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ABSTRACT
Toxin-antitoxin (TA) systems are gene modules that appear to be horizontally mobile across a wide range
of prokaryotes. It has been proposed that type I TA systems, with an antisense RNA-antitoxin, are less
mobile than other TAs that rely on direct toxin-antitoxin binding but no direct comparisons have been
made. We searched for type I, II and III toxin families using iterative searches with profile hidden Markov
models across phyla and replicons. The distribution of type I toxin families were comparatively narrow, but
these patterns weakened with recently discovered families. We discuss how the function and phenotypes
of TA systems as well as biases in our search methods may account for differences in their distribution.

Abbreviations: TA, toxin-antitoxin; PSK, post-segregational killing; HGT, horizontal gene transfer
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Introduction

Toxin-antitoxin (TA) systems are 2 gene modules comprised of
a toxic protein and an antitoxin.1,2 There are 6 types of TA sys-
tems grouped according to the mechanism of the antitoxin and
whether it is a protein or an RNA molecule. The best described
are type I and type II systems (Fig. 1). Type I systems have an
antisense RNA antitoxin that binds the toxin mRNA3,4 occlud-
ing the binding sites that are necessary for translation5-8 or
inducing RNase degradation9 (Fig. 1). The toxins are typically
small hydrophobic proteins that destabilize cellular mem-
branes, though some nucleases have been found8 (Table 1).
Type II systems have a protein antitoxin that directly binds and
inhibits the protein toxin. The antitoxin also represses tran-
scription from the operon but does so more effectively when
bound by the toxin (Fig. 1).10 The toxin can have a range of
functions, usually inhibiting DNA replication or translation.1,11

It has been proposed that the antisense RNA-regulated
type I TAs are more likely to be duplicated on chromo-
somes in a lineage specific manner12 and that they are less
horizontally mobile than the more promiscuous type II
TAs.12-16 This hypothesis is primarily driven by genomic
screens finding type I TAs only in a narrow range of species
while type II TAs are more widely distributed and more
likely to be on mobile elements. We compare the antisense
RNA and protein regulated TA systems directly, along with
the more recently described type III systems, which encode
an RNA antitoxin that directly binds the protein toxin,17,18

to see if they differ in their distribution across species and
mobile replicons.

Interestingly, one of the first TA systems to be identified was
Hok-Sok, a plasmid-borne type I system discovered through its
ability to stabilize mobile elements19 After transcription, the stable
HokmRNA is slowly processed at the 30 end into a translatable iso-
form.20 This process is attenuated by the highly expressed RNA
Sok, which forms a duplex with HokmRNA leading to subsequent
degradation of both transcripts. Should transcription of the TA
operon cease, the less stable antitoxin RNA rapidly degrades, allow-
ing unprocessed Hok mRNA in the cytoplasm to mature and be
translated into a toxic protein that destabilizes cellular mem-
branes.19,21 This causes the cell to die or stop replicating upon gene
loss, an effect known as post-segregational killing (PSK). Genes
that are able to induce PSK, which include some restriction-modifi-
cation systems, abortive-infection systems, and bacteriocins,15,22,23

are prevalent on mobile elements. Plasmids containing PSKs are
advantaged over non-PSK plasmids22,24-26 under conditions of hor-
izontal gene transfer (HGT), and individual TA loci on plasmids
are more likely to maintain functional toxins than chromosomal
loci.16,27

While TA systems were discovered for their effects on plasmids,
TAs of all types are also abundant on bacterial chromosomes. The
role of TA systems on chromosomes is still uncertain,11,27 with the-
ories ranging from them being important components in cellular
function to being genomic parasites that persist due to difficulties
in displacing them. Proposed cellular functions for the various
types of TA systems aremostly stress related, including bacteriosta-
sis, programmed cell death and persister cell formation.2,28,29 Other
functions are related to their ability to cause PSK: stabilizing
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genomic regions,30-32 neutralizing PSK from plasmid borne TAs,16

and acting in abortive infection of bacteriophages.33,34 Some func-
tions have been well characterized for specific loci, such as the abil-
ity of type I TA TisB-IstR to increase resistance to antibiotics in E.
coli,29 but many others have not, with individual knockouts show-
ing little change in phenotype.11

Within each type of TA system are multiple families of
related toxins. Many type I TA families have only been found
on chromosomes to date12 while most type II families are found
on both plasmids and chromosomes.14 We analyzed the distri-
bution of type I, type II and type III TA systems across bacterial
species and mobile replicons using iterative searches with pro-
file hidden Markov models (HMMs), a powerful approach for
identifying remote homologues. Nine type I TA toxin families
were included in the analysis (Table 1). The family XCV2162
(also known as Plasmid_toxin), has only been described com-
putationally35 but was included due to its reported distribution,
which is consistent with HGT. Of the 11 type II TA toxin fami-
lies investigated, most are part of large, well-described families
except for the recently described families GinA and GinB.14

Three type III TA families described so far36 were also included.
Phage, plasmid, and bacterial chromosome sequence data

were downloaded from the EMBL nucleotide archive (http://
www.ebi.ac.uk/ena/, October 2014). These were translated in 6
frames to derive all possible amino acid sequences from the
genomes including the short ORFs that are a characteristic of
type I toxins (and make them difficult to detect). This database
was analyzed with profile HMMs, derived from the known
amino acid sequences for each toxin family as downloaded
from Pfam and GenBank. The HMMs for the more recently
described families GinA and GinB14 and CptN and TenpN36

were derived from loci reported in the literature.
Consistent with previous claims, most RNA-antisense regu-

lated (type I) TA families exhibited a narrow, phyla-specific dis-
tribution and were more rare on plasmids than either type II or
type III systems, where the toxin is regulated through direct
binding of the antitoxin. Interestingly, though, this pattern was
less consistent on more recently discovered systems. Reasons
for these differences, including toxin function and gene regula-
tion, ability to exhibit PSK, and biases in the databases and dis-
covery process, are discussed here.

Type I families occur across a narrow phylogenetic
range and are less likely to be on mobile elements
than type II and type III families

Despite the number of new, unannotated loci found in the fam-
ily-based searches, all type I toxins except for SymE were found
in only one phylum (Fig. 2 and Fig. S1). Some toxins were espe-
cially narrow in their distribution: toxins Ldr, ShoB, Txp and
TisB were found on no mobile elements and in less than 5% of
species within that phylum (Fig. 2) and those species were all in

Figure 1. Operon organization and regulation of type I, type II and type III TA sys-
tems. Type I TA systems have an antisense RNA antitoxin that binds the toxin
mRNA, leading to mRNA degradation. If the antitoxin does not bind, the toxin is
translated and is free to target cellular membranes or nucleic acids.9 Type II TA sys-
tems have a protein antitoxin that directly binds the protein toxin, preventing the
toxin from targeting various components of central dogma reactions. The bound
toxin and antitoxin interact with their own promoter to control transcription in a
process known as conditional cooperativity10 Type III TA antitoxins are RNA
repeats. The cognate toxin is a nuclease that specifically cuts its own RNA repeats
before the repeats directly bind and inhibit the toxin.17 All systems rely on careful
titration of toxin and antitoxin in the cell. The antitoxin degrades faster in the cell,
and a reduction of transcription and translation rates due to cellular stress or gene
loss can free the toxin causing cell death or growth arrest.

Table 1. Characteristics of type I TA families.

Toxin Discovery Phyla:Family Target Regulation References

Fst Plasmid stability 1:6 Membrane damage Cis 42

Hok Plasmid stability 1:4 Membrane damage Cis 19

Ibs Repeats in sequence data 1:3 Membrane damage Cis, 6

Ldr Repeats in sequence data 1:1 Membrane damage Cis 33

ShoB Screening for sRNA 1:1 Membrane damage Trans 4

SymE Screening for sRNA 5:24 Ribonuclease Cis 4

TisB Screening for sRNA 1:1 Membrane damage Trans. 45

TxpA Screening for sRNA 1:1 Membrane damage Cis 3

XCV2162 Screening for sRNA 1:11 Predicted membrane domain Cis 35
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the same family, either Enterobacteriaceae within Proteobacte-
ria or Bacillaceae within Firmicutes (Table 1).

Most type II families were found across phyla (Fig. 2 and
Fig. S1). The families Doc, MazF/PemK, RelE/ParE and
VapC37 were found in all bacterial phyla analyzed, as well as in
viruses and plasmids. These TA toxins were prevalent within
phyla as well, found on over 70% of species within the phyla
Acidobacteria and Cyanobacteria. The 2 type II toxin families
CcdB and YafO were found in only one phylum. Compared to
single-phylum type I toxins, these type II toxins were observed
in a higher percentage of species, across more taxonomic fami-
lies within the phylum as well as on mobile elements.

Type III families were intermediate between type I and type
II TAs. All 3 families were found in both Gram-negative and
Gram-positive phyla and on plasmids,36 though none were on
greater than 30% of the species in the database of translated
genomes. Different factors may account for chromosomal-only
and narrowly distributed type I families, as discussed below.

Presence on mobile elements and ability to exhibit
PSK as a factor in TA family distribution

None of the most narrowly distributed type I toxin families were
found on elements that could be identified as being mobile. Gener-
ally, we see a correlation between presence onmobile elements and
a larger taxonomic range (though the low number of sequenced
mobile element prevents showing a strong association). The 3 type
I families found on mobile elements, Fst, Hok, XCV2162, were
found in more taxonomic families (6, 4, and 11, respectively)
within their phylum (Table 1) though even mobile type I TAs are
narrowly distributed compared with type II and III TAs, with most
of these families found onmobile elements.

Chromosome-only TAs may not be widely distributed on
mobile elements simply because they are unable to mediate

phenotypes beneficial to them. PSK genes confer an advantage to
horizontally mobile elements24,25 and with few exceptions TA loci
on plasmids are able to mediate PSK.28,38 Most chromosome-spe-
cific type I systems have not been tested for their ability to confer a
PSK phenotype, except Ldr-RdlD, which did not.33,39 However,
because chromosome- and plasmid-borne homologues may be
under different selective pressures and have different phenotypes,
chromosomal homologues of plasmid-borne TAs often do not
exhibit PSK themselves.16,39,40 This makes it difficult to determine
if inability to confer a PSK phenotype is an inherent feature of these
chromosome-only TA families, or simply that the particular gene
pairs analyzed do not show it.

Yet, whilemobility can increase access of a gene to new environ-
ments depending on the vector host range, it is not a guarantee that
the gene will bemaintained in those new environments. PSKwould
only be an advantage to a mobile element in cellular backgrounds
where the phenotype was expressed. PSK requires that the toxin
have a relevant target, and that a close stoichiometry of toxin and
antitoxin is maintained. In cellular backgrounds where the PSK
phenotype is neutralized, the genes would no longer be selected.25

Families of TA that exhibit PSK in a wide range of cellular back-
grounds, may, then, be more likely to bemaintained onmobile ele-
ments across hosts. It would be interesting to test if the type I TAs
known to exhibit PSK but which remain phyla-specific, such Hok
and Fst, were more limited in their ability to exhibit PSK across
phyla.

Toxin target and regulation of toxins as factors in TA
family distribution

Both toxin target14 and toxin gene regulation15 have been sug-
gested as factors in the distribution of more widespread TA sys-
tems, but it is unclear if either can explain the narrow
distribution of type I systems. It was proposed that type II

Figure 2. Percent of species within each phyla or replicon that contain a loci from a given type I, type II and type III TA toxin family. HMMs for each TA family were derived
from known amino acid sequences and used to search a database of phage, plasmid, and bacterial chromosome sequences subjected to 6-frame translations to derive all
possible amino acid sequences from that sequence. This includes short ORFs that are typical of type I toxins. For each phyla or replicon, the percent of total species in the
database (left of figure) that contain at least one locus of that toxin is reported (boxes).
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toxins are successful across a wide array of species because they
affect highly conserved targets14 Most type II toxins affect cen-
tral dogma reactions, inhibiting DNA gyrase, ribosomes, and
elongation factors or acting as nucleases.1,11 Type III toxins are
all nucleases. Type I toxins are predominately predicted mem-
brane disrupting proteins (Table 1)41; though the exact mecha-
nisms of toxicity are not always known, the membrane is not
not necessarily a phyla-specific target, as discussed with Fst
below.

Crucially, having a target does not ensure toxicity if the reg-
ulon does not produce sufficient quantities of the protein. The
Gram-positive, membrane disrupting type I toxin Fst was able
to be toxic in E. coli when a translation regulating stem-loop in
the RNA was disrupted, increasing translation of the protein.42

This suggests that regulation, rather than toxin-target was the
limiting factor. Similarly, small changes in gene regulation were
believed to be why Bacillus subtilis could be used to amplify
clones of only some of the Fst loci from various bacterial spe-
cies: others appeared to cause cell death when moved into the
new cellular background.43 Furthermore, the various pheno-
types associated with TA systems, PSK, abortive infection and
TA-mediated stress response, all require that the toxin is inac-
tive but can be released upon specific stimuli, often involving
very close regulation of toxin and antitoxin in the cell.44

Not having a conserved toxin target or requiring specific
host proteins for function, and changes in operon regulation
when entering new hosts are all plausible reasons that a given
TA would not be maintained across cell types. And this may be
true for the families of TAs surveyed here, which maintain a
narrow distribution. Yet there is no reason, a priori, that the
defining aspects of type I TAs (RNA-RNA interactions) should
limit their host range. We have only just begun to explore the
space of possible type I TAs, with new systems being discov-
ered, and the narrowness we seek to explain now may not con-
tinue to be a feature of all type I TAs. An example is SymE, an
outlier among the type I TAs in that it is distributed across
both Gram negative and Gram positive phyla (Fig. 2).

Biases in databases and discovery of type I TA families
may account for apparent distribution of type I TAs

For all screens such as this, it can be difficult to make sweeping
statements on the distribution of any gene across many phyla
and mobile elements due to the selection of sequenced genomes
and how well bioinformatics tools find different genetic ele-
ments within them. Type I TA systems in particular have his-
torically been more difficult to detect in silico, with sequence-
diverse RNA antitoxins and small toxins (under 60 amino
acids), potentially reducing the number of toxin families we
know of.

Many type II families reported here are actually super-fami-
lies of many described toxins. Aggregating these can increase
their apparent distribution. CcdB has a narrow distribution in
this screen, but is often combined with MazF and related fami-
lies, making the super-family relatively widely distributed. Type
I toxins Ldr and Fst are considered to be related,12,14 and com-
bining them together would also result in a broad family. As we
see in this screen already, more recently described systems
(SymE for type I, Gin C and D for type II) are more likely to

differ in their distribution. The apparent narrowness of type I
TA systems, then, may change as we develop new methods for
detecting them and describe new systems that aggregate into
larger families.

Ultimately, methods that go beyond sequence-based fea-
tures of known TA systems are more likely to yield families
with novel characteristics. Many type I TAs were first
described on chromosomes (Table 1). Many of the best-stud-
ied and most widely distributed type II systems were discov-
ered due to a phenotype, usually the ability to stabilize
plasmids in monocultures. It is not surprising, then, that
these families were later found to be widely distributed on
mobile elements. The narrowly distributed type II families
YafO, GinC and GinD were discovered bioinformatically14

due to their association with known antitoxins (guilt by asso-
ciation) rather than sequence features of the toxin. They
exhibited patterns of distribution similar to many type I fam-
ilies (Fig. 2). Another approach which may yield novel types
of TA systems is that of Sberro et al.45 This group studied
genomes that had been randomly fragmented and inserted
into E. coli plasmids for sequencing. They identified genes
that were only present on fragments (and thus could be
amplified in E. coli) when an adjacent ORF was present,
implying a toxin and antitoxin function. These were filtered
for genes that appeared as homologues across species, sug-
gesting HGT, and in regions of the genome associated with
phage defense to find novel TA systems.45

Conclusion

We found that type I toxin families are less often found on
known mobile elements or distributed across large taxonomic
ranges when compared with type II and type III families despite
increases in sequencing data and our ability to detect them.
Though TA systems have common characteristics, including
organization into an operon, antitoxin-mediated regulation of
toxin transcription (type II, type III) or translation (type I), and
high lability of the antitoxin relative to the toxin.17,19,43,46,47 it
has frequently been suggested that type I TAs are more lineage
specific than type II TA systems. However, the broader phylo-
genetic distribution of type I toxin SymE and type III TA sys-
tems seen here would suggest one of the defining features of
type I systems, the presence of an RNA antitoxin, does not
account for the difference.

The factors that select for maintenance of horizontally
acquired genes vary. Genes on both chromosomes and plas-
mids can be selected by within-host forces.26 All TA systems
consist of a tightly regulated antitoxin and toxin capable of
stopping bacterial growth-some systems even have reversible
effects, able to be turned off when conditions change. These
make for versatile modules with the potential to fill a variety of
functions, from plasmid competition (eg, PSK) to cellular stress
response to phage-plasmid competition (eg abortive infection).
The function of a given locus will depend in part on its history,
though some families may have features that make them more
able to fill certain roles. Aspects of the toxin target and gene
regulation have been proposed as reasons that type II and type
III TAs are successful in HGT, and these may also affect the
ability of some type I TAs to stably establish in new species.
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This work only surveys the distribution of known type I TA
systems, which remain narrowly distributed across methodolo-
gies. But it is interesting to consider whether this narrowness is
only a feature of the families found so far. New families of TAs
are being described at a rapid pace,13,48-50 some of which have
alternative distributions. We see this already, with type I TA
toxins SymE and type II toxins like YafO, GinB and GinC that
are narrowly distributed. The potential type I TA XCV2162 is
plasmid-borne and has an erratic phylogenetic distribution
consistent with HGT.35 As we find more families, they may
aggregate into the superfamilies of type II TAs and gain a
broader distribution. It may be that the patterns of lineage
dependence so far attributed to type I TAs as a group will turn
out to be a feature of specific families within all types of TAs,
and we simply found the narrowly-distributed families of type I
TAs and the broadly distributed central-dogma targeting type
II TAs first.
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