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The authors first met in 1998 at the University of Würzburg, Germany, at the Institute
of Hygiene and Microbiology, in Helge Karch’s lab, where Herbert Schmidt worked as a
PostDoc and Maite Muniesa visited the lab for a postdoctoral research stay to work on
phages encoding Shiga toxin 2e (Stx2e) [1]. Since that time, we have been more or less, as
much as our university duties allow, connected by Stx-phage research.

Initially described in the early 1980s, Shiga toxin-converting bacteriophages (Stx-
phages) have been the subject of numerous publications [2,3]. The ability to produce Stx,
the major pathogenicity factor of enterohemorrhagic E. coli (EHEC), seems to be essentially
connected to the location of the Shiga toxin genes (stx) in the genome of lysogenic phages,
found always in a similar location within the late transcribed region, and upstream of
the lysis and capsid genes [4–11]. Stx-phages are double-stranded DNA tailed phages
showing a lambdoid or a non-lambdoid genome structure. To the best of our knowledge,
stx genes have never been found in other mobile genetic elements other than phages, such
as plasmids or pathogenicity islands [12–16]. Although the genetics and function of Stx-
phages have been described in many publications, some basic questions remain still open,
for example, (1) why are Stx-phages so successful in terms of evolution and spread among
E. coli strains? (2) why do Stx-phages occur mainly in enteropathogenic E. coli strains
but not, or only accidentally, in others such as extraintestinal pathogenic E. coli (EXPEC),
(3) which advantage do EHEC strains have from the lysogenic state carrying single or
multiple Stx-phages?

As temperate phages, Stx-phages occupy distinct integration sites in the bacterial
host genomes [4]. EHEC bacteria may carry one single or multiple Stx-phages; as far
as we know, up to 21 prophages have been counted, and sometimes they are integrated
in already resident phages. The lengths and genetic composition of these phages differ
enormously, and many are fully functional prophages; moreover, cryptic prophages which
have lost parts of their genes can be found [15]. The data of Khan et al. [17] suggested that
in incomplete prophages, mostly the genes for the replication, packaging, and release of
phage particles have been lost, without them being unable to induce and form functional
phage particles. The lysogenic state seems so persistently maintained that it suggests that
this association should be advantageous for both the host and the phage [17].

The Stx family consists of two larger groups, Stx1, which is almost identical to Stx
of Shigella, and Stx2, with numerous variants [18]. The variants have been successfully
spread among E. coli strains, where all known stx variants are found, always encoded in
the genome of complete or defective prophages [19,20]. In contrast, stx variants are only
randomly found in Shigella and in close relatives such as Serratia marcescens and Citrobacter
freundii. The enormous abundance of stx genes in prophages in E. coli strains, which are
present in many animals, raises the question of the advantage of stx particularly for E. coli.

In contrast, Stx-prophages were described in Shigella sonnei, but it was initially thought
that the stx operon was mainly chromosomally encoded in Shigella dysenteriae [21]. It is
now clear that in all cases, the stx genes are also surrounded by prophage sequences,
even if these are complete or remnant [22]. While few Stx-prophages are inducible, many
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Stx-phages have become defective particularly in Shigella spp, [23], leading to the initial
incorrect assumption that stx was chromosomally encoded in this genus. Unlike E. coli,
it was proposed that all Stx-producing S. dysenteriae 1 derive from a clone that resulted
from a single phage-integration event [23]. This original Stx-encoding lambdoid prophage
subsequently became defective because of a loss of phage sequences following multi-
ple IS element insertions and IS-mediated rearrangements, which commonly occurs in
Shigella [24], and when located close to the stx operon [22], even resulting in the loss of stx.

Taken together, many Shigella strains seem to have received and then lost the stx
genes in their evolutionary past. The loss of stx provided advantages to the bacteria for
better adaptation to the human hosts, since being a more severe pathogen is not the best
strategy for the organism’s long-term survival. Alternatively, the integration, retention, and
expression of certain new introduced virulence genes might depend on their interaction
between them and the bacterial genomic background [25]. In other hosts, as is the case
with intestinal E. coli strains, besides the acquisition of a powerful virulence determinant
such as Stx, the presence of Stx-phages seems to enhance the colonization and survival of
strains residing in certain environments [26]. In addition to these, other advantages can be
envisaged [4], the extent of which is not yet fully elucidated [27]. Perhaps the right genomic
background to stably retain and express Stx occurs preferentially in enteropathogenic
E. coli, in S. dysenteriae type 1, and less frequently in some non-S. dysenteriae type 1
strains [28]. In contrast, Stx-phages rarely encounter the right background in EXPEC,
or in many other Shigella species, despite the fact that some of these are susceptible to being
lysogenized by Stx-phages under laboratory conditions [29,30].

In a multitude of STEC serotypes, it is widely known that not only one, but multiple
prophages, including more than one Stx-phage, can co-exist [19]. These multiple Stx-phages
show a diversity of lysis-lysogeny regulatory systems, but all have in common a conserved
lytic system always adjacent to stx genes [20], which guarantees the stx expression during
prophage excision.

The lack of phage immunity that suppresses the prevention of superinfection [31], the
use of diverse integration sites for different Stx-phages [32], the integration in tandem of
two Stx-phages sharing the same attB site [15], and even the recently revealed “prophage-
in-prophage” ability, in which a Stx-phage integrates within the attB region present in other
prophages, might be the main causes explaining the presence of more than one Stx-phage
in a single cell [15]. The pros and cons of carrying more than one Stx-phage are still under
discussion, and in the presence of two or more Stx-prophages, some authors propose an
enhanced Stx production [16], while others show a down-regulated stx expression [33,34].
In fact, both options might be beneficial for the bacteria. In the case of a higher Stx
production, the acceptance of more than one Stx-prophage allows the strain to become
more pathogenic. In the case of down-regulated Stx production, the presence of multiple
Stx-phages could allow a better survival and a milder pathogenicity that, as discussed
above, seems a plausible long-term survival strategy. It is possible that both options can
occur, depending on the phage induction levels, the host genetic background and its protein
expression capacity, and the environmental factors of the host strain reservoir. It remains
unclear, however, if benefits can be derived for the phages co-existing within the same
host, other than allowing recombination events between phages that ensure the genetic
variability and evolvability of the Stx-phages [20].

Exploring the origin of stx before the original toxin described in S. dysenteriae
type 1, Shiga toxins belong to the enzyme group of ribosome-inactivating proteins (RiP)
(E.C. 3.2.2.22) and are classified as type 2 RiPs with two chains, consisting of a single
enzymatic subunit, connected to five receptor-binding B-subunits. Single-chain type 1 RiPs
occur frequently in plants and show antiviral, antifungal, and insecticidal activity [35,36].
Interestingly, the Stx A-subunit shows some homology to one of these RiPs, ricin, and
when comparing Stx A-subunit with ricin, both show a similar molecular weight, similar
crystal structure, and highly conserved amino acids involved in catalysis [37,38]. These
similarities initially pointed towards RiPs as a possible origin of Stx. However, experimen-
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tal evidence [39] showed that ricin, Stx1, and Stx2 have completely different B subunits
and interact differently with ribosomes [40–42]. Moreover, other similar proteins, such as
abrin, modeccin, volkensin, or viscumin, are examples of RiPs that use the same method
of entry and mechanism of action and that, far from having a common ancestor, have
probably evolved via convergent evolution [43], a separate evolution resulting in analo-
gous structures. This hypothesis discards a possible relationship between Stx and RiPs,
suggesting only that, in nature, organisms independently find the same solutions to solve
similar problems.

Research that focuses on the molecular biology, function, and impact of Shiga toxin
phages is fascinating and worth continuing. The ecological potential and pathogenicity
of EHEC strains resides, besides chromosomal genes, on the function of mobile genetic
elements, and among these, Stx-encoding phages, which are not yet well understood. Multi-
faceted interdisciplinary research is needed to pave the way for a deeper understanding
of this important group of genetic elements, and these old entities appear today as highly
topical as ever. The increase in hybrid EHEC/enteroaggregative E. coli strains carrying
Stx-phages and expressing Stx and the outbreaks caused by such strains underlines this
statement. In this editorial, we intended to open the discussion about these yet unanswered
questions, with the hope to highlight the enormous impact of Stx-phages and provide a
primer for further Stx-phage research.

Conflicts of Interest: The authors declare no conflict of interest.
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