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Abstract
The toxin-antitoxin (TA) systems are systems in which an 
unstable antitoxin inhibits a stable toxin. This review aims 
to introduce the TA system and its biological application 
in bacteria. For this purpose, first we describe a new 
classification for the TA systems based on how the antitoxin 
can neutralize the toxin, we then describe the functions 
of TA systems and finally review the application of these 
systems in biotechnology.

Introduction
The toxin-antitoxin (TA) systems are systems that an 
unstable antitoxin inhibits a stable toxin. Descriptions of TA 
systems emerged in 1982. Plasmids or chromosomes of 
bacteria and archaea can encode TA systems. When the 
TA system is encoded on a plasmid, the plasmid vertically 
transfers to the daughter cells; those daughter cells which 
do not inherit the plasmid will die because the unstable 
antitoxin will be degradated and the stable toxin will kill the 
cells (Anonymous 2013). This is called 'post-segregational 
killing' (PSK) (Aridani et al., 2006).
 This property of the TA system has made it a unique 
system in prokaryotes (Fozo et al., 2010). The various 
biological roles of the TA system can be summarized as 
follows:

a) Formation of persister cells (Maisonneuve et al., 2011), 
b) stress resistance (Aizenman et al., 1996), 
c) protection from bacteriophages (phages) (Fineran et al., 
2009) 
d) regulation of biofilm formation (Wang and Wood, 2011), 
e) programmed cell death (PCD) and others.

TA systems can be classified into four groups: Type I TA 
systems, non-coding small RNA antitoxin inhibits the mRNA 
of the toxin by degradation via RNase III or by hiding 
the Shine-Dalgarno sequence (Fozo et al., 2010). Type II 
TA systems: an antitoxin protein binds to a toxin protein 
and causes neutralization (Leplae et al., 2011); Type III 
TA systems: the protein toxin is directly bound to a RNA 

molecule (Blower et al., 2011). Recently a type IV TA system 
was described: antitoxin directly inhibits the mRNA toxin 
(Wang et al., 2012). 
 This article focuses on the biological application 
of TA systems in bacteria. Firstly, we introduce a new 
classification of TA systems; we then describe the function 
of TA systems and finally review the application of these 
systems in biotechnology.

Classification of TA systems
How can the antitoxin neutralize the toxin? The answer to 
this question is the basis of the classification of TA systems. 
Thus, they have been classified into four types.

Type I TA systems
In this type of TA system, the antitoxin is a small molecule 
called sRNA. The sRNA is able to bind to the mRNA of the 
toxin and this results in inhibition of the translation of antitoxin 
mRNA by degradation via RNase III or by hiding of the 
Shine-Dalgarno sequence (defined as a ribosomal binding 
site in the mRNA, it is located eight base pairs upstream of 
the start codon) (Van Melderen et al., 2009). Typically, the 
type I toxin is small (>60 amino acids) with an abundance of 
hydrophobic protein (Hayes, 2003). The encoding of toxin 
and antitoxin is almost always on opposite strands of the 
DNA. Because of the fact that the toxin in type I TA systems 
is too toxic for the host, there is a little information about 
the intracellular target of type I TA systems (Wagner et 
al., 2012). The example of type I is the well-characterized 
hok/sok TA system (the hok is toxin and sok antitoxin). 
Interestingly, in this type I TA system, a third protein exists 
which, in the case of hok/sok, is called mok (Fineran et al., 
2009). The role of this third protein (mok) is the assistance 
of translation of the toxin, because the open reading frame 
has  overlaps to the toxin thus it is possible that the antitoxin 
directly binds to the third component and inhibits the toxin 
translation (Fozo et al., 2010). The other examples of type 
I TA systems are ldr/Rdl, tisB/IstR1, ibs/Sib, shoB/OhsC 
and symE/SymR which are found in E. coli (Kawano, 2012; 
Fozo, 2012). The first identified type I TA system in gram-
positive bacteria was fst/RNAII, which acts as the hok/sok 
TA system. The fst/RNAII TA system first was reported in 
Enterococcus faecalis in 1989. 
 The fst/RNAII TA system was also was found on plasmids 
of Staphylococcus saprophyticus, Lactobacillus casei and 
Listeria monocytogenes. txpA/RatA is choromosomal type 
I TA system which was found in   Bacillus subtilis in 2005 
(Durand, 2012). 

Type II TA systems
In type II the unstable antitoxin inhibits the stable toxin. 
The instability of the antitoxin can be explained by a less 
ordered structure, resulting in more sensitivity to proteolytic 
degradation (Figure 2) (Yamaguchi et al., 2011). The length 
of toxin in type II TA systems is around 100 amino acids 
(Fozo et al. 2008), with the intracellular targets for the toxin 
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being different among different families of type II TA systems, 
some examples are: CcdB protein, effected to DNA gyrase 
by poisoning DNA topoisomerase II (Bernard and Couturier, 
1992), whereas the MazF protein was found to be an 
endoribonuclease which cleaves cellular mRNAs at specific 
sequence motifs (ACA) (Hang et al., 2003). Depending on 
the toxin, the intracellular targets are different and include 
DNA gyrase, ribosome, elongation factor thermal unstable 
or uridine diphosphate-N-acetylglucosamine (Yamaguchi 
et al., 2011). However, the most common toxic activity is 
as an endonuclease, and this is known as an interferase 
(Christensen-Dalsgaard et al., 2008).
 Like type I TA systems, it was found that a third protein 

is involved in type II TA systems. For example in MazEF TA 
system, MazG was found as a regulatory protein which can 
bind to MazF and inhibit the toxin (Gross et al., 2006). 

Type III TA systems
The ability of bacteria to be resistance to phage infection 
led to the identification of type III  TA systems (Fineran et 
al., 2009). In this case the RNA antitoxin directly neutralizes 
the protein toxin (Blower et al., 2011). Within each Type 
III locus, a toxin gene is preceded by a short palindromic 
repeat, which is itself preceded by a tandem array of 
nucleotide repeats. The short palindromic repeat acts as 
a transcriptional terminator, regulating the relative levels 
of antitoxic RNA and toxin transcript (Figure 3) (Fineran et 
al., 2009). The first identified Type III TA system was ToxIN, 
which is encoded on plasmid pECA1039 of the Gram-
negative phytopathogen, Pectobacterium atrosepticum. 
The toxin is ToxN and the antitoxin is ToxI (Fineran et al., 
2009). The crystal structure of the ToxIN complex revealed 
a heterohexameric triangular assembly of three ToxN 
proteins interspersed by three ToxI RNA pseudoknots. 
Endoribonuclease was found to be a target for ToxN (Blower 
et al., 2011). This system was found on the plasmids and 
chromosomes of both Gram-negative and Gram-positive 
species, within human and animal pathogens, oceanic and 
soil bacteria and extremophiles (Fineran et al., 2009).  

Type IV TA systems
Recently, a new type of TA system was reported by Wang 
et al., (Wang (A) et al., 2012) in which the antitoxin directly 
cleaved the mRNA toxin. They revealed GhoT (toxin) 
which is  a membrane lytic peptide involved in  ghost cell 
formation, that means this protein causes a lysation in cell 
without damage to the cell membrane, making it tolerant 
to antibiotics. In this new TA system the GhoS monomer 

Figure 1. Type I TA system (hok/ sok). Degradation of toxin produced by RNaseIII (from Anonymous 2013).

Figure 2. Neutralization of MazF by MazE and degradation 
of MazE by ClpAP (protease) (from Vesper et al. 2011).
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cleaves the GhoT mRNA in a specific site (rich in U and 
A). Thus, GhoS/ GhoT is a new type of TA system in which 
GhoS inhibits the GhoT toxin by cleaving the mRNA (Figure 
4) (Wang (A) et al., 2012). This new TA system was found in 
Escherichia, Shigella, Salmonella, Citrobacter, and Proteus 
spp (Wang (B) et al., 2012).

Functional analysis of TA systems

Genomic Junk
One of the functions for chromosomal TA systems can 
be explained in the context of junk, in which they code 
functional non-coding RNA, which they get from a plasmid 
and will be lost in due course. Although rare, this occurs in 
their addictive qualities (Ochman  and Davalos, 2006).

TA system is Selfish 
Studies in some bacteria such as E. coli emphasis that 
the TA systems did not exist before indifferent strains, 
suggesting a non-physiological role for TA systems. On the 
other hand, the independence between toxin and antitoxin 
is strong, and they can easily move from one strain to the 
other by horizontal transfer and they maintain themselves 
in bacterial populations, thus their stabilization properties 
indicate their selfish behavior (Melderen et al., 2009).

Gene regulation
The study of Wai Ting Chan et al., (Chan et al., 2011) 
of TA system Type II (yefM-yoeB) showed they have a 
regulator role. They showed that the purified YefMSpn 
antitoxin and the YefM-YoeBSpn TA system complex binds 
to a palindrome sequence encompassing the -35 region 
of the main promoter (PyefM2) of the operon. This led to 
negative auto regulation with respect to PyefM2, since 
YefMSpn behaved as a weak repressor with YoeBSpn 
as a co-repressor. They found the box elements (A,C) 
upstream of the promoter of PyefM2. The box sequences 
are pneumococcal, and may it be related to some bacterial 
behavior such as phase variation, virulence regulation, and 
genetic competence. Intriguingly, the coupling of the boxAC 
element to PyefM1 and yefMSpn in cis (but not in trans) led 
to transcriptional activation, indicating that the regulation of 
the yefM-yoeBSpn locus differs somewhat from that of other 
TA loci and may involve an as yet unidentified element.

Surveillance in bacteria 
The activation of TA systems most often occurs in stress 
conditions. It should also be mentioned that most enzymes 
(RNase toxins) are more bactiostatic than bactericidal, thus 
this activation helps the bacteria to survive during starvation 
or stress condition (Pedersen et al., 2002).

Persisters of the cells by TA systems
First we define the term of "persister", as those cells which 
are able to be survive in a high concentration of antibiotic. 
This phenomenon is more observed in stationary phase of 
bacterial growth (Harrison, 2009). The TA system can be 
important for making persister cells, some studies showed 
that those cells in which the TA system was deleted are not 
persister. In the MqsR/MqsA TA system, this phenomenon 
is important also in biofilm formation (Lewis, 2008).

Programmed cell death
As mentioned, the antitoxin causes the neutralization of 
toxin, when the antitoxin is degraded the toxin kills the 
bacteria, a phenomenon that could be called PCD (Hayes, 
2003).
 

Figure 3. TypeIII TA system (from Blower et al. 2011b).

Figure 4. Type V TA systems whereas 
antitoxin (GhoS) cleaved the mRNA 
toxin (GhoT) (from Wang et al. 2012b).
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Antiphage activity
Another role that can be defined for TA systems is antiphage 
activity. By activation of this system the production of phage 
is reduced (Pecota and Wood, 1996). 

Plasmid maintenance
Plasmid maintenance can be explained by vertical gene 
transfer. Due to the unstable antitoxin in cells that do not 
inherit the plasmid, these cells cannot reutilize the toxin, 
and this results in cell death. However, cells which inherit 
the TA system plasmid will remain alive. This can explain 
the role of the TA system in plasmid maintenance (Aridani 
et al., 2006).

Biofilm formation
Several studies suggested the role of TA systems in biofilm 
formation. For example they showed that MqsR is induced in 
E. coli biofilms, and this increased expression enhances cell 
motility, whereas deletion of the  MqsR gene inhibits biofilm 
formation (Gonzalez Barrios, 2006). However it is unclear 
whether MqsR has a direct role for biofilm formation.  They 
showed that in some mutants in which five TA systems were 
deleted (ΔmazEmazF, ΔrelBrelE, ΔyefMyoeB ΔdinJyafQ, 
ΔchpBIchpBK), biofilm formation was reduced during the 
first 8 hours but then recovered to normal levels (Kim, 
2009). However, the implications of this finding for the role 
of TA systems in biofilm formation are not clear at present.
 The study by Pandey and Gerdes showed that the 
TA system is correlated to bacterial life style; they showed 
that the system is more common in free-living bacterial 
species than the in obligative intracellular bacteria. This 
is because the free-living bacteria are more exposed to 
stress conditions and can cope under various different 
stress conditions (Pandey and Gerdes, 2005). In addition, 
the horizontal transfer of the system provides a mechanism 
against invading DNA such as phage (Pecota and Wood, 
1996). 

Application of TA systems
The  applications of TA systems  can be summarized as a 
follows.

TA system as an antimicrobial target
The TA system has a potential as an antimicrobial target 
in bacteria. As a mentioned above the PCD is one of the 
mechanisms for discussion concerning the use of the TA 
system as an antimicrobial target. For example there is the 
role of several antibiotics which indirectly act against TA 
systems. These antibiotics can be classified in two groups:

1) The antibiotics which inhibit translation
2) The antibiotics that inhibit folic acid metabolism which 
results in thymine starvation.

The current information and crystal structure of MazEF 
TA systems (Loris, 2003) may lead to the design of a new 
antibiotic which directly acts against TA systems.
 The challenges are determining the crystal structure 
of each TA system. This can help us to understand the 
interaction of toxin and antitoxin and lead to the design of 
new chemical drugs as a crystal structure. Also, identifying 
the types of TA systems, whether functional or not, and the 
location in bacteria (chromosome or plasmid) will provide 
a fundamental understanding of possible applications as 
antibiotic targets.

TA systems as a tool for studying in anti-paralysis 
vaccine
With TA systems assays, it will be possible to characterize 
the amount of antitoxin, which is needed for neutralizing the 
toxin. This technique can be applied to the paralysis toxin 
of the paralysis tick of Australia, Ixodes holocyclus. In this 
case, a salivary toxin of the Australian paralysis tick Ixodes 
holocyclus was identified and immunity to tick paralysis 
was studied (Stone et al., 1982). The practical application 
of the proposed antitoxin assay to the standardization of 
commercial tick-paralysis antiserum depends on regular 
availability of toxin and the ability to accurately standardize 
these supplies of toxin.

TA system as a reporter gene
A TA system can act as a reporter gene, in which only 
the cloned cell can be chosen in cloning. Bernard et al. in 
1994 did the first study. They used the CcdB TA system 
as a reporter (Tieber et al. 2008). The challenge however 

Figure 5. Vertical gene transfer among TA system. TA systems increase plasmid prevalence in growing bacterial populations 
by post-segregational killing (PSK) (from Melderen and Saavedra, 2009).
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concerns the different conditions (stress and others) that 
affect the different behavior of this system as a reporter.

TA system as a plasmid maintenance for protein 
production
Plasmid instability is one of the problematic issues in the 
use of bacteria for protein production. The loss of plasmid 
during cell division of bacteria can result in a population 
of bacteria lacking cloned gene. For this reason, the use 
of a TA system for maintenance of plasmid and killing the 
plasmid-free bacterial cells is possible. For selection of 
bacteria in cloning the use of antibiotic is common; but in 
this case, the advantage is stabilization of vector without 
antibiotics (Tieber et al., 2008). The challenge will be the 
selection of suitable TA systems which can be expressed in 
gram-positive and gram-negative host.
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