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Integrative and conjugative elements
(ICEs) are mobile genetic elements

that play a key role in bacterial adapta-
tion. Such elements are found in almost
every bacterial genera and species, and
often code for adaptive traits conferring
selective advantages to their host. ICEs
maintain by integrating into and replicat-
ing along with a replicon of the host
genome. ICEs can propagate by conjuga-
tive transfer toward a recipient cell fol-
lowing excision from the replicon as a
circular covalently-closed molecule. For a
long time, the excised form of ICEs was
assumed to be non-replicative. This
assumption predicts that excised ICEs
are sensitive to loss during cell division,
unless they carry stabilization systems
such as addiction modules or antibiotic
resistance genes. Over the past few years,
growing evidence have been presented
that support conditional replication of
the circular intermediate as an intrinsic
feature of ICEs. We recently confirmed
this feature in the large family of SXT/
R391 ICEs, which thrive in several spe-
cies of Enterobacteriaceae and Vibriona-
ceae. Furthermore, we demonstrated that
SXT/R391 ICEs encode a functional
plasmid-like type II partition system that
enhances their stability, such systems
being probably encoded by other ICEs.
The lifecycle of ICEs is therefore much
more complex than initially thought
as many ICEs may use plasmid-like fea-
tures to improve their stability and
dissemination.

Eight decades ago, at the dawn of the
antibiotic era, the discovery and use of
antimicrobials strongly improved the
well-being of people by allowing a drastic
decrease in mortality and morbidity
caused by bacterial infections. Since then,
our (over)confidence regarding the

efficiency of therapies against bacterial
infections using antibiotic compounds
was shaken by the immense potential of
adaptation of bacteria. Notably, horizon-
tal gene transfer of mobile genetic ele-
ments (MGEs) was shown to be a key
driver of this adaptation, enabling bacte-
ria to quickly acquire new adaptive traits
including multiple antibiotic resistances
or alternative metabolic functions.1-4

Integrative and conjugative elements
(ICEs) are undoubtedly major players in
bacterial adaptation. These genomic
islands encode and disseminate a large
variety of adaptive traits that are often
helpful to the host cell to overcome dif-
ferent stresses, colonize new niches and/
or improve the pathogenicity of their
host.4-11 ICEs are autonomous MGEs
that can transfer by conjugation toward a
recipient cell in direct contact. The main-
tenance of ICEs relies mainly on their
integration into and replication along
with a replicon of their bacterial host in a
prophage-like manner. Their conjugative
transfer involves their excision as a circu-
lar intermediate molecule that is the sub-
strate for conjugative transfer through a
type IV secretion system (T4SS), as
observed for conjugative plasmids.
Beyond their own transfer, ICEs extend
their impact on genome plasticity via the
mobilization of non-autonomous ele-
ments that hijack part of the ICE-
encoded transfer functions, or by Hfr-like
transfer of chromosomal DNA frag-
ments.12-16 Although ICEs have been
studied for several decades in many labo-
ratories worldwide, their biology is far
from being completely understood. Nota-
bly, the apparent complexity of their life-
cycle, which involves 2 distinct forms
present in a disproportionate ratio among
the same bacterial population and each
exhibiting specific characteristics, clouds
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our understanding of the way these
MGEs operate.

We recently conducted a study on the
dynamics of SXT/R391 ICEs by mainly
using R391, a kanamycin-resistant proto-
typical member of SXT/R391 ICEs that
was originally isolated from a Providen-
cia rettgeri isolate from South Africa.17

SXT/R391 ICEs constitute a large family
of ICEs that has been thoroughly studied
over the last decades for their diversity and
biology.6,18,19 Such elements are responsi-
ble for multidrug resistance acquisition
and dissemination among Vibrio cholerae
isolates during the seventh pandemic of
cholera and other bacteria worldwide.20,21

SXT/R391 ICEs share a common set of
conserved genes that ensure their basic
functions and integrate into the 50 end of
the prfC gene in the chromosome of
numerous Enterobacteriaceae and Vibrio-
naceae (Table 1).7,18 We showed that
R391 stability was improved in the pres-
ence of selective pressure exerted by the
addition of kanamycin, as well as in the
presence of the ICE-encoded toxin-anti-
toxin system HipAB.17 A similar observa-
tion was previously made about the SXT-
encoded toxin-antitoxin system MosAT.22

While selective pressure and post-segrega-
tional killing (PSK) systems participate to
the stability of R391, these functions are
not conserved features of SXT/R391 ICEs

and thus likely not conserved strategies for
their stability.7,17,22 Further experiments
unraveled that replication and active-par-
tition of the extrachromosomal ICE are
important for its stability. The present
commentary discusses the importance of
these plasmid-like features in the global
dynamics of ICEs.

Replication, A Key Step for ICEs
Stability

The extrachromosomal form of ICEs
was primarily assumed to be non-replica-
tive besides the replication associated with
conjugative transfer.23 Since then, studies
on various ICEs suspected that at least
some ICEs might be capable of intracellu-
lar plasmid-like replication.4,10,24-31

Recently, thorough studies on the biology
of ICEBs1 of Bacillus subtilis demon-
strated that this ICE conditionally repli-
cates upon activation using a rolling-circle
replication mechanism.32,33 This replica-
tion uses the origin of transfer (oriT) of
the element as the origin of replication
and the relaxase as the replication initiator
protein together with other ICE- and
host-encoded components.18 Biologically,
this replication was shown to improve
ICEBs1 stability, presumably by prevent-
ing its loss if the integration site is

replicated while the element is excised
(Fig. 1). Such a mechanism of ICE repli-
cation was proposed to be a common fea-
ture of many ICEs as they all carry an oriT
and encode a relaxase.17,34

Seeking for the possible replication of
R391 and SXT, we observed that they are
present in multiple extrachromosomal
copies in the subpopulation within which
they are activated. Deletion of either the
relaxase-encoding gene traI or the oriT of
R391 strongly decreased the copy number
of the element.17 Decrease of the copy
number of R391 strongly increased ICE
loss, suggesting a key role of replication in
the stability of SXT/R391 ICEs. SXT/
R391 ICEs are integrated close to the ori-
gin of replication (oriC), both in the chro-
mosome of Escherichia coli and in the
chromosome 1 of V. cholerae (Table 1).
In such fast-growing bacteria, rapid cell
division is facilitated by the initiation of
multiple replication forks during chromo-
some replication, i.e. between 6 and 14
replication forks per chromosome.35,36 As
a consequence, if the ICE excises prior to
replication of its integration site, it will
only be able to re-integrate into one of the
2 copies of its integration site, and thus
will be lost in one of the 2 daughter cells
after cell division (Fig. 1). Conditional
replication likely prevents this issue by
increasing the copy number of excised

Table 1. Chromosomal location of primary integration site(s) of a sample of ICEs

ICE name
or family Host Integration sitesa

Distance from
the oriC (Mb)

Chromosome
size (Mb)

SXT/R391 Enterobacteriaceae and Vibrionaceae 50 end of the prfC gene (V. cholerae chromosome 1) 0.7 2.7
50 end of the prfC gene (E. coli ) 0.7 4.6

ICEBs1 Bacillus subtilis 30 end of a tRNA(Leu) gene (trnS-Leu2) 0.5 4.2
ICESt1/ICESt3 Streptococcus thermophilus 30 end of the fda gene 0.1 1.8
ICE_515_tRNALys Streptococcus agalactiae 30 end of a tRNA(Lys) gene 0.1 2.1
RD2 Streptococcus pyogenes 30 end of a tRNA(Thr) gene 0.6 1.9
ICEclc Pseudomonas putida 30 end of 4 tRNA(Gly) genes 1.6 / 2.1b 6.2
PAPI-1c/pKLC102 Pseudomonas aeruginosa 30 end of a tRNA(Lys) gene 1.2 6.3
Tn5801 Staphylococcus aureus 30 end of a gene encoding a GMP synthase 0.4 2.8
ICELm1 Listeria monocytogenes 30 end of a gene encoding a GMP synthase 0.6 3.0
ICEMloMAF-1 Mesorhizobium loti 30 end of a tRNA(Phe) gene 1.8 7.0
ICEHin1056 Haemophilus influenzae 30 end of a tRNA(Leu) gene 0.1 1.9
CTnscr94 Salmonella enterica 30 end of 2 tRNA(Phe) genes 1.7 / 0.3 4.8
SPI-7 Salmonella enterica 30 end of a tRNA(Phe) gene 0.3 4.8
CW459Tet(M) Clostridium perfringens 30 End of a gene encoding a GMP synthase 0.4 3.0
Tn5397 Clostridium diffcile CD630_04950 0.6 4.3

aOnly the primary integration sites are indicated for each ICE.
bThere are 3 consecutive integration sites at this locus.
cPAPI-1 can also integrate into the 30 end of the other tRNA(Lys) located at 1.1 Mb away from oriC (PA0976.1).
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ICE molecules concurrently with
the increasing copy number of
integration sites, thereby allowing
reintegration in all the sites result-
ing from the replication of the ini-
tial single-copy one.

A rapid, yet non-exhaustive,
analysis of the chromosomal inte-
gration sites of many known ICEs
revealed that most integrate close
to oriC in their host chromosome,
including ICEs that were shown
to replicate such as ICEBs1,
ICESt3, RD2 and ICEHin1056
(Table 1).10,24,30,32 One could
wonder why ICEs do integrate
into chromosomal loci that tend
to be close to oriC, and are thus
more prone to be found in multi-
ple copies per cell in fast-growing
conditions. A plausible answer
could be that numerous highly
expressed essential genes are pref-
erentially located close to oriC, at
least in fast-growing bacteria.35,37

Conserved genes are integration
sites of choice for ICEs mainte-
nance due to their high conserva-
tion between related bacterial
species, thereby enhancing their
host-range and success to establish
and stably maintain in multiple
bacterial lineages after conjugative
transfer.37,38

Active Partition of ICEs

Further experiments aiming at
unraveling other determinants of
SXT/R391 ICEs stability revealed
that all these ICEs code for
SrpMRC (SXT/R391 partition), a
functional type II (actin-like)
active partition system.17 As shown
for the well-characterized system
ParMRC of the plasmid R1,
SrpMRC includes 3 components:
a centromere-like region called
srpC, a centromere-like binding
protein called SrpR and an actin-
like NTPase called SrpM.17 Given
the current knowledge on plasmid
active partition system, SrpR is
thought to bind to srpC and to
recruit SrpM subunits that

Figure 1. Schematic representation of the ICE lifecycle. At the bottom of the drawing, the quiescent ICE
(green line) is integrated into a replicon of the host genome (black line). (A) Under conditions that activate
the ICE, site-specific recombination between the attL and attR attachment sites that flank the ICE leads to its
excision as an extrachromosomal circular molecule carrying an attP site (green circle with a green rectangle),
and leaves an attB site (black line with a black rectangle). (B) In the presence of recipient cells (light gray fill-
ing), donor cells can undergo a single conjugative transfer event through an ICE-encoded T4SS (big blue
ovals connecting 2 cells). (C) After conjugative transfer, the ICE integrates into the host genome by site-spe-
cific recombination between the attP and attB attachment sites. (D) Many ICEs are capable of intracellular
plasmid-like replication to enhance their stability by allowing random repartition of the ICE copies during
the cell division. (E) In the absence of replication, the extrachromosomal ICE could be lost if the integration
site is replicated and the cell divides. Loss of the ICE likely promotes cell death due to ICE-encoded post-seg-
regational killing systems (toxin-antitoxin or restriction-modification systems), or loss of adaptive traits (anti-
biotic or heavy metal resistances). In the presence of recipient cells, donor cells that contain one or multiple
copies of the ICE could undergo single or multiples events of conjugative transfer. (F) Some ICEs may code
for the machinery mediating the active partition of their replicated copies (orange double outward arrows
linking 2 circular ICEs), ensuring equal repartition of ICE copies during the cell division. (G) If the copies are
not distributed in the daughter cells, the ICE could be lost, leading to cell death. Donor cells containing one
or multiple copies of the ICE could then undergo single or multiple events of conjugative transfer. Alterna-
tively, ICEs could also replicate once in the recipient cell after conjugative transfer and/or begin another
round of conjugative transfer before integrating into the host chromosome.
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polymerize and push the ICE copies apart
in the daughter cells during cell division
(Fig. 1).39 Interestingly, expression of
srpMR depends on SetCD, the master acti-
vator of conjugative transfer functions, and
thus is concomitant to xis and int expres-
sion, i.e., this system is expressed when the
element excises and is vulnerable to
loss.17,19,40 As we reported in our PLoS
Genetics article, other ICEs code for pre-
dicted active-partition systems, strongly
suggesting that this feature has probably
been overlooked in ICEs and could be
more common than thought.17,25,28,41-47

An Updated Model of ICE
Lifecycle

Given the recent experimental and in
silico data collected from numerous studies
on various ICEs, we propose an updated
model of ICE lifecycle (Fig. 1). Accord-
ingly to the original model, an ICE excises
from its integration site and the resulting
circular element transfers as a single-
stranded DNA molecule toward a recipi-
ent cell by conjugation through the T4SS
it encodes (Fig. 1). Once the transfer is
completed, the ICE re-integrates in the
chromosome of both the donor and recip-
ient cells. Alternatively, many ICEs could
be able to replicate when excised, thereby
increasing their stability in case of replica-
tion of the integration site (Fig. 1). Each
copy of the replicated element could then
initiate an individual transfer event in the
presence of recipient cells, likely increasing
the frequency of transfer of the element.
Some ICEs might also be able to actively
segregate their copies using an active parti-
tion system, ensuring the correct reparti-
tion of the copies of the ICE during the
cell division (Fig. 1).

In conclusion, while our understanding
of ICEs biology becomes clearer, several
questions remain to be elucidated. Is plas-
mid-like conditional replication really a
universal feature of ICEs? How widespread
is active partition among ICEs? Most stud-
ies on ICEs focus on adaptive traits con-
ferred by these genomic islands rather than
the mechanisms of their dissemination and
maintenance among bacterial populations.
A more systematic functional analysis of
prototypical members of each ICEs family

is needed to better understand the key
features of their biology.
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