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1.2. TA System Nomenclature Update

Though becoming unwieldy, TA systems 
are classified into eight groups based on 
the how the antitoxin masks toxin activity. 
In type I systems (the first example is 
Hok/Sok[6]), the antitoxin is an anti-sense 
RNA that inhibits toxin mRNA transla-
tion. In type II systems (the first example 
and also the first TA system described is 
CcdB/CcdA[7]), the antitoxin protein binds 
and inhibits the toxin. In type III systems 
(the first example is ToxN/ToxI[8]), the anti-
toxin RNA binds the toxin to inhibit it. In 
type IV systems (the first example is CbtA/
CbeA[9]), the antitoxin protein prevents 

binding of the toxin with its target. In type V systems (the first 
example is GhoT/GhoS[10] and notably the first antitoxin that 
acts as an enzyme), the antitoxin is an RNase that degrades spe-
cifically the toxin mRNA. In type VI systems (the first example 
is SocB/SocA[11]), the antitoxin protein stimulates degradation of 
the toxin. In type VII systems (the first example is Hha/TomB,[12] 
the second system in which the antitoxin is an enzyme), the anti-
toxin inactivates the toxin by oxidizing a cysteine residue. Here, 
we propose the type VIII classification system (the first example 
is SdsR/RyeA[13]) in which for the first time the toxin is a small 
RNA, and the antitoxin masks its activity by anti-sense binding.

1.3. TA Systems Do Not Cause Cell Death

After the initial discovery of TA systems as plasmid stabiliza-
tion systems (the type II CcdB/CcdA system),[7] the TA field 
was plagued by the idea that cell death is associated with toxin 
activation. For example, in the second report of a TA system 
(Hok/Sok) “post-segregational killing” was claimed for the TA 
system Hok/Soks[14] but there is no evidence of it.[15] Further-
more, the claim of programmed cell death by MazF[16,17] is 
not warranted.[18–21] Similarly, the claim of phage inhibition by 
altruistic host death[22,23] is not warranted.[15] Therefore, there 
is no evidence linking TA systems with cell death under physi-
ological conditions.

1.4. TA Systems Are Weakly Related to Persistence

Persistence is a stress-tolerant state in which a small sub-
population of cells (usually less than 1%) become dormant to 

Periodically, a scientific field should examine its early premises. For ubiqui-
tous toxin/antitoxin (TA) systems, several initial paradigms require adjust-
ment based on accumulated data. For example, it is now clear that under 
physiological conditions, there is little evidence that toxins of TA systems 
cause cell death and little evidence that TA systems cause persistence. 
Instead, TA systems are utilized to reduce metabolism during stress, inhibit 
phages, stabilize genetic elements, and influence biofilm formation (bacte-
rial cells attached via an extracellular matrix). In this essay, it is argued that 
toxins bound to antitoxins are not likely to become activated by preferential 
antitoxin degradation but instead, de novo toxin synthesis in the absence of 
stoichiometric amounts of antitoxin activates toxins.

 

1. Review

1.1. TA Systems

TA systems are found in most bacteria and archaeal strains[1] 
and usually consist of two components, a protein toxin that dis-
rupts some key cellular process, functioning like an antibiotic, 
and an RNA or protein antitoxin that masks the toxin activity. 
Since the genes for TA systems are malleable, for example, anti-
toxins can be converted into toxins and antitoxins can be made 
to inhibit different toxins,[2] they can be readily adapted for 
various applications by the cell, once they are acquired through 
horizontal gene transfer.[3] TA systems are often autoregu-
lated,[4] and they may also exist in cascades, as is the case for 
endonuclease toxin MqsR of the MqsR/MqsA TA system, 
which activates membrane-damaging toxin GhoT by selectively 
degrading antitoxin GhoS.[5] Note that for consistency, in this 
essay, we list the toxin followed by the antitoxin for TA systems 
(e.g., toxin/antitoxin) regardless of the order of the genes which 
encode them.
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weather the stress without undergoing mutation; upon removal 
of the stress and in the presence of nutrients, the persister 
cells resuscitate and resume growth as wild-type cells.[24] The 
best evidence that TA systems are related to persistence is that 
deleting some genes which encode toxins reduces persistence; 
for example, deleting mqsR,[25,26] tisB,[27] and yafQ[28] reduce per-
sistence. However, the changes in persistence is on the order 
of only tenfold for the mqsR deletion (and the result was not 
complemented[25]) and for the tisB deletion, and changes of this 
magnitude are not likely to be relevant for persistence since cell 
populations are reduced by 100 000 to 1 000 000-fold in these 
type of experiments.[24] Furthermore, the yafQ deletion had an 
effect as high as 2400-fold in biofilms, but there was no effect 
in planktonic cultures.[28] Hence, for the few instances where 
inactivating toxins has a reduction in persistence phenotype, 
the evidence is not compelling.

Since non-physiological production of toxic proteins not 
related to TA systems increases persistence in a manner sim-
ilar to overproducing toxins of TA systems,[29] overproduction 
of toxins[25,30] is also not strong evidence of their relationship 
to persistence. Similarly, evidence based on the overproduction 
of a non-toxic toxin such as HipA7 is not convincing for estab-
lishing a link between persistence and TA systems.[31] Critically, 
several reports have shown that inactivation of 10 TA systems 
(but not including HipA) has no effect on the persister level of 
Escherichia coli[32–34] and deletion of 12 TA systems in Salmonella 
enterica has no effect on persistence.[35] Notably, these studies 
are imperfect in proving persistence is not related to TA sys-
tems since E. coli has at least about 40 TA systems[24] which are 
interconnected (e.g., toxin MqsR activates toxin GhoT as part of 
a cascade[5]) so only a small percentage of the total number of 
TA systems were deleted.

If TA systems are related to persistence, there should also be evi-
dence they impact resuscitation from the persister state. However, 
there is little robust data regarding resuscitation from persisters 
due to inactivation of a TA system toxin. For example, it has been 
claimed incorrectly that the peptidyl-tRNA hydrolase Pth counter-
acts toxin TacT in Salmonella typhimurium during resuscitation, for 
example, by this passage[36]: “In Salmonella typhimurium persisters, 
tRNAs acetylated by the TacT toxin are deacetylated by the peptidyl-
tRNA hydrolase Pth, reversing the effect of the toxin and allowing 
cells to resume growth,” but there are no data showing Pth plays a 
role in persister resuscitation in the cited work.[37]

Similarly, it has been claimed that deactivation of HokB 
toxin in E. coli controls persister waking; however, instead of 
single-cell observations, delays in resuscitation were estimated 
from growth data,[38] which are not direct proof of HokB inac-
tivation in recovering persister cells. Critically, the persister 
resuscitation work related with HokB is based on non-physi-
ological levels of toxin from overproduction studies.[38,39] In 
addition, there is little convincing proof that HokB is related to 
persistence in wild-type cells since deleting hokB has no effect 
on persistence.[40] Furthermore, HokB was identified as related 
to persistence based on work with the GTPase Obg; however, 
reduction in persistence based on reducing Obg levels occurs 
without HokB,[40] and production of Obg causes a likely incon-
sequential increase in the induction of hokB (1.7-fold). There-
fore, to date, the bulk of the data suggest TA systems are not 
the primary means of forming or resuscitating persister cells.
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1.5. Bona Fide Roles of TA Systems

To date, there appear to be four bona fide roles of TAs in bac-
terial cell physiology: i) growth diminution during stress, ii) 
phage inhibition, iii) genetic element maintenance, and iv) bio-
film formation. In this section, we touch on some of the key 
works that establish these roles for TA systems.

For the role of TA systems in growth diminution, this was 
proposed in 2000[41] and demonstrated in 2001 with the RelE/
RelB TA system for nutritional stress.[42] Another clear example 
of growth diminution during stress is that the MqsR/MqsA TA 
system, which was first identified as relevant in biofilms[43,44] 
and later shown to reduce growth during bile acid stress in 
the GI tract through toxin MqsR[45] and through derepres-
sion of the general stress response by degradation of antitoxin 
MqsA.[46] Since most bacteria experience nutrient stress[47] and 
other forms of stress, TA systems are likely the means by which 
they exquisitely reduce their growth rates.
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For the role of TA systems in phage inhibition, the first 
example of a TA system inhibiting phage was that of the type I 
system Hok/Sok, which inhibited T4 phage[22]; 8 years later, the 
type II system MazF/MazE was found to inhibit phage P1,[48] 13 
years later the type III system ToxN/ToxI was found to inhibit 
phage ϕA2 and ϕM1,[8] and 18 years later, the type IV AbiEii/AbiEi 
was found to inhibit the 936 phage family.[49] Also, antitoxins have 
been found on phage that inhibit host toxins.[50] Hence, phage 
inhibition has been shown to be an important role of TA systems.

For the role of TA systems in genetic element maintenance, 
this role was established by the discovery of TA systems (CcdB/
CcdA) as a means to maintain the mini-F plasmid[7] in 1983. 
Since this initial report, there have been many examples of TA 
systems stabilizing various plasmids as well as other genetic 
elements such as the integrative and conjugative element SXT 
in Vibrio cholera via the MosT/MosA TA system.[51] In a related 
manner, TA systems are also present in cryptic prophages 
such as the RalR/RalA TA system in the E. coli rac cryptic 
prophage[52] and the RelE/RelB TA system in the E. coli Qin 
cryptic prophage.[53] Hence, TA systems have a clear role in the 
maintenance of genetic elements.

For the role of TA systems in biofilm formation, two TA sys-
tems were first identified as relevant in E. coli biofilms in 2004 
through a whole-transcriptome study[43]: Hha/TomB[12,54] and 
MqsR/MqsA.[55] Toxin Hha decreases biofilm formation by 
reducing fimbriae production by repressing the transcription of 
genes that encode tRNAs for rare codons.[54] MqsA inhibits bio-
film formation by binding to the palindrome present in the pro-
moter of csgD, which encodes the master regulator of curli and 
cellulose,[56] and by binding to the palindrome present in the rpoS 
promoter which encodes the stress sigma factor[46]; repression of 
rpoS by MqsA serves to reduce c-di-GMP,[46] a well-known posi-
tive regulator of biofilm formation. Toxin MqsR increases biofilm 
formation through quorum-sensing signal autoinducer 2, which 
enhances biofilm formation[44] as a chemotaxis signal[57]; E. coli 
chemotaxis toward AI-2, and the positive role of AI-2 on biofilm 
formation was re-discovered a decade later.[58] Critically, many 
groups have reported phenotypes related to the MqsR/MqsA TA 
system in E. coli, including its impact on heat shock,[59] on bio-
film formation,[60] on nitrogen starvation through its impact on 
RpoS,[61] on nitric oxide regulation,[62] and on persistence upon 
deletion of mqsR.[26,63] Therefore, MqsR/MqsA is important for 
cell physiology in E. coli. Also, other labs have demonstrated the 
importance of the MqsR/MqsA TA system in non-E. coli sys-
tems. These include Xylella fastidiosa, where MqsR/MqsA plays 
a role in copper stress,[64] is secreted via vesicles,[65] and impacts 
biofilm formation.[66] Also, MqsR/MqsA impacts biofilm forma-
tion in Pseudomonas fluorescens[67] and impacts persistence and 
biofilm formation in Pseudomonas putida.[68] In addition, dele-
tion of five TA systems was found to alter biofilm formation by 
affecting fimbriae production through TabA.[69] Therefore, TA 
systems have a clear role in biofilm formation.

1.6. Antitoxins Are Unlikely to Be Degraded When  
Bound to Toxins

One of the main paradigms in the toxin/antitoxin (TA) field is 
that the type II toxins that are inactivated by binding to anti-

toxins are reactivated by preferential degradation of the anti-
toxin, which frees the toxin to inhibit cell growth. For example, 
a recent TA system review indicates, “Under conditions of 
stress the antitoxins are selectively degraded. This leaves the 
toxins to exert their toxic effects, which leads to growth arrest 
and dormancy.”[4] Hence, it is common to assume a protease 
degrading antitoxin bound to toxin is the means to activate 
toxins.[70–72] We suggest that the current model of reactivation 
of toxins in this manner is unlikely and unsupported in that 
to the best of our knowledge, there are no reports showing the 
degradation of antitoxins bound to toxins in vitro or in vivo. 
Hence, it seems this paradigm has been established, like cell 
killing, without experimental evidence.

Aside from the lack of experimental data showing antitoxins 
bound to toxins are degraded, there are several reasons why this 
is unlikely. First, not all antitoxins are unstructured so there is 
no clear mechanism by which a protease like Lon would rec-
ognize the antitoxin as a substrate since Lon preferentially 
degrades unstructured proteins.[73] For example, MqsA is struc-
tured even before binding toxin MqsR,[55] so it is not clear why 
it should be degraded. Also, antitoxins bound to toxins are not 
likely to be degraded preferentially over toxins, since in most 
cases, both proteins are structured, and it seems unlikely that 
proteases like Lon can distinguish bound structured antitoxin 
from bound structured toxin. Furthermore, since intracellular 
conditions are unlikely altered much during stress, it is not 
clear how Lon protease would be stimulated to degrade bound 
antitoxins of type II TA systems instead of toxins.

The tight interactions between toxin and antitoxin also pre-
clude dissociation of an active toxin as well preclude free toxin 
(assuming antitoxins are produced in excess). For example, 
the binding constant (Kd) for RelB and RelE is 0.33 nm.[70] For 
PezT/PezA, the binding constant is on the order of a 65 fem-
tomolar, which makes the bound antitoxin PezA resistant to 
proteolysis.[74]

The problem is that in many experiments, unbound anti-
toxins are studied, and their lability is then attributed to 
bound antitoxin. For example, antitoxin MqsA was shown to 
be degraded by Lon protease during oxidative stress but these 
experiments were based on overproduction of MqsA from a 
multi-copy plasmid where MqsA is likely not bound to toxin 
MqsR.[46] Similarly, antitoxin HipB is degraded readily by Lon 
protease both in vivo and in vitro in the absence of toxin HipA; 
however, HipA is not degraded significantly in the presence 
of HipA, even with a disordered 16 aa C-terminus region that 
remains disordered upon HipA binding. Also, antitoxin RelB 
is degraded readily by Lon in vitro in the absence of toxin RelA 
but the degradation is reduced in its presence.[70] Therefore, 
proteases like Lon can degrade antitoxins and play a role in 
their removal during stress, but there is little evidence that they 
degrade antitoxins bound to toxins.

1.7. Toxins Are Likely Activated by De Novo Synthesis

Instead of activation of bound toxins, we propose that toxins are 
activated by their de novo synthesis in a background of insufficient 
antitoxin for rapid binding and inactivation. Hence, for toxins to 
inhibit growth, toxins must be synthesized de novo and in excess 
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of antitoxins. For type II TA systems in which toxins and antitoxins 
are co-transcribed, it appears there are factors during stress that 
inactivate the antitoxin mRNA portion while leaving the toxin por-
tion of mRNA free for translation. A post-transcriptional approach 
like this has been seen for activation of toxin GhoT where endonu-
clease toxin MqsR was shown to degrade preferentially antitoxin 
GhoS mRNA in vivo and in vitro since the GhoT toxin portion 
of the mRNA lacks 5’GCU MqsR cleavage sites whereas the anti-
toxin GhoS transcript has three 5’GCU sites.[5] Addition of two 
artificial MqsR 5’GCU sites to the GhoT mRNA led to its rapid 
degradation.[5] Hence, there is at least one TA system where de 
novo antitoxin production is prevented under oxidative stress and 
the resulting de novo toxin production leads to toxin-related phe-
notypes, specifically membrane damage by GhoT.

In summary, there are at least eight types of TA systems, and 
TA systems have at least four bona fide roles in cell physiology, 
which do not include a role in the phenotypic switch to pro-
duce persister cells as well as do not include a role in cell death. 
In addition, it is likely that de novo synthesis of toxins, in the 
absence of stoichiometric amounts of antitoxin, is required for 
toxin activation.
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[27] T. Dörr, M. Vulić, K. Lewis, PLoS Biol. 2010, 8, e1000317.
[28] J. J. Harrison, W. D. Wade, S. Akierman, C. Vacchi-Suzzi, C. 

A. Stremick, R. J. Turner, H. Ceri, Antimicrob. Agents Chemother. 
2009, 53, 2253.

[29] N. Chowdhury, B. W. Kwan, T. K. Wood, Sci. Rep. 2016, 6, 20519.
[30] S. H. Hong, X. Wang, H. F. O'Connor, M. J. Benedik, T. K. Wood, 

Microb. Biotechnol. 2012, 5, 509.
[31] N. Q. Balaban, J. Merrin, R. Chait, L. Kowalik, S. Leibler, Science 

2004, 305, 1622.
[32] F. Goormaghtigh, N. Fraikin, M. Putrinš, T. Hallaert, V. Hauryliuk, 

A. Garcia-Pino, A. Sjödin, S. Kasvandik, K. Udekwu, T. Tenson, 
N. Kaldalu, L. Van Melderen, mBio 2018, 9, e00640.

[33] A. Harms, C. Fino, M. A. Sørensen, S. Semsey, K. Gerdes, mBio 
2017, 8, e01964.

[34] M. S. Svenningsen, A. Veress, A. Harms, N. Mitarai, S. Semsey, Sci. 
Rep. 2019, 9, 6056.

[35] M. H. Pontes, E. A. Groisman, Sci. Signaling 2019, 12, eaax3938.
[36] L. Dewachter, M. Fauvart, J. Michiels, Mol. Cell 2019, 76, 255.
[37] A. M. Cheverton, B. Gollan, M. Przydacz, C. T. Wong, A. Mylona, S. 

A. Hare, S. Helaine, Mol. Cell 2016, 63, 86.
[38] D. Wilmaerts, L. Dewachter, P. J. De Loose, C. Bollen, 

N. Verstraeten, J. Michiels, Mol. Cell 2019, 75, 1031.
[39] D. Wilmaerts, M. Bayoumi, L. Dewachter, W. Knapen, J. T. Mika, 

J. Hofkens, P. Dedecker, G. Maglia, N. Verstraeten, J. Michiels, 
mBio 2018, 9, e00744.

[40] N. Verstraeten, W. J. Knapen, C. I. Kint, V. Liebens, B. Van den 
Bergh, L. Dewachter, J. E. Michiels, Q. Fu, C. C. David, A. C. Fierro, 

Adv. Biosys. 2020, 1900290



© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900290 (5 of 5)

www.adv-biosys.comwww.advancedsciencenews.com

K. Marchal, J. Beirlant, W. Versées, J. Hofkens, M. Jansen, 
M. Fauvart, J. Michiels, Mol. Cell 2015, 59, 9.

[41] K. Gerdes, J. Bacteriol. 2000, 182, 561.
[42] S. Christensen, M. Mikkelsen, K. Pedersen, K. Gerdes, Proc. Natl. 

Acad. Sci. USA 2001, 98, 14328.
[43] D. Ren, L. A. Bedzyk, S. M. Thomas, R. W. Ye, T. K. Wood, Appl. 

Microbiol. Biotechnol. 2004, 64, 515.
[44] A. F. González Barrios, R. Zuo, Y. Hashimoto, L. Yang, W. E. Bentley, 

T. K. Wood, J. Bacteriol. 2006, 188, 305.
[45] B. W. Kwan, D. M. Lord, W. Peti, R. Page, M. J. Benedik, T. K. Wood, 

Environ. Microbiol. 2015, 17, 3168.
[46] X. Wang, Y. Kim, S. H. Hong, Q. Ma, B. L. Brown, M. Pu, A. 

M. Tarone, M. J. Benedik, W. Peti, R. Page, T. K. Wood, Nat. Chem. 
Biol. 2011, 7, 359.

[47] T. M. Schmidt, in Microbes and Evolution (Eds: R. Kolter, S. Maloy), 
American Society of Microbiology, Washington, DC, pp. 59–64, Ch. 8.

[48] R. Hazan, H. Engelberg-Kulka, Mol. Genet. Genomics 2004, 272, 227.
[49] R. L. Dy, R. Przybilski, K. Semeijn, G. P. C. Salmond, P. C. Fineran, 

Nucleic Acids Res. 2014, 42, 4590.
[50] Y. Otsuka, T. Yonesaki, Mol. Microbiol. 2012, 83, 669.
[51] R. A. F. Wozniak, M. K. Waldor, PLoS Genet. 2009, 5, e1000439.
[52] Y. Guo, C. Quiroga, Q. Chen, M. J. McAnulty, M. J. Benedik, T. 

K. Wood, X. Wang, Nucleic Acids Res. 2014, 42, 6448.
[53] K. Pedersen, A. V. Zavialov, M. Y. Pavlov, J. Elf, K. Gerdes, 

M. Ehrenberg, Cell 2003, 112, 131.
[54] R. García Contreras, X.-S. Zhang, Y. Kim, T. K. Wood, PLoS One 

2008, 3, e2394.
[55] B. L. Brown, S. Grigoriu, Y. Kim, J. M. Arruda, A. Davenport, T. 

K. Wood, W. Peti, R. Page, PLoS Pathog. 2009, 5, e1000706.
[56] V. W. C. Soo, T. K. Wood, Sci. Rep. 2013, 3, 3186.
[57] T. Bansal, P. Jesudhasan, S. Pillai, T. K. Wood, A. Jayaraman, Appl. 

Microbiol. Biotechnol. 2008, 78, 811.
[58] L. Laganenka, R. Colin, V. Sourjik, Nat. Commun. 2016, 7, 12984.

[59] C. S. Richmond, J. D. Glasner, R. Mau, H. Jin, F. R. Blattner, Nucleic 
Acids Res. 1999, 27, 3821.

[60] D. Shah, Z. Zhang, A. Khodursky, N. Kaldalu, K. Kurg, K. Lewis, 
BMC Microbiol. 2006, 6, 53.

[61] R. Figueira, D. R. Brown, D. Ferreira, M. J. G. Eldridge, L. Burchell, 
Z. Pan, S. Helaine, S. Wigneshweraraj, Sci. Rep. 2015, 5, 17524.

[62] J. D. Partridge, D. M. Bodenmiller, M. S. Humphrys, S. Spiro, Mol. 
Microbiol. 2009, 73, 680.

[63] N. Wu, L. He, P. Cui, W. Wang, Y. Yuan, S. Liu, T. Xu, J. Wu, 
W. Zhang, Y. Zhang, Front. Microbiol. 2015, 6, 1003.

[64] M. V. Merfa, B. Niza, M. A. Takita, A. A. De Souza, Front. Microbiol. 
2016, 7, 904.

[65] A. D. Santiago, J. S. Mendes, C. A. Dos Santos, M. A. de Toledo, 
L. L. Beloti, A. Crucello, M. A. Horta, M. T. Favaro, D. M. Munar, 
A. A. de Souza, M. A. Cotta, A. P. de Souza, Front. Microbiol. 2016, 
7, 2030.

[66] M. W. Lee, C. C. Tan, E. E. Rogers, D. C. Stenger, Physiol. Mol. Plant 
Pathol. 2014, 87, 59.

[67] Y. Wang, S.-P. Zhang, M.-Y. Zhang, M. L. Kempher, D.-D. Guo, 
J.-T. Han, X. Tao, Y. Wu, L.-Q. Zhang, Y.-X. He, Environ. Microbiol. 
2019, 21, 1740.

[68] C. Sun, Y. Guo, K. Tang, Z. Wen, B. Li, Z. Zeng, X. Wang, Front. 
Microbiol. 2017, 8, 840.

[69] Y. Kim, X. Wang, Q. Ma, X.-S. Zhang, T. K. Wood, J. Bacteriol. 2009, 
191, 1258.

[70] M. Overgaard, J. Borch, K. Gerdes, J. Mol. Biol. 2009, 394, 183.
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