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Abstract

Horizontal gene transfer (HGT) can trigger rapid shifts in bacterial evolution. Driven by a

variety of mobile genetic elements, in particular bacteriophages and plasmids, the ability to

share genes within and across species underpins the unparalleled adaptability of bacteria.
Nevertheless, invasive mobile genetic elements can also present grave risks to the host, bacteria
have therefore evolved a vast array of defences against these elements®. Here we identify two
plasmid defence systems conserved in the Vibrio cholerae El Tor strains responsible for the
ongoing 7t cholera pandemic2-4. These systems termed DdmABC and DdmDE, are encoded on
two major pathogenicity islands that are a hallmark of current pandemic strains. We show that both
modules co-operate to rapidly eliminate small multi-copy plasmids by degradation. Moreover, the
DdmABC system is widespread and can defend against bacteriophage infection by triggering cell
suicide (abortive infection; Abi). Remarkably, we go on to show that via an Abi-like mechanism
DdmABC increases the burden of large low-copy number conjugative plasmids, including a
broad-host IncC multidrug resistance plasmid, creating a fitness disadvantage that counter-selects
against plasmid-carrying cells. Our results answer the long-standing question of why plasmids,
while abundant in environmental strains, are rare in pandemic strains, have implications for
understanding the dissemination of antibiotic resistance plasmids, and provide insights into how
the interplay between two defence systems has shaped the evolution of the most successful lineage
of pandemic V/ cholerae.

Vibrio cholerae has been responsible for seven cholera pandemics, the latest of which
remains ongoing?. It is caused primarily by strains of the O1 El Tor biotype (7PET), which
have displaced those of the O1 classical biotype responsible for the 6th pandemic®4. Most
strains however are natural inhabitants of the aquatic environment, with only two serogroups

“For correspondence: david.adams@epfl.ch or melanie.blokesch@epfl.ch.

Author contributions

M.J., D.W.A. and M.B. conceived the project, designed the experiments, constructed strains and plasmids, and analysed the results.
M.J. and D.W.A. performed all experiments in collaboration, except for phage assays, which were done by M.J, and microscopy,
which was done by D.W.A. D.W.A performed bioinformatic analyses. D.W.A and M.J wrote the paper with input from M.B. M.B.
acquired funding and supervised the project.

Competing interests

M.B, M.J, and D.W.A. are inventors on the patent application EP21183501.2 filed with the European Patent Office.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Jaskolska et al.

Page 2

(01/0139) capable of causing pandemic disease34. Fundamental to the transition from
environmental resident to pandemic human pathogen has been the acquisition of a variety

of genomic islands, including the cholera toxin prophage (CTX®)?, the Vibrio pathogenicity
islands (VPI-1/2)%7, and more recently, the Vibrio seventh pandemic islands (VSP-1/11),
which are exclusive to the 7PET and define the switch from the 6! to 7" pandemic#8-10,

Thus, HGT has played a key role in the evolution of pandemic V/ cholerae. But HGT can
also pose grave risks. In addition to the immediate danger posed by lytic phage, some
mobile genetic elements can act as parasites, or else carry integrative elements that can
disrupt genomic integrity’112, In response, bacteria have evolved a vast array of defence
systems to counter this threat!. Plasmids, autonomously replicating extra-chromosomal
DNA molecules, are common vehicles for HGT and are ubiquitous throughout the bacteria.
Indeed, plasmids are abundant throughout the Vibrionaceae, including in environmental
strains of \/ cholerae'3-15, However, they are conspicuously absent from most pandemic
strains16-19, The vast majority of these strains lack known plasmid defence systems such as
CRISPR-Cas and Argonaute*20:21, We therefore hypothesised that additional mechanisms
likely await discovery in the 7PET, and that they may have played a crucial role in the
evolution and success of these strains.

Plasmids are unstable in O1 EIl Tor

To test this hypothesis, we first investigated plasmid stability in the representative

7PET strain A1552 during growth for approximately 50 generations with and without
selection. Unexpectedly, the commonly used Escherichia coli ColE1/pMB1/pBR322/pUC-
family plasmid pBAD/Myc-HisA (pBAD) proved to be highly unstable, resulting in gross
morphological defects under selection, likely due to plasmid loss (Fig. 1a-b). Since this
family of vectors is not native to Vibrio sp. we set out to identify a natural V/ cholerae
plasmid to use as a model. As expected, none were detected in the best-studied pandemic
strains. In contrast, 5/15 strains from a collection of environmental isolates were found

to contain a small cryptic plasmid (Extended Data Fig. 1a-b). Characterisation of these
plasmids led to identification of pSa5Y, a 3.5kb plasmid present at 4-5 copies per

genome, which replicates using a Marine RNA-based (MRB) origin of replication!3.14
(Extended Data Fig 1c-f; See Methods). Since MRB plasmids are prevalent throughout the
Vibrionaceae and highly stable in their host species!314:22 we chose to use pSa5Y as a
model plasmid. In contrast to pBAD, selectable pSa5Y derivatives were stable and well
tolerated, but were still gradually lost in the absence of selection (Fig. 1a-b). Strikingly,
when we re-evaluated plasmid stability in a diverse set of environmental, clinical and
pandemic V. cholerae strains, pSa5Y was highly stable in all tested strains, except those of
the O1 El Tor clade (Fig. 1c). This phenotype was not specific to pSa5Y since a neutral
plasmid backbone containing various different origins of replication also behaved similarly
(Fig. 1d).

Discovery of two DNA defence modules

The stability of pSa5Y in 0139 strains was unexpected. These strains represent a discrete
lineage of 7PET and are thought to have emerged after an O1 El Tor ancestor acquired
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the O139-antigen-specific genes by HGT23:24, Indeed, simply serogroup-converting A1552
from O1 to 0139 by natural transformation24 had no effect on plasmid stability (Fig.

2a-b). However, 0139 strains also carry a truncated version of VPI-2, a 57kb island

that harbours a sialic-acid utilisation cluster, a restriction-modification (R/M) system, and
a predicted phage defence system (Zorya)”+2° (Fig. 2a). Strikingly, a partially serogroup-
converted transformant that had co-transferred this deletion exhibits complete plasmid
stabilisation (Fig. 2a-b). To determine which of the 28 missing genes is responsible for this
phenotype, we performed a deletion series across VPI-2, followed by individual deletions
and complementation assays (Fig. 2c-¢). This revealed that the 2-gene operon VC1771-70
is required for plasmid destabilisation. Furthermore, while both genes could complement
their respective individual deletions, neither was capable of complementing the whole region
deletion, suggesting that they work together. Importantly, the role of this region in plasmid
destabilisation is conserved in a representative set of 7PET strains (Extended Data Fig. 2a).
However, VPI-2 is intact in the 61 pandemic classical strain 0395, and the related 037
serogroup strain ATCC25872, both of which keep plasmids, and express VC1771-70 at
similar levels to A1552 (Extended Data Fig. 2b), suggesting that additional genes are likely
involved in plasmid destabilisation.

Defence systems are often enriched on genomic islands2>26. We therefore investigated the
involvement of additional pathogenicity islands by deleting VPI-1, VSP-I and VSP-II (Fig.
2f). Strikingly, in the absence of VSP-11, a 27kb island of mostly unknown function®,

about 2/3 of cells now retained the plasmid (Fig. 2g-h). Following the same deletion

and complementation approach outlined above we determined that the 3-gene operon
VC0492-90 is required for plasmid destabilisation and that these genes likely work together
(Fig. 2i-K). Interestingly, closer inspection of 0395 and other classical strains examined,
which lack VSP-11, revealed a common substitution (E891K) in VC1771 that impairs its
function and renders its activity VC0492-90-dependent (Extended Data Fig. 2c-e), thus
explaining why plasmids are stable in classical strains despite the presence of VC1771-70.

Plasmids carrying various origins of replication largely behaved similarly to pSa5Y in the
absence of either VC1770 or VC0490, confirming that these phenotypes are not specific

to the model plasmid. However, the p15A origin plasmid was stabilised only by the

deletion of VC0490, suggesting that some degree of specificity is present. Indeed, the gross
morphological defects associated with instability of the pBAD plasmid were also rescued
specifically by the loss of VC0492-90 (Extended Data Fig. 2f-g). Finally, we found no
evidence of regulatory cross-talk between the expression of the two operons (Extended Data
Fig. 2h). Thus, both VC1771-70 (VPI-2) and VC0492-90 (VVSP-II) are required for plasmid
destabilisation in 7PET. Moreover, since deletion of VC1771-70 results in a near total loss
of plasmid elimination, whereas the effect of VC0492-90 is intermediate, these data suggest
a model whereby the two discrete systems work together, with VC0492-90 acting either

to enhance VC1771-70 activity or else acting in a VC1771-70-dependent manner. Given
these results, we propose to rename VC0492-90 and VC1771-70 to DNA-defence modules
DdmABC and DdmDE, respectively.
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DdmABC and DdmDE have distinct activities

To test this model, we created ectopically integrated arabinose-inducible versions of each
operon (.e. ThddmABC and ThddmDE), both of which could complement the deletion

of their respective operons (Fig. 3a). In a double deletion background (Addm), DdmDE
production resulted in complete plasmid elimination. In contrast, although DdmABC also
led to significant plasmid loss, this was incomplete. Thus, both systems can function
independently when overexpressed. Next, using £. coli as a heterologous system, we tested
for activity against a variety of plasmid origins (Fig. 3b). Notably, DdmDE production

was sufficient to eliminate plasmids from most cells within only 10 generations, indicating
that its activity is independent of the mode of plasmid replication. In contrast DdAmABC
production had no obvious effect on plasmid stability. Interestingly, however, in both
organisms 7nddmABC produced a strong growth defect under full induction, with swollen
cells that often appeared to be either anucleate or have otherwise defective nucleoids
(Extended Data Fig. 3a-c). Moreover, this toxicity was plasmid-dependent, and enhanced
by the absence of DdmDE, suggesting that plasmid DNA (pDNA) renders DdmABC active
against the host.

Since some defence systems can target both plasmids and bacteriophagel-27, we challenged
E. coli cells expressing each operon with a panel of five well-characterised coliphages.
Remarkably, while DdmDE had no obvious effect, DAmABC production provided
substantial protection against phages A and P1, mediating a >4-log decrease in the
efficiency of plague formation (Fig. 3c). Given the plasmid-dependent toxicity observed
with DdmABC, we hypothesised that phage protection might be mediated by abortive
infection (Abi), a mechanism that by sacrificing infected individuals prior to the completion
of phage replication, provides population level immunity28. To test this, we followed the
kinetics of P1 infection, in the absence and presence of DdmABC production (Fig. 3d). At
low multiplicity of infection (MOI), where only a subpopulation of cells is initially infected,
DdmABC provided robust protection against phage-induced culture collapse. In contrast, at
high MOI, where the majority of cells should be infected, DdmABC tiggered growth arrest
and lysis at 30min, approximately 20min prior to the phage-induced lysis observed in the
no-system control, demonstrating that DdMABC acts via Abi.

To further investigate Ddm activity in V/ cholerae we visualised pSa5Y using a ParBMT1/
parSMT fluorescent labelling system?9. Cells carrying pSa5Y-parSMT1 contained multiple
highly mobile foci, consistent with pSa5Y being a low multi-copy number plasmid
(Extended Data Fig. 4a, Supplementary Video 1). Quantification by microscopy and
plating confirmed that labelling does not affect plasmid stability. Furthermore, although
some plasmid loss was already apparent by 10 generations, the most prominent difference
was that a subset of cells contained large plasmid clusters that were largely absent in
AddmABC (Extended Data Fig. 4b-f). Upon overexpression of either dadmDE or ddmABC
in the presence of the other system, we observed rapid plasmid elimination within the
same time-frame, though DdMABC was noticeably less efficient and cells retained bright
plasmid clusters (Fig. 3e). Remarkably, DdmDE produced alone in the double deletion
background remained highly efficient, whereas DAmABC production led to cells with
abnormal morphologies, most of which retained plasmids in large static clusters (Fig. 3e,
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Supplementary Video 2). Time-course experiments revealed that plasmid elimination by
DdmDE was rapid, occurring within only a few generations, and was unaffected by blocking
cell division, indicating that DdmDE likely degrades pDNA (Extended Data Fig. 5a). In
contrast, DdAmABC-dependent cluster formation occurred more slowly, and blocking cell
division significantly enhanced plasmid-dependent toxicity, likely reflecting the inability

to lose plasmids by dilution upon division (Extended Data Fig. 5b). Finally, none of the
proteins individually displayed any activity in either plasmid elimination, clustering or
phage defence (Extended Data Fig. 6a-d). Taken together, these data suggest that under
physiological conditions, DdmDE eliminates plasmids by degrading them and that this
process is enhanced by DdmABC.

Mechanistic insights into Ddm activity

The ddm operons are not part of a known defence system. Bioinformatic analysis of

DdmD revealed an N-terminal helicase domain containing conserved residues involved

in nucleotide binding and hydrolysis characteristic of superfamily 2 helicases3°, and a C-
terminal domain containing a PD-(D/E)xK superfamily nuclease motif3! (Fig. 3f, Extended
Data Fig.7, Supplementary Tables 1-3). Variants designed to disrupt either ATP-binding
(DdmD[K55A]) and hydrolysis (DdmD[E273A]) or nuclease activity (DdmD[K1102A]) all
abolished plasmid elimination (Fig. 3g). These variants remained non-functional even when
overproduced, although DdmMD[K1102A] exhibited residual activity that was ddmABC-
dependent, suggesting DdMABC can partially compensate for the loss of nuclease activity
(Extended Data Fig. 8a-c). In contrast, structural modelling indicated a possible relationship
between DdmE and prokaryotic Argonautes (pAgo), which typically act as nucleic acid
guided endonucleases involved in defence?’-32, However, DdmE was not identified in

a recent comprehensive analysis of pAgos?! and we were unable to detect canonical
Argonaute domains (e.g. PIWI). Nevertheless, since pAgos are often catalytically inactive,
instead functioning with a partner nuclease®!, one possibility is that DdmE functions as a
pAgo-like DNA-sensor, with DdmD acting as the effector. Interestingly, two-gene operons
encoding DdMDE homologues are found throughout the Vibrionaceae as well as in the
Lactobacillaceae (Extended Data Fig. 9a-c).

Analysis of DAmABC revealed that DdmC is an SMC-like protein, with a characteristic
globular head domain composed of N- and C-terminal nucleotide binding motifs, separated
by a central coiled-coil arm33 (Fig.3h, Extended Data Fig.7, Supplementary Tables 1-3).
Structural Maintenance of Chromosomes (SMC) family proteins such as MukB form
multi-subunit complexes with the non-SMC protein MukE and the kleisin MukF, and are
required for proper chromosome organisation33:34, However, given its comparatively small
size (653 aa), short coiled-coil region (c.a. 20 nm), and lack of a recognisable hinge or
zinc-hook domain, DdmC more closely resembles RecN, an SMC-like protein involved

in double-strand break repair33:35, Moreover, the Walker B motif sits within a domain of
unknown function (DUF3732), and carries an atypical E to Q substitution, suggesting it
may be defective33:34, Further distinguishing DdmABC from canonical SMC complexes,
as well as the 4-gene Wadjet/MksBEFG anti-plasmid defence system that combines an
SMC complex and a topoisomerase, is that it appears to lack direct equivalents of MukE
and MukF25:36:37|nstead, DdmA is predicted to consist of an N-terminal Cap4 dsSDNA
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endonuclease domain, containing a PD-(D/E)xK superfamily nuclease motif38, and a C-
terminal domain of unknown function, while DdmB encodes a small protein with the
DUF6521 (Fig. 3h, Extended Data Fig.7). Operons of similar organisation (multidomain
protein with a predicted effector domain, a middle component, and an ATPase) have
recently been classified as a novel clade of the ABC type ATPases, suggested to function
in defence3?. Variants designed to disrupt either DdmA nuclease activity (DdmA[K57A])
or DdMC ATP-binding (DdmC[K40A]) abolished plasmid elimination (Fig. 3i), and even
when overproduced remained defective for plasmid-dependent clustering and toxicity, and
efficient anti-phage activity (Fig. 3c, Extended Data Fig. 3a, 8d-f). Notably, three-gene
operons encoding a DUF3732-containing DdmC-like protein are widespread throughout the
Proteobacteria, and intriguingly, are found on plasmids of the Rhizobiaceae including the
Agrobacterium tumefaciens tumour-inducing plasmid (Extended Data Fig. 9d-e).

Ecological relevance of Ddm systems

To further investigate the relevance of the Ddm systems to the ecology and evolution of

V/ cholerae we examined a collection of naturally occurring plasmids, ranging from small
(<10kb) multi-copy number plasmids, to large low-copy conjugative plasmids (pSA7G1,
79.4kb; pW6G, 306.5kB; pVCR94, 171.8kb). Notably, pVCR94 is part of the IncC

family of broad-host multi-drug resistance (MDR) plasmids that foster dissemination of
antibiotic resistance in diverse Gram-negative pathogens*%:41 and are the only plasmids
known to be stable in 7PET16:19, As expected, all small plasmids were unstable in a
Ddm-dependent manner. However, the large plasmids appeared to be unaffected by Ddm
(Fig. 4a). Next, we tested whether Ddm affects plasmid acquisition. While we observed

no meaningful differences on plasmid acquisition by natural transformation, acquisition by
either electroporation or conjugation was increased in the absence of ddmABC (Extended
Data Fig. 10a-c). This was especially clear for the large plasmids, with a 5-20 fold increase
in transfer, although for pSA7G1, DdmABC and DdmDE had an additive effect (Fig. 4b).
Thus, both systems can also reduce the acquisition of plasmids in 7PET.

Using pVCR94, we further investigated large plasmid stability. Genes implicated in plasmid
stabilisation or host defence evasion#243 mostly proved dispensable, though we were unable
to delete parAB (Extended Data Fig. 10d). Likewise, pVCR94 does not globally inactivate
Ddm activity, since its presence had no effect on pSa5Y elimination (Extended Data Fig.
10e). In contrast, full induction of ThddmABC resulted in significant plasmid elimination
and was accompanied by a clear plasmid-dependent growth defect (Extended Data Fig.
10f-g). Given that DdAmABC can act against the host upon sensing plasmids or phage, we
hypothesised that at physiological levels, plasmid recognition by DdmABC might generate
a subtle but continuous growth defect, which may lead to strains being outcompeted by non-
burdened plasmid-free cells. To test this, we competed plasmid-free WT cells with either
WT or Addm carrying the large plasmids pW6G and pVVCR94, which both appear to be
targeted specifically by DAmABC, revealing that plasmid-carrying cells exhibit a substantial
Ddm-dependent competitive defect. As predicted, time-course experiments showed that this
results from a small defect that gradually accumulates over time (Extended Data Fig. 10h-i).
Moreover, individual deletions confirmed that this phenotype was DdmABC-dependent (Fig.
4c¢). Interestingly, although Addm greatly relieved the fitness defect, it was not complete,
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indicating that the plasmids themselves likely impart a burden. Thus, in the absence of
selection, DAMABC removes large plasmids from the population by creating an enhanced
fitness-cost that favours plasmid-free cells.

Widespread antibiotic use during African cholera epidemics has been linked to the
proliferation of IncC MDR plasmids!®. Given their stability and efficient spread by
conjugation, these plasmids would be predicted to be maintained. However, these strains
have largely been displaced by Asian isolates carrying SXT/R391 family integrative
conjugative elements (ICE)*4, which globally are now the dominant form of MDR in V/
cholerae®. Given the DAmABC-dependent burden faced by plasmid-carrying cells, we
hypothesised that ICE-containing strains would likely have a fitness advantage. Indeed,
competition experiments using A1552 derivatives containing two different ICEs (SXT and
Vehind5*4), revealed that although the ICE themselves impart a cost, this was significantly
lower than with p\VCR94 (Extended Data Fig. 10j). Furthermore, both ICE-carrying strains
tested outcompeted pVVCR94-containing cells (Fig. 4d), demonstrating that the DdmABC-
enhanced burden of plasmid carriage may have contributed to the switch from large MDR
plasmids to ICE.

Discussion

The principal finding of this work is the discovery of the Ddm systems in 7PET and that
they can work together or independently to defend against plasmids and bacteriophages
(Extended Data Fig. 10k). DdmDE eliminates small plasmids by degradation. DAmABC
enhances this activity, either by clustering plasmids and/or directly participating in their
degradation. In contrast, by targeting the infected host DdAmABC defends the population
against bacteriophage infection by a classical Abi mechanism. Remarkably, DdmABC also
eliminates large conjugative plasmids via a similar Abi-like mechanism that counter-selects
against plasmid-carrying cells. Thus, the combined activity of the Ddm systems provides a
compelling explanation to why plasmids are largely absent from 7PET.

How ‘foreign’ DNA is discriminated remains unclear. An attractive possibility is that DdmE
acts as a pAgo-like DNA-sensor to direct DdmD helicase-nuclease activity. Indeed, pAgos
have been shown to preferentially form guides targeting plasmids based on their multi-copy
nature and lack of Chi sites compared to chromosomal DNAZ7:32_ |n contrast, DdmABC
toxicity is activated by the presence of non-self DNA. Interestingly, the Cap4 nuclease
domain present in DdmA was shown to be a promiscuous nuclease38, which in cyclic
oligonucleotide-based anti-phage signalling systems (CBASS) is maintained as an inactive
monomer until ligand-induced oligomerisation3845, Since DdmA lacks the oligonucleotide-
sensing SAVED domain38, we propose that nuclease activity is coupled directly to DNA-
sensing by the SMC-like protein DdmC. Indeed, upon recruitment to DNA SMC family
proteins form oligomeric structures and can distinguish between various DNA features

such as size, topology and damage33:34. Notably, diverse host defence systems utilise SMC-
like proteins (SMC5/66, Wadjet/MksBEFG2%37, Lamassu2°), suggesting that their inherent
ability to act as DNA-sensors has been exploited multiple times throughout evolution. Given
that DdAMABC homologues appear to be widespread, we propose that the DUF3732 present
in DdMC may define a new family of SMC-like proteins dedicated to defence.
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Pandemic strains of V/ cholerae are adapted to a life-cycle centred on the human host. Thus,
the ability to reduce the carriage of undomesticated plasmids that can impart an immediate
growth defect, defend against bacteriophage, and possibly also eliminate temperate phage
that propagate as plasmids, all have clear potential evolutionary benefits for maintaining the
fitness of these strains!1:12.15, Nevertheless, future work will still be required to distinguish
between the beneficial consequences of Ddm activity and the factors driving their evolution,
especially given that although DdmABC provides population level protection, it is costly

to individual cells. Interestingly, by reducing both the acquisition and accelerating the
purification of plasmid-carrying cells from the population, systems such as DAmABC can
defend against the persistence of parasitic plasmids, which can persist without selection
due to high rates of conjugation or adaptationl147. However, another consequence of
DdmABC activity is that beneficial plasmids will only be maintained through selection.
This has important implications for understanding the dissemination of antibiotic resistance
plasmids#’. Indeed, this may have contributed to the failure of IncC plasmids to persist

in the 7PET, with MDR now primarily encoded by SXT-like ICEL9, which interestingly,
also harbour anti-phage defence systems“8. Finally, the ability of DdmABC to act as a
dual-function Abi system, targeting both phage and plasmids, raises the prospect that other
Abi systems may also have roles beyond phage defence, as has recently been proposed*®.

In conclusion, VVPI-2 appears to be a canonical defence island, with three distinct defence
systems (Zorya, R/M, DdmDE) clustered together. Moreover, although the VVSP islands are
thought to have played a key role in the success of 7PET810, until recently their role had
remained unclear. Indeed, even though relatively small, VSP-1 (14kb) has been shown to
contain two separate phage defence systems, comprising the DncV-CapV CBASS#5:50.51
and DcdV52 systems. Furthermore, we show here that VVSP-11 harbours the multi-purpose
plasmid/bacteriophage defence module DdmABC, and that its role in defence against small
plasmids is functionally coupled to VPI-2. Importantly, although VVSP-11 exists in several
different configurations1%53, many bearing large deletions, a recent survey of 1070 7PET
isolates showed that ddmABC remains highly conserved!®. We therefore propose that the
combined capabilities of these islands to defend against various MGEs has played a key
role in the evolution of 7PET, likely contributing to the displacement of the 6! pandemic
strains that lack these mechanisms, and thus its emergence as the most successful lineage of
pandemic V. choleraeto date.

Bacterial strains

The bacterial strains used in this study are listed in Supplementary Table 4. A1552, the
primary V. cholerae TPET strain used throughout this work is a fully sequenced toxigenic
O1 El Tor (Inaba) representative of the on-going 7" cholera pandemic®. Experiments in £,
coliwere performed using the E. coli K-12 strain MG1655. Cloning was done using £. coli
strains DH5a, TOP10, and where appropriate, strains S17-1A pirand MFD pirwere used for
the propagation of plasmids with the conditional R6K origin of replication and for bacterial
mating.
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Growth conditions

Bacteria were cultured either in Lysogeny Broth (LB-Miller; 10 g/l NaCl, Carl Roth,
Switzerland) with shaking at 180 rpm or on LB agar plates, at 30°C or 37°C, as required.
Where appropriate, antibiotic selection was done with ampicillin (Amp, 50 or 100 pg/ml),
kanamycin (Kan, 75 pug/ml for V/ cholerae, 50 ug/ml for E. colf), gentamicin (Gent, 50
ug/ml), streptomycin (Strep, 100 pug/ml), rifampicin (Rif, 100 pg/ml), zeocin (Zeo, 100 pg/
ml), erythromycin (Erm, 25 pg/ml) and nalidixic acid (Nx, 40 pg/ml). Counter-selection of
E. colifollowing mating into V/ cholerae was performed using thiosulfate citrate bile salts
sucrose (TCBS; Sigma-Aldrich) agar supplemented with appropriate antibiotics. Mating
with MFDpir derivatives to introduce the mini-Tn7 transposon into £. coli strain MG1655
was performed on agar supplemented with 0.3 mM diaminopimelic acid (DAP; Sigma-
Aldrich) followed by selection of transconjugants on agar supplemented with gentamicin.
SacB-based counter-selection was done on NaCl-free media supplemented with 10%
sucrose. For strain construction by natural transformation, V. cholerae was grown on chitin
flakes in 0.5x defined artificial seawater (DASW) supplemented with 50 mM HEPES and
vitamins (MEM, Gibco), as previously described>26. To induce expression from the Asap
promoter growth media were supplemented with L-arabinose to a final concentration of
either 0.02% or 0.2%, as indicated. To inhibit cell division in V/ cholerae, cells were cultured
with cephalexin (5 pg/ml).

Strain construction

DNA manipulations and molecular cloning were performed using standard methods®’.
Genetic engineering of V/ cholerae was done using either natural transformation and
FLP-recombination (TransFLP)3°:28:59 or by allelic exchange using the counter-selectable
plasmid pGP704-Sac28 delivered via bi-parental mating from £. coli, as previously
described®0. All constructs were verified by colony PCR and Sanger sequencing
(Microsynth AG, Switzerland), and analysed using SnapGene Ver. 4.3.11. A mini-Tn7
transposon carrying araC and the gene(s) of interest under control of the Agap promoter was
integrated into a neutral chromosomal locus downstream of g/mSin V. cholerae and E. coli
by tri-parental mating, as previously described®?.

Plasmid construction

The plasmids used and constructed in this study are described in Supplementary Table

5. All inserted fragments were verified by sequencing (Microsynth AG, Switzerland). To
test the stability of plasmids using different replicons, various origins of replication were
cloned into a neutral plasmid backbone (pMJ174) containing the conditional R6K or7that
is inactive in the tested strains (Supplementary Table 5). The primers used for cloning the
origins of replication of various plasmids are listed in Supplementary Table 6. For plasmids
pSa5Y, pE7G2, pSA7G1, and pW6G a kanamycin resistance cassette was introduced

by natural transformation on chitin in the native plasmid-carrying strains, using a PCR
fragment containing the kanamycin resistance gene flanked by sequences homologous to
the respective plasmid. Plasmid DNA was isolated using either a GenElute HP Plasmid
Miniprep Kit (Sigma-Aldrich) or a PureYield™ Plasmid Miniprep System (Promega).
Where required, plasmids were introduced into electro-competent cells of V/ cholerae by
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electroporation at 1.6 kV and into chemically competent cells of £. coliusing a standard
heat shock protocol. Large, conjugative plasmids were transferred to V/ cholerae recipients
by mating on agar plates with a donor E. coli strain carrying the plasmid.

Sequencing of plasmids

The sequence of pSa5Y was initially obtained from a preliminary genome sequence of
strain Sa5Y, and was subsequently confirmed by Sanger sequencing. Plasmids pSL4G

and pSO5Y, from strains SL4G and SO5Y, were identified as pSa5Y-like by PCR and
were sequenced using the same primers as for pSa5Y. To obtain the sequence of the

two non-pSa5Y-like plasmids pSA7G3 and pE7G2, from strains SA7G and E7G, plasmid
DNA was digested with £coRV, 5’end phosphate groups were removed with Calf Intestinal
Alkaline Phosphatase (New England Biolabs), and the linearised fragments inserted into
the pCR-Blunt II-TOPO™ vector (Thermo Fisher Scientific). Plasmid DNA from positive
clones was isolated and the inserted fragments sequenced using vector-specific primers. The
remainder of the plasmids were sequenced with primers annealing to the regions identified
in the first round.

Characterisation of pSa5Y and identification of the origin of replication

Plasmid pSa5Y (3494bp) was isolated from strain Sa5Y, which is part of a collection

of Californian environmental V/ cholerae isolates2. Quantitative PCR (qPCR) showed

it is present at c.a. 4-5 copies per genome (Extended Data Fig. 1c). It carries 5 open

reading frames of unknown function, including a gene encoding a putative adhesin, is
non-conjugative and lacks a recognisable origin of transfer. Notably, characteristic genes
involved in plasmid maintenance and partitioning such as toxin-antitoxin or parAB are also
absent, and it could readily be cured (see below). BLAST-N analysis of the full-length
pSa5Y sequence (3494 bp) was used to probe for conserved regions that could be indicative
of an origin of replication. A ~500 bp region of pSa5Y was found to be widely conserved
in plasmids of the Vibrionaceae, including numerous known members of the Marine RNA-
based (MRB) plasmid family, which uses an RNA primer to initiate replication and an anti-
sense RNA to control copy number!3:14, Comparison of this region with the minimal origin
region of the prototype MRB plasmid pB1067 from Vibrio nigripulchritudot® revealed a
high degree of sequence identity (79%), as well as sequences encoding equivalents of the
RNA I and RNA 11 species required for proper origin function (Extended data Fig. 1d-e).
The functionality of the identified origin region was confirmed by its ability to impart
pir-independent replication to an otherwise conditionally replicating plasmid containing the
pir-dependent R6K origin of replication (Extended data Fig. 1f).

pSa5Y curing

pSa5Y was cured from strain Sa5Y by integrating a counter-selectable allele of the

a subunit of phenylalanyl-tRNA synthetase, pheS*H{A294G/T251A], which renders cells
sensitive to 4-chloro-phenylalanine (c-Phe; Sigma Aldrich)53.64. Briefly, a PCR fragment
containing FRT-gp/ipheS*FRT as well as flanking regions homologous to sequences on
either side of the adhesin gene was integrated into pSa5Y in its native strain by natural
transformation on chitin. An overnight culture of the resulting strain was diluted 10-fold,
spread on LB plates containing 20 mM c-Phe, and incubated overnight at 30°C. The
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resulting colonies were screened for kanamyecin sensitivity and the loss of pSa5Y was
confirmed by PCR with plasmid-specific primers and by agarose gel electrophoresis of
plasmid DNA extractions.

Plasmid copy number

The copy humber of pSa5Y was determined by quantitative PCR (qPCR) using the ratio

of plasmid-specific amplification to the amplification of a genome-specific fragment, as
previously described®®. Cultures of strain Sa5Y were grown to either exponential (O.D.ggo ~
0.4-0.5) or stationary phase (overnight culture) and total DNA extracted using the DNeasy
Blood and Tissue Kit (Qiagen) according to manufacturer’s instructions. DNA was diluted
to a concentration of 1 ng/pl and used for gPCR runs (LightCycler Nano, Roche) with
primer pairs annealing within the plasmid and to the genomic gyrA sequence. The standard
curve was prepared using a serial dilution (103107 copies/pl) of the calibrator plasmid
pCal-Sa5Y-1, which contains cloned fragments of the regions of pSa5Y and gyrA (1:1
amplified fragment ratio) used as targets for qPCR.

Plasmid stability assay

Plasmid stability assays were done using the indicated plasmids. For pSa5Y stability,

the AmpR and KanR derivatives, pSa5Y-Amp and pSa5Y-Kan were used interchangeably,
as needed. Overnight cultures grown in the presence of antibiotic selection (designated

as generation 0) were back-diluted to an O.D.ggg of = 0.0025 in fresh LB medium, in

the absence and presence of selection, as indicated, and grown with shaking at 30°C

for approximately 10 generations, as estimated by optical density. To achieve growth for
approximately 50 generations, cultures were back-diluted every 10 generations. At the
desired end-point, cultures were serially diluted in PBS (phosphate buffered saline), spread
on non-selective LB agar plates, and grown overnight at 30°C. The next day, 100 colonies
were picked at random, patched onto selective media containing the appropriate antibiotic,
and grown overnight at 30°C. Plasmid stability was calculated as the percentage of antibiotic
resistant (7.e. plasmid-carrying) clones.

Quantitative Reverse Transcription PCR (QRT-PCR)

Overnight cultures were back-diluted 1:100 in LB medium and grown at 30°C with agitation
for 3 h. RNA purification, cDNA synthesis and quantitative PCR were performed as
previously described®8. A LightCycler Nano was used for gPCR runs. Transcript levels

in the graphs are presented as relative to the mRNA levels of the reference gene gyrA. The
data were analysed with the LightCycler Nano software package v. 1.1.0 (Roche) using the
standard curve method.

Bacteriophage plaque assay

The E. coliphages used in this study are listed in Supplementary Table 7 and were obtained
as active cultures from the German Collection of Microorganisms and Cell Cultures
(DSMZ). Overnight cultures of prey £. coli strains were back-diluted 1:100 in LB medium
supplemented with 0.2% arabinose and grown at 37°C with shaking for 2 h. Exponentially
growing cultures were then diluted 1:40 in a molten top agar (LB + 0.5% agar supplemented
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with 5 mM CaCl,, 5 mM MgCl, and arabinose), poured on top of a bottom layer of
pre-solidified LB + 1.5% agar, and allowed to dry for 1 h. Phage were serially diluted

in LB + 5 mM CaCl,, 5 mM MgCl, and 5 pl of each of the dilutions spotted onto the
seeded plates. Plates were imaged after incubation overnight (~ 16-18 h) at 37°C. Fold
protection was calculated as the ratio of the number of plaques for the no system control
(Tn-empty) to the number of plaques for strains expressing either ddmDE, ddmABC, or the
various variants and individual components of DAmABC, and is expressed as the mean of
three independent biological repeats. For representative examples of each plaque assay, see
Supplementary Figure 1.

kinetics

To follow the dynamics of P1 infection, overnight cultures of prey £. colistrains were
back-diluted 1:100 in LB medium supplemented with 0.2% arabinose and grown at 37°C
with shaking for 2 h. Cultures were then diluted 1:10 into LB supplemented with 5 mM
CaCly + 5 mM MgCls, + 0.2% arabinose. 180 ul of the diluted cultures were then added
to wells of a 96-well plate containing 20 ul of phage P1 at multiplicity of infection (MOI)
0, 0.2 and 10 (in technical triplicate). Bacterial growth at 37°C with shaking was followed
using a SpectraMax® i3x (Molecular Devices, USA) plate reader at 6 min intervals for a
total of 49 cycles.

Concentrated P1 phage lysates were prepared by infecting exponentially growing cells of £.
colf strain MG1655 at 37°C with phage P1 in LB medium supplemented with 5 mM CaCl,
and 10 mM MgCl,. Following almost complete lysis of the culture (3.5 h), lysates were
centrifuged, passed through a 0.2 um filter and chloroform added to a final concentration of
1% to prevent bacterial growth. Phage titres (pfu/ml) were determined on plates seeded with
strain MG1655. To calculate the MOI, cultures of strains MG1655-Tn-empty and MG1655-
TnddmABC were grown exactly as described in the assay above and colony forming units
(cfu/ml) determined by spotting serially diluted cultures on LB plates, and are the mean of
three independent biological repeats.

Cells were immobilised on slides coated with 1.2% wi/v agarose in PBS, covered with a N°1
coverslip and examined using a Zeiss Axio Imager M2 epi-fluorescence microscope attached
to an AxioCam MRm camera, controlled by Zeiss Zen software (ZEN 2.6 blue edition).
Images were acquired using a Plan-Apochromat 100x/1.4 Ph3 oil objective illuminated

by an HXP120 lamp, and were analysed and prepared for publication using ImageJ (Ver
2.1.0/1.53h; http://rsh.info.nih.gov/ij). To stain bacterial nucleoids, cultures were incubated
with 4°,6-Diamidino-2-phenylindole dihydrochloride (DAPI; Sigma Aldrich) at 5 pg/ml for
30 min at RT, before being washed once with PBS.

Plasmid labelling and quantification

Plasmids were visualised by a ParB-parsS labelling approach?®, using strains constitutively
producing yGFP-pMT1A23ParB and carrying pSa5Y-Kan variants harbouring the pMT1
parS site. Briefly, the /acZregion of the V/ cholerae E7946 strain TND1379 (AlacZ:: Py
CFP-parB°, yGFP-parBMT! ZeoR)87 was amplified by PCR and moved into V/ cholerae
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A1552 by natural transformation. A pair of oligonucleotides harbouring a 148 bp fragment
containing the pMT1 parS site was used to introduce the parS site into pSa5Y-Kan by
inverse PCR. To verify that ParB labelling did not affect plasmid stability, cultures were
grown overnight with selection before being back-diluted to O.D.ggg ~ 0.0025 in fresh media
and grown for approximately 50 generations without selection. Cells were then processed
for plasmid stability determination by plating, as described above, as well as being examined
directly by fluorescence microscopy. To quantify plasmid stability, approximately 1600

cells were counted per strain, per condition, per repeat, and manually scored as either
plasmid positive (=1 yGFP-ParBMT1 focus) or plasmid negative (yGFP-ParBMT! diffuse).
To examine the effect of DdmMDE and DdmABC overproduction on plasmid localisation and
stability, cells were imaged after growth without selection for approximately 10 generations,
in the absence and presence of inducer, as indicated. Plasmid stability was determined

by microscopy, as described above, by counting approximately 700 cells per strain, per
condition, per repeat.

Bioinformatics analysis

Sequence similarity searches were done with BLAST-P and with the PHMMER tool of the
HMMER webserver version 2.41.1 (ebi.ac.uk/Tools/hmmer/) using the ensemblgenomes
(v.44) database (http://ensemblgenomes.org), accessed in October 202068:69, Remote
homology detection was done with the HHpred server using PDB_mmCIF70_Oct14

as the target database (toolkit.tuebingen.mpg.de/tools/hhpred), accessed in October
20207971 Structural similarity prediction was done using a combination of the

Phyre2.072 (sbg.bio.ic.ac.uk/phyre2) and i-TASSER’3 (zhanglab.ccmb.med.umich.edu/I-
TASSER) webservers, using the default settings. Structural modelling was done using a
combination of the Rose TTAFold’4 webserver and the ColabFold”® implementation of
AlphaFold276 using the default settings, and the resulting models used as templates for
structural alignments done with PDBe Fold v2.59 (ebi.ac.uk/msd-srv/ssm/ssmstart.html).
Additional conserved domains were identified using Pfam 34.0 (pfam.xfam.org). The
predicted coiled-coil region of DdmMC was further corroborated using Paircoil2?7. To predict
the presence of an origin of transfer site (or/7) plasmid DNA sequences were analysed using
the OriTfinder’8 webserver (bioinfo-mml.sjtu.edu.cn/oriTfinder/).

Western blotting

Overnight cultures were back-diluted 1:100 and grown at 30°C with shaking for 3 h in

LB supplemented with 0.02% or 0.2% of arabinose, as indicated. Lysates were prepared

by suspending harvested cells in 2x Laemmli buffer (Sigma-Aldrich), normalised to optical
density (100 pL buffer per O.D. unit) and incubated at 95°C for 15 min. Proteins were
resolved on 10% Mini-PROTEAN TGX Stain-Free Precast gels and transferred onto
PVDF membranes using a Trans-Blot Turbo Transfer System (Bio-Rad), according to

the manufacturer’s instructions. Membranes were then blocked at RT with agitation for

2 hin 3% skimmed milk in TBST (1xTris-buffered saline with 0.1% Tween-20), the
appropriate primary antibody was then added at a dilution of 1:1,000 and membranes

were incubated at 4°C overnight. Membranes were then washed three times with TBST
before incubation at RT for 1 h with Anti-Rabbit 1IgG (whole molecule)-Peroxidase (A9169;
Sigma-Aldrich), diluted 1:10,000 in 3% skimmed milk in TBST. Membranes were washed
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as above, and visualised by chemiluminescence using Lumi-LightPLYS Western Blotting
Substrate (Roche). Primary antibodies against DdmA (#2012839), DdmC (#2012829),
DdmD (#2012831) and DdmE (#2012834) were custom-raised in rabbits against synthetic
peptides (Eurogentec), and their specificity validated by the inclusion of samples from
strains deleted for the appropriate genes. Uniform sample loading was verified by the
intensity of non-specific bands on the membranes. For gel source data, see Supplementary
Figure 1.

Conjugation assays

To render pSa5Y mobilizable by conjugation, the RP4 origin of transfer sequence (oriT)
was amplified from pGP704 and cloned into pSa5Y-Kan. £. colistrain MFDpir containing
the RP4 conjugation machinery served as the donor for pSa5Y-or/T transfer. Overnight
cultures of the donor and recipients were harvested, washed once with PBS and concentrated
20-fold. Donor and recipient strains were mixed 1:1 and mating performed on LB plates
supplemented with 0.3 mM DAP at 37°C for 6 h. For the mating of the large conjugative
plasmids pSA7G1, pW6G and p\VCR94 overnight cultures were back-diluted 1:100 into
fresh LB medium with antibiotic selection and grown at 30°C for 3 h. Cultures were then
harvested, washed once with PBS and concentrated 40-fold. Donor £. coli (MG1655 with
streptomycin or nalidixic acid resistance) and recipient strains were mixed 1:1 and mating
performed on tryptic soy agar (TSA) plates at 30°C for 6 h. Following mating, bacteria

were collected, serially diluted and spotted on appropriate selective plates to enumerate
exconjugants, recipients and donors. Transfer frequencies represent the ratio of exconjugants
to the number of recipient cells, and are expressed as the mean of three independent
biological repeats.

Plasmid transformation assays

Transformation frequencies with plasmid DNA were determined by either natural
transformation on chitin or artificial introduction of the plasmid by electroporation. For
natural transformation assays, overnight cultures were harvested, adjusted to O.D.gqq of

0.1 in 1ml 0.5x defined artificial seawater (DASW) supplemented with 50 mM HEPES

and vitamins (MEM, Gibco) containing ~ 50-80 mg of chitin flakes (Sigma-Aldrich), and
incubated statically at 30°C for 24h prior to the addition of pDNA (2 pg). After incubation at
30°C for a further 24 h, cells were detached from chitin flakes by vortexing, serially diluted
in PBS and appropriate dilutions spread on LB plates with and without kanamycin.

For electroporation assays, overnight cultures were back-diluted 1:100 in LB medium and
grown at 30°C with shaking for 3 h to O.D.ggg ~ 1. Cells were harvested, washed twice

with ice-cold 2 mM CaCl,, once with ice-cold 10% glycerol and the pellets resuspended

in ice-cold 10% glycerol. Aliquots of 50 pul were flash frozen in a dry ice-ethanol bath and
stored at -80°C for 24 h. Aliquots of electro-competent cells were thawed on ice, 300 ng

of pSa5Y-Kan added and electroporation performed at 1.6 kV. Following electroporation,
2xYT medium was added to 1 ml and samples incubated statically at 37°C for 3 h, before
being serially diluted in PBS and appropriate dilutions spread on LB plates with and without
kanamycin. For both assays transformation frequency was calculated as the number of
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kanamycin-resistant transformants divided by the total number of bacteria, and is expressed
as the mean of three independent biological repeats.

Bacterial competition assays

The competitive index of strains carrying large plasmids or ICEs was determined in
co-culture experiments using either A1552A/acZ (WT) or A1552A/acZ carrying the IncC
plasmid pVCR94 (pVVCR94) as reference strains. Overnight cultures of the test and reference
strains were normalised according to optical density, mixed 1:1, back-diluted to an O.D.ggg
of ~0.0025 in fresh LB, and grown in the absence of antibiotic selection for approx. 10, 20,
30, 40 or 50 generations, as indicated, exactly as described for the plasmid stability assay.
At the indicated time-points, cultures were then serially diluted in PBS and spread on LB
agar plates supplemented with 5-Bromo-4-Chloro-3-Indolyl B-D-Galactopyranoside (X-gal;
40 pg/ml) and Isopropyl p-D-1-thiogalactopyranoside (IPTG; 1 mM). The fraction of blue
(tested strain) and white (reference strain) colonies was enumerated following incubation at
37°C overnight (" 18 h). The competitive index was calculated as the ratio of blue to white
colonies divided by the ratio of the two strains in the starting inoculum and is expressed as
the mean of three independent biological repeats.

Statistics and Reproducibility

All experimental data are representative of the results of three independent biological
repeats. All replication attempts were successful. Statistical analysis was done using
GraphPad Prism 9.1.2 (GraphPad Software, Inc., CA, USA). Significant differences
were determined by one-way analysis of variance (ANOVA), and corrected for multiple
comparisons using either Dunnett’s or Tukey’s post-test, as appropriate. The significance
level (a) was set to 0.05 in all cases. For transformation frequency and transfer frequency
experiments, analyses were performed on log-transformed data. The exact 2 values for all
statistical comparisons are listed in Supplementary Table 8.
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Extended Data Fig. 1. Characterisation of plasmids from an environmental Californian V.

cholerae population.

a-b, Agarose gels showing plasmid DNA preparations from either a collection of pandemic
and clinical strains with environmental strain Sa5Y as control (&) or the environmental non-
0O1/non-0139 Californian V/ choleraeisolates (b). The letters above the gels in (b) denote
the phylogenetic clade based on comparative genome hybridization82. gDNA, genomic
DNA; pDNA, plasmid DNA. Strains SL4G and SO5Y contain a pSa5Y-like plasmid,;
strains SA7G and E7G contain an identical plasmid with a replication initiation protein
(Rep) based origin. Strains SA7G and E7G additionally contain large plasmids pSA7G1,
pSA7G2 and pE7G of ~ 80kb that are not resolved on the gels’®. ¢, Copy number of pSa5Y
in exponentially growing and stationary cells, as determined by quantitative PCR. Bar
charts show mean + sd from three independent experiments (individual dots). d, Schematic
comparing the pB1067 minimal origin region (dashed lines) with the homologous region
of pSa5Y. Sequences encoding equivalents of the experimentally verified RNA | and RNA
I from pB1067 are indicated by arrows along with a predicted transcriptional terminator
(inverted triangles). e, Clustal Omega alignment comparing the pB1067 minimal origin
region and the pSa5Y origin region. f, Validation of the pSa5Y origin of replication (or7).
The putative pSa5Y orfand orisequences from plasmids pB1067 (pB1067 or/), pPBAD
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(ColE1 ori) and pACYCL77 (p15A ori) were cloned into a conditionally replicating plasmid
(pMJ174) containing the pir-dependent R6K ori. The resulting plasmids were introduced
into pir-and pir+ E. colistrains and spotted on LB+Kan plates. For gel source data, see
Supplementary Figure 1.
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Extended Data Fig. 2. Conservation of the plasmid stability phenotype dependent on VC1771-70
and VC0492-90.

a, pSa5Y-Kan stability in representative wild-type (WT) 7PET strains and their AVC1771
derivatives after growth for approx. 50 generations without antibiotic selection. b,
Comparison of VC1769-1772 transcript levels between strains A1552, classical 0395 and
ATCC25872 in exponentially growing cells as determined by qRT-PCR. ¢, Phylogenetic
tree based on the protein sequence of VC1771 showing that all classical strains examined
(green) encode the defective VC1771[K891] variant, whereas all 7PET strains examined
(blue) encode the active VC1771[E891] variant. One lineage of 7PET strains encodes an
additional S29P substitution. Strains tested in this work are highlighted (*). d, Effect of
different VC1771 variants on pSa5Y-Amp stability in the classical strain 0395. e, pSa5Y-
Amp stability in strain A1552 encoding a classical variant of VC1771, in the presence and
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absence of VC0490-93. f, Retention of plasmids with various origins of replication in strain
A1552 and its AVC1770 and AVC0490 derivatives. The different origins of replication (see
Methods) were cloned into a neutral plasmid backbone containing a conditional origin of
replication inactive in the tested strains. Plasmid stability in (d-f) was evaluated after growth
for approx. 50 generations without antibiotic selection. g, Morphology of exponentially
growing cells carrying pBAD, grown in the absence and presence of ampicillin (100 pg/
mL), in strain A1552 and its AVC1770-72, AVC0490-93 and AVC1770-72 AVC0490-93
derivatives. Images are representative of the results of three independent experiments. Scale
bar =5 um. h, Comparison of transcript levels of VC1770-72 in A1552 and AVC0490-93
(top) and VC0490-93 in A1552 and AVC1770-72 (bottom) in exponentially growing cells
as determined by gRT-PCR. Bar charts show mean + sd from three independent experiments
(individual dots).
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Phase

yGFP-ParBMT™

a, Growth of V/ cholerae A1552 derivatives carrying arabinose-inducible ddmABC
(TnddmABC) or TnddmABC encoding DdmA and DdmC variants was evaluated on plates,
either without additions or supplemented with 0.02% or 0.2% arabinose, in the absence and
presence of plasmid pSa5Y-Amp, as indicated. b, Growth of £. coli MG1655 derivatives
carrying 7ndadmABC was evaluated on plates in the absence and presence of plasmid
pSa5Y-Kan as in (a). Note the transition in appearance of MG1655-TnddmABC carrying
pSa5Y + 0.2% arabinose, switching from dark to pale colonies. ¢, Cells of V/ cholerae strain
Addm (AddmDE AddmABC) TnddmABC were imaged following growth for approx. 10
generations in either the absence or presence of 0.02 or 0.2% arabinose, and the absence
and presence of pSa5Y-Amp, as indicated. DNA was stained with DAPI. Anucleate cells
are indicated with black arrowheads; cells with abnormal nucleoids are indicated with white
arrowheads. All images are representative of the results of three independent experiments.
Scale bars = 2.5 um.
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Extended Data Fig. 4. Validation of plasmid stability by ParB/parS labelling in individual cells.
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a, Visualisation of plasmid pSa5Y in a strain constitutively expressing yGFP-ParBMT1 py
incorporating the MT1 parS site into the plasmid (parS+). b, pSa5Y-parSMT! retention

and localisation in single cells of the indicated strains following growth for approx. 50
generations without antibiotic selection. ¢, Comparison of pSa5Y-parSMT1 stability for the
same cultures as in (b) determined using either a plating assay or by quantifying the fraction
of plasmid-containing cells by microscopy. d, pSa5Y-parSMT1 localisation in single cells

of the indicated strains following growth for approx. 10 generations without antibiotic
selection. e-f, Quantification of the fraction of plasmid containing cells (€) and the fraction
of cells containing plasmid clusters (f) for the cultures shown in (d), mean values are shown
above the bars. Bar charts show mean + sd from three independent experiments (individual
dots). All strains carry a chromosomally integrated yGFP-ParBMT1 fusion. All images are
representative of the results of three independent experiments. Scale bars = 2.5 um.

Addm b Addm
TnddmDE TnddmABC

+Ceph

+Ceph +Ara +Ceph

Phase

1h

yGFP-ParBM™

Addm Addm
TnddmDE TnddmABC

+Ceph +Ceph +Ara +Ceph

_(.'_ <

Phase

:

-
g
o
w
Q
>

Addm Addm
TnddmDE TnddmABC
T 1
No Ara +Ara +Ceph

Q
12}
©
=
o
E

Q
©
o
o
w
Q
>

Nature. Author manuscript; available in PMC 2022 November 20.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Jaskolska et al.

Phase

No Ara

yGFP-ParBMT!

Phase

+ Ara

yGFP-ParBM™

Page 21

Extended Data Fig. 5. Plasmid elimination by DdmDE israpid and does not depend on cell
division while cell division inhibition enhances plasmid-dependent toxicity by DdmABC.

Time-course showing the effect of DdmDE (a) and DdmABC (b) production on pSa5Y-
parSMT1 plasmid retention and localisation after addition of cephalexin (Ceph, 5 pg/ml)

to block cell division. Arabinose (+Ara) and/or Cephalexin (+Ceph) were added to
exponentially growing cells of Addm (AddmDE AddmABC) and imaged after 1, 2 and 3
hours of growth, as indicated. Expression from 7nddmDE and ThddmABC was induced
with 0.2 or 0.02% arabinose, respectively. Arrowheads in panel (a) highlight examples of
plasmid-free cells already detectable after only 1h of 7nddmDE induction. Open arrowheads
in panel (b) indicate examples of cells undergoing plasmolysis due to enhanced DdmABC
toxicity. All strains carry a chromosomally integrated yGFP-ParBMT1 fusion. All images are
representative of the results of three independent experiments. Scale bars =5 pm.
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does not lead to plasmid and phage-related phenotypes.
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a, Effect of individual production of DdmD or DdmE on pSa5Y-parSMT1 plasmid retention
in V/ cholerae Addm (AdadmDE AddmABC). Cells were imaged after growth for approx.

10 generations without antibiotic selection, in the absence (No Ara) and presence (+ Ara)
of 0.2% arabinose. b, Stability of a conditionally replicating plasmid carrying either an
empty transposon or a transposon with inducible dadmDE, dadmbD or ddmE in E. coli

strain S17-1A pir. Cultures were evaluated after growth for approx. 10 generations without
antibiotic selection, in the absence (grey bars) and presence (green bars) of 0.2% arabinose.
Bar charts show mean + sd from three independent experiments (individual dots). The

inset shows the plasmid extraction yield from the same cultures. For gel source data, see
Supplementary Figure 1. ¢, Effect of individual production of DdmA, DdmB or DdmC on
pSa5Y-parSMTL plasmid localisation in V. cholerae Addm (AddmDE AddmABC). Cells were
imaged after growth for approx. 10 generations without antibiotic selection, in the absence
(No Ara) and presence (+ Ara) of 0.02% arabinose. d, Fold protection against coliphages
P1and A in £. colistrain MG1655 conferred by either DAmABC or by DdmA, DdmB and
DdmC produced individually. Transposon constructs ThddmABC, TnddmA, TnddmB and
TnddmC were integrated in the chromosome and their expression induced by inclusion of
0.2% arabinose in the medium. Fold protection was determined by plaque assays. Strains in
panels (a) and (c) carry a chromosomally integrated yGFP-ParBMT1 fusion. All images are
representative of the results of three independent experiments. Scale bars = 2.5 um.
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Extended Data Fig. 7. Structural modelling of DdAMABC and DdmDE.
Cartoon representations showing the predicted structures of V. cholerae strain A1552

DdmABC and DdmDE, highlighting identified functional domains. Side chains of residues
predicted to be involved in either nuclease activity or nucleotide binding and hydrolysis
are shown as red sticks: DdmA, active site residues of the PD-(D/E)xK superfamily
nuclease motif (*2D...55QDK?>"); DdmMC, the predicted ATP-binding site formed by the
N-terminal Walker A motif (3*GSSKSGKS#1) and the abnormal C-terminal Walker B
motif (°80Y11'YDQ%6%) and DdmD, superfamily I helicase motifs | (2GIGKT?5), I
(32DEID275), 111 (>43SATA%¥6) and VI (B51QAVGRAGRS38) that comprise the predicted
ATP-binding site, and active site residues of the PD-(D/E)xK superfamily nuclease motif
(1085p, 1100pgK 1102) - Active site residues of the PD-(D/E)xK motif are shown in bold.
Residues targeted by site-directed mutagenesis are underlined. The position of the DdmD
residue E891, which in 61 pandemic classical V/ cholerae strains is typically K891, is
shown as a green sphere, located adjacent to the arginine finger (Motif \VI). Structural
modelling was done using RoseTTAFold (DdmABC) and AlphaFold2 (DdmDE). Images
were prepared using PYMOL.
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Extended Data Fig. 8. DdmD, DdmA and DdmC variantsremain non-functional even when
overproduced.

a, pSasY-Amp plasmid retention in strains producing DdmD variants from TnddmDE in

a AddmDE or Addm (AddmDE AddmABC) background, as indicated, after growth for
approx. 50 generations without antibiotic selection. b, Western blots showing protein levels
of DAmD variants and DdmE. The predicted molecular masses of DdmD and DdmE are 136
and 79.1 kDa, respectively. DdmDE production in (a-b) was induced by 0.2% arabinose.

¢, Effect of DdmD variants production on pSa5Y-parSMT! plasmid retention in a Addm
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background after growth for approx. 10 generations without antibiotic selection, in the
absence (No Ara) and presence of 0.2% arabinose (+ Ara). d, pSa5Y-Amp plasmid retention
in strains producing DdmA and DdmC variants from 7nddmABC in a AddmABC or Addm
(AddmDE AddmABC) background, as indicated, after growth for approx. 50 generations
without antibiotic selection. e, Western blots showing protein levels of DdmA and DdmC
variants. The predicted molecular masses of DdmA and DdmC are 44.5 and 74.6 kDa,
respectively. DdAmABC production in (d-€) was induced by 0.02% arabinose. f, Effect of
DdmA and DdmC variants production on pSa5Y-parSMT1 plasmid localisation in a Adam
background after growth for approx. 10 generations without antibiotic selection, in the
absence (No Ara) and presence of 0.02% arabinose (+ Ara). Bar charts show mean + sd
from three independent experiments (individual dots). Strains in panels (c) and (f) carry

a chromosomally integrated yGFP-ParBMT! fusion. All images are representative of the
results of three independent experiments. Scale bars = 2.5 um. For Western blotting source
data, see Supplementary Figure 1.
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Extended Data Fig. 9. Distribution of DdmDE and DdmABC homologues.
a-b, Taxonomic distribution of putative homologues of DdmD (a) and DdmE (b) derived

from homology searching using PHMMER. The numbers in parentheses at each node
indicate the relative number of search hits, and the blue bars represent the distribution

of significant hits, respectively, within each taxonomic group. A full list of significant
matches is provided in Supplementary Table 2. ¢, Schematics showing examples of
intact two-gene damDE operons within the Lactobacillaceae. Operons were identified by
examining the genomic loci of PHMMER hits to DdmD within each taxonomic group.
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The numbers in parentheses below each gene represent the size of the encoded protein

(aa). d, Taxonomic distribution of putative homologues of DdmC derived from homology
search using PHMMER, as described in (a). 685/728 (94%) of the significant matches to
DdmC contain the same C-terminal DUF3732. e, Schematics showing examples of intact
three-gene ddmABC operons caried on plasmids of the Rhizobiaceae. The presence of
admABC on a plasmid is based either on the sequence annotation or on the proximity (*) to
plasmid-specific genes (repABC and tra).
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Extended Data Fig. 10. Plasmid acquisition and stability in V. cholerae 7PET.
a, Transformation frequencies of indicated strains with plasmid pSa5Y-Kan (left) and

pBAD-Kan (right) introduced by natural transformation on chitin. b, Transformation
frequencies of indicated strains with plasmid pSa5Y-Kan introduced by electroporation. c,
Conjugative transfer frequencies of indicated strains with plasmid pSa5Y-oriT. d, Stability
of IncC plasmid pVCR94 and its derivatives with deletions in genes encoding the host
defence evasion locus (/de), a homologue of the partitioning protein ParM, and a toxin-
antitoxin system (TA) in strain A1552. e, Stability of plasmid pSa5Y-Kan either alone or in
a strain carrying plasmid pVCR94. f, Stability of plasmid p\VVCR94 evaluated in the indicated
strains, and the expression of 7TnaddmABC and TnddmDE induced with either 0.02% or
0.2% arabinose, as indicated. Plasmid retention in panels (d-f) was evaluated after growth
for approx. 50 generations without antibiotic selection. g, Effect of DdMABC production on
growth evaluated after culturing for 8h in liquid media (equivalent to approx. 10 generations)
without antibiotic selection, in the absence and presence of 0.2% arabinose, with either

no plasmid, pSa5Y-Amp or pVCR94, as indicated. h, Co-culture experiments evaluating
competition between A1552 (WT) and Addm strains carrying either no plasmid, pVCR94
or pW6G, competed against A1552A/acZ. i, Co-culture experiments evaluating competition
over time between A1552A/acZ and either A1552 (WT) or A1552Addm (Addm), carrying
either no plasmid, pVCR94 or pW6G, after growth for approx. 10, 20, 30, 40 and 50
generations without antibiotic selection. j, Co-culture experiments evaluating competition
between A1552 (WT), A1552-SXT, A1552- Vch Ind5 and A1552 carrying pVCR94,
competed against A1552A/acZ. For panels h and j the competitive index of the indicated
strains was evaluated after growth for approx. 50 generations without antibiotic selection.
Data represent mean + sd from three independent experiments (individual dots). Significant
differences were determined by one-way ANOVA with either Dunnett’s (a-c) or Tukey’s (h
and j) post-test. *£< 0.05; **P< 0.01; ***P< 0.001; ****P< 0.0001; ns — not significant.
k, Proposed model of elimination of foreign elements by DdmABC and DdmDE. (i) Small
multi-copy number plasmids are recognised by DdmE, which in turn leads to plasmid
targeting and degradation by the helicase-nuclease DdmD. This process is enhanced by
DdmABC, potentially due to its ability to cluster plasmids facilitating recognition by DdmE
Foreign DNA is recognised by the SMC-like protein DdmC, switching DdmABC to an
active state, which in turn leads to activation of DdmA nuclease activity. (ii) Bacteriophage
infection and immediate DNA replication leads to strong activation of DdmA, causing acute
toxicity via host DNA damage. This results in abortive infection, protecting the population
by preventing the release of mature virions. DdmA may also degrade bacteriophage DNA.
(iii) Large low copy number plasmids lead to chronic but low-level activation of DdmA,
resulting in host DNA damage, that imparts a competitive defect compared to plasmid-free
cells. This Abi-like mechanism counter-selects against plasmid carrying cells, leading to
their elimination from the population. Created with BioRender.com.
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Fig. 1. Plasmidsare unstablein V. cholerae O1 El Tor.

a, Time-course of pBAD and pSa5Y (pSa5Y-Amp) stability in 7PET strain A1552. Strains
were grown without (-Amp) and with (+Amp) selection, with sampling after growth for

0 and approx. 10, 30 and 50 generations. b, Morphology of exponentially growing cells
carrying either pBAD or pSa5Y without and with ampicillin (100 pg/ml), as indicated.
Images are representative of three independent experiments. Scale bar = 5 pm. ¢, Retention
of pSabY (pSabY-Kan) in various O1, 0139 and non-O1/non-0139 (environmental isolates
and toxigenic O37 strain ATCC25872) strains. d, Retention of plasmids with various origins
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of replication in A1552 and three non-O1/non-0139 (SL5Y, SP6G, SA3G) environmental
isolates. The different origins of replication (see Methods) were cloned into a neutral
plasmid backbone containing a conditional origin of replication inactive in the tested
strains. Plasmid stability in c-d was determined after growth for approx. 50 generations
without antibiotic selection. Bar charts show mean + sd from three independent experiments
(individual dots).
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Fig. 2. V. cholerae O1 El Tor containstwo plasmid defence systems on pathogenicity islands.

a, Schematic showing Vibrio pathogenicity island 2 (VPI-2) highlighting the region missing
in strain MO10.b, pSa5Y-Amp stability in strains A1552 (0O1), MO10 (0139), an A1552
transformant with the O1 serogroup exchanged to 0139 (01>0139) and transformants with
the O1 serogroup cluster partially exchanged by the 0139 region, with (AIIIHSGC#4) and
without (AIIIHSGC#5) co-transfer of the truncated version of VPI-2 (AVC1760-VC1788).
c, Effect of deletion of VPI-2 segments missing in MO10 (A#1-#5, marked in a) on

plasmid stability. d, Effect of individual deletions of VC1770-VC1772 on plasmid stability.
e, Expression of VC1770 and VC1771 complements the respective deletion but does not
complement the deletion of VC1770-72. f, Locations of CTX®, VPI-1/-2, and VSP-1/-11 on
chromosome | of A1552. g, Schematic showing Vibrio seventh pandemic island (VSP-I1)
and positions of the deleted segments. h, pSa5Y-Amp stability in strain A1552 deleted for
VPI-1, VSP-I and VSP-II. i, Effect of deletion of VSP-II segments (A#1-#5, marked in

g) on plasmid stability. j, Effect of individual deletions of VC0490-VC0493 on plasmid
stability. k, Expression of VC0490 and VVC0492 complements the respective deletion but
does not complement the deletion of VC0490-VC0493. Genes were expressed from a
chromosomally integrated transposon (Tn) using the arabinose-inducible Pgap promoter.
Unless noted otherwise, plasmid retention was evaluated in derivatives of strain A1552,
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after growth for approx. 50 generations without antibiotic selection, in either LB or for
panels (e) and (k) LB + 0.2% arabinose. Bar charts show mean + sd from three independent
experiments (individual dots).
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Fig. 3. Mode of action of DdmDE and DdmABC systems.

a, Effect of DAMDE ( 7nddmDE) and DAmABC (TnddmABC) production on pSa5Y-Amp
stability in V/ cholerag, in the presence and absence of the other system, after growth

for approx. 50 generations without antibiotic selection. Addm — AddmDEAddmABC. b,
Stability of a neutral plasmid backbone utilising various different origins of replication in

E. coli strain MG1655 bearing either Tn-empty, TnddmDE or TnddmABC, after growth for
approx. 10 generations without antibiotic selection. ¢, Fold protection against five coliphages
conferred by either DdmDE, DdmABC or DdmABC variant production in £E. coli, as
determined by plaque assays. d, Growth kinetics of £. coli cultures carrying either Tn-empty
(No system) or TnddmABC (+DdmABC) with either no phage or infected at time 0 with
phage P1 at MOI 0.2 and 10. Inset shows accelerated lysis of DdmABC-producing culture.
Data representative of three independent experiments.e, Effect of DdmDE and DdmABC
production on pSa5Y-parSMTL localisation and retention in V/ cholerae, in the presence

and absence of the other system, after growth for approx. 10 generations without antibiotic
selection. Charts below images show quantified plasmid retention. Images representative
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of three independent experiments. Scale bar = 2.5 pm. f-i, Schematics showing conserved
domains and features identified in DdmDE (f) and DdmABC (h). Residues targeted by
site-directed mutagenesis are highlighted in red. Numbers at boundaries indicate protein size
(aa). Retention of pSa5Y-Amp in V/ cholerae strains encoding variants of DdmD (g), DdmA
and DdmC (i) was evaluated after growth for approx. 50 generations without antibiotic
selection. Bar charts show mean = sd from three independent experiments (individual

dots). ND, not determined. Genes in panels (a-€) were expressed from a chromosomally
integrated transposon (Tn) using the arabinose-inducible Psap promoter. Growth media
were supplemented with 0.2% arabinose, except for TndadmABC in the presence of
plasmids, which used 0.02% arabinose due to toxicity.
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Fig. 4. Impact of DdmMDE and DdAmABC systemson V. cholerae 7PET ecology.
a, Retention of small (<10kb) and large (pSA7G1, 79.4kb; pW6G, 306.5kb; pVCR94,

171.8kb) plasmids native to V/ cholerae, V. fischeri (pES213) or E. coli (pBAD) evaluated in
A1552 (WT) and Addm (AddmDE AddmABC) after growth for approx. 50 generations
without antibiotic selection. Plasmids contain an added kanamycin resistance cassette

for quantification, except pVCR94, for which natural ampicillin resistance was used. b,
Conjugation assay showing the transfer frequency of the large plasmids into A1552 and
derivative strains. c-d, Co-culture experiments evaluating competition between the indicated
strains after growth for approx. 50 generations without antibiotic selection. ¢, Competitive
index of strains A1552 (WT), AddmDE and AddmABC carrying either no plasmid, pVCR94
or pw6G, competed against A1552A/acZ. d, Competitive index of strains A1552 (WT),
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A1552-SXT, A1552- Vehind5 and A1552 carrying pVCR94, competed against A1552A/acZ
carrying pVCR94. Data represent mean + sd from three independent experiments (individual
dots). Significant differences were determined by one-way ANOVA with either Dunnett’s (b
and c) or Tukey’s (d) post-test. *~< 0.05; **P< 0.01; ***P< 0.001; ****P< 0.0001; ns —
not significant.
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