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A B S T R A C T   

Toxin-Antitoxin (TA) systems are abundant in prokaryotes and play an important role in various 
biological processes such as plasmid maintenance, phage inhibition, stress response, biofilm 
formation, and dormant persister cell generation. TA loci are abundant in pathogenic intracellular 
micro-organisms and help in their adaptation to the harsh host environment such as nutrient 
deprivation, oxidation, immune response, and antimicrobials. Several studies have reported the 
involvement of TA loci in establishing successful infection, intracellular survival, better coloni
zation, adaptation to host stresses, and chronic infection. Overall, the TA loci play a crucial role in 
bacterial virulence and pathogenesis. Nonetheless, there are some controversies about the role of 
TA system in stress response, biofilm and persister formation. In this review, we describe the role 
of the TA systems in bacterial virulence. We discuss the important features of each type of TA 
system and the recent discoveries identifying key contributions of TA loci in bacterial 
pathogenesis.   

1. Introduction 

Initially, toxin-antitoxin (TA) systems were identified on plasmids and termed plasmid maintenance systems. Later on, numerous 
TA systems were also identified on chromosomes [1–3]. Generally, TA systems exist in an operon and encode a stable toxin and an 
unstable antitoxin. Toxin and antitoxin can be a protein or an RNA. Toxin targets the cellular processes leading to cell growth arrest or 
cell death, whereas antitoxin reverses the toxic effect of the toxin. Toxins are involved in the regulation of various biological processes. 
For example, plasmid-encoded TA loci play a crucial role in plasmid maintenance through a mechanism called post-segregational 
killing (PSK) [4]. In PSK, toxin-mediated lysis of cells eliminates plasmid-free cells as they are unable to express antitoxins to 
neutralize the remaining toxin activity. Toxin activity causes plasmid addiction to the cells therefore plasmid-encoded TA systems were 
termed plasmid addiction modules. Chromosomal TA systems of bacteria are involved in various biological processes such as stress 
response [5], biofilm formation [6], phage inhibition [7], virulence [8], and persistence [9]. It shows the functional diversity of the 
chromosomal TA system and its importance in adaptation to different stress conditions. However, the role of TA systems in stress 
response, biofilm formation, and antibiotic persister formation has been debated [10–15]. Further, TA loci are abundant in pathogenic 
organisms [16,17] and their involvement in bacterial pathogenesis has been confirmed by several studies. TA systems have been shown 
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to be important for the establishment of successful infection, intracellular survival, colonization, adaptation to host stresses, and 
chronic infection [6,18–24]. Overall, in this review, we focus on the important features of each type of TA system and recent studies on 
their contribution to bacterial pathogenesis. 

2. Types of TA system 

TA systems are categorized into eight (I-VIII) types according to the mode of inhibition of toxin activity by antitoxin (Fig. 1). In type 
I, antitoxin RNA binds to toxin mRNA and inhibits toxin mRNA translation. In type II, antitoxin protein interacts with toxin protein, 
forms complex, and inhibits toxin activity. In type III, antitoxin RNA binds to toxin protein and inhibits its activity. In type IV, antitoxin 
protein binds to a substrate of toxin protein and inhibits toxin activity indirectly. In type V, antitoxin protein cleaves toxin mRNA and 
inhibits its translation. In type VI, antitoxin protein interacts with toxin protein and acts as a proteolytic adapter for the degradation of 
toxin by proteases. In type VII, antitoxin protein interacts with toxin protein and inhibits toxin activity via post-translational modi
fication of toxin. In type VIII, antitoxin RNA inhibits the transcription of toxins or interacts with toxin RNA leading to toxin RNA 
degradation. Details of each type of TA system have been discussed in brief in the following sections. 

2.1. Type I - (Fig. 1A) 

Type I TA genes have been shown to be arranged as either overlapping convergently transcribed gene pairs or as divergently 
transcribed gene pairs located apart [25,26]. The TA pair encodes a toxin peptide and an antitoxin RNA (Fig. 1A). Mostly, toxins are 
small hydrophobic proteins and act as lytic peptide except SymE and RalR. SymE is a RNA endonuclease [27] and RalR is a DNA 
endonuclease [28]. Overexpression of toxin (lytic peptide) causes growth arrest or cell death by forming pores in the membrane that 
results in membrane disintegration or loss of membrane potential [29–34]. The membrane disintegrition leads to ATP loss with 
consequences for replication, transcription, and translation [35]. For example, overexpression of hok, relF, srnB, pndA, fst, ibsC, shoB, 
tisB and dinQ toxins cause the destruction of membrane potential or membrane itself leading to cell death [29–34]. Membrane 
disintegration leads to the formation of ‘ghost’ cells (lysed cells with damaged membrane) and eventually cell death [29]. Over
expression of antitoxin prevents the toxic effect of the toxin. Antitoxin inhibits toxin activity either by inhibiting the toxin mRNA 
translation or by promoting toxin mRNA degradation. To inhibit the toxin mRNA translation, antitoxin functions in multiple ways. For 
example, in Escherichia coli symE-symR TA system, antitoxin binds to the overlapping region of the ribosome binding site (RBS) of toxin 
mRNA and prevents the ribosomes from binding directly [27]. In E. coli hok-sok and ldrD-rdlD TA systems, antitoxin RNA binds to the 
Shine-Dalgarno sequence of the leader peptide which is translationally coupled to the toxin, and thereby inhibits the translation of 
toxin indirectly [36,37]. In E. coli tisB1-istR1 and zorO-orzO TA systems, antitoxin RNA binds to 5′ UTR and inhibits toxin translation 
[38,39]. In Enterococcus faecalis RNAI-RNAII TA system, both toxin and antitoxin RNA interact with each other and form a partial 
duplex structure that results in toxin translation inhibition [40]. Taken together, antitoxin RNA inhibits the translation of toxin mRNA 
by binding to the overlapping UTR region or toxin mRNA region. Whereas in the case of antitoxin mediated degradation of toxin 

Fig. 1. Types of TA system- TA system has been categorized in eight types based on the antitoxin mode of inhibition of toxin. A. In type I, antitoxin 
RNA binds to toxin mRNA and inhibits toxin mRNA translation. B. In type II, antitoxin interacts with toxin and inhibits toxin activity. C. In type III, 
antitoxin RNA binds to toxin and inhibits its activity. D. In type IV antitoxin binds to the substrate of toxin and inhibits toxin activity indirectly. E. In 
type V, antitoxin cleaves toxin mRNA and inhibits its translation. F. In type VI, antitoxin interacts with toxin and act as proteolytic adapter for 
degradation for toxin. G. In type VII, antitoxin interacts with toxin and inhibits toxin activity via post-translational modification. H. In type VIII, 
antitoxin RNA inhibits the transcription of toxin or promotes toxin RNA degradation. Toxins of all types of TA system are either bacteriostatic or 
bactericidal in nature. 
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mRNA, both toxin and antitoxin RNAs form a duplex, that is cleaved by RNase III. For example, in txpA-ratA of Bacillus subtilis, 
antitoxin RNA interacts with toxin RNA via base pairing and forms a duplex. Cleavage of the duplex by the RNase III results in the 
degradation of both RNAs [41]. In bsrG-SR4 of B. subtilis, antitoxin RNA overlaps with the 3′ end of the toxin and forms a duplex. 
Cleavage of the duplex by RNase III at the downstream position is followed by complete degradation of both RNAs by endonuclease Y 
and the 3′–5′ exoribonuclease R [41]. Interestingly, SR4 antitoxin RNA is bifunctional as it inhibits the translation of toxin mRNA by 
forming RNA duplex with toxin mRNA as well as by inducing conformational modulation around the toxin ribosome binding site that 
obstructs ribosome binding [42]. 

2.2. Type II- (Fig. 1B) 

Among all TA systems, type II TA systems are well-characterized TA systems. They are abundant and exist in multiple copies on the 
chromosomes. They exist in operons and are transcriptionally coupled. Both toxin and antitoxin are proteins. Overexpression of toxin 
causes growth arrest by targeting replication, translation, cell wall synthesis and small metabolites [43] (Fig. 1B). Currently, type II 
toxins have been categorized into nine superfamilies based on their structural characteristics: ParE/RelE, MazF, HicA, VapC, HipA, 
FicT/Doc, AtaT/TacT, Zeta and MbcT [44](Table 1). Toxins belonging to one family can sometimes have a different mode of action. 
For example, ParE is a gyrase poison that causes the accumulation of DNA breaks [45] whereas RelE exhibits ribosome-dependent 
mRNA endonuclease activity [46]. MazF is an endonuclease that cleaves RNAs including mRNA [47], rRNA [48] and tRNA [49] 
whereas CcdB act as a gyrase inhibitor [50]. HicA acts as an endonuclease that cleaves mRNA [51]. The VapC contains a typical PIN 
domain structure and cleaves different tRNAs including tRNAfMet, tRNALeu, tRNASer, tRNATrp and also 23S rRNA [52,53]. The HipA and 
HipT act as a kinase that phosphorylates the glutamyl-tRNA synthetase and tryptophanyl-tRNA synthetase, respectively [54,55]. Doc is 
a kinase that phosphorylates the translation elongation factor EF-Tu leading to the inability of EF-Tu to bind aminoacylated tRNAs 
[56]. The FicT adenylylates DNA gyrase and topoisomerase IV at their ATP-binding sites [57,58]. AtaT and TacT, both act as an 
acetyltransferase enzyme where AtaT efficiently acetylates Gly-tRNAGly, Trp-tRNATrp, Tyr-tRNATyr and Phe-tRNAPhe isoacceptors in 
addition to Met-tRNAfMet [59,60], and TacT acetylates Gly-tRNAGly, Trp-tRNATrp, Leu-tRNALeu and Ser-tRNASer [61]. Zeta is a 
UDP-N-acetylglucosamine kinase that causes inhibition of cell wall biosynthesis [62]. MbcT with its ADP-ribosyl transferase activity 
depletes the intracellular NAD+ pool [63]. Interestingly, PhoH2 and EzeT are bifunctional. The N-terminal of PhoH2 consists of a PIN 
domain with ribonuclease activity while the C-terminal has RNA helicase domain [64]. The helicase activity is coupled to unwind RNA 
and facilitate RNA cleavage. Whereas in the case of EzeT, the C-terminal domain catalyzes the phosphorylation 
UDP-N-acetylglucosamine while the N-terminal domain strongly attenuates kinase activity and keeps EzeT in an autoinhibited state 
[65]. Overall, toxins are RNases, kinases, and acetyltransferases which arrest cell growth when overexpressed. To counter the toxin 
activity, antitoxins bind to active sites of their cognate toxin and inhibit activity [66,67]. For example, MazE binds to the active site of 
cognate toxin and neutralizes its RNase activity [68]. The binding of RelB to its cognate toxin, leads to displacement of the c-terminal 
region essential for toxin activity [69]. Epsilon and PezA creates steric hindrance to the ATP/GTP binding sites and inhibits the activity 
of their respective cognate toxins [62,70]. However, few antitoxins inhibit their cognate toxin activity without blocking the active site 
of the toxin. For example, HipB inhibits cognate toxin by facilitating confirmation of toxin to an inactive state [71]. In the case of 
mqsR-mqsA and higB-higA TA systems, antitoxin binds to a site other than the active site to inhibit the toxin activity [67,72]. Taken 

Table 1 
Nine superfamilies and other identified novel superfamilies of type II toxins (Adapted from Ref. [44]).  

S. 
N. 

Family Toxin Activity Target References 

1 ParE/ 
RelE 

ParE DNA gyrase inhibition Replication [45] 
RelE, HigB, YoeB, YafQ, 
MqsR, YafO 

Ribosome-dependent mRNA cleavage Translation [46,72, 
73–76] 

2 MazF MazF, YdcE, PemK, ChpBK mRNA, rRNA and tRNA cleavage Translation [47–49, 
77–79] 

CcdB DNA gyrase inhibition Replication [50] 
3 HicA HicA mRNA cleavage Translation [51] 
4 VapC VapC, PhoH2 Cleavage in anticodon region of tRNAs Cleavage of 23S rRNA at the 

sarcin-ricin loop 
Translation [52,53,64] 

5 HipA HipA, HipT Phosphorylation of glutamyl-tRNA synthetase and tryptophanyl-tRNA 
synthetase 

Translation [54,55] 

6 FicT/Doc FicT Adenylylation of Topoisomerase IV and DNA gyrase Replication [57,58] 
Doc Phosphorylation of EF-Tu elongation factor Translation [56] 

7 AtaT/ 
TacT 

AtaT Acetylation of Gly-tRNAGly, Trp-tRNATrp, Tyr-tRNATyr, Phe-tRNAPhe 

and Met-tRNAfMet 
Translation [59,60] 

TacT Acetylation of Gly-tRNAGly, Trp-tRNATrp, Leu-tRNALeu and Ser-tRNASer Translation [61] 
8 Zeta Zeta, PezT, EzeT Phosphorylation of peptidoglycan precursor uridine diphosphate-N- 

acetylglucosamine (UNAG) 
Cell wall 
synthesis 

[62,65,70] 

9 MbcT MbcT Phosphorylation of NAD+ Metabolic stress [63] 
Other identified novel toxin superfamilies 
12 VapD VapD RNA cleavage Not defined [80] 
13 RnlA RnlA mRNA cleavage Translation [81]  

S. Sonika et al.                                                                                                                                                                                                         



Heliyon 9 (2023) e14220

4

together, antitoxin inhibits toxin activity directly by binding to active sites or indirectly by binding to other sites as well. 

2.3. Type III- (Fig. 1C) 

Type III TA pair of genes exist in an operon and both genes are separated by a weak transcriptional terminator. The operon encodes 
toxin protein and antitoxin RNA (Fig. 1C). Till now, very few type III TA systems have been identified. For example, the first identified 
type III TA system is toxN-toxI of Erwinia carotovora [82] and the other one is abiQ-antiQ of Lactococcus lactis [83]. TA operon encodes 
full-length antitoxin RNA (precursor RNA) consisting of repeats of small nucleotide sequences and toxin protein. When a toxin is 
overexpressed, it causes bacteriostasis [82,84]. The toxin is a sequence specific endoribonuclease that cleaves repetitive precursors of 
antitoxin RNA into individual RNA pseudoknot units [85]. RNA pseudoknots are a dominant and compact form of structured RNAs 
with available surfaces for interaction with other molecules [86,87]. Pseudoknot units of RNA antitoxin bind to toxin and form inactive 
complex, leading to toxin inactivation [85]. 

2.4. Type IV- (Fig. 1D) 

Type IV TA systems exist in operons and encode both toxin and antitoxin in protein form. To date, only a few type IV TA systems 
have been reported. The first identified type IV TA system is cbtA-cbeA of E. coli and two more homologs, ykfI-yafW and ypjF-yfjZ have 
also been identified in E. coli. Toxin CbtA exerts its toxic effect by inhibiting the polymerization of cytoskeletal proteins FtsZ and MreB 
leading to alteration in cell shape, consequently inhibiting the replication and causing cell-growth arrest. Antitoxin CbeA does not 
interact with toxin for inactivation but inhibits toxin action indirectly by enhancing the bundling of cytoskeletal polymers of MreB and 
FtsZ (Fig. 1D) [88]. 

2.5. Type V- (Fig. 1E) 

To date, only one type V TA system, ghoT-ghoS has been identified in E. coli. ghoT-ghoS exists in an operon and encodes toxin GhoT 
and antitoxin GhoS, small proteins. GhoT is a lytic peptide that causes ghost cell formation. GhoS prevents GhoT toxin-mediated 
toxicity by cleaving the ghoT mRNA and inhibiting its translation. In the absence of GhoS, the GhoT is lethal (Fig. 1E) [89,90]. 

2.6. Type VI- (Fig. 1F) 

To date, only one type VI TA system, socB-socA of Caulobactercres centus has been identified [91]. socB-socA exists in an operon and 
unlike the canonical TA system, SocB toxin is unstable and susceptible to protease ClpXP whereas SocA antitoxin acts as a proteolytic 
adapter for the degradation of SocB (Fig. 1F). SocA binds to its substrate SocB and delivers SocB to proteases for degradation. SocB 
exerts its toxic effect by inhibiting DNA replication elongation via direct interaction with DnaN. DnaN is a beta sliding clamp protein 
thatr forms a ring around the dsDNA. During replication, DnaN binds to DNA polymerase III and increases its processivity [92,93]. 
SocB competes with RNA polymerase III for binding to DnaN and disrupts the synthesis of both strands leading to replication fork 
collapse [91]. 

2.7. Type VII- (Fig. 1G) 

Type VII TA systems exist as operons and encode both toxin and antitoxin in protein form. Overexpression of the toxin causes 
growth arrest, and the toxin is inactivated by antitoxin mediated modification of the toxin. Antitoxin interacts with toxin and causes 
post-translational modification such as phosphorylation, oxidation and AMPlyation (Fig. 1G). To date, three subtypes of VII TA sys
tems, namely, tgIT-takA/menT3-menA3, hha-tomB, and HEPN-MNT have been identified. tgIT-takA/menT3-menA3 (Rv1044- 
Rv1045) of Mycobacterium tuberculosis encodes toxin TgIT/MenT3, a nucleotidyltransferase [94,95] and antitoxin TakA/MenA3, a 
serine protein kinase [94]. TgIT/MenT3 inhibits protein synthesis by preventing the charging of tRNAs, preferentially tRNASer by 
adding pyrimidines (C or U) not purines, to the 3′-CCA acceptor stems of uncharged tRNAs [95]. Contrarily, Yu et al. have shown that 
TgIT/MenT3 binds to GTP specifically [94]. TgiT/MenT3 inhibits the growth of bacteria and its cognate antitoxin TakA/MenA3 
antagonizes its toxic activity [94,95]. TakA/MenA3 interacts with TgiT/MenT3 [94,95] and inactivates by phosphorylation of TgIT 
[94]. Further, in hha-tomB of E. coli, overexpression of Hha is bacteriolytic due to repression of rare tRNAs, leading to alteration in 
translation, induction of proteases and activation of lytic cryptic prophage genes [96]. TomB mediated oxidation of Hha causes loss of 
Hha structure that results in Hha inactivation [97]. The third TA system, HEPN-MNT exists as an operon and encodes HEPN toxin 
protein and MNT antitoxin protein [98]. HEPN toxin act as ribonuclease which cleaves mRNA and tRNA thereby affecting translation. 
Interestingly, in Shewanella oneidensis, HEPN toxin cleaves mRNAs not tRNA or rRNA while in Aphanizomenon flos-aquae, HEPN 
cleaves tRNA at a specific position, not mRNA or rRNA [99]. MNT inactivates HEPN by di-AMPlylation in A. flos-aquae while by 
tri-AMPlylation in S. oneidensis [100,101]. 

2.8. Type VIII- (Fig. 1H) 

Type VIII TA gene pair encodes both toxin and antitoxin in RNA form (Fig. 1H). To date, only two type VIII TA systems, creT-creA in 
Haloarcula hispanica and sdsR-ryeA in E. coli have been reported. Interestingly, creT-creA system is embedded within diverse CRISPR- 
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Cas loci where the CRISPR cascade regulates the transcription of creT-creA pair. creT-creA system consists of CreT (Cascade-repressed 
toxin) toxin and CreA (CRISPR RNA–resembling antitoxin RNA) antitoxin. Expression of CreT causes bacteriostasis by sequestering the 
rare tRNAArg . Sequestration of the tRNAArg impairs the translation of some essential genes leading to growth arrest. CreA mimics a 
CRISPR RNA and inhibits CreT transcription in association with cascade. CreA requires Cas6 for maturation, thus CreA becomes 
antitoxic only in the presence of cascade. creA RNA and creT promoter have partial complementarity which directs the cascade for 
repression of creT transcription. creT-creA system forms a symbiosis with CRISPR to make CRISPR addictive for the host [102]. The 
other TA system, sdsR-ryeA of E. coli encodes small sdsR toxin RNA and ryeA antitoxin RNA which are transcribed through the opposite 
strand. Expression of sdsR causes Hfq-dependant cell death. SdsR regulates the expression of many genes including yhcB, an inner 
membrane protein whose repression by SdsR leads to cell death. To counter the SdsR toxic effect, RyeA interacts with SdsR via base 
pairing and covers the entire SdsR leading to degradation of both RNAs by RNase III [103]. 

2.9. New type of TA systems 

Recently few TA systems have been identified with unique characteristics or similarities with more than one type of TA system. 
Some examples are briefly described below. 

2.9.1. darT-darG TA system 
Jankevicius et al. identified a new TA system, darT-darG in M. tuberculosis [104]. darT-darG TA pair encodes DarT toxin and DarG 

antitioxin, and both are in protein form. Expression of DarT is bacteriostatic which is reversed by DarG expression. DarT acts as DNA 
ADP-ribosyltransferase that specifically modifies thymidines on single-stranded DNA in a sequence-specific manner thereby affecting 
DNA replication. The modification of thymidines can be removed by DarG indicating that darT-darG pair acts via reversible DNA 
ADP-ribosylation. Further, darT-darG TA system also shows stable protein-protein interaction which might be additional toxin inhi
bition activity of DarG [104]. 

2.9.2. ToxSAS–antiToxSAS TA system 
Jimmy et al. discovered five small alarmone synthetase (SAS subfamilies), FaRel, FaRel2, PhRel, PhRel2, and CapRel with TA-like 

arrangements and showed that four of them exist in two gene operon while FaRel is three gene operon. ToxSAS toxin exert their 
toxicity through the production of toxic nucleotide alarmones, ppGpp and ppApp which at high concentrations inhibits bacterial 
growth via targeting transcription, translation, and ribosome assembly [105,106]. Further, Jimmy et al. showed that out of five 
subfamilies, four of them encode an antitoxin that neutralizes only their cognate antitoxin. However, in the case of faRel system (three 
gene operon system), the toxSAS gene is flanked by two antitoxin genes and each gene is sufficient to counter the toxSAS toxicity. One 
antitoxin works as a type II TA system antitoxin which interacts with toxSAS via protein-protein interaction, whereas, another anti
toxin acts as a type IV antitoxin which encodes a (p)ppGpp degrading enzyme, small alarmone hydrolase (SAH) and degrades the 
molecular product of toxSAS [106]. 

Characteristics of both TA systems indicate that there is a crosstalk among different type of TA systems . They are sharing the 
characteristics of two TA systems, type II and type IV, suggesting that the TA system should be reclassified based on other parameters 
such as sequence similarity or organism specific (bacterial or archaeal) or localisation (chromosomal or plasmid) rather than the mode 
of toxin inhibition by antitoxin. 

2.10. Biological functions of TA systems 

Most of the TA systems have been proposed to play roles in phage inhibition and stress response. For example, several type I TA 
systems of B. subtilis are located on prophages and they have been shown to play an important role in phage maintenance [41]. Type II 
mazF-mazE and rnlA-rnlB are involved in phage inhibition as they significantly block infection of phage P1 and phage T4, respectively 
[,107,108]. Type II PemK toxin induces dormant state and inhibits phage infection [109]. Type III toxins have been shown to be 
involved in abortive phage infection [83,84] [,]. The newly identified ToxSAS-antiToxSAS and darT-darG TA systems also have been 
shown to be involved in the inhibition of phage infection [110,111]. Moreover, the role of TA systems have also been proposed in stress 
response, biofilm formation and persister formation. For example, in type I TA systems, SOS induces the transcription of toxins, tisB, 
dinQ and symE [27]. In E. coli, TisB toxin induces persister cell formation after the administration of ciprofloxacin [112]. Persister cells 
are dormant cells that show tolerance to antibiotics without undergoing genetic change [113]. Later, TisB-induced persistence was 
shown as phase dependent as TisB induces antibiotic persistance in exponantial phase not in stationary phase cultures [112,114] or 
condition dependent [115]. Type II TA systems are the most abundant and characterized TA system, and they have been shown to play 
important role in stress response, biofilm and persister cell formation [116,117–119].. However, their roles have been challenged by 
many recent studies [10–15]. Moreover, under adverse conditions like nutrient starvation, oxidative stress, and antibiotic challenge, 
they are often transcriptionally upregulated [120–122] but does not lead to toxin activation [123]. Type IV TA systems have been 
shown to be involved in resistant to oxidative stress and biofilm formation [124]. Type V TA system, ghoT-ghoS has been shown to be 
involved in persister cell formation [89] and adaptation of growth under the unfavourable condition [90]. Role of type VI TA systems 
has been proposed in DNA damage response as the socB-socA operon is induced by the DNA damaging agent, mitomycin [91]. Type VII 
TA system, hha-tomB is highly induced in biofilms [125] and presumably controls the biofilm formation and virulence [126]. Type VIII 
TA systems, creT-creA makes cells addicted to CRISPR whereas sdsR might be involved in RpoS-mediated stress-survival response 
[127,128]. Overall, these studies suggest that TA systems play significant role in phage inhibition. Although TA systems have been 
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implicated in stress response, their role has remained controversial. 

3. TA loci in pathogenic bacteria 

The abundance of TA systems in pathogens suggests that better understanding of the mechanisms of action of TA systems in 
pathogens may enable the development of new lines of treatment for infections caused by them. Hospital-acquired infections are an 
important concern as infections caused by multidrug-resistant (MDR) bacteria (superbugs) lead to high mortality. ESKAPE is a group of 
antibiotic-resistant bacteria that can escape the biocidal action of antibiotics and represents new paradigms in pathogenesis, trans
mission, and resistance [129]. Several type II TA systems are present in ESKAPE pathogens (Enterococcus faecium, Staphylococcus 
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter spp.) as well as in other pathogen 
including E. coli, Burkholderia spp., Streptococcus pneumoniae and M. tuberculosis [130]. Moreover, other studies have also reported the 
presence or abundance of TA loci in pathogenic organisms such as in M. leprae, M. tuberculosis, Rickettsia prowazekii, Corynebacterium 
diphtheriae, Treponema pallidum, Yersinia pestis, Bordetella pertussis, S. pneumoniae, S. pyogenes, Salmonella typhimurium, Shigella dys
enteriae, Vibrio cholerae, Klebsiella pneumoniae, Bacillus anthracis and Pseudomonas putida [16,17,131–135]. Besides that, TA systems are 
present on virulence plasmids of pathogenic bacteria for their stabilization. For example, three TA systems, mvpT-mvpA/vapC-vapB, 
ccdB-ccdA and gmvT-gmvA present on pINV plasmid of Shigella species [136,137] and two vapC-capB and ccdB-ccdA TA systems on 
virulence plasmid pSLT of S. typhimurium [138]. Moreover, multiple TA systems have been detected on a plasmid encoding 
extended-spectrum β-lactamases (ESBLs) that are most important acquired resistance determinants in members of the Enterobacteri
aceae [139–141]. Pathogenic E. coli producing CTX-M ESBLs have become a major cause of infections in both the community and 
hospitals [139]. TA systems, pemK-pemI, ccdB-ccdA, vagD-vagC, Hok–Sok and srnB-srnC are the most frequently represented TA 
systems in E. coli producing CTX-M ESBLs [141] that probably contribute to plasmid maintenance in their host [142,143]. Taken 
together, these studies shows the abundance of TA loci in pathogenic organisms including antibiotic resistant organisms and suggest 
the possible link between the TA systems and pathogenicity. 

Table 2 
TA systems in bacterial pathogenesis.  

TA system Pathogen Role of TA system Infection model Contribution to pathogenesis Reference 

Type I TA system 
sprG1-sprF1 Staphylococcus aureus Hemolysis Erythrocytes Host cell lysis [144] 
ef0409-ef0408 Enterococcus faecalis Adaptation to host stresses, regulation 

of expression of metabolic enzymes 
larvae Galleria 
mellonella, macrophages 
and mice 

Hypervirulence, Intracellular 
survival, colonization 

[18] 

tisB-istR, ldrA- 
rdlD and 
hok-sok 

Salmonella typhimurium Regulation of growth of bacteria 
inside the host 

Fibroblast Fitness,Intracellular survival [19] 

Type II TA system 
yoeB-yefM Extraintestinal pathogenic 

Escherichia coli (ExPEC) 
Regulation of growth of bacteria 
inside the host 

Mice Colonization [20] 

pasT-pasI ExPEC Adaptation to host stresses, Tolerance 
to antibiotics, Biofilm and persister 
formation 

Mice Fitness, Intracellular survival [20] 

vapC-vapB and 
vapD- 
vapX 

Haemophilus influenzae Persister formation Epithelial tissue Survival inside the host, 
Colonization, Persistent 
infection 

[21] 

vapB2-vapC2 
and T4-A4 

S. typhimurium Regulation of growth of bacteria 
inside the host, Metabolic 
readjustment 

Macrophage, Fibroblast, 
and Epithelial cell 

Fitness, Intracellular survival [19] 

mazF-mazE S. aureus MazF cleaves SraP mRNA, a virulence 
determinant 

– Regulation of virulence 
factors 

[145] 

Mycobacterium 
tuberculosis 

Regulation of growth of bacteria 
inside the host 

Guinea pig Pathology in organs [22] 

higB1-higA1 M. tuberculosis Regulation of expression of the genes 
involved in virulence, detoxification, 
and adaptation 

Guinea pig Infection, Fitness [23] 

fitB-fitA Neisseria gonorrhoeae Regulates rate of intracellular 
replication and growth of bacteria 

Epithelial cell Intracellular survival [146] 

relE-relB Vibrio cholerae Biofilm and persister cell formation Mice Intracellular survival 
colonization 

[147] 

Type VII TA system 
hha-ybaJ ExPEC Regulation of growth of bacteria 

inside the host 
Mice Colonization [20] 

menT2-menA2 M. tuberculosis Regulation of growth of bacteria 
inside the host 

Guinea pig Colonization [148]  
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4. Contribution of TA system in bacterial pathogenesis 

Many studies have provided evidence of the involvement of the TA system in bacterial pathogenesis and virulence using infection 
models. To date, type I, II, and VII TA systems have been found to be involved in bacterial virulence. Examples of TA systems’s 
contribution to bacterial virulence are discussed in the following sections and summarized in Table 2. 

4.1. Type I TA systems in bacterial virulence 

4.1.1. sprG1-sprF1 
sprG1-sprF1 TA system has been shown to play role in the virulence of S. aureus [144]. S. aureus is a human pathogen that causes 

life-threatening community-associated infections [149]. The sprG1-sprF1 of S. aureus encodes antitoxin RNA and a small hydrophobic 
peptide toxin. The sprG1 toxin gene possesses two internal initiation codons which result in the generation of two different peptides, a 
short and a long peptide. The shorter peptide is more effective in bacterial growth inhibition whereas the longer peptide is more active 
against human erythrocytes. The longer peptide is primarily expressed and secreted into the extracellular medium. After secretion, the 
longer peptide is supposed to cause hemolysis as synthetic SprG1 peptides have been shown to be able to lyse erythrocytes efficiently. 
Longer peptides are rich in positively chargeed aa which is the probable reason for their higher secretion and thereby high cytolytic 
effect against erythrocytes [144]. Therefore, it was suggested that longer peptides can be effective for host cell lysis. However, the 
shorter peptide has been shown to be effective in causing interspecies death, such as in E. coli and P. aeruginosa, which are frequently 
associated with staphylococcal infections [144]. Thus, if both peptides are produced in sufficient quantity, they can cause host cell lysis 
leading to the release of virulence factor, facilitating the spread of infection and allowing growth advantage over other bacterial 
species as well. 

4.1.2. ef0409-ef0408 
In E. faecalis, the ef0408 sRNA of ef0409-ef0408 is intricately involved in the infection [18]. E. faecalis an inhabitant of the 

gastrointestinal tracts of humans and animals is a common hospital-acquired infection associated with catheter-associated urinary 
tract infections, endocarditis, and surgical and burn wound infections [150]. Chromosome encoded ef0409-ef0408 [151,152] is ho
mologous to the RNAI-RNAII TA system, and ef0408 is supposed to act as an antitoxin through interaction with ef0409 [152–154]. 
Michaux et al. selected 6 sRNA candidates including ef0408 sRNA of E. faecalis and assessed their role in pathogenesis as well as in 
stress response. To determine their involvement in the infection, they created sRNA deletion mutants and tested their effect on the 
infection process using three infection models: the larvae Galleria mellonella, macrophages, and mice. Among all 6 mutants, three 
mutants including Δef0605, Δef1368, and Δef3314 showed less virulent phenotype than the wild type as it decreased the killing of 
G. mellonella larvae. However, Δef0408 mutant showed the hypervirulence phenotype as it increased the G. mellonella larvae killing 
rate significantly. Further, in Δef0408 infected mice, bacterial load was higher in the liver and kidneys. Additionally, in the macro
phage infection model, the mutant survived better than the wild type. Moreover, to confirm the involvement of ef0409-ef0408 in 
virulence, they investigated the phenotype of mutant, wild-type and complemented strains under conditions that might be relevant in 
the gastrointestinal tract or during the infection process such as oxidative-, osmotic-, detergent stress conditions and serum. The 
mutant Δef0408 showed better survival under such conditions [18]. Taken together, authors suggested that these sRNAs stabilize the 
homeostasis of the cells specifically under environmental changes. Commensal bacteria such as E. faecalis may need an equilibrium 
between favorable colonization (by repressing virulence) and pathogenicity according to the host environment. Therefore, sRNA may 
act as a key regulator in the transition from a commensal relationship to virulence. Besides that, transcriptional analysis of Δef0408 
mutant and wild type showed low transcription level of ef0409 in both cases [18]. Even at low level, free toxin ef0409 might be 
contributed to its hypervirulent phenotype. ef0408 sRNA could be acting as sensor and suppressor of ef0409 toxin activity to control 
growth and virulence. Overall, it suggests that more research is needed to gain insight into the mechanism of sRNA mediated regu
lation of bacterial virulence. 

4.1.3. tisB-istR, ldrA-rdlD and hok-sok 
Lobato-Marquez et al. investigated the activity of different TA modules in the regulation of the growth of S. typhimurium inside the 

host [19]. They showed that a selected group of type I toxins, TisB, LdrA and Hok are required for the survival of intracellular 
S. typhimurium. They impact the fitness of bacteria inside the fibroblast by negatively regulating bacterial growth. The controlled 
action of these toxins may assist S. typhimurium in acquiring the metabolic dormant state in fibroblasts. To confirm the role of toxins, 
they analyzed whether S. typhimurium produces these toxins in response to the host environment. S. typhimurium isolated from human 
fibroblast showed upregulation of these three toxins indicating S. typhimurium upregulates these toxins in response to the intracellular 
environment of fibroblast which impacts the growth negatively [19]. Importantly, they also showed that ldrA-rdl and hok-sok are 
absent in non-pathogenic species S. bongori. Furthermore, ldrA is conserved in all S. enterica serovars indicating the importance of the 
ldrA-rdlD TA system for S. enterica pathogenesis. 

4.2. Type II TA systems in bacterial virulence 

4.2.1. yoeB-yefM and pasT-pasI 
Norton et al. identified the role of yoeB-yefM and pasT-pasI in the virulence of extraintestinal pathogenic E. coli (ExPEC) strain and 

showed that each system acts independently to promote colonization and persistence [20]. ExPEC colonizes in diverse niches and 
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causes sepsis, meningitis, and urinary tract infections. Only a subset of the known TA system of E. coli is associated with the ExPEC 
strain [155,156]. To address their role in pathogenesis, they constructed deletion mutants of TA systems and tested them in a murine 
infection model. They found that yoeB-yefM and pasT-pasI are required for the colonization and survival of ExPEC inside the host. 
yoeB-yefM is independently involved in the colonization of ExPEC in the bladder, whereas pasT-pasI is required for the survival of 
ExPEC inside the kidneys. Moreover, pasT-pasI also increases the persister cell formation thereby tolerance to antibiotics. Low-level 
expression of pasT protects ExPEC from stresses such as nutrient limitation, and oxidative and nitrosative stress [20]. Thus, these 
observations suggest both TA systems provide a fitness advantage to the pathogen depending on the level of toxin expression and 
environmental stress. However, a recent study has shown that pasT-pasI is not a TA system but a bacterial homolog of the mito
chondrial Coq10 that acts as an accessory factor in the ubiquinone-dependent electron transport chain [157]. 

4.2.2. vapC1-vapB1 and vapD-vapX 
Ren et al. have reported that during extended infection of non-typeable Haemophilus influenzae (NTHi), vapC1-vapB1 and vapD- 

vapX TA loci maintain its survival and persistent infection [21]. NTHi is a common commensal of the upper respiratory tract and 
causes respiratory tract infections in humans. NTHi is the most common cause of infection in the middle ear (otitis media) [158]. 
During infection, NHTi cells are exposed to adverse conditions such as host immune responses, nutrient deprivation, and antibiotic 
treatment. NTHi forms biofilms that possibly play a role in resistance to host immune response and antibiotics, thus favoring recurrent 
otitis media [159,160]. After countering those stresses, a subpopulation of NTHi causes persistent infection. As TA systems are known 
to be involved in biofilm formation and adaptation to environmental stresses, Ren et al. investigated the role of vapC1-vapB1 and 
vapD-vapX in NTHi pathogenesis [21]. They created deletion mutants of these TA loci and tested the survival in the respiratory 
epithelial tissue model during long-term infections. They showed both loci, vapC1-vapB1 and vapD-vapX contribute significantly to 
NTHi persistence and allow its survival during extended infections. Furthermore, to confirm the role of both loci in persistence and 
survival, they tested the mutants in a chinchilla model of otitis media and showed that both loci were independently involved in the 
survival of NTHi during extended infection [21]. Overall, both loci seem to be important for the intracellular survival of NTHi for a 
longer period that allows persistent infections. 

4.2.3. vapC2-vapB2 and T4-A4 
Lobato et al. have shown that VapC2 and T4 toxins impact the fitness of S. typhimurium inside fibroblasts [19]. S. enterica is an 

intracellular pathogen causing persistent infections in humans [161]. To study the pathogenesis of S. typhimurium, murine models have 
been extensively used as they mimic acute and chronic human infections [162]. During infection, S. typhimurium shows limited 
proliferation inside macrophages [163] and it attenuates growth in cultured fibroblasts [164] as well as in non-phagocytic cells of the 
intestinal lamina propria [165]. They analyzed the proteomes of isolated S. typhimurium from macrophages and found the upregulation 
of different toxins of type II TA systems including the VapC2 with the highest increase. To determine the contribution of toxins in 
S. typhimurium dormancy during chronic and persistent infection, they constructed deletion mutants of upregulated type II toxins and 
tested them in macrophage, fibroblast, and epithelial cell infection models. Among toxin mutants, ΔvapC2 mutant showed a strong 
phenotype with an 80% decrease in survival inside fibroblasts. Furthermore, in all three infection models (macrophage, fibroblast, and 
epithelial cells), apart from vapC2, the T4 mutant also decreased the survival and limited the intracellular proliferation of 
S. typhimurium. Taken together both VapC2 and T4 toxins impact the fitness of S. typhimurium inside the host cell. T4 has a Gcn5-related 
acetyl transferase (GNAT) domain [19] and in S. typhimurium, GNAT domain-containing protein has been related to the control of 
carbon utilization and metabolic flux via acetylation of several metabolic enzymes [166]. Thus, the T4 mutant phenotype indicates an 
important role of the metabolic readjustment in the fitness of S. typhimurium inside the host cell. Overall, both vapC2-vapB2 and T4-A4 
TA systems contribute to the survival of S. typhimurium inside the host during chronic and persistent infection. 

4.2.4. mazF-mazE 
mazF-mazE TA systems have been shown to be involved in the pathogenesis of different micro-organisms. Some notable examples 

are S. aureus and M. tuberculosis which are briefly discussed below. 

4.2.4.1. mazF-mazE of S. aureus. S. aureus is the most common cause of hard-to-treat infections at hospitals and healthcare facilities. 
S. aureus causes an endovascular infection where interaction with human platelets is required for its pathogenesis. In cardiovascular 
infections, SraP, a glycoprotein, has been reported as a key virulence determinant that contains a cell wall-anchoring motif (LPXTG) 
[167,168]. Zhu et al. have shown that SraP mRNA is highly susceptible to the ribonuclease activity of MazF toxin as it contains a high 
number of MazF cleavage-specific sequences. Therefore, when mazF was induced under stress conditions, the synthesis of SraP was 
significantly reduced. Further, they have shown that the MazF cleavage sequence is significantly abundant in the mRNAs of other 
pathogenic factors of S. aureus as well [145] which suggests an important regulatory role for mazF-mazE TA system in the pathoge
nicity of S. aureus. 

Recently, another group, Ma et al. have shown the role of the mazF-mazE system in S. aureus chronic infection [6]. They examined 
the role of mazF-mazE in virulence using a murine model and showed that mazF increases antibiotic tolerance and allow the transition 
of bacteria from acute to chronic infection [6]. Therefore, mazF-mazE not only makes the S. aureus more tolerant to antibiotics but 
more tolerant to the host. 

4.2.4.2. mazF-mazE of M. tuberculosis. M. tuberculosis is one of the most dreadful human pathogens [169] which causes tuberculosis by 
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infecting primarily the lungs and then spreading to other organs such as kidneys, spine and brain. M. tuberculosis may persist in the 
small fraction of infected individual for a longer period and can be reactivated at any time during life [170]. Thus, latency in the host is 
an important factor for M. tuberculosis pathogenesis. TA loci have been proposed as one of the latency-inducing factors as they are 
involved in adaptation to host stresses, biofilm formation and persistence. M. tuberculosis possesses nine different mazF-mazE like TA 
loci where three TA loci, namely, Rv1102c (mazF3), Rv1991c (mazF6) and Rv2801c (mazF9) encode functional toxin [22]. Tiwari 
et al. had determined the contribution of three MazF toxins in adaptation to host stresses where all three MazFs contribute cumula
tively to M. tuberculosis growth and adaptation to oxidative stress and nutrient deprivation in macrophages. Furthermore, mazF-mazE 
TA systems were differentially induced in M. tuberculosis persisters which are important for the adaptation as well as the virulence of 
M. tuberculosis [22]. Moreover, Kaushal et al. used the guinea pig experimental model of tuberculosis to study the contribution of 
MazFs in M. tuberculosis virulence. They showed that mazF triple deletion mutant (mazF3, mazF6 and mazF9) causes less pathology in 
lung and liver sections of guinea pigs. Additionally, the triple mutant showed more growth defects in the spleen and liver when 
compared to the lungs suggesting MazF might be involved in the dissemination of the disease from the lungs to the spleen and liver 
[22]. Overall, observations from both studies suggest that MazFs contribute to the ability of M. tuberculosis to adapt to oxidative and 
nutrient-limiting conditions as well as regulate the growth of M. tuberculosis inside the host. 

4.2.5. higB1-higA1 
HigB1-HigA1 of M. tuberculosis is not a classical two component TA system but a tripartite system (Rv1955-Rv1956-Rv1957), 

named TAC (Toxin-Antitoxin-Chaperone), composed of Rv1955-Rv1956 encoding a higB1-higA1 pair coupled to Rv1957 encoding a 
SecB like molecular chaperone [17,171]. Rv1957 chaperone controls higB1-higA1 by directly acting on the antitoxin by preventing its 
aggregation and protecting it from degradation. Moreover, HigA1 not alone but along with Rv1957 counteracts the toxin activity of 
HigB1 [171]. Like the MazF toxin, the HigB1 toxin of M. tuberculosis, has also been shown to contribute to its fitness, survival under 
host conditions and pathogenesis in a guinea pig model [23]. Deletion mutants of higB1 significantly reduced bacterial loads and 
pathological damage in the infected guinea pigs. Furthermore, transcriptome analysis of mutants showed the repression of the genes 
involved in virulence, detoxification and adaptation [23]. Therefore, it suggests that HigB1 might be required for the establishment of 
successful infection and fitness of M. tuberculosis inside the host. 

4.2.6. fitB-fitA 
Hopper et al. have reported the involvement of fitB-fitA in Neisseria gonorrhoeae pathogenesis [146]. N. gonorrhoeae is a pathogen 

that causes the sexually transmitted disease gonorrhoeae by infecting the mucosal epithelium of the urogenital tract. N. gonorrhoeae 
survive and grow within epithelial cells. Hopper et al. conducted a study where they screened different TA mutants in an epithelial cell 
model and showed that mutants of fitB-fitA operon exhibit a fast intracellular trafficking (fit) phenotype across polarized epithelial 
monolayers. Furthermore, the fitB-fitA mutant showed an accelerated rate of intracellular replication [146]. It indicates that com
ponents of fit-B-fitA operon act as intracellular growth regulators in N. gonorrhoeae and contribute to its persistency inside the host. 

4.2.7. relE-relB 
Wang et al. have reported the contribution of relE-relB TA system in the survival of Vibrio cholerae inside the host [24]. V. cholerae 

colonizes inside the intestine of a human host [147]. Wang et al. investigated the role of relE-relB loci in V. cholerae pathogenesis [24]. 
V. cholerae possesses 7 relE-relB loci and 6 out of 7 encode functional toxins. All seven relE-relB loci have been shown to be induced 
under virulence-inducing conditions in vitro. However, inside the host, these loci might help in biofilm formation to adapt to the host’s 
stresses. Therefore, to assess their role in biofilm formation, Wang et al. constructed deletion mutants of each relE-relB locus and 
showed that relE7-relB7 is important for biofilm formation. Further, Wang et al. tested mutants in an infant mouse model also and 
showed that relE4-relB4 and relE7-relB7 contribute to V. cholerae colonization [24]. Therefore, these observations suggest that 
relE-relB TA systems play redundant roles in regulating biofilm formation and colonization, and contribute to V. cholerae survival and 
its virulence. 

4.3. Type VII TA systems in bacterial virulence- 

4.3.1. hha-ybaJ 
hha-ybaJ TA system promotes colonization and persistence in E. coli strain, ExPEC [20]. Deletion mutant of hha-ybaJ in a murine 

infection model showed that Hha-ybaJ TA system is required for the colonization of ExPEC in the bladder [20]. Therefore, it suggests 
that hha-ybaJ might be involved in ExPEC colonization and survival inside the host. 

4.3.2. menT2-menA2 
MenT2 toxin of menT-menA2 plays important role in mycobacterial pathogenesis as deletion of menT2 significantly reduced the 

bacterial count in the lung and spleen of mutant infected guinea pigs. Lungs of guinea pigs infected with wild type strain showed severe 
tissue damage however, the tissue damage was considerably reduced in ΔmenT2 strain infected guinea pigs [148]. These observations 
suggest that MenT2 plays important role in successful colonization or bacterial dissemination from the lungs to the spleens. 

5. Discussion 

Earlier TA systems were regarded as selfish systems ensuring their maintenance in the cell. Later, several studies demonstrated that 
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TA loci modulate important functions of the cells in response to different stressors and may act as stress response managers. Under 
stress conditions, TA loci regulate bacterial growth and lead to biofilm formation and persister cell formation, both are equally 
important for the adaptation of bacteria. However, many recent studies have shown discrepancies in the role of TA systems in stress, 
biofilm, and pesister formation. For example, a previous study on type I toxin, TisB reported the it induces persister formation [112]. 
However, later it was shown that TisB is not essential for persistence [115]. To clear the discrepancy, Goormaghtigh et al. repeated the 
previous study results of Dorr T et al., and found that the results are reproducible. Therefore, they concluded that TisB-induced 
persistence to fluoroquinolones is condition dependent or specific to experimental conditions [115]. This suggest that studying role 
of TA systems in persistence is technically challenging as different group report different results using the same methodologies. 
Therefore, special attention needs to be paid to the limitation and drawbacks of these studies. Similarly, there is debate over the role of 
type II TA systems in stress response, biofilm formation, and persister formation. For example, the type II mqsR-mqsA system has 
previously been shown to play a role in stress response and biofilm formation [172–176]. A study by Fraikin et al. demonstrated that 
mqsR-mqsA system is not involved in the core biological functions of E. coli, such as stress response and biofilm formation [177]. 
However, a recent study described the role of the mqsR-mqsA-mqsC, a TAC system in bacterial defence against phage [178]. Inter
estingly, a previous study from K. Gerdes lab showed that deletions of 10 type II TA systems in E. coli decrease the level of persistence to 
antibiotics [179,180] and type II hipB-hipA TA system induces persistence through activation of 10 TA systems [181]. Later, Gerdes lab 
discovered that the 10 TA systems deleted strain was severely compromised by infection of φ80 prophages and the observed decrease 
in persistence was due to these phage infections, not the TA systems [15]and this observation led to retraction of previous findings 
[182–184]. Recently, a similar observation was also reported by other groups that deletions of 10 TA systems in E. coli do not affect the 
persistence to antibiotics [185,186]. Similarly, in S. enterica, deletion of 12 TA systems showed no significant effect on persistence 
[187]. In P. putida also, TA systems are not important elements in stress tolerance as deletion of 13 TA systems did not affect the 
phenotypes associated to tolerance to different stress factors, the abundance of persister cells, and biofilm formation [188]. Another 
discrepancy was reported about pasT-pasI of ExPEC which was shown as TA pair and PasT induces persister formation leading to 
antibiotic tolerance in ExPEC [20]. Moreover, another study also showed that RatA/PasT/YfjG of E. coli is a TA toxin that inhibits 
protein synthesis by inhibiting ribosome assembly [189]. However, Fino et al. showed that there is no link of PasT to either TA systems 
or ribosomes, but PasT is a bacterial homolog of mitochondrial Coq10 that acts as an accessory factor in the ubiquinone-dependent 
electron transport chain (ETC) [157]. Further, the downstream gene, YfjF/RatB/PasI also did not show antitoxic activity [157, 
189]. Regarding the role of PasT in antibiotic tolerance, Fino et al. deny the direct role of PasT as it seems to be deeply wired into 
bacterial redox balance and energy metabolism through its role as a facilitator of ubiquinone-dependent respiration. Therefore, the 
link of PasT in antibiotic tolerance is indirect and mediates through broad distortions of bacterial physiology caused by defective 
aerobic respiration. Similarly, another study also showed that the expression of the PasT/RatA ortholog of S. typhimurium does not 
affect bacterial growth [19]. Interestingly, the PasT of S. typhimurium has a difference of five amino acids from the first ten amino acids 
of E. coli PasT that are required for toxicity. Replacement of this region by the E. coli PasT sequence partially restored anti-proliferative 
activity. Moreover, they identified some type II TA systems including PasTI in S. typhimurium which did not behave like bonafide TA 
system as they did not show toxicity or neutralization effect. For example, CcdB toxin of S. typhimurium did not show toxicity and when 
the sequence of CcdB of S. typhimurium and E. coli was compared, R99W amino acid substitution was found in the CcdB of 
S. typhimurium and that residue is crucial for the toxicity in E. coli. The reversion of that R99W amino acid substitution restored the 
toxin activity of CcdB in S. typhimurium [19]. Therefore, these observations suggest that a few TA modules are diverging and losing 

Fig. 2. Contribution of TA systems in bacterial pathogenesis. During infection, bacteria get exposed to host stresses such as nutrient deprivation, 
oxidation, immune response and antimicrobials. Induction of toxins helps bacteria to establish successful infection, adapt host environment, 
intracellular survival and fitness, host cell lysis, and better colonization in organs. Toxins increase biofilm formation and persister cell formation 
which assist choronic and persistant infection. TA loci reprogramme the metabolic genes to adapt the host stesses and enhance bacterial virulence. 
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their properties with respect to functional homologs. Taken together, these studies strongly emphasize the need of a review of the TA 
systems and the reassessment of the biological functions of TA systems. Further, TA studies need to be performed with standard and 
common protocols using well-characterized strains as many groups are producing contradictory results using same methodologies. 

6. Concluding remarks 

The involvement of several TA loci in bacterial pathogenesis has been established using infection models. During bacterial path
ogenesis, they play important role in the establishment of infection, survival, fitness, and colonization inside the host (Fig. 2). Based on 
their contribution to virulence, the TA system can be also considered a new class of virulence factors. TA modules contribute to the 
fitness of bacteria, and they help bacteria to survive longer inside the host during chronic infection. Moreover, TA loci are significantly 
induced under virulence-inducing conditions or in intracellular bacteria isolated from the infected host. Therefore, it suggests that TA 
modules play a crucial role in bacterial pathogenesis. However, the underlying mechanism of their contribution in pathogenesis is not 
well understood as there are many unanswered questions surrounding the mechanism of action of the TA system during bacterial 
infection. Some questions are, what is the level of expression of toxins during the infection? What are the factors that activate TA loci 
inside the host? What are the pathways involved in signaling TA loci in response to host alarms? How antitoxin degradation by 
proteases is regulated? etc. Answers to these questions will help in better understanding of the mechanism of action of each component 
of the TA system in bacterial virulence. In summary, TA systems contribute to bacterial pathogenesis and more research is needed to 
gain mechanistic insights into the working of TA systems. It could allow better disease control and management. 
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