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Integrative and conjugative elements (ICEs) are widespread mobile DNA
within bacterial genomes, whose lifestyle is relatively poorly understood. ICEs transmit vertically through donor cell chromosome replication, but in order to transfer,
they have to excise from the chromosome. The excision step makes ICEs prone to
loss, in case the donor cell divides and the ICE is not replicated. By adapting the system of LacI-cyan ﬂuorescent protein (CFP) binding to lacO operator arrays, we analyze here the process of excision and transfer of the ICE for 3-chlorobenzoate degradation (ICEclc) in individual cells of the bacterium Pseudomonas putida. We provide
evidence that ICEclc excises exclusively in a subset of specialized transfer-competent
cells. ICEclc copy numbers in transfer-competent cells were higher than in regular
nontransferring cells but were reduced in mutants lacking the ICE oriT1 origin of
transfer, the ICE DNA relaxase, or the excision recombination sites. Consistently,
transfer-competent cells showed a higher proportion without any observable LacICFP foci, suggesting ICEclc loss, but this proportion was independent of the ICE relaxase or the ICE origins of transfer. Our results thus indicated that the excised ICE
becomes transiently replicated in transfer-competent cells, with up to six observable
copies from LacI-CFP ﬂuorescent focus measurements. Most of the observed ICEclc
transfer to ICE-free P. putida recipients occurred from donors displaying 3 to 4 ICE
copies, which constitute a minority among all transfer-competent cells. This ﬁnding
suggests, therefore, that replication of the excised ICEclc in donors is beneﬁcial for
transfer ﬁtness to recipient cells.

ABSTRACT

IMPORTANCE Bacterial evolution is driven to a large extent by horizontal gene

transfer (HGT)—the processes that distribute genetic material between species
rather than by vertical descent. The different elements and processes mediating HGT
have been characterized in great molecular detail. In contrast, very little is known on
adaptive features selecting HGT evolvability and ﬁtness optimization. By studying
the molecular behavior of an integrated mobile DNA of the class of integrative and
conjugative elements in individual Pseudomonas putida donor bacteria, we report
here how transient replication of the element after its excision from the chromosome is favorable for its transfer success. Since successful transfer into a new recipient is a measure of the element’s ﬁtness, transient replication may have been selected as an adaptive beneﬁt for more-optimal transfer.
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I

ntegrative and conjugative elements (ICEs) are pervasive and permissive infestations
of bacterial genomes (1–3). Not unlike prophages, but differently from plasmids, ICEs
display a dual lifestyle. Most cells in a population maintain the ICE chromosomally
integrated, but under speciﬁc conditions a small proportion (estimated to be between
1 in 102 and 1 in 107 cells depending on the ICE [3]) excises the ICE and produces an
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extrachromosomal ICE DNA molecule (1–3). The excised ICE molecule can transfer into
a recipient cell by conjugation, where it subsequently reintegrates. ICEs have attracted
considerable interest because they frequently transfer and integrate into a wide
taxonomic range of hosts and carry gene functions of potential adaptive beneﬁt to the
host, such as genes coding for antibiotic or heavy metal resistance, plant symbiosis, or
xenobiotic compound metabolism (4, 5).
The model we use here is ICEclc, an element originally discovered in Pseudomonas
knackmussii B13, which bestows on its host a xenometabolic pathway to grow on
3-chlorobenzoate (3-CBA) (6–8). Several characteristics of ICEs from the ICEclc family
contribute to their remarkable ecological success in colonizing a large diversity of
bacterial genomes (7). In its integrated form, ICEclc is replicated with the host genome
and remains largely without ﬁtness cost to the host (9, 10). Although silent in exponentially growing cells, the ICEclc genes for horizontal transfer start to be expressed
when all 3-CBA substrate in culture is depleted, turning some 3 to 5% of stationaryphase cells into a subset of specialized transfer-competent (tc) cells (Fig. 1a) (11–13).
The ICE does not excise or transfer at this point but does so only when tc cells are
activated with fresh nutrients (Fig. 1a) (14). Active tc cell donors for the ICE further
distinguish themselves from non-tc cells by their reduced capacity for cell division and
frequent lysis (12). The poor reproduction from tc cells has only limited effects on
population ﬁtness because of their small subpopulation size (14).
Despite their restricted capacity to divide, tc cells are on average highly effective in
transferring ICEclc (14). This suggested a number of speciﬁc adaptations favoring ICE
transfer ﬁtness, such as the previously demonstrated induced formation by ICEclc of
small tc cell groups that have an increased chance to contact recipients (15). A
particularly critical moment for ICE ﬁtness, however, is when the ICE is excising from the
chromosome and engages in further conjugative steps. Quantitative PCR (qPCR) data
from other ICE models in Bacillus subtilis and Vibrio cholerae have suggested that ICEs
transiently replicate after excision, which increases the probability for the ICE to be
maintained in dividing daughter cells (16–18). These studies, however, were population
based and did not take individual cell fates into account. Extrachromosomal replication
of ICEclc has not been studied so far, but in contrast to what is known from B. subtilis
and V. cholerae, ICEclc-induced tc cells of P. knackmussii (12) or Pseudomonas putida do
not contribute to the reproductive success of the population (14). Furthermore, previous single-cell studies on ICEclc in P. putida have suggested that individual tc cell
donors can transfer the ICE to 2 to 3 surrounding recipient cells, the mechanism of
which remains elusive (14). Our goals were therefore to study the hypothesis that ICEclc
is also replicated upon excision but exclusively in tc cells and serves to increase ICE
transfer ﬁtness rather than or in addition to ICE maintenance in the donor cell. Instead
of relying on quantitative PCR measurements of averaged copy numbers in P. putida
wild-type or mutant ICE populations, we decided to adapt and deploy molecular
imaging methods (19) that would permit us to quantify ICE copy numbers in individual
cells, to differentiate among tc and non-tc cell groups, and to follow ICE transfer to
ICE-free recipients at the single-cell level.
RESULTS
Visualizing ICEclc DNA in individual cells. In order to distinguish and quantify
single copies integrated from excised ICEclc DNA molecules in individual cells, we
deployed the principle of ﬂuorescent LacI-cyan ﬂuorescent protein (CFP) fusion protein
binding to a multicopy integrated lacO array (19). The lacOARRAY was inserted in a single
integrated copy of the ICEclc in the genome of P. putida (Fig. 1b and c). This strain was
further tagged by an eCherry ﬂuorescent reporter expressed uniquely in tc cells (20). In
addition, we constructed strains carrying an additional tetOARRAY near ICEclc on the
chromosome that can be bound by ectopically expressed ﬂuorescent TetR-yellow
ﬂuorescent protein (YFP) (Fig. 1d). In normally replicating (non-tc) cells with integrated
ICEclc, we expected to observe 1 to 2 foci of LacI-CFP alone (when using the lacOARRAY
alone) and overlapping TetR-YFP foci (when using cells with both integrated arrays).
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FIG 1 Principle of ICEclc detection in individual and transfer-competent Pseudomonas putida cells. (a)
ICEclc remains integrated and silent in exponentially growing cells (EXPO, white bars in gray cells). Three
to 5% of cells under nongrowing conditions (STAT) activate the core ICE promoters for its transfer
competence program (magenta cells). Upon new nutrient addition, the transfer-competent cells (tc)
excise (white circle) and transfer the ICE (black protrusions from cells). tc cells are impaired for cell
division and frequently lyse (dashed cell outline). Non-tc cells continue to divide normally in exponential
phase. (b) Schematic outline of ICEclc, its recombination boundaries, positions of genes mutated in this
study, and insertion position of the lacOARRAY. (c and d) LacI-CFP single or LacI-CFP/TetR-YFP double

(Continued on next page)
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Upon ICEclc excision and consequent independent replication, we expected to see 3 or
more ﬂuorescent foci and potentially larger distances between TetR-YFP and LacI-CFP
foci, exclusively in tc cells (Fig. 1c and d).
P. putida containing wild-type ICEclc tagged with the lacOARRAY ectopically expressing LacI-CFP visibly showed a clear CFP focus in individual nongrowing cells but not
when lacI-cfp was not induced (strain 5222, Fig. 2a). These cells are in stationary phase,
and the single observed ﬂuorescent focus is thus in agreement with a single chromosomal integrated ICEclc copy, formed by the LacI-CFP proteins attached to the
lacOARRAY. Foci were not visible in control P. putida strains with ICEclc but expressing
only LacI-CFP, nor in P. putida with ICEclc and lacOARRAY but without LacI-CFP (see
Fig. S1 in the supplemental material).
To follow the ICEclc in dividing tc and non-tc cells, we deposited cells of a
3-CBA-grown preculture of P. putida ICEclc-lacOARRAY; araC, lacI-cfp; PinR-echerry (strain
5230, Table S1) on small agarose growth disks (14). Cells grow exponentially to
microcolonies (Fig. 2b) and attain stationary phase after some 12 h (Fig. 2c, yellow
lines). Importantly, because the seeding culture originates from stationary phase on
3-CBA, the population at the start of the experiment is composed of both tc and non-tc
cells (Fig. 2b). These can be differentiated in the ﬁrst time-lapse frame based on the
eCherry ﬂuorescence expressed from the chromosomally integrated PinR reporter,
which is active exclusively in tc cells (13, 20). On average, 4.5% ⫾ 0.5% of individual cells
in culture of strain 5230 were representative for tc cells (Fig. 2d). It should be noted that
the criterion of higher eCherry expression (as in Fig. 2d) is sufﬁcient to classify cells into
the tc cell category (21) but not sufﬁciently exclusive to categorize (the other) cells as
being non-tc, because some (true) tc cells may display low eCherry levels. For this
reason, individual cells were further excluded from the non-tc class when their total
number of offspring was less than eight. This criterion is based on the previously
observed impaired cell division in tc cells (12).
ICEclc copy numbers in individual cells were inferred from the number of ﬂuorescent
foci detected by using automated procedures implemented in SuperSegger (22). Foci
were thresholded on the basis of score and intensity (see Materials and Methods) to
discard spurious foci. The lower threshold was set such that (i) no foci were detected
in P. putida with ICEclc and LacI-CFP but without lacOARRAY (Fig. S1), (ii) the maximum
number of foci in P. putida (lacI-CFP, lacOARRAY) with ICEclc deleted for the attL
recombination site was two (Fig. S2), and (iii) the maximum allowed number of foci was
8 per cell. This last criterion was based on hybridization densitometry calculations of the
proportion of excised ICEclc in stationary-phase culture (11). As a consequence of the
conservative thresholding procedure, a proportion of cells contained no detected foci
(Fig. S2). Replica plating of colonies (n ⫽ 100) grown on plates with succinate onto agar
with only 3-CBA as carbon and energy source resulted for all P. putida ICEclc derivative
strains (Table S1) in clear growth, suggesting maintenance of the ICE at frequencies
above 99.5%. Therefore, the absence of detectable foci in individual cells cannot be a
priori interpreted as loss of ICEclc but is a consequence of the focus thresholding
procedure.
ICEclc excises and replicates in tc cells. The majority of non-tc cells of P. putida
strain 5230 with wild-type ICEclc at any time point during growth displayed a single
LacI-CFP focus (Fig. 2c, cyan stacked bars). During exponential growth (2 to 8 h after
inoculation, yellow line in Fig. 2c, non-tc cells), some 20 to 30% of cells showed two foci
(Fig. 2c, magenta stacked bars). Two foci are in agreement with dividing cells replicating
their chromosomal DNA, which, at some point, will thus have two ICEclc copies

FIG 1 Legend (Continued)
ﬂuorescent focus formation by ectopic expression of a single-copy chromosomally inserted arabinoseinducible lacI-cfp or lacI-cfp/tetR-yfp gene construct. Fluorescent protein binding to the 240-fold-copied
cognate DNA binding site results in visible foci, as illustrated schematically. Cells are colabeled with a
single-copy chromosomally inserted fusion of echerry to the PinR promoter of ICEclc, which is active
exclusively in tc cells. tc cells losing the ICE upon excision are depicted in gray.
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FIG 2 Increased ICEclc LacI-CFP focus numbers in transfer-competent cells. (a to e) CFP foci visible in P. putida stationary-phase cells upon arabinose induction
(a) and in tc and non-tc microcolonies growing on agarose minidisks (note the stage of 6 foci in tc cell at t ⫽ 5 h) (b). Proportional focus distributions among
growing non-tc and tc cell populations (c), with the initial discrimination of the tc cell subpopulation based on eCherry ﬂuorescence (d). Note how the tc
subpopulation increases from 4.5% in wild-type ICEclc to 45.4% in cells carrying ICEclc with a deletion of ΔmfsR. Dynamic focus positioning in tc cells of P. putida
ICEclc-ΔmfsR (e). Bars, 1 m.

(producing two foci) before the chromosomes segregate among the daughter cells
(non-tc cell micrographs in Fig. 2b). A small proportion of cells (1 to 3%, Fig. 2c) in the
non-tc population displayed three CFP foci during exponential phase, which may be
due to insufﬁcient conservative thresholding (Fig. S2).
In contrast, and although their overall number was much lower, ICEclc wild-type tc
cells showed a very distinct focal pattern from non-tc cells at the same focus threshMay/June 2019 Volume 10 Issue 3 e01133-19
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FIG 3 Distributions of LacI-CFP foci in transfer-competent (tc) and regular cells (non-tc) of P. putida carrying ICEclc (wild type) or ICEclc with different relevant
mutations. Focus distributions are represented as the percentage of cells among the total of that category (n, as indicated in each diagram) with the indicated
maximum observed number of foci during their entire lifetime. Different scales were used to show the percentages for focus numbers 1 to 3 (left scale axis)
and for focus numbers 4 to 6 (right axis; diagram partly shaded in yellow). P values are the simulated P values across 2,000 repetitions of the comparisons of
percent-normalized non-tc versus tc focus distributions in Fisher’s exact test. Data from strains 5230, 5233, 5357, and 5488 are in 5, 2, 2, and 2 biological
replicates, respectively, with between 4 and 10 technical replicates. The other data are from single biological replicates with between 4 and 10 technical
replicates.

olding (Fig. 2c, tc cells; Fig. 3, wild type). During exponential growth, 17 to 56% of tc
cells displayed two CFP foci (Fig. S3), and two foci were detected in cells even before
the onset and after the end of population growth (Fig. 2c and Fig. S3). On average,
19% ⫾ 13% of tc cells displayed three and up to six CFP foci compared to 2.0% ⫾ 0.9%
of non-tc cells (P ⫽ 0.0095, one-sided t test, n ⫽ 5; Fig. 2b; Fig. 3, wild type; and Fig. S3).
The microcolony shown in Fig. 2b further illustrates the dynamic appearance of foci in
tc cells. The distributions of maximum observed number of foci between tc and non-tc
cells at any point during their lifetime were highly signiﬁcantly different (Fig. 3,
P ⫽ 0.0005 by Fisher’s exact test, n ⫽ 5 biological replicates). The consistently higher
number of LacI-CFP foci suggested that the ICE had excised speciﬁcally in tc cells, as
expected, and replicated in its excised form.
To further conﬁrm ICEclc excision in tc cells, we used a P. putida derivative (strain
5601) containing, in addition to the lacOARRAY on the ICE itself, a tetOARRAY integrated
in the Pp_1867 locus 12 kb upstream of the position of ICEclc attR on the P. putida
chromosome (Fig. 1d). We expected that upon ICEclc excision in tc cells, the distance
between LacI-CFP and TetR-YFP foci would increase (Fig. 4). A diagram of TetR-YFP
focus positions plotted as a function of the longitudinal cell axis size illustrates the
ongoing chromosome replication in non-tc and tc cells (Fig. 4a). Cells with two
observable YFP foci tended to have lengths of 1.8 m upward up to a length of 2.5 to
3.0 m, after which the two daughter cells separated (Fig. 4a). Longer non-tc cells
displayed proportionally larger TetR-YFP interfocal distances, with positions symmetrical to the cell middle, indicative of segregating replicating chromosomes (Fig. 4a, red
and blue dots). The majority of non-tc cells (90.4%) with a single YFP focus were smaller
(0.8 to 1.8 m), and the relative distance of that focus to the cell middle was less than
0.5 m (Fig. 4a, light brown dots). Correspondingly, 89.1% of non-tc cells with a single
CFP focus were sized between 0.8 and 1.8 m. The average distance between CFP and
YFP foci in non-tc cells with one chromosome copy (i.e., cell size range of 0.8 to 1.8 m)
or in cells with sizes between 1.8 and 3.0 m with two visible foci of each (in the same
May/June 2019 Volume 10 Issue 3 e01133-19
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FIG 4 Excision of ICEclc in P. putida tc cells colabeled with LacI-CFP and TetR-YFP. (a) Focus positions plotted in micrometer distance along the
midcell axis in individual non-tc or tc cells ordered as a function of cell length. Note detectable chromosome replication (double TetR-YFP foci)
in cells of ⬎1.8 m (1X- or 2X-copy indicates 1 or 2 chromosomal copies, respectively). TetR-YFP foci in tc cells follow the general positional
pattern of non-tc cells. Cells with focus pairs are arbitrarily colored red and blue, the red being the focus farthest away from the bottom cell pole.
n, number of analyzed cells in each category. (b) Increased interfocal (TetR-YFP/LacI-CFP) distances in tc compared to non-tc cells (size range, 0.8
to 1.8 m) with on average a single chromosome copy (P ⬍ 0.0001 in ANOVA followed by post hoc Tukey test) but not between TetR-YFP/LacI-CFP
focus pairs in small and larger non-tc cells (P ⫽ 0.3032). Data (n, number of analyzed cells in that category) presented as notched box plots, with
red lines showing the median and red plus signs showing the outliers. (c) Schematic positioning of the integrated ICEclc lacOARRAY and tetOARRAY
on the P. putida chromosome. Note that it is unlikely that four pairs of foci would be visible as a result of renewed chromosome replication before
daughter cell separation. Data in panels a and b grouped from 23 technical replicates.

replichore) was close and not signiﬁcantly different (199 ⫾ 126 nm versus
172 ⫾ 111 nm, P ⫽ 0.3032 by ANOVA followed by post hoc Tukey test, Fig. 4b). This is
indicative of integrated ICEclc, with closely juxtapositioned LacI-CFP and TetR-YFP
binding sites (Fig. 4c).
Chromosome replication and segregation in tc cells followed the same trend as in
non-tc cells (Fig. 4a, tc cells). In contrast, the distance between CFP and YFP focus
positions in tc cells of 0.8 to 1.8 m (single chromosome) was on average twice as large
as in non-tc cells (385 ⫾ 287 nm, P ⬍ 0.0001 by ANOVA, followed by post hoc Tukey test,
Fig. 4b). This indicates that ICEclc and the nearby chromosome locus with the tetO array
became physically separated, which is in agreement with the hypothesis of ICEclc being
excised in tc cells.
ICE-factor dependent replication of excised ICE. In order to determine whether
the observed multiple ICE copies in tc cells (three to six) were the result of a replicative
process dependent on ICEclc factors, we compared CFP focus numbers in tc and non-tc
cells in a variety of ICE mutant strains of P. putida.
The numbers of foci in a P. putida strain carrying an ICE in which the attL excisionrecombination region was deleted (strain 5353, Table S1) did not exceed three (Fig. S2),
May/June 2019 Volume 10 Issue 3 e01133-19
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TABLE 1 Comparison of LacI-CFP focus distributions among transfer-competent cells in P.
putida ICEclc and relevant mutants
Comparison group
Wild type vs ΔattL
Wild type vs ΔtraI
Wild type vs ΔoriT1
Wild type vs ΔoriT2
ΔmfsR vs ΔmfsR-ΔtraI
ΔmfsR vs ΔmfsR-ΔattL
ΔoriT1 vs ΔoriT2

P valuea
0.0005
0.0005
0.0020
0.3788
0.0005
0.0005
0.0105

exact test, n ⫽ 2,000 simulations, distributions scaled to the cell number of the ﬁrst comparison
group (e.g., wild type or ΔmfsR).

aFisher’s

and focus distributions among non-tc and tc cells were not signiﬁcantly different (Fig. 3,
ΔattL, P ⫽ 0.5192, Fisher’s exact test). As expected, focus distributions among tc cells
were signiﬁcantly different between wild-type and ⌬attL mutant (Table 1, P ⫽ 0.0005).
This is in agreement with previous ﬁndings by quantitative PCR that ICEclc cannot
excise in this mutant (14). LacI-CFP foci in the ΔattL strain, therefore, solely indicated
chromosomally integrated ICE copies.
Focus numbers among tc cells in P. putida strain 5484 carrying ICEclc with a deletion
in the traI gene (Fig. 1b) were signiﬁcantly reduced compared to strain 5230 with
wild-type ICE (Table 1, P ⫽ 0.0005) although still statistically different from that of
non-tc cells (Fig. 3, ΔtraI, P ⫽ 0.0195). Homologs of traI in other ICE systems have been
implicated in replication of the excised ICE (17, 23). Focus numbers in tc cells of P.
putida containing an ICEclc with a deletion in oriT1, one of the origins of transfer on
which the TraI relaxase is acting (24), were lower than in wild-type tc cells (Table 1,
P ⫽ 0.002) and not different than in non-tc cells (Fig. 3, ΔoriT1, P ⫽ 0.1994). In contrast,
the focus distribution in tc cells of P. putida with a deletion in the alternative origin of
transfer oriT2 (24) was not different from that of wild type (Table 1, P ⫽ 0.3788), but it
was different from that of ΔoriT2 non-tc cells (P ⫽ 0.0005) and ⌬oriT1 tc cells (Table 1,
P ⫽ 0.0105). This suggested that oriT1 (but less so oriT2) is important for the replication
of the excised ICEclc molecule.
In order to increase the number of observable tc cells, we further deployed a P.
putida strain with an ICEclc deleted for the regulatory gene mfsR (Fig. 1b), equipped
with the lacOARRAY and the inducible lacI-cfp system (strain 5233). In this strain, the
proportion of tc cells in stationary phase increased to 45.4% ⫾ 6.3% (Fig. 2d) (25). P.
putida ICEclc-ΔmfsR (strain 5233) cells showed some overt displays of multiple LacI-CFP
foci in individual tc cells (Fig. 2e). This example is also illustrative of the dynamic
movement of the various LacI-CFP foci over time in individual nondividing tc cells,
suggesting some active mechanism for their redistribution (see Movie S1). Dividing
non-tc cells of this ICE-hyperactive strain 5233 with deleted mfsR still mostly displayed
one or two LacI-CFP foci (Fig. 3, ΔmfsR). In contrast, tc cells carried signiﬁcantly higher
proportions of 3, 4, and up to 6 foci than non-tc cells (P ⫽ 0.0005, Fisher’s exact test).
Compared to ICEclc-ΔmfsR, the additional ΔtraI deletion diminished focus numbers
in tc cells (Table 1, P ⫽ 0.0005; Fig. 3), but focus distributions among non-tc and tc cells
were not different (Fig. 3, ΔmfsRΔtraI, P ⫽ 0.0805). Also in the P. putida strain carrying
ICEclc-ΔmfsR-ΔattL, the focus distributions between non-tc and tc cells were indistinguishable (Fig. 3, ΔmfsR ΔattL, P ⫽ 0.3873), whereas tc cell focus numbers were lower
in comparison to P. putida ICEclc-ΔmfsR (Table 1, P ⫽ 0.0005). Collectively, these results
indicated, therefore, that the higher LacI-CFP focus numbers in tc cells of wild-type and
ΔmfsR strains are indeed the result of a replicative process that involves the TraI
relaxase and oriT1, but less so oriT2. Compared across all strains, the proportions of cells
without any visible foci were higher in tc than in non-tc cells (P ⫽ 2.2 ⫻ 10⫺7,
single-sided t test, Fig. S4), but no effect of ICEclc gene deletions was detected (Fig. S4,
ANOVA, P ⫽ 0.5057).
Cells with more excised ICEclc copies transfer more frequently. To test whether
higher ICE copy numbers in tc cells would increase the success of conjugation, we
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mixed donors of P. putida ICEclc-⌬mfsR tagged with lacOARRAY and LacI-CFP with a
conditional ﬂuorescent P. putida recipient strain as bait. The recipient strain (strain
5248, Table S1) fuses a promoterless echerry gene downstream of the attB recombination site (14) and additionally expresses LacI-CFP. Integration of ICEclc into the conditional trap results in placement of the constitutive outward-facing Pcirc promoter
(Fig. 1b) directly upstream of echerry. Even though this strain captures only ⬃20% of all
integration events (the others going into alternative attB sites on the chromosome
formed by genes for tRNA-glycine [26]), one can quantify the numbers of foci in donor
cells appearing in contact with eCherry-forming recipients and compare their LacI-CFP
focus distribution to that observed in all tc donor cells without recipient. Figure 5 shows
two distinct examples of such transfer events. In Fig. 5a, the tc donor cell displays 4 to
5 LacI-CFP foci (visible after 1.5 to 3 h), leading to an eCherry-producing transconjugant
visible at t ⫽ 21 h. In Fig. 5b one can see how the incoming ICEclc is bound by the
recipient’s LacI-CFP (shown at t ⫽ 14 h in two cells neighboring the tc donor cell). One
of those disappears over time, possibly as a result of aborted replication and lack of
integration (cell labeled with “a” in Fig. 5b; t ⫽ 14 h). The other LacI-CFP remains and
eventually leads to a recipient producing eCherry (at t ⫽ 21.5 h), indicative of its proper
integration into the conditional trap (Fig. 5b; the full time series of both events is shown
in Fig. S5). On average, we found a time span of 3.5 to 10 h between the appearance
of a LacI-CFP recipient focus (indicative of ICE transfer to the recipient) and detectable
eCherry expression (indicative of ICE integration in the recipient’s genome). Across 33
detected transfer events with ICEclc integrated in the recipient’s conditional trap, the
identiﬁed tc cell donors displayed more LacI-CFP foci than expected from the focus
distribution seen for tc cells in general (Fig. 5c, P value ⫽ 0.0005 in Fisher’s exact test
comparing focus distributions). This is thus a strong indication that donors with
multiple ICE copies preferentially contribute to ICE transfer.
DISCUSSION
It is increasingly recognized that selﬁsh DNA elements mediating horizontal gene
transfer have lifestyles of their own, which are subject to adaptation and selection (3).
This is not only interesting as a biological or molecular curiosity but crucial to understand, given the role of such elements in promoting antibiotic resistance and xenometabolism in microbial communities (27). Eventually, this adaptation and selection
may result in some elements being more successful in distributing these genes than
others, and some conditions may preferentially select for successful DNA-transferring
elements. ICEs may be particularly relevant for this question as they have evolved
exquisite regulatory systems to control their lifestyle, both in their vertical modes of
coreplication with the bacterial chromosome and in the switch to horizontal transfer
(1–3). Although several different ICE models have contributed to the molecular understanding of ICE functioning; in particular, studies on the ICEclc in P. knackmussii and P.
putida have helped to elucidate the context of cellular differentiation and ecological
ﬁtness (12). As a result of spontaneous recent gene integration (28), wild-type ICEclc is
transferring at a sufﬁciently high rate (1 per 100) that single-cell studies can be
conducted, whereas most other wild-type ICEs transfer at rates of 1 per 105 or less
(estimated in reference 3). Single-cell studies revealed that ICEclc transfers only from
differentiated tc cells arising under stationary-phase conditions (14, 21). The ﬁtness
strategy of the ICE is thus based on two pillars: vertical descent through coreplication
with the chromosome and horizontal transfer via specialized tc cells. Since cell division
is perturbed in tc cells as a result of the ICEclc activation process, too-high transfer rates
would compromise ﬁtness of the host-ICE population of cells (14). Too-low transfer
would not be in the ﬁtness interest of the ICE, so that a (dynamic) equilibrium arises
that balances ﬁtness loss in tc cells with ICE ﬁtness gain from horizontal transfer and
vertical descent (14).
Interestingly, and this has been rarely recognized, the transient existence of tc cells
necessitates ICEclc to transfer as optimally as possible in order to maximize horizontal
ﬁtness. The adaptations for this process can be seen only at individual cell level. As an
May/June 2019 Volume 10 Issue 3 e01133-19

mbio.asm.org 9

®

Delavat et al.

FIG 5 ICE transfer is favored from tc cells with higher copy number of excised ICEclc. (a and b) Examples
of ICEclc transfer from tc donor cells with excised and replicated ICE (note the 3 to 5 visible LacI-CFP foci

(Continued on next page)
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example, we show here that a transient phase of replication of excised ICE molecules
in tc cells favors more effective transfer (Fig. 5c), which is a selectable feature increasing
the ICE horizontal ﬁtness. Although we could not capture all possible ICE transfers,
because many of them were invisible to the conditional trap, the majority of imaged
transferring tc donor cells displayed more LacI-CFP foci than expected by chance from
the distribution of LacI-CFP foci seen among all tc cells (Fig. 5c, P ⫽ 0.0005). This does
not exclude the possibility that cells with fewer LacI-CFP foci (and consequently, lower
numbers of excised ICE molecules) transfer at all but indicates that tc cells with higher
numbers of ICE replicons have a higher chance of transferring the ICE. Mechanistically,
this may occur through independent ICE transfer events at multiple positions around
the cell or through enhanced delivery rates of multiple single-stranded ICE DNA at a
single conjugative pore. Visual occurrence of quasisimultaneous multiple transfers from
single donor to different neighboring recipient cells (as in Fig. 5b and in reference 14)
would favor the hypothesis of existence of multiple transfer pores, although these have
so far not been seen.
Single-molecule single-cell studies for ICE behavior, as shown here, have important
advantages over the use of population-based qPCR, but inherently have other pitfalls,
which we tried to control for as well as possible. The LacI-CFP system is not perfect, and
as a consequence of image focusing or cell-cell variability of induction by arabinose,
ICEclc “foci” may be missed in individual cells. Thresholding between spurious and real
ICEclc-originated ﬂuorescence foci inevitably results in some 10% of cells without
detectable foci (see Fig. S2 and S4 in the supplemental material), whereas such strains
show no evidence for losing the ICE. At the same conservative focus threshold settings,
however, the high number of foci seen speciﬁcally in tc compared to non-tc cells of
wild-type and ΔmfsR mutant strains is experimentally robust and statistically signiﬁcant
(Fig. 3) and is consistent with the concept of replicating excised ICEclc in tc cells. The
presence of two foci is explained by ongoing chromosome replication in dividing but
not yet separated cells. Given the integration position of ICEclc in the P. putida
chromosome close to the ter region (Fig. 4c), however, it is unlikely that renewed
chromosome replication at the ori in dividing cells could produce 4 CFP foci. Although
small percentages of three CFP foci in non-tc cells or in tc cells of the attL mutant (Fig. 3)
may be attributed to insufﬁciently conservative focus thresholding (Fig. S2), they might
also be the result of speciﬁc replication of integrated ICEclc, as was deduced and
postulated for ICEBs1 in Bacillus subtilis (16, 29, 30), and more recently seen for certain
prophages (31). Colabeling experiments showed that on average the TetR-YFP and
LacI-CFP foci separate in tc cells but not in non-tc cells. This indicates that the ICE
molecule physically disengaged from its nearby chromosomal location and consequently must have been excised in tc cells. Most likely, therefore, even two CFP foci in
small tc cells (⬍1.8 m) reﬂect excised ICEclc, and any number of foci equal to or larger
than three in tc cells indicates replication of excised ICEclc. This conclusion is consistent
with the striking difference in focus distributions in mutants without the attL recombination site, in which the ICE is chromosomally locked (Fig. 3). Further consistent with
population-based studies on other ICEs in B. subtilis and V. cholerae (17, 23), a traI
relaxase seems to be responsible for the replication of the ICE extrachromosomal form,
and both traI and oriT1 but not oriT2 deletions diminished the appearance of tc cells
with more than three CFP foci (Fig. 3). Of note is that a very small proportion of tc cells
in such mutants still displayed 4 foci (Fig. 3), which may point to further alternative

FIG 5 Legend (Continued)
in donor cells, dashed outlines) to neighboring ICE-free recipient cells with the conditional trap (r) and
appearance of eCherry ﬂuorescence (eCHE) as a result of ICE integration (t ⫽ 21 h in panel a and t ⫽ 21.5
h in panel b). Note how a LacI-CFP focus appears in each of two recipient cells in panel b (t ⫽ 14 h), only
one of which is integrated, whereas the other may be aborted (“a”). (c) Observed focus distributions
(maximum per cell lifetime, in percentage of total) in tc donor cells with successful ICEclc transfer to
recipient, compared to the focus distributions of all non-tc and tc cells of the same strain in the absence
of recipient. Data in panel c are from two (non-tc and tc) and four (transfer) independent biological
replicates. Each biological replicate contains 3 technical replicates (i.e., different patches).
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replication mechanisms. In summary, our data thus consistently show that focus
numbers of ⱖ3 in tc cells represent replicated excised ICEclc molecules.
What role(s) may excision replication play in the case of ICEclc? We noticed that the
proportion of cells without any visible CFP foci in general was higher among tc than
non-tc cells (Fig. S4), suggesting that part of tc daughter cells indeed lose ICEclc. This
would be consistent with a previous inference of ⬃20% potential ICEclc loss in tc cells
(14). In contrast, our data did not show a statistically signiﬁcant increase of the
proportion of tc cells without any foci in strains lacking traI or oriT1/2, nor a decrease
in attL mutants (Fig. S4). We acknowledge therefore that ICEclc has a risk to be lost in
dividing tc cells, but we cannot conclude that this risk increases when excised ICE
replication is impaired. Therefore, we cannot conﬁrm that replication would contribute
to ICE maintenance in dividing tc cells, as has been concluded from population-based
studies on ICE in B. subtilis and V. cholerae (16–18). A maintenance mechanism in tc cells
for excised ICEclc seems less ecologically relevant, given their death and disappearance
in exponentially growing cultures (12, 14). Rather, our data indicate that a higher
number of excised ICEclc molecules directly translates into a higher rate or success of
transfer and, therefore, gain of horizontal ﬁtness.
MATERIALS AND METHODS
Strains and culture conditions. Escherichia coli strains used for plasmid cloning were routinely
cultured at 37°C in LB medium, while P. putida strains were grown at 30°C in LB or in 21C minimal
medium (MM) (32) supplemented with 5 mM 3-chlorobenzoate (3-CBA) or 10 mM sodium succinate.
Antibiotics were used at the indicated concentrations, if necessary: ampicillin (Amp), 100 g ml⫺1;
gentamicin (Gm), 20 g ml⫺1; kanamycin (Km), 50 to 100 g ml⫺1. Strains used in this study are listed in
Table S1 in the supplemental material.
ICEclc maintenance in P. putida cultures was veriﬁed by replica plating. A single colony grown for 16 h
on a freshly streaked LB-Km plate from the ⫺80°C stock was inoculated in 10 ml liquid LB with the
required antibiotics for marker selection. Aliquots of 100 l were transferred to 20 ml of MM with
succinate or with 3-CBA (in the absence of antibiotics) and grown to stationary phase (96 h) and from
there serially diluted and plated on MM agar plates with succinate (without antibiotics). One hundred
colonies from each (LB to MM succinate or LB to MM 3-CBA) were then replica plated on MM agar with
succinate and MM agar with 3-CBA. For none of the strains (5230, 5233, 5353, 5357, 5484, 5488, 5712, and
5713, Table S1) was any of the succinate-grown colonies unable to grow on MM with 3-CBA. Hence,
ICEclc was maintained in the absence of selection in more than 99.5% of cells.
Strain constructions and DNA techniques. DNA manipulations and molecular techniques were
performed according to standard procedures (33) and recommendations by the reagent suppliers.
Targeted chromosomal deletions and insertions in P. putida were created by recombination with
nonreplicating plasmid constructs and counterselection techniques as previously described (20, 34).
Recombination was facilitated by including regions up- and downstream of the targeted positions with
sizes of approximately 0.7 kb.
To visualize and quantify ICEclc-containing DNA molecules in individual cells, we deployed the
technique of in vivo binding of ﬂuorescently labeled LacI or TetR to multiple tandem copies of their
cognate binding sites (19). A DNA fragment containing two times 120 lacO copies (lacOARRAY), each
interspaced by 10 random bp and with a Km resistance gene in the middle (19), was inserted within the
amnB gene of ICEclc (8) in P. putida (Fig. 1b). The amnB gene is part of a metabolic pathway involved in
the degradation of 2-aminophenol and nonessential for the conjugative transfer of ICEclc (8). The
corresponding fragment was recovered from pLAU43 (19) using digestion with BamHI and SalI and
cloned into the Pseudomonas recombination vector pEMG (34) (accession number JF965437), ﬂanked by
two 0.7-kb recombination fragments surrounding amnB. Similarly, a tetO array consisting of two times
120 tetO binding sites separated by a Gm resistance gene was extracted from pLAU44 (19) using NheI
and XbaI, cloned into pEMG, and ﬂanked with two fragments for recombination next to the gene
Pp_1867, which is located 12 kb upstream of the insertion site of ICEclc in the genome of P. putida
(accession number NC_002947.4). Proper recombination and marker insertion were veriﬁed by PCR
ampliﬁcation and sequencing.
The araC, lacI-cfp fragment used for arabinose-inducible expression of LacI-CFP under the control of
AraC was ampliﬁed from pLAU53 (19), veriﬁed by sequencing, and cloned in a mini-Tn7 delivery plasmid
(35) (accession number AY599231) using SpeI and HindIII. The araC, lacI-cfp, tetR-yfp fragment used for
ectopic expression of both LacI-CFP and TetR-YFP was retrieved from pLAU53 using digestion with SgrAI
and HindIII and inserted into the mini-Tn7 delivery plasmid at XmaI and HindIII positions. The resulting
plasmids were cotransformed with the Tn7-expressing helper plasmid pUX-BF13 (36) into the different
P. putida strains (Table S1). After selection of transformants for the respective antibiotic resistance
markers expressed by the mini-Tn7 cassette, its proper site-speciﬁc insertion at the glmS site was veriﬁed
by PCR ampliﬁcation.
To differentiate non-tc and tc cells, we used the ICE tc-cell speciﬁc PinR promoter (13, 20), which was
fused to a promoterless echerry gene in a transcriptionally shielded mini-Tn5 transposon and integrated
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in single copy on the P. putida chromosome using a mini-Tn5 delivery vector, as previously described
(14). Three independent mini-Tn5 insertions were kept for each derivative strain.
Epiﬂuorescence microscopy. Fluorescent protein expression in individual cells was examined by
epiﬂuorescence microscopy on a Nikon Eclipse Ti-E inverted microscope, equipped with a perfect focus
system (PFS), pE-100 CoolLED, and a Plan Apo l 100⫻ 1.45 oil objective (Nikon), installed in a controlledtemperature room (22°C).
Cell growth and tc cell development were followed in 50-h-long time-lapse experiments, with cells
seeded on round (ca. 1-cm diameter, 1 mm thick) 1% agarose disks placed inside closed sterilized metal
microscope chambers (12, 14, 37). Surfaces were inoculated with late-stationary-phase (96-h) precultures,
to ensure the presence of tc cells at the beginning of the experiment. Precultures were prepared by
transferring 100 l of an overnight-grown culture on LB with antibiotics to maintain selection of the
chromosomal markers into an Erlenmeyer ﬂask containing 20 ml of MM with 5 mM 3-CBA (without
antibiotics). This culture was incubated for 96 h at 30°C with 200-rpm rotary shaking (cells reach
stationary phase after 24 h). If relevant, at this point L-arabinose was added to the culture at a ﬁnal
concentration of 100 mg liter⫺1 to induce expression of lacI-cfp from PBAD. After a 90-min incubation, 1 ml
of the culture was centrifuged for 2 min at 18,000 ⫻ g to collect the cells, which were resuspended in
10 ml MM without added carbon substrate. Six microliters of this washed preculture was then spread per
agarose disk, which further contained 0.1 mM 3-CBA in MM and 10 mg liter⫺1 L-arabinose to maintain
induction from PBAD.
For observation of chromosome replication in dividing P. putida cells with both LacI-CFP and
TetR-YFP labeling (strain 5601), we imaged cells directly (i.e., without time-lapse) from a liquid culture in
MM with 5 mM 3-CBA and 10 mg liter⫺1 L-arabinose incubated for 4 h at 30°C. For imaging, cells were
concentrated and resuspended as described above and spread on 1% agarose surface on microscope
slides. This culture was prepared by 10-fold dilution from a preculture in MM with 5 mM 3-CBA that had
been grown to stationary phase for 48 h (to ensure tc cell development), after which 100 mg liter⫺1
L-arabinose had been added for 90 min to express LacI-CFP and TetR-YFP. An incubation of 4 h is
sufﬁcient to revive the cells from stationary phase and resume cell division in tc and non-tc cells (note
that any tc cells lysing within this period will be lost from the analysis).
In the case of ICEclc time-lapse transfer experiments, donor cells were prepared as described above.
The P. putida recipient strain with the conditional eCherry-ﬂuorescent ICE-integration trap and ectopically expressing LacI-CFP (strain 5248) was grown with 10 mM succinate for 24 h and incubated with
100 mg liter⫺1 L-arabinose for 90 min. Donor and recipient cells were washed as described above,
resuspended in MM without carbon source, mixed in a 1:2 (vol/vol) ratio, respectively, and seeded on a
1% agarose disk surface with 0.1 mM 3-CBA and 10 mg liter⫺1 L-arabinose as previously done for donor
cells alone.
Seeded agarose disks were turned upside down, cells facing the lower coverslip, and enclosed in an
autoclaved microscopy chamber (Perfusion Chamber; H. Saur Laborbedarf, Germany). Assembled chambers contained four simultaneous patches, one of which remained noninoculated and served to pause
the microscope objective between imagings and avoid light-induced stress on the cells. Chambers were
adapted for 1 h to the temperature (22°C) and humidity of the microscope room, before starting the
time-lapse experiment. Images were recorded at a light intensity of 10% (solar light engine, LED power
4%) and an ORCA-Flash 4.0 camera (Hamamatsu). Exposure times for phase-contrast images were 50 or
100 ms, for eCherry ﬂuorescence were 20 or 50 ms, for CFP ﬂuorescence were 200 or 250 ms, and for YFP
ﬂuorescence were 250 ms. Four positions on each disk were programmed in MicroManager (version
1.4.22) and were imaged every 30 min during 50 h.
As biological replicates, we deﬁne independently seeded agarose disks from separate precultures,
either within the same microscope chamber started on the same day or inoculated at different times. As
technical replicates, we deﬁne cells imaged at different positions on the same agarose disk.
Image analysis. Fluorescence values of single cells obtained from snapshot microscopy experiments
were extracted using an in-house Matlab script as described previously (14), and subpopulations were
quantiﬁed from quantile-quantile plotting (21). tc cells were categorized on the basis of eCherry
ﬂuorescence expressed from the single-copy PinR promoter in quantile-quantile analysis, which scores the
deviation of the observed distribution of eCherry ﬂuorescence among individual cells to the expected
normal distribution assuming a single population (12, 21).
Individual cells in time-lapse image series (up to 100 frames) were segmented using SuperSegger
(22), and both cellular ﬂuorescence and the ﬂuorescence intensities, scores, and positions of up to 9 foci
in individual cells were extracted. Optimized segmentation constants for P. putida were derived from the
“training your own constants” subprocedure in SuperSegger. Extracted data were then analyzed with a
homemade Matlab script (Text S1) (i) to identify tc and non-tc cells; (ii) to derive the genealogy of all cells
and link them within growing microcolonies (cell ID, frame of birth, frame of death, mother and daughter
IDs); and (iii) to count the position, number, normalized ﬂuorescence intensity, and scores of individual
cell foci over time. tc cells were identiﬁed in the ﬁrst image frame on the basis of quantile-quantile
plotting of eCherry ﬂuorescence values as the subpopulation with the highest eCherry ﬂuorescence,
whereas the largest subpopulation with the lower average eCherry ﬂuorescence was considered to
contain non-tc cells. Mother cells forming microcolonies of less than 8 cells were further excluded from
the group of non-tc cells, since they may consist of tc cells with low eCherry starting values. This
procedure was justiﬁed based on previous observations of poor regrowth of tc cells (12). Foci from
segmented cells were thresholded on score and intensity, from values of 1 to 7. In most cases, score and
intensity values of 6 satisﬁed the criteria of (i) no detected foci in P. putida strains without lacARRAY or
LacI-CFP, (ii) minimal number of cells with more than two foci in attL mutant strains (Fig. S2), and (iii) a
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maximum number of foci of 8. Individual cells with more than 4 foci were examined manually using the
superSeggerViewerGUI mode of SuperSegger, and incorrectly segmented cells were removed from the
ﬁnal analysis. Focus distributions among the groups of tc and non-tc cells were normalized to withingroup percentages and compared using Fisher’s exact test, given the absence of an a priori distribution
function. Focus distributions among tc cells of the wild type and mutants were scaled to the total
number of the tc cells of the ﬁrst comparison group (i.e., wild type or ΔmfsR) before comparison in
Fisher’s exact test (Table 1).

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/mBio
.01133-19.
TEXT S1, TXT ﬁle, 0.01 MB.
FIG S1, PDF ﬁle, 1.4 MB.
FIG S2, PDF ﬁle, 1.8 MB.
FIG S3, PDF ﬁle, 1.9 MB.
FIG S4, PDF ﬁle, 0.7 MB.
FIG S5, PDF ﬁle, 1.3 MB.
TABLE S1, PDF ﬁle, 0.1 MB.
MOVIE S1, AVI ﬁle, 8.5 MB.
ACKNOWLEDGMENTS
We thank Stephan Gruber and Nicolas Carraro for critical reading of the manuscript.
We thank Stella Stylianidou for her help and advice with SuperSegger. Patrick Viollier
is thanked for his kind gift of plasmids containing the lacO and tetO arrays, and
araC-controlled LacI and TetR expression.
This work was supported by the Swiss National Science Foundation grants
310030B_156926 and 31003A_175638.
F.D., R.M., and J.R.V.D.M. designed experiments. F.D. and R.M. performed experiments. F.D., R.M., and J.R.V.D.M. analyzed data. F.D., R.M., and J.R.V.D.M. wrote the
manuscript.
The authors declare no competing interests.

REFERENCES
1. Johnson CM, Grossman AD. 2015. Integrative and conjugative elements
(ICEs): what they do and how they work. Annu Rev Genet 49:577– 601.
https://doi.org/10.1146/annurev-genet-112414-055018.
2. Carraro N, Burrus V. 2015. The dualistic nature of integrative and conjugative elements. Mob Genet Elements 5:98 –102. https://doi.org/10
.1080/2159256X.2015.1102796.
3. Delavat F, Miyazaki R, Carraro N, Pradervand N, van der Meer JR. 2017.
The hidden life of integrative and conjugative elements. FEMS Microbiol
Rev 41:512–537. https://doi.org/10.1093/femsre/fux008.
4. Burrus V, Pavlovic G, Decaris B, Guédon G. 2002. Conjugative transposons:
the tip of the iceberg. Mol Microbiol 46:601– 610. https://doi.org/10
.1046/j.1365-2958.2002.03191.x.
5. Burrus V, Marrero J, Waldor MK. 2006. The current ICE age: biology and
evolution of SXT-related integrating conjugative elements. Plasmid 55:
173–183. https://doi.org/10.1016/j.plasmid.2006.01.001.
6. Ravatn R, Zehnder AJB, van der Meer JR. 1998. Low-frequency horizontal
transfer of an element containing the chlorocatechol degradation genes
from Pseudomonas sp. strain B13 to Pseudomonas putida F1 and to
indigenous bacteria in laboratory-scale activated-sludge microcosms.
Appl Environ Microbiol 64:2126 –2132.
7. Miyazaki R, Bertelli C, Benaglio P, Canton J, De Coi N, Gharib WH, Gjoksi
B, Goesmann A, Greub G, Harshman K, Linke B, Mikulic J, Mueller L,
Nicolas D, Robinson-Rechavi M, Rivolta C, Roggo C, Roy S, Sentchilo V,
Siebenthal AV, Falquet L, van der Meer JR. 2015. Comparative genome
analysis of Pseudomonas knackmussii B13, the ﬁrst bacterium known to
degrade chloroaromatic compounds. Environ Microbiol 17:91–104.
https://doi.org/10.1111/1462-2920.12498.
8. Gaillard M, Vallaeys T, Vorhölter FJ, Minoia M, Werlen C, Sentchilo V,
Pühler A, van der Meer JR. 2006. The clc element of Pseudomonas sp.
strain B13, a genomic island with various catabolic properties. J Bacteriol
188:1999 –2013. https://doi.org/10.1128/JB.188.5.1999-2013.2006.
May/June 2019 Volume 10 Issue 3 e01133-19

9. Gaillard M, Pernet N, Vogne C, Hagenbüchle O, van der Meer JR. 2008.
Host and invader impact of transfer of the clc genomic island into
Pseudomonas aeruginosa PAO1. Proc Natl Acad Sci U S A 105:7058 –7063.
https://doi.org/10.1073/pnas.0801269105.
10. Miyazaki R, Yano H, Sentchilo V, van der Meer JR. 2018. Physiological and
transcriptome changes induced by Pseudomonas putida acquisition of
an integrative and conjugative element. Sci Rep 8:5550. https://doi.org/
10.1038/s41598-018-23858-6.
11. Sentchilo VS, Ravatn R, Werlen C, Zehnder AJB, van der Meer JR. 2003.
Unusual integrase gene expression on the clc genomic island of Pseudomonas sp. strain B13. J Bacteriol 185:4530 – 4538. https://doi.org/10
.1128/jb.185.15.4530-4538.2003.
12. Reinhard F, Miyazaki R, Pradervand N, van der Meer JR. 2013. Cell
differentiation to “mating bodies” induced by an integrating and conjugative element in free-living bacteria. Curr Biol 23:255–259. https://doi
.org/10.1016/j.cub.2012.12.025.
13. Minoia M, Gaillard M, Reinhard F, Stojanov M, Sentchilo V, van der Meer
JR. 2008. Stochasticity and bistability in horizontal transfer control of a
genomic island in Pseudomonas. Proc Natl Acad Sci U S A 105:
20792–20797. https://doi.org/10.1073/pnas.0806164106.
14. Delavat F, Mitri S, Pelet S, van der Meer JR. 2016. Highly variable
individual donor cell fates characterize robust horizontal gene transfer of
an integrative and conjugative element. Proc Natl Acad Sci U S A
113:E3375–E3383. https://doi.org/10.1073/pnas.1604479113.
15. Reinhard F, van der Meer JR. 2014. Life history analysis of integrative and
conjugative element activation in growing microcolonies of Pseudomonas. J Bacteriol 196:1425–1434. https://doi.org/10.1128/JB.01333-13.
16. Lee CA, Babic A, Grossman AD. 2010. Autonomous plasmid-like replication of a conjugative transposon. Mol Microbiol 75:268 –279. https://doi
.org/10.1111/j.1365-2958.2009.06985.x.
17. Carraro N, Poulin D, Burrus V. 2015. Replication and active partition of
mbio.asm.org 14

®

Excised ICE Replication Favors Conjugative Success

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

integrative and conjugative elements (ICEs) of the SXT/R391 family: the
line between ICEs and conjugative plasmids is getting thinner. PLoS
Genet 11:e1005298. https://doi.org/10.1371/journal.pgen.1005298.
Wright LD, Grossman AD. 2016. Autonomous replication of the conjugative transposon Tn916. J Bacteriol 198:3355–3366. https://doi.org/10
.1128/JB.00639-16.
Lau IF, Filipe SR, Soballe B, Okstad OA, Barre FX, Sherratt DJ. 2003. Spatial
and temporal organization of replicating Escherichia coli chromosomes.
Mol Microbiol 49:731–743.
Miyazaki R, Minoia M, Pradervand N, Sulser S, Reinhard F, van der Meer
JR. 2012. Cellular variability of RpoS expression underlies subpopulation
activation of an integrative and conjugative element. PLoS Genet
8:e1002818. https://doi.org/10.1371/journal.pgen.1002818.
Reinhard F, van der Meer JR. 2013. Improved statistical analysis of low
abundance phenomena in bimodal bacterial populations. PLoS One
8:e78288. https://doi.org/10.1371/journal.pone.0078288.
Stylianidou S, Brennan C, Nissen SB, Kuwada NJ, Wiggins PA. 2016.
SuperSegger: robust image segmentation, analysis and lineage tracking
of bacterial cells. Mol Microbiol 102:690 –700. https://doi.org/10.1111/
mmi.13486.
Lee CA, Grossman AD. 2007. Identiﬁcation of the origin of transfer (oriT)
and DNA relaxase required for conjugation of the integrative and conjugative element ICEBs1 of Bacillus subtilis. J Bacteriol 189:7254 –7261.
https://doi.org/10.1128/JB.00932-07.
Miyazaki R, van der Meer JR. 2011. A dual functional origin of transfer in
the ICEclc genomic island of Pseudomonas knackmussii B13. Mol Microbiol 79:743–758. https://doi.org/10.1111/j.1365-2958.2010.07484.x.
Pradervand N, Sulser S, Delavat F, Miyazaki R, Lamas I, van der Meer JR.
2014. An operon of three transcriptional regulators controls horizontal
gene transfer of the integrative and conjugative element ICEclc in
Pseudomonas knackmussii B13. PLoS Genet 10:e1004441. https://doi.org/
10.1371/journal.pgen.1004441.
Sentchilo V, Czechowska K, Pradervand N, Minoia M, Miyazaki R, van
der Meer JR. 2009. Intracellular excision and reintegration dynamics
of the ICEclc genomic island of Pseudomonas knackmussii sp. strain
B13. Mol Microbiol 72:1293–1306. https://doi.org/10.1111/j.1365
-2958.2009.06726.x.
Atashgahi S, Sanchez-Andrea I, Heipieper HJ, van der Meer JR, Stams
AJM, Smidt H. 2018. Prospects for harnessing biocide resistance for

May/June 2019 Volume 10 Issue 3 e01133-19

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

bioremediation and detoxiﬁcation. Science 360:743–746. https://doi.org/
10.1126/science.aar3778.
Pradervand N, Delavat F, Sulser S, Miyazaki R, van der Meer JR. 2014. The
TetR-type MfsR protein of the integrative and conjugative element ICEclc
controls both a putative efﬂux system and initiation of ICE transfer. J
Bacteriol 196:3971–3979. https://doi.org/10.1128/JB.02129-14.
Wright LD, Johnson CM, Grossman AD. 2015. Identiﬁcation of a single
strand origin of replication in the integrative and conjugative element
ICEBs1 of Bacillus subtilis. PLoS Genet 11:e1005556. https://doi.org/10
.1371/journal.pgen.1005556.
Thomas J, Lee CA, Grossman AD. 2013. A conserved helicase processivity
factor is needed for conjugation and replication of an integrative and
conjugative element. PLoS Genet 9:e1003198. https://doi.org/10.1371/
journal.pgen.1003198.
Chen J, Quiles-Puchalt N, Chiang YN, Bacigalupe R, Fillol-Salom A, Chee
MSJ, Fitzgerald JR, Penadés JR. 2018. Genome hypermobility by
lateral transduction. Science 362:207–212. https://doi.org/10.1126/
science.aat5867.
Gerhardt P, Murray RGE, Costilow RN, Nester EW, Wood WA, Krieg NR,
Phillips GB (ed). 1981. Manual of methods for general bacteriology.
American Society for Microbiology, Washington, DC.
Sambrook J, Russell DW. 2001. Molecular cloning: a laboratory manual,
3rd ed. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY.
Martínez-García E, de Lorenzo V. 2011. Engineering multiple genomic
deletions in Gram-negative bacteria: analysis of the multi-resistant antibiotic proﬁle of Pseudomonas putida KT2440. Environ Microbiol 13:
2702–2716. https://doi.org/10.1111/j.1462-2920.2011.02538.x.
Choi KH, Gaynor JB, White KG, Lopez C, Bosio CM, Karkhoff-Schweizer RR,
Schweizer HP. 2005. A Tn7-based broad-range bacterial cloning and
expression system. Nat Methods 2:443– 448. https://doi.org/10.1038/
nmeth765.
Koch B, Jensen LE, Nybroe O. 2001. A panel of Tn7-based vectors for
insertion of the gfp marker gene or for delivery of cloned DNA into
Gram-negative bacteria at a neutral chromosomal site. J Microbiol Methods 45:187–195. https://doi.org/10.1016/S0167-7012(01)00246-9.
Reinhard F, van der Meer JR. 2010. Microcolony growth assays, p
3562–3570. In Timmis KN, de Lorenzo V, McGenity T, van der Meer JR
(ed), Handbook of hydrocarbon and lipid microbiology, vol 5. Springer
Verlag, Berlin, Germany.

mbio.asm.org 15

