E (antitoxin-toxin) were searched in several
databases [28,29]. All of these genes belong to type II TA systems
(Table 1; Fig. 1). Lastly, specific primers were designed using OLIGO
software V. 7.56 (Table 1) [30].

2.3. Detection of TA genes in L. monocytogenes isolates

A PCR assay was used to depict the presence of the putative TA
modules in the Listeria isolates. The PCR was performed in a DNA
thermal cycler (Bio-Rad, USA) in a volume of 25 μl. The PCR program
consisted of an initial denaturation step at 94 °C for 4min; 35×94 °C
for 30 s; annealing (Table 1 shows annealing Tm for each primer) for
30 s; and extension at 72 °C for 20 s. No template control (NTC) was
used as negative control. Finally, PCR products were sequenced (Mac-
rogen South Korea).

2.4. Quantitative real-time polymerase chain reaction

Bacteria were pelleted by centrifugation at 2500× g for 15min.
Total RNA was isolated using the QIAGEN RNeasy Mini kit. The ex-
tracted RNA was analyzed using a nanodrop ND1000 and running on a
denaturing 1.5% TAE-agarose gel (80 V for 1 h) to assess RNA con-
centration, quality, and integrity. The RNA was DNase treated with
Promega RNAse-free DNase (at 37 °C for 1 h). Next, the RNA was pre-
cipitated with 1 vol isopropanol and 0.1 volume of 3M NaOAc (pH 4.6).
The suspension was incubated on ice for 20min and centrifuged at high
speed for 30min at 4 °C. The RNA pellet was dried and resuspended
with RNase-free MilliQ H2O. According to the manufacturer's instruc-
tions, 500 ng-1μg RNA was converted into cDNA using AccuPower
CycleScript RT PreMix (Bioneer; Korea). Finally, quantitative real-time
PCR was performed in a Rotor-Gene thermal cycler (Corbett 6000;
Australia) using SYBR Green method (AccuPower Green Star qPCR
Master Mix; Bioneer; Korea). A total volume of 20 μl reaction con-
taining 2 μl of cDNA, 12.5 μl SYBR Green master mix, 4.5 μl nuclease-
free water, and 1 μl of each primer (5 pmol) was run according to the
following program: an initial activation step at 94 °C for 4min, 35 cy-
cles of denaturation at 94 °C for 30 s, annealing at (indicated in Table 1)
for 30 s and extension at 72 °C for 20 s 16s rRNA was used as an internal
control to normalize target gene expression measurements.

2.5. Heat shock response

Overnight cultures of cells (L. monocytogenes) were diluted 1:100 in
200ml fresh Brain Heart Infusion (BHI) broth and were incubated at
37 °C at 225 rpm with a flask-to-medium volume ratio of 5:1. Once
cultures reached mid-log phase (optical density at 600 nm, 0.25), they
were challenged with 30min at 45 °C. The control sample was placed in
the incubator at 37 °C [31].

Table 1
Characteristics of design primers and related genes used in the study.

Ta Genes Sequence (5′→3′) TM (°C) Amplicon size Gene Namesa Chromosome locationb Reference

lM/F F CCAAGACGAGGTAACAATCAGA 58 142 bp LMO0130 130,768–131,220 In this study
R TTTGTAATGCATCAATTCCTCTACT

lM/E F GTTGATGAACGCTTGGTGAC 57 66 bp LMO0129 131,226–131,561 In this study
R CCGCATTTCTTCTTCGGT

lM/S F ACGAAGCAGAGACACCCAAT 58 245 bp LMO01310 1,323,109–1,323,723 In this study
R TACAACGATTTCGCCATTGA

lM/B F GGAACCAAGGCTATGCCACT 59 199 bp LMO01309 1,322,554–1,323,078 In this study
R ACATGGGGCTTTAGTGGGTC

ydc/D F ATGGGGCGGAGTGAAGTTAT 58 160 bp LMO0906 939,992–940,270 In this study
R CTTCTGCTTCTGCTTCGACA

ydc/E F GGAATACGGCCTGTTCTCAT 58 125 bp LMO0907 940,277–940,621 In this study
R CGAGTAGCTTCCACGTGTGT

16 s F ATGGCCTACCAAGGCAACGA 61 83 bp In this study
R GTAGGAGTCTGGGCCGTGTC

a Acording to Biocyc database.
b On Listeria monocytogenes ATCC 19,117.

Fig. 1. Genomic location of TA system in the chromosome of Listeria mono-
cytogenes EGD-e.
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2.6. Molecular phylogenetic analysis

The evolutionary history was inferred using the Neighbor-Joining
and Bootstrap method (No. of Bootstrap Replications: 200). The optimal
tree with the sum of branch length = 48.34119658 was shown. The
tree is drawn to scale, with branch lengths in the same units as those of
the evolutionary distances used to infer the phylogenetic tree. The
evolutionary distances were calculated using the Maximum Composite
Likelihood method and the units are the number of base substitutions
per site. The analysis involved 138 nucleotide sequences. Codon posi-
tions included were 1st+2nd+3rd + Noncoding. All positions con-
taining gaps and missing data were eliminated. There were a total of 29
positions in the final dataset. Evolutionary analyses were conducted in
MEGA6.

3. Results

In this study, six putative genes of 3 TA systems were investigated in
order to determine the existence of different types of TA systems in L.
monocytogenes (Table 1 and Fig. 1). Our results revealed that all of them
are belong to the type II TA system. Interestingly, the observation was
the prevalence of three TA genes in these isolates. Unexpectedly, lM/E-
lM/F, lM/S-lm/B and ydc/D-ydc/E genes were present in all of the iso-
lates (Fig. 2).

The result of q-RT PCR revealed that the identified genes were ex-
pressed in the different L. monocytogenes isolates. The transcript profile
of heat-shocked cells was then compared to the control cells. Induction
of the heat shock response did not affect cell viability but induced the
transcription of ydc D/E. The expression value of ydcE and ydcD genes
was 4 and 1 fold higher in treated subjects than the control sample;

however, the expression of other genes (lM/E-lM/F, lM/S-lM/B) did not
change compared to the control sample (Fig. 4).

After sequencing, the results were blasted in NCBI database and
analyzed with MEGA6. The results demonstrated that although lM/E
(AT) and lm/B (T) have different functions, they are similar during
evolution. Moreover, alignment by clustalO represented 26.678%
identity among these genes. Listeria grayi and Bacillus thermo-
amylovorans are close species to L. monocytogenes that have similar
genes as 1M/E and 1M/B. Evolutionary analyses revealed that there is
a lM/F(T)-like gene in Listeria aquatic and lM/S (AT)-like gene in L.
fleischmannii, L. floridensis and L. weihenstephanensis (Fig. 3).

This study revealed ydc/D (T)-like gene in Acetivibrio cellulolyticus
and Clostridiaceae family and ydc/E (AT)-like gene in Bacillus farragi-
nous, bacterium SIT5 and Geobacillus thermoglucosidasius (Fig. 3). More
importantly, all the genes were present in all strains of L. monocytogenes
according to National center for biotechnology information database
(NCBI).

4. Discussion

Due to overusing of antibiotics and biofilm formation in L. mono-
cytogenes, the antibiotic-resistant strains have emerged in recent years.
In addition to biofilm, which helps bacteria to survive under harsh
environmental conditions (i.g., antibiotics, and biocides) [7], different
mechanisms are involved in tolerance to antibacterial agents such as
resistance genes, efflux pumps, antibiotic degradation, and altering
enzymes [32]; however, recently, the role of TA system has been proven
in cell physiology.

Depending on the antitoxin entity and activity [24], six types of TA
systems have been introduced [26]. Among these systems, type II is
more common [33]. Under normal conditions, without any stress, the
components of TA modules (toxin and antitoxin) interact with each
other, the toxin is masked with the antitoxin, and its toxicity is di-
minished; however, under stress conditions, the toxin is activated be-
cause of the unstable entity of antitoxin. Some TA pairs participate in
several mechanisms. For example, it has been reported that the over-
expression of the toxin in mqsR/mqsA (toxin/antitoxin) system resulted
in biofilm formation and persister cells [13]. In the case of mazE/mazF
that contributes to programmed cell death (PCD), mazE is an antitoxin
that degrades in the presence of particular antibiotics, and mazF (toxin)
kills the bacteria [14].

In this study, the putative type II TA system was the most frequent
type of TA system in L. monocytogenes isolates. lM/E-LM/F, LM/S-lm/B
and Ydc/D-Ydc/E were three putative TA loci which have been identi-
fied via bioinformatic analyses. Bioinformatics information predicted
their specific functions, which has not been reported in previous stu-
dies. In LM/E-LM/F loci, LM/E is the antitoxin with prophage repressor
protein activity and LM/F (toxin) is a phage protein. The other iden-
tified TA systems are LM/S-lm/B, which LM/S (antitoxin) has an SOS-
response transcriptional repressor activity, and lm/B (toxin) is GNAT
family acetyltransferase. The last identified TA loci was Ydc/D-Ydc/E.
Ydc/D (antitoxin) is a member of putative transcriptional repressor
CopG family and Ydc/E (toxin) was attributed to PemK family.

The BLAST results of these systems indicated that the homologue of
these systems is found in some non-pathogenic Listeria species; how-
ever, further studies are needed to decide whether they are active or
not. Many factors in bacteria act as a network. During evolution, the
homologues of toxin-antitoxin systems may transfer to similar and non-
pathogenic species. No access to these bacteria can be considered as a
limitation of this study.

Thomas and colleagues (2017) indicated the different roles of TA
system mazEF in L. monocytogenes. They proposed a novel mode of

Fig. 2. PCR detection of TA genes. Lane1, Negative control; lane2, ydc/E; lane3,
ydc/D; lane4, lM/S; lane5, lM/B; lane6, lM/F; lane7, lM/E; lane8, 50bp ladder.

B.S. Kalani et al. Microbial Pathogenesis 122 (2018) 19–24

21



Fig. 3. Molecular Phylogenetic analysis of TA system gens in Listeria monocytogenes and other species by MEGA6.
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action for this system. They also indicated that the mazEF TA locus did
not affect on the level of persister formation during treatment with
antibiotics in lethal doses, but exerted different effects according to the
added sub-inhibitory stress. The growth of a ΔmazEF mutant was en-
hanced in the presence of sub-inhibitory norfloxacin at 42 °C compared
to wild-type, but the growth decreased in the presence of ampicillin and
gentamicin. Contrary to studies on Staphylococcus aureus, they found
that the transcription of genes within the σB operon was not affected by
mazEF locus, but MazEF seems to influence the expression of σB-de-
pendent genes opuCA and lmo0880, with a 0.22 and 0.05 fold changes,
respectively, compared to the wild-type under sub-inhibitory nor-
floxacin conditions. It is still ambiguous that how exactly this system
operates; however, their data suggested a novel mode of action for
MazEF in L. monocytogenes and indicated that it is not analogous to the
system of S. aureus [34]. In the study of Curtis et al. (2017), the over-
expression of maz (ydcE/D) genes was reported under heat shock. This
system may be involved in the resistance and growth abilities of L.

monocytogenes between 0 and 42 °C. The results of the ydcE/D blasts, as
well as the updated TADB and RASTA databases and the above-men-
tioned study, indicate that is homologous to mazEF. In other bacteria,
mazE/mazF contributes to programmed cell death (PCD), mazE is an
antitoxin that degrades in the presence of particular antibiotics, and
mazF (toxin) kills the bacteria [14]. Nevertheless, its role in Listeria is
still unknown. The presence of these genes in all isolates encourages us
to conduct more studies to find the specific functions of these systems in
different conditions and biofilm formation in L. monocytogenes. Given to
qPCR results, it could be concluded that the identified genes are tran-
scriptionally activated and might be translated to the proteins or
functionally active RNAs. As L. monocytogenes tolerates diverse en-
vironmental conditions from soil to the intentionally harsh conditions
of food processing environments, the products of these genes are pos-
sibly play crucial role in physiology and survival of the bacterium in
such harsh conditions.

In conclusion, as these putative TA genes were presented in all

Fig. 3. (continued)

B.S. Kalani et al. Microbial Pathogenesis 122 (2018) 19–24

23



studied isolates, the TA system could be a good antibacterial target in L.
monocytogenes isolates to treat the listerial infections.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://dx.
doi.org/10.1016/j.micpath.2018.06.003.
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