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ABSTRACT

Dissemination of antibiotic resistance, a current so-
cietal challenge, is often driven by horizontal gene
transfer through bacterial conjugation. During con-
jugative plasmid transfer, single-stranded (ss) DNA is
transferred from the donor to the recipient cell. Sub-
sequently, a complete double-stranded (ds) plasmid
molecule is generated and plasmid-encoded genes
are expressed, allowing successful establishment of
the transconjugant cell. Such dynamics of transmis-
sion can be modulated by host- or plasmid-encoded
factors, either in the donor or in the recipient cell. We
applied transposon insertion sequencing to identify
host-encoded factors that affect conjugative transfer
frequency in Escherichia coli. Disruption of the recip-
ient uvrD gene decreased the acquisition frequency
of conjugative plasmids belonging to different in-
compatibility groups. Results from various UvrD mu-
tants suggested that dsDNA binding activity and in-
teraction with RNA polymerase are dispensable, but
ATPase activity is required for successful plasmid
establishment of transconjugant cells. Live-cell mi-
croscopic imaging showed that the newly transferred
ssDNA within a uvrD~ recipient often failed to be con-
verted to dsDNA. Our work suggested that in addi-
tion to its role in maintaining genome integrity, UvrD
is also key for the establishment of horizontally ac-
quired plasmid DNA that drives genome diversity and
evolution.

INTRODUCTION

Securing the integrity of the genome is important during
the vertical transmission of genetic information. A multi-

tude of DNA repair pathways have evolved to treat DNA
lesions created by different endogenous and exogenous fac-
tors. Different proteins, including DNA acting enzymes
such as helicases, nucleases and DNA polymerases, partic-
ipate in repair pathways. The UvrD helicase of Escherichia
coli, which belongs to superfamily 1A (SF1A) helicases with
3’ — 5 directionality (1), is involved in three pathways:
methyl-directed mismatch repair (MMR), nucleotide exci-
sion repair (NER) and transcription-coupled repair (TCR).
In MutLSH-dependent MMR, UvrD removes the DNA
fragment containing the misincorporated nucleotide after
the cleavage by the MutH endonuclease (2). For UvrABC-
dependent NER, UvrD releases UvrC and the damaged
oligonucleotide (3). UvrD’s role in TCR was discovered
most recently, where it was shown that UvrD backtracks
RNA polymerase (RNAP) that was stalled at a DNA le-
sion, thus allowing NER enzymes to gain access to the dam-
age (4). Nonetheless, the core domains of UvrD harboring
DNA binding and ATPase/helicase activities are essential
for a ‘wrench-and-inchworm mechanism’ of DNA unwind-
ing and strand/protein displacement functions (5). The lat-
ter is also involved in removal of proteins from single-
stranded (ss) DNA, such as RecA (5-7). In addition, the
~75 amino acid extreme carboxy-terminal domain (CTD)
was shown to interact with a variety of proteins, with a par-
ticular importance during TCR for interaction with RNAP
(8).

In contrast to vertical transmission, horizontal acquisi-
tion of genes allows much faster evolution of the genome.
Conjugation is one of the three means of horizontal gene
transfer mechanism along with transformation and trans-
duction. In general, conjugative plasmids and chromoso-
mally encoded integrative and conjugative elements (ICEs)
are the substrate of transfer from the donor to the recipient
cell. Conjugative plasmids and ICEs often encode genes to
confer resistance to antibiotics, and they are responsible for
80% of acquired antibiotic resistance in bacteria (9). Dur-

“To whom correspondence should be addressed. Tel: +33 1 69 82 32 14; Email: yoshiharu.yamaichi@i2bc.paris-saclay.fr

© The Author(s) 2023. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

€20z Iudy Z| uo 1senb AQ 60%¥€0.2/06.2/9/1G/01011E/1EU/WOO"dNO"DILSPEOE/:SAJIY WO} POPEOJUMOQ


https://orcid.org/0000-0002-9108-0848
https://orcid.org/0000-0003-0835-5407

ing conjugation, a mating pair between donor and recipient
cells is established, and then ssDNA is peeled off from the
plasmid origin of transfer site (ori7T) in the donor. This reac-
tion was carried out by a plasmid-encoded relaxase protein,
which harbors nickase and helicase activities, of which the
latter belongs to superfamily 1B with 5 — 3’ unwinding
polarity (1). Relaxase is then covalently bound to the trans-
ferring strand of DNA (T-strand) and translocated from the
donor cell to the recipient cell via a type 4 secretion system
(T4SS), presumably through the T4SS pilus lumen (10,11).
Within the recipient cell, the newly acquired ssDNA plas-
mid is recircularized and converted into a double-stranded
(ds) DNA plasmid. Subsequently, the expression of plasmid
genes establishes the plasmid and converts recipient into a
transconjugant cell. Eventually, a transconjugant cell can
act as a new donor. This sequence of events is well docu-
mented [e.g. (12,13)]. However, due to previous technolog-
ical limitations, we lacked a detailed understanding of the
molecular mechanisms, particularly for the reactions occur-
ring within the recipient cell between DNA entry and the
eventual establishment of a transconjugant cell.

Conjugative plasmids encode genes essential for their
transfer, including the conjugation machinery and DNA
mobilization proteins. In many cases, their expression is
regulated to limit the capacity of transfer to a subpopu-
lation (12,13). Mutations in these transfer genes can nul-
lify or modulate transfer ability, including certain muta-
tions that can enhance transfer efficiency. Enhancing mu-
tations further threaten the propagation of antibiotic resis-
tance via conjugation through the creation of derepressed
or superspreader mutants (14-17). For example, a natu-
rally occurring transposon (Tn) insertion into the #ir gene
was involved in a higher transfer frequency of the plasmid
pOXA-48a and its dissemination in the Enterobacteriaceae
(15). Additionally, a past study highlighted the isolation of
a superspreader mutant of pESBL, a plasmid associated
with an enterohemorrhagic/aggregative E. coli outbreak in
Germany in 2011 (16,17). The study of pESBL utilized a
method, Tnseq, that involved Tn insertion library construc-
tion and next-generation sequencing (NGS) (18). Tnseq
was also used to identify transfer genes and the plasmid
maintenance loci of several conjugative plasmids (16,19,20).
Here, we took a Tnseq approach to screen host-encoded fac-
tors that can modulate the efficiency of conjugative plas-
mid transfer. To this end, in addition to clinically relevant
pESBL, we also used the classical E. coli F plasmid and
the broad-host-range conjugative plasmid R388 as test plas-
mids. Our Tnseq screen involving the three different plas-
mids suggested the UvrD helicase as a recipient factor for
successful conjugative plasmid transfer. We also observed
that UvrD deficiency resulted in 10-100-fold lower conju-
gation frequency. Genetic and novel microscopy techniques
allowed us to pinpoint the activity of UvrD involved in ss-
DNA to dsDNA conversion, and deduce a new mechanis-
tic model to explain its involvement in conjugative plasmid
transfer.

MATERIALS AND METHODS
Strains, plasmids and growth conditions

Unless otherwise specified, bacterial cells were grown in
lysogeny broth (LB) liquid medium at 37°C with agita-
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tion at 180 rpm or LB solid medium with 1.5% (w/v)
agar. Supplements were used at the following concentra-
tions, when appropriate: ampicillin, 100 wg/ml; tetracy-
cline, 10 wg/ml; chloramphenicol, 25 pwg/ml; trimethoprim,
10 pg/ml; kanamycin (Km), 50 pg/ml; streptomycin (Sm),
100 pg/ml; gentamicin, 5 wg/ml; diaminopimelic acid, 300
wM; arabinose 0.02%. Cell growth curve experiments were
done with a microplate reader (Tecan Infinite M200 Pro,
Tecan, Switzerland), as described previously (17).

Conjugation and PI transduction were used to move
plasmids (pESBL, F, R388 and pCVD442-based allelic ex-
change plasmids) and chromosomal mutations between dif-
ferent E. coli backgrounds, respectively. Allelic transduc-
tion along with the antibiotic markers was confirmed when
necessary by PCR. Point mutations of UvrD, including
[E665%] for ACTD, were introduced by double crossovers
with pCVD442-based plasmids (21). In vivo expression of
Flp recombinase using pCP20 was used to remove FRT-
flanked Km resistance cassettes (22). RecA overexpression
plasmids were constructed in pPBAD33 vector (23).

Strains, plasmids and oligonucleotides used in this study
are listed in Supplementary Tables S1, S2 and S3, respec-
tively.

Conjugation frequency test

Transfer frequencies of conjugative plasmid were measured
as described previously (17). Briefly, overnight cultures of
recipient (100 wl) and donor (10 wl) cells were sedimented
and resuspended in 50 wl of LB. Cell mixture was then
placed on a 0.45-pum HAWP filter (Merck, Darmstadt, Ger-
many) upon an LB agar plate. Following incubation at 37°C
for 2 h, cells were resuspended within 1 ml of LB and spread
onto LB plates containing relevant antibiotic(s) to count
the colony forming units (CFU) of donor, recipient and
transconjugant cells. Conjugation frequency is defined as
the number of transconjugant cells divided by the number
of donors.

Transposon insertion sequencing

Transposon insertion libraries were created following pro-
tocols described in (20), except using MFDpir as the host
for random delivery of transposon (24). In brief, overnight
cultures of bEYY2154 (MFDpir/pEEI1S8, the Tn donor)
and MC1061 were mixed and incubated for 2 h. Cells
with the KmR Himarl Tn inserted in the MC1061 genome
were recovered on plates as SmR KmR colonies (~210 000
to cover the genome) that were scraped and collected as
the ‘recipient library’. For the two independent Tnseq
experiments, one batch of a recipient library was previ-
ously prepared (24) and the other was created during this
study. To prepare the ‘transconjugant library’, E. coli cells
(donor) harboring pESBL, F or R388 were mixed with
~10% recipient library cells. After 2 h of conjugation at
37°C, cell mixture was resuspended and plated to obtain
colonies of transconjugant cells in the presence of rele-
vant antibiotic selection. NGS library preparation, includ-
ing gDNA preparation, Mmel digestion, adapter ligation
and PCR amplification, was carried out as described in
(20). Illumina sequencing was carried out at the [2BC NGS
facility.
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Transposon insertion sequencing data analysis

Tnseq results were analyzed as described previously (20).
Essentially, after all reads were trimmed of adaptor se-
quences by Cutadapt (25), the resulting ~16 nt reads were
mapped to the E. coli genome (MG1655 chromosome and
corresponding plasmid sequence) using Bowtie (26). If a
read mapped multiple times on the reference genome, it was
randomly distributed to one of the sites. Mapped reads at
every TA site were counted and visualized with Artemis
genome browser (27) for initial inspection.

Determination of plasmid copy number

Whole genome DNA was extracted from exponential cell
culture by GenElute Bacterial Genomic DNA Kit (Merck).
Approximately 10 ng of DNA was subjected to quanti-
tative PCR using the CFX384 Real-Time System (Bio-
Rad, Hercules, CA, USA) with the SYBR Green I Mas-
ter reagent (Roche, Basel, Switzerland) or Luna Universal
gPCR reagent (New England Biolabs, Ipswich, MA, USA).
narW locus was used for chromosome quantification and
repZ, tetR and orf7rsgs were used for pESBL, F and R388
plasmid quantification, respectively. Plasmid DNA contain-
ing both the chromosomal and plasmid fragments (pEYY3,
pEYY161 and pEYY413 for pESBL, F and R388, respec-
tively) was used to draw standard curves.

Single-nucleotide polymorphism analysis

NGS libraries of test JJC2530 and parental JJC40 gDNA
were prepared by GenElute Bacterial Genomic DNA Kit
and NEBNext Ultra II DNA Library Prep Kit for Illu-
mina (New England Biolabs). Illumina sequencing (paired-
end 50 bp) results were analyzed as described previously
(28). Illumina sequencing was carried out at the I2BC NGS
facility.

Microscopy

For the snapshot analysis, cells were grown in rich defined
media, EZ medium (hereafter referred to as EZ; Teknova,
Hollister, CA, USA). Overnight cultures of recipient (100
wl) and donor (30 wl) cells were mixed and washed once
with EZ. Cells were resuspended in 50 pl of EZ and de-
posited onto a filter membrane and upon an LB agar plate.
After 2 h of incubation, the filter was resuspended in 1 ml
of EZ to collect the cells, which was subsequently mixed
with another 1 ml of EZ. With appropriate dilutions, cells
were plated on LB agar plates containing relevant antibi-
otics for selecting donor, recipient and transconjugant cells.
In parallel, a drop of cells was examined for snapshot mi-
croscopy analyses. One microliter of cell culture was spot-
ted onto an agarose pad (1%, w/v), and then phase con-
trast and mCherry signals were acquired using a DM600-B
microscope (Leica Microsystems, Wetzlar, Germany) with
Prime BSI Scientific CMOS camera (Teledyne Photomet-
rics, Tucson, AZ, USA).

For the time-lapse analysis, overnight cultures in M9-
CASA (M9 medium supplemented with 0.4% casamino
acid and 0.2% glucose) were diluted to an ODgyopm of

0.05 and grown until an ODgyonm of 0.8. Conjugation sam-
ples were obtained by mixing 50 wl of donor and 50 pl
of recipient into an Eppendorf tube. Subsequently, 50 .l
of the mix was loaded into a BO4A microfluidic cham-
ber (ONIX, CellASIC®) (29). Nutrient supply was main-
tained at 1 psi and the temperature maintained at 37°C
throughout the imaging process. Cells were imaged ev-
ery 1 min for 90-120 min. Time-lapse fluorescence mi-
croscopy imaging was carried out on an Eclipse Ti2-E mi-
croscope (Nikon, Tokyo, Japan), equipped with x100/1.45
oil Plan Apo Lambda phase objective, ORCA-Fusion dig-
ital CMOS camera (Hamamatsu, Hamamatsu, Japan) and
using NIS software for image acquisition. Acquisition was
performed using 50% power of a Fluo LED Spectra X light
source at 488 and 560 nm excitation wavelengths. Exposure
settings were 100 ms for Ssb-YFP and 100 ms for mCherry-
ParBpmri, and 50 ms for phase contrast.

RESULTS

Tnseq unveiled the involvement of UvrD during conjugative
plasmid transfer

To screen for host-encoded factors that modulate con-
jugative plasmid transfer, we utilized Tnseq experiments.
We used high-density transposon insertion mutant libraries
of E. coli as the recipient cells for the conjugative trans-
fer of three different conjugative plasmids, pESBL, F and
R388 (which belong to Incl, IncF and IncW incompatibil-
ity groups, respectively), from another E. coli strain as the
donor. Transconjugant cells grown under selection with ap-
propriate antibiotics were collected as the transconjugant
library, and Tnseq results were compared between before
and after the conjugation, i.e. recipient and transconjugant
libraries. Mutations that could facilitate or disturb conjuga-
tive transfer of plasmids would show increased or decreased
Tnseq reads in the transconjugant library than the recipient
library.

We found that the uvrD gene consistently contained very
few Tnseq reads in the transconjugant libraries across the
three conjugative plasmids, and consistently across the two
independent experiments (Figure 1A). To ascertain whether
a uvrD defect in the recipient cell resulted in decreased plas-
mid transfer, we used a uvrD deletion mutant and tested
conjugation frequency of pESBL, F and R388 plasmids.
As shown in Figure 1B, all the three plasmids showed 10—
100-fold lower conjugation frequency to a AuvrD recip-
ient compared to a uvrD* control. Note that uvrD mu-
tant did not show a growth defect including viability in a
conjugation frequency test (Supplementary Figure S1). Es-
cherichia coli encodes another SF1A helicase, Rep. How-
ever, the Tnseq results suggested that transposon-based dis-
ruption of rep did not affect conjugative plasmid transfer.
Subsequently, we verified that a Arep recipient strain did not
affect the transfer frequency of three conjugative plasmids
we tested (Figure 1D and Supplementary Figure S2A).

The effect of uvr D mutation on conjugative transfer is specific
to the recipient

It has been previously shown that UvrD is involved in
the rolling-circle replication of certain plasmid types, by
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Figure 1. Decrease in conjugative plasmid transfer in a uvrD mutant recip-
ient. (A) Tnseq reads mapped on the uvrD and its flanking region. Vertical
lines correspond to fraction of reads in respect to direction of transposon.
Results of two independent experiments are shown. RPM, reads per mil-
lion reads mapped. (B-D) Conjugation frequency of indicated plasmid in
different genetic backgrounds. The average and standard deviations along
with individual data points are shown. n.a., not applicable due to synthetic
lethality. *, P < 0.05; **, P < 0.01; n.s., not significant, by two-sided Stu-
dent’s -test.

unwinding the nicked dsDNA plasmid (30,31). Thus, we ex-
amined whether the transfer frequency defect of the three
conjugative plasmids in the AuvrD background is a conse-
quence of impaired replication. Quantitative PCR results
indicated comparable copy number of pESBL, F and R388
plasmids in uvrD* and AuvrD host cells (Supplementary
Figure S1C). Furthermore, a AuvrD donor strain did not
affect plasmid transfer frequency (Figure 1C and Supple-
mentary Figure S2A). These results suggest that the effect
of AuvrD is specific to the recipient, presumably during the
establishment of transconjugant cells. Hereafter, we focused
on the involvement of recipient UvrD during conjugative
plasmid transfer, mainly using pESBL as the test plasmid.

A specific activity of the multifunctional UvrD protein is in-
volved in plasmid transfer

In addition to involvement in rolling-circle plasmid repli-
cation, multiple functions of UvrD concern reactions re-
lated to DNA repair. Regarding the TCR, we constructed
a CTD deletion mutant (ACTD) of UvrD. Comparable
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plasmid transfer frequency was obtained between wild type
(WT) and ACTD (Figure 2), suggesting that UvrD interac-
tion with RNAP is not important for conjugative plasmid
transfer.

A mutant of UvrD, UvrD [Q251E] harbors a mutation
in a conserved helicase domain and was shown to be de-
fective in both NER and MMR pathways (32). Further-
more, another mutant allele of uvrD, uvrD252 (or formerly
recL152), which contains a glycine to aspartic acid muta-
tion in the ATP-binding domain (hereafter referred to as
uvrD [G30D]), exhibits sensitivity to UV irradiation while
only slightly more sensitive to exposure to an alkylating
agent compared to the WT protein (33,34). The measured
transfer frequency of pESBL into these two ATPase mu-
tants ([Q251E], [G30D]) was comparable and as low as the
AuvrD host (Figure 2).

A previous structure—function study characterized fur-
ther mutants of UvrD. Among them, [G419T] and [R396E]
mutants retained normal ATPase activity and ssDNA bind-
ing but severely reduced binding to dsDNA (5). Interest-
ingly, a WT level of conjugation frequency was retained in
these dsDNA binding mutants (Figure 2). Altogether, these
results suggest that the ATPase activity of UvrD is required
for its proper function in plasmid transfer, but its interac-
tions with dsDNA and RNAP are dispensable.

Genetic interaction with RecA suggests UvrD function during
conjugation

While Rep is constitutively expressed, UvrD is overex-
pressed during the SOS response. SOS is induced by RecA
and results in the activation of various DNA recombination
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and repair pathways. We tested the effect of rec4 mutation
on conjugative plasmid transfer. Consistent with our Tnseq
results, a ArecA mutation itself did not have a significant
effect on conjugation frequency (Figure 3A). However, we
found that the decreased conjugation frequency of pESBL
into a AuvrD strain is rescued by an additional Arec4 mu-
tation (Figure 3A). Furthermore, similar results were also
obtained in other conjugative plasmids, F and R388 (Sup-
plementary Figure S2B). These results indicate that RecA is
epistatic to UvrD for conjugative plasmid transfer.

Regarding the relationship between UvrD and RecA,
prior in vivo and in vitro results suggested that UvrD re-
moves RecA from DNA (6,7,35). Since the conjugation
frequency of ArecA strain is at the WT level, a plausi-
ble scenario is that RecA-DNA interaction in the recipi-
ent cell somehow limits conjugation frequency, and UvrD
can solve the problem. To test this possibility, we aimed
to increase RecA-DNA interaction by overexpression of
RecA, cither the WT protein or a variant, RecA [E38K],
which was shown to form nucleoprotein filament on DNA
with greater persistence against UvrD’s stripping activity
(7). When RecA was ectopically expressed in recipient E.
coli from an overexpression vector, conjugation frequency
of pESBL was decreased (Figure 3B). Notably, the decrease
of conjugation frequency was more apparent with the E38K
mutant RecA (Figure 3B). Similar results were also ob-
tained for F and R388 plasmids (Supplementary Figure
S20).

Furthermore, thanks to RecA-DNA interaction, GFP-
tagged RecA exhibits foci in E. coli cells (35). It was shown
that, in the AuvrD background, the number of foci per cell
and intensity of GFP signal are higher than those found in
the uvrD* host. This phenotype can be suppressed by an ad-
ditional mutation in recQ (35). Similar genetic interactions
were also found in plasmid transfer. Our initial characteri-
zation of the UvrD [G30D] mutation was performed in the
uvrD252 strain we obtained, known as JJC2530. This strain
exhibited an intermediate conjugation frequency between
WT (uvrD*) and AuvrD strains of the corresponding JJC40
background (Figure 3C). However, when the uvrD [G30D]
allele was introduced into a different background including
BW25113 (Figure 2), or even independently re-introduced
into the original JJC40 (Figure 3C, bEY Y2584) strain back-
ground, the new strains showed plasmid conjugation fre-
quency as low as the AwvrD mutant. We assumed there
could be a suppressor mutation in the genome of JJC2530.
Whole genome sequencing and single-nucleotide polymor-
phism (SNP) analysis indeed showed that JJC2530 harbors
a point mutation that caused a G269E mutation in RecQ.
This 269th glycine residue is highly conserved among bac-
terial and eukaryotic RecQ homologs (36).

Altogether, we interpret that increased RecA-DNA inter-
action in the recipient cell can impede successful conjuga-
tive plasmid transfer, and UvrD functions to counteract the
interaction.

Microscopic observations revealed defective dSDNA conver-
sion during conjugation

So far, conjugation frequency was calculated by the for-
mation of colonies on selective media, which is the ulti-

mate output of conjugative plasmid transfer. To further un-
derstand the involvement of UvrD in conjugative plasmid
transfer, we took advantage of microscopy to dissect the dif-
ferent steps of plasmid establishment at the cellular level.

We utilized ParB/parS system for subcellular visual-
ization of pESBL (20). In brief, the parS sequence from
pMT]1 plasmid (parS,ur;) was inserted in pESBL, and
cognate ParB,yr; protein was fused to mCherry and ex-
pressed from the host chromosome. A donor strain that har-
bors pESBL::parS,yr; but does not encode the fluorescent
mCherry-ParBpvt protein is dark under microscopy. In
contrast, the recipient strain expresses mCherry-ParBymri,
and exhibits red diffuse signals, as it lacks the correspond-
ing DNA binding site, parSyyr;. After a conjugative plas-
mid transfer event has taken place, the ds plasmid (or a par-
tially replicated intermediate containing a ds parS, 7y site)
is formed and mCherry-ParBpyt; signals convert into foci
(Figure 4A). As ParB does not bind to the ssDNA version
of parS (37,38), this system acts as a sensor for the conver-
sion of ssDNA to dsDNA during plasmid establishment in
the recipient (39).

In Figure 4B, we compare the fraction of cells exhibiting
mCherry-ParBpvt; foci with the proportions of transcon-
jugant cells calculated by colony formation. In the nor-
mal uvrD* recipient, the proportions of each cell type are
roughly the same by both measurement techniques. Simi-
larly, in AuvrD recipients the decreased number of transcon-
jugant cells measured corresponds to the lack of cells ex-
hibiting mCherry-ParB,yti foci under microscopy. These
results suggest that the involvement of UvrD in plasmid
transfer acts before the ssDNA was converted into dsDNA
in the recipient cell.

To further investigate the DNA actions under mi-
croscopy, we took advantage of fluorescently labeled E. coli
single strand binding protein (Ssb-YFP). This protein has
been used to visualize the entry of the F plasmid ssDNA
into recipient cells, which formed bright ‘conjugative foci’
at the entry point of the plasmid in recipient cells (40). Con-
version of ssDNA to dsDNA can be monitored by dual
labeling of Ssb-YFP and mCherry-ParBymi, as the dis-
appearance of Ssb-YFP foci is followed by the formation
of the mCherry-ParBpmti foci (40). To facilitate the ob-
servation of pESBL conjugation events, here we took ad-
vantage of a superspreader mutant plasmid (17), and Ssb-
YFP was also expressed in the donor cells. Consistent with
the parental pESBL, the superspreader mutant also showed
~10-fold lower conjugation frequency to AuvrD recipient
(Figure 4C). In uvrD* recipient cells, the formation of Ssb-
YFP conjugative foci was followed by the rapid formation
of mCherry-ParBvr; foci, revealing the successful conver-
sion of ssDNA to dsDNA (Figure 4D and E). While the
AuvrD recipient exhibited Ssb-YFP conjugative foci at sim-
ilar frequency, ssDNA to dsDNA conversion was dramati-
cally impaired in AuvrD recipients. This is reflected by the
delayed and partial disappearance of Ssb-YFP conjuga-
tive foci, and the reduced formation of mCherry-ParBpvri
foci (Figure 4G and H). Furthermore, in AuvrD recipients,
colocalization of Ssb-YFP and mCherry-ParBpvr foci was
sometimes observed over longer periods of time (Figure
4F), which suggests that the conversion of ss to ds plasmid
DNA can often be aborted or halted. These results confirm
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that UvrD is important for plasmid conjugation by ensur-
ing the successful ss to ds conversion of the newly internal-
ized plasmids, rather than transport between the donor and
recipient cells.

UvrD function in conjugative plasmid transfer is conserved

UvrD homologs are widely conserved (41), and PcrA, a
UvrD homolog encoded in Gram-positive bacteria such as
Bacillus subtilis, is known to be able to complement the
UV sensitivity of E. coli AuvrD (42). We tested whether
PcrA can rescue the AuvrD defect in the conjugation pro-
cess. As shown in Figure 5A, conjugation frequency of
PESBL to the AuvrD PcrA*E. coli was comparable to the
parental uvrD* E. coli, suggesting that PcrA also has a func-
tion in conjugative plasmid transfer, presumably in conver-
sion of ssDNA to dsDNA. Finally, we examined whether
uvrD deficiency in other bacterial species shows similar
effects on conjugative plasmid transfer. To this end, we
chose Vibrio cholerae, which is a Gram-negative, gamma-
proteobacterium but not a member of the Enterobacteri-
aceae. Due to the narrow host range of pESBL and F (re-
stricted to enterobacteria), the broad-host-range IncW plas-
mid R388 was used in this analysis. Similarly to E. coli (Fig-
ure 1B), the conjugation frequency of R388 was ~100-fold
lower in a uvrD mutant of V. cholerae (Figure 5B), strongly
suggesting that UvrD function during conjugation is rather
conserved.

DISCUSSION

In this study, we utilized a Tnseq-based screen in E. coli
to investigate host-encoded factors that can modulate the
transfer frequency of conjugative plasmids. To this end,
three different plasmids belonging to the Incl, IncF and
IncW incompatibility groups were used to identify general
and/or plasmid-specific host factor(s). Even though Tnseq

suggested a few genes that can modulate plasmid trans-
fer, only UvrD was confirmed to be involved by retesting
the transfer frequencies of deletion mutants. In addition,
AuvrD had effect on conjugation frequency in all the three
plasmids, and no plasmid-specific host factor was identified
in this study.

Tnseq was previously used to search host factors in-
volved in the conjugative transfer of an ICE in B. sub-
tilis, ICEBsI (43). Many of the genes identified are im-
plicated in the cellular envelope. Considering our results,
the UvrD homolog PcrA should also play a role in the
conjugation of ICEBs/. However, it was not identified by
Tnseq, presumably because PcrA is essential for growth in
B. subtilis (unless additional suppressor mutation such as
ArecF) (43,44). A high-throughput analysis to identify E.
coli host factors involved in the transfer of R388 had also
been previously carried out (45). There, a AuvrD mutation
was claimed to show decreased conjugation frequency but
only ~40% from the WT level. The difference appears to be
due to the donor/recipient ratio of conjugation assay. The
effect of AuvrD could have been underestimated due to the
donor/recipient ratio [~1:1 in (45), compared to ~1:10 in
this study] if the conjugation frequency for the WT was sat-
urated. Nonetheless, our genetic and microscopy results un-
ambiguously showed the involvement of UvrD in conjuga-
tive plasmid transfer.

We showed evidence that the involvement of UvrD ho-
mologs in conjugation frequency in the recipient is likely
common across many bacterial species. In contrast, the con-
servation of function in the donor cell is still elusive. While
our results demonstrated that UvrD mutation in the donor
had no effect on conjugation frequency and plasmid copy
number (Figure 1C and Supplementary Figure S1C), B.
subtilis PcrA is required for both replication and conjuga-
tion of ICEBs/! transfer in the donor cell (44,46).

Plasmid genes at the first region to enter the recipient cell
(leading region) are usually repressed in the donor cells and
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expressed upon the entry of plasmid DNA in the recipi-
ent cell (13,39,47,48). A recent paper showed that translo-
cation of proteins encoded in the leading region from the
donor to the recipient cell through T4SS barely happens,
even if they are overexpressed ectopically (49). However, a
plasmid-encoded DNA methyltransferase (M.EcoGIX) is
suggested to function in the recipient cell as the dsSDNA

complementation occurs (50). These findings highlight the
importance of the expression of certain plasmid-encoded
genes at the early stage of conjugation, even before dsDNA
complementation. Indeed, the vast majority of leading re-
gion genes are encoded on the T-strand, so that the ss-
DNA is the template for both transcription and comple-
mentation of dsDNA plasmid. It is conceivable to assume
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that transcription—replication conflicts may limit success-
ful gene expression and/or dsDNA plasmid synthesis, even
though codirectional one is not as deleterious as head-on
collision (51). UvrD is known to have an important role
during TCR and its CTD is essential for backtracking the
stalled RNAP away from the DNA lesion. In our Tnseq re-
sults, considerable Tn insertions were detected in the CTD
in the transconjugant libraries (Figure 1A). Consistently,
the plasmid transfer frequency of a ACTD mutant showed
that CTD is dispensable for UvrD function during conjuga-
tive plasmid transfer (Figure 2). These results suggest that
a stalled RNAP on T-strand is unlikely to be the cause of
abortive plasmid establishment. Similarly, two UvrD mu-
tants that are defective in dsDNA binding but retained
normal ssDNA binding activity (5) exhibited a WT level
of plasmid transfer frequency. These results suggest that
a strand/protein displacement function, rather than DNA
unwinding function, takes place during the establishment
of a conjugative plasmid. This is reasonable as the substrate
for UvrD in this situation is presumed to be ssDNA. In con-
trast, the ATPase activity remained essential for UvrD in-
volvement in successful conjugation.

In addition to genetics, we utilized several microscopy re-
porters to monitor the key steps of the conjugation process
at the cellular level. It allowed us to determine at which stage
the abortion of conjugative plasmid transfer took place in
the AuvrD recipient. In addition to cells taking a much
longer time or even failing to exhibit the mCherry-ParBymri
ds plasmid DNA focus, Ssb-YFP conjugative foci also ex-
hibited increased dwelling time (Figure 4E and H). These
two phenotypes are consistent with the impaired ability of
the conversion of ssSDNA to dsDNA in the recipient cells
that lack the active UvrD protein. These results suggest that

either UvrD and Ssb compete on ssDNA or UvrD could
strip Ssb off the T-strand. As we demonstrated that the AT-
Pase activity of UvrD is required, the latter scenario is likely
the case. It is reasonable to assume that T-strand ssDNA
can also be a substrate for RecA filament formation. Indeed,
it has been suggested that Ssb facilitates binding and elon-
gation of RecA filaments on the ssDNA templates, which
result in melting the secondary structures (e.g. hairpins and
loops) (52,53). In the F plasmid, it was shown that hairpin
formation at Frpo locus in the leading region allows initia-
tion of transcription and production of RNA, which sub-
sequently serves to prime the synthesis of complementary
strand DNA (54). In vitro, UvrD was shown to dismantle
RecA filaments formed on ssDNA and the ATPase activity
is required for the disassembly function (6,7).

Altogether, we propose a model where upon entry plas-
mid ssDNA will be coated by Ssb and RecA. This protein
coating would normally disrupt formation of hairpin struc-
tures on the ssDNA. UvrD would act on the nucleoprotein
complex to dismantle RecA (6,7) and possibly Ssb as well,
so that hairpins can be formed on the ss plasmid DNA,
which facilitate ss to ds plasmid DNA conversion. While
highly dynamic RecA filaments for homologous recombi-
nation are observed (55,56), detailed visualization of RecA
during the conjugation with high spatiotemporal resolution
is yet to be accomplished. However, our genetic results, in-
cluding the epistasis of ArecA with AuvrD, as well as effect
of overexpression of a RecA mutant that is less prone to be
removed from ssDNA by UvrD, fit with our model.

In summary, we have shown yet another function of the
highly versatile UvrD helicase. We implicate UvrD in a
crucial role for ssDNA to dsDNA conversion during the
establishment of conjugative plasmids. While UvrD has
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established roles in DNA repair in the pursuit of genome in-
tegrity, the new function we have revealed drives the genetic
diversity and evolution that is inherent to the accumulation
of plasmid DNA.
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Other data supporting the findings of this study are
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Data.
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