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Acquisition of new genetic traits by horizontal gene transfer is a bacterial strategy for adaptation to the
environment. We previously showed that Escherichia coli can transmit non-conjugative plasmids laterally
in a co-culture containing strains with and without the plasmid. In this study, using the Keio collection, a
comprehensive library of E. coli knock-out mutants for non-essential genes, we screened for genes
responsible for the execution and promotion of cell-to-cell plasmid transfer in recipient cells. By stepwise
screening of ‘transfer-down’ mutants, two essential genes and six promoting genes were obtained. One of
the essential genes was priA, which is involved in DNA replication. This priA mutant was also unable to be
transformed by artificial transformation methods, probably due to the deficiency of the plasmid mainte-
nance function. The other essential gene was rodZ (yfgA), a gene involved in the regulation of rod-shaped
structure of E. coli cells. This rodZ mutant was transformable by all three methods of artificial transforma-
tion tested, suggesting that this gene is essential for cell-to-cell plasmid transfer but not for artificial
transformation. These are the first data that suggest that rodZ plays an essential role in DNA acquisition.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Lateral gene transfer between bacterial cells contributes to bac-
terial adaptation to various environments, which eventually leads
to bacterial evolution [1–3]. In human environments, however, it
results in the undesirable spread of pathogenic, antibiotic resis-
tance, or artificially engineered genes [2,4–8]. Three mechanisms
of lateral gene transfer in bacteria are generally known: conjuga-
tion, transduction and transformation [2]. Conjugation and trans-
duction involve specific apparatus, i.e. conjugative pili and phage
capsids, respectively, for DNA transfer from donor to recipient
cells. However, transformation is mainly performed by the recipi-
ent cells that express genetic competence for the uptake of extra-
cellular free DNA [9,10]. Competence for transformation can be
induced both naturally and artificially, but not all bacterial species
develop natural competence [1,9,10].

Under natural conditions, Escherichia coli is not assumed to be
transformable, but it is known to develop high genetic competence
only under artificial conditions, such as exposure to high Ca2+
ll rights reserved.
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concentrations [11,12]. However, recent reports have shown that
E. coli can express modest genetic competence in certain condi-
tions that can arise in its environment [13–20]. Relevant to these
findings, we found that spontaneous lateral transfer of non-
conjugative plasmids occurred in an E. coli cell-mixed culture
[21–23]. Based on the results of subsequent analyses, we hypothe-
sized that this cell-to-cell plasmid transfer results from the trans-
formation of plasmid DNA released from co-cultured cells [23].
However, detailed molecular mechanisms of this process, includ-
ing the genes involved, are unclear.

In this study, we used the Keio collection, established by Baba,
et al. [24], to explore the genes responsible for the execution and
promotion of cell-to-cell plasmid transfer in a culture. The Keio
collection is a comprehensive library of E. coli knock-out mutants
for 3985 non-essential genes, which constitute 90% of all the genes
in the E. coli K-12 genome. This collection was previously used for
several genome-wide screenings of genes involved in various cell
functions [25–27]. To apply the Keio collection for the screening
of essential or promoting genes in cell-to-cell plasmid transfer,
we first constructed a 96-well microplate assay system for cell-
to-cell plasmid transfer. Then, using the Keio strains as plasmid
recipients in this assay, we screened ‘transfer-down’ mutants
(henceforth referred to as ‘down’ mutants) that lost the ability of
plasmid acquisition. The knock-out genes in these ‘down’ mutants
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were considered to be candidates for the essential or promoting
genes for cell-to-cell plasmid transfer. Here, we present the results
of the screening and analyses for down mutants. These data indi-
cate that rodZ (yfgA) plays an essential and specific role in the
DNA acceptance in cell-to-cell plasmid transfer in E. coli.
2. Materials and methods

2.1. E coli strains, plasmids and materials

CAG18439 [28] (MG1655 derivative; F�, k�, lacZ118(Oc),
lacI3042::Tn10(tetr), rph-1), BW25113 [24,29] (F�, rrnB, DlacZ4787,
HsdR514, D(araBAD)567, D(rhaBAD)568, rph-1), Keio strains [24]
(BW25113 derivatives, D(single gene)::kanr), pSY510 and pGBM1
were obtained from the National BioResource Project (NIG, Japan):
E. coli (http://www.shigen.nig.ac.jp/ecoli/strain/top/top.jsp). Plas-
mids pHSG399-F6 (camr, pMB1 origin) and pHSG299-Cm (camr,
pMB1 origin) were constructed as described previously [30]. Chlor-
amphenicol (cam), tetracycline (tet), polyethylene glycol (PEG;
molecular mass = 8000) and Luria–Bertani powder (LB, Lennox)
were purchased from Sigma. Tryptic Soy Broth (TSB) was procured
from Becton, Dickinson. Distilled water (DNase- and RNase-free,
molecular biology grade) and kanamycin (kan) were obtained from
Invitrogen. Microplates (96-well) and pin replicators were pur-
chased from Nippon Genetics. Nylon66-membrane filter (pore
size: 0.45 lm, Biodyne A) was procured from Pall. Agar powder
(guaranteed reagent grade) and other general reagents were
obtained from Wako.
2.2. Screening of down mutants for cell-to-cell plasmid transfer using
96-well microplates

We constructed a screening system for cell-to-cell plasmid
transfer using 96-well microplates with some modifications [21–
23] to screen down mutants from among the Keio strains as recipi-
ent cells. Screenings were performed in six steps, as described
below.

For the 1st to 3rd screenings, transformants were selected twice
in liquid media containing two antibiotics in 96-well microplates.
Plasmid-donor cells [CAG18439 harboring pHSG399-F6 (or
pHSG299-Cm only for the 3rd screening)] were pre-cultured in
10 mL of LB broth (tet: 75 lg/mL, cam: 100 lg/mL) at 37 �C for
22 h. Cultured donor cells were recovered by centrifugation and
suspended in 7 mL LB broth. Recipient cells (each Keio strain) were
pre-cultured at 37 �C for 22 h in 200 lL LB broth (kan: 75 lg/mL) in
wells of microplates, recovered by centrifugation and suspended in
50 lL of the above donor cell suspension. Five microliters of each
mixture of Keio and donor cells was inoculated on the surface of
TSB agar (1.5%) prepared in wells of microplates and cultured in
quadruplicates at 25 �C (duplicates) and at 37 �C (duplicates) for
16 h. The cultured cells in wells were suspended in 100 lL LB
broth, and various volumes (5 lL in the 1st screening; 20 lL in
the 2nd and 3rd screenings) of the suspensions were transferred
to 100 lL of the 1st selection LB broth containing cam (for plas-
mids; 100 lg/mL) and kan (for Keio strains; 75 lg/mL) and cul-
tured at 37 �C for 16 h. Small amounts (�0.5 lL) of the resulting
1st selection cultures were inoculated with a 96-pin replicator in
100 lL of the 2nd selection medium containing the same antibiot-
ics and cultured at 37 �C for 16 h. The turbidities (OD600 values) of
the resulting 2nd selection cultures were measured using a micro-
plate reader (Multiskan JX, Thermo Fisher Scientific). Samples that
showed no apparent growth in all quadruplicates were regarded as
down mutants.

For the 4th–6th screenings, transformants were selected by
plating onto agar media. In the 4th and 5th screenings, the steps
from pre-culture to mixed culture were the same as those in the
1st and 2nd screenings, but transformants were selected and
counted quantitatively on LB agar plates containing antibiotics.
In the 5th and 6th screenings, lower concentrations (cam: 50, 25
or 12.5 lg/mL) of antibiotics were used to exclude ‘pseudo-down’
mutants that had become more sensitive to antibiotics. In the
6th screening, mixed culture was performed in a colony biofilm
on TSB agar (1.5%) prepared in a polystyrene plate (ø 90 mm), a
culture system more sensitive for the detection of cell-to-cell plas-
mid transfer, as described previously [21]. Transformants were
then colonized and counted on LB agar plates containing two anti-
biotics (cam: 50, 25, or 12.5 lg/mL and kan: 75 lg/mL). Three Keio
mutants (allD, ivy and prpD) that showed plasmid transfer fre-
quency around the average value were used as control strains.

2.3. Artificial transformation of down mutants

Artificial transformation of the screened Keio mutants with
purified plasmids was performed by three typical methods, i.e.
CaCl2 method [12,31], PEG method [31,32], and electroporation
[32]). BW25113, the original strain of the Keio mutants, was used
as the control.

2.4. Data analyses for screened genes

Information on the screened genes was obtained from the fol-
lowing databases: PEC (http://www.shigen.nig.ac.jp/ecoli/pec/in-
dex.jsp), Uniprot (http://www.uniprot.org/), Echobase (http://
www.york.ac.uk/res/thomas/index.cfm), GenoBase (http://ecol-
i.naist.jp), and Ecocyc (http://ecocyc.org/).
3. Results and discussion

3.1. Screening of down mutants for cell-to-cell plasmid transfer using
96-well microplates

To screen down mutants for cell-to-cell plasmid transfer from
3985 strains of the Keio collection, we constructed a screening sys-
tem using the 96-well microplate, as described in Section 2. Using
this system, 6-step screening was performed with different screen-
ing conditions, as described in Section 2. Finally, eight down
mutants were screened. Most probable pseudo-down mutants that
had become more sensitive to antibiotics were excluded by the 5th
and 6th screenings, in which lower concentrations of antibiotics
were used. The frequencies of plasmid transfer in the eight
screened mutants in the 6th screening are shown in Fig. 1. Plasmid
transfer in all those mutants was significantly reduced compared
with that in the controls.

These down mutants were classified into two groups, E and P
(Table 1). Group E mutants yielded no transformants in any of
the 6-step screening; therefore, the two genes (priA and rodZ = yf-
gA) knocked out in the E mutants were considered to be the essen-
tial genes for cell-to-cell plasmid transfer. Cell-to-cell plasmid
transfer experiments using another donor strain (MG1655) and
different plasmids [pSY510 (p15 origin) and pGBM1 (pSC101 ori-
gin)] confirmed this hypothesis (data not shown). On the other
hand, group P mutants showed reduced transfer frequencies;
therefore, the six genes knocked out in the P mutants (aceF, rnt,
smpB, tonB, ycjU and ygcO) were estimated to be genes that
promoted cell-to-cell plasmid transfer.

3.2. Artificial transformation of down mutants

To further characterize the eight down mutants, we examined
whether they were transformable by general methods of artificial
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Fig. 1. Frequency of cell-to-cell plasmid transfer in screened mutants. Cell-to-cell
plasmid transfer was performed with eight screened mutants and control strains as
recipient cells. Data are presented as the mean and standard deviation. (⁄P < 0.05,
⁄⁄P < 0.01, ⁄⁄⁄P < 0.005, n = 3, compared with control; t-test). Three Keio mutant
strains (allD, ivy and prpD) that showed plasmid transfer frequency close to the
average value were used as the control strains.

Table 2
Artificial transformation of down mutants.

Transformation frequency

Strain CaCl2 PEG Electroporation

BW25113 (control) ++++ +++++ +++++
priA � � �
rodZ + +++ +++
aceF +++ +++++ ++++
rnt +++ +++++ ++++
smpB +++++ +++++ ++++++
tonB +++++ ++++++ ++++++
ycjU � ++++ ++
ygcO ++ ++++ +++++

Transformation frequency (mean, n = 3) in each strain is shown in decimal ranges as
follows: ++++++, 1E-4 to 1E-5; +++++, 1E-5 to 1E-6; ++++, 1E-6 to 1E-7; +++, 1E-7 to
1E-8; ++, 1E-8 to 1E-9; +, 1E-9 to 1E-10; �, not detected (below detection limit).
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transformation. Using the same plasmid (pHSG399-F6) as that used
in almost all the above screenings, artificial transformation was
performed using the three typical protocols (CaCl2 method, PEG
method and electroporation) (Table 2). Most of the down mutants
showed apparent normal transformability by each of the methods
used, suggesting that these genes are specifically involved in plas-
mid acceptance in cell-to-cell plasmid transfer. The rodZ mutant
showed lower transformability, especially with the CaCl2 method,
but did not completely lose its transformability. This suggests that
rodZ is not essential for artificial transformation and plasmid
maintenance. On the other hand, the priA mutant could not accept
plasmids by any of the methods tested, suggesting that priA is com-
monly required in artificial transformation and cell-to-cell plasmid
transfer. The ycjU mutant was transformed by the PEG method and
electroporation but not by the CaCl2 method, suggesting that this
gene may be commonly involved in cell-to-cell plasmid transfer
and artificial transformation by the CaCl2 method, but not by the
PEG method or electroporation. Two E group mutants were further
tested with other plasmids (such as pSY510 and pGBM1), and the
results were essentially the same as those shown in Table 2 (data
not shown), thereby confirming the above findings.
3.3. Data summary of the screened genes

Table 1 also shows a summary of the known features of the E
and P genes. The gene products localize in the cytoplasm (priA,
Table 1
Essential (E) and promoting (P) genes that were screened in this study and their features.

Gene
name

Role in plasmid
transfer

Product
location

Category of product function

rodZ
(yfgA)

E IM Envelope formation

priA E C DNA replication, recombinatio
repair

aceF P C Metabolism, Synthesis

rnt P C RNA modification & translatio
smpB P C RNA modification & translatio
tonB P IM Transport

ycjU P C Metabolism, Synthesis
ygcO P C Transport

Product location: C, cytoplasm; IM, inner membrane.
aceF, rnt, smpB, ycjU and ygcO) and inner membrane (rodZ and
tonB). The estimated functions of the gene products were as fol-
lows: transport (tonB and ygcO), metabolism and synthesis (aceF
and ycjU), RNA modification and translation (rnt and smpB), DNA
replication, recombination and repair (priA) and envelope forma-
tion (rodZ).

3.4. Estimated roles of the screened genes

In this study, we screened eight genes that were estimated to be
essential or promoting genes for cell-to-cell plasmid transfer in
E. coli as recipients. Although we did not obtain any clear explana-
tions for the molecular mechanism of this phenomenon, several
interesting results were obtained. The most interesting result
was the essential involvement of rodZ in plasmid acquisition. RodZ
is a Type II inner membrane protein and is estimated to be involved
in the regulation of rod-shaped structure in E. coli cells [33–35].
Our result is the first to suggest a role for RodZ in plasmid acquisi-
tion. Interestingly, a recent study by Sanchez-Torres et al. [25]
showed that RodZ is also involved in the production of extracellu-
lar DNA (or DNA secretion) in E. coli. RodZ protein may therefore
play a dual role in the passage of DNA molecules across the cell
surface structure of E. coli, although the detailed molecular
mechanism is unknown. Moreover, RodZ protein possesses a he-
lix-turn-helix DNA-binding motif in its cytoplasmic domain [33–
35], thereby indicating its potential DNA-binding activity. Since
knock-out of the rodZ gene did not destroy the ability for plasmid
acceptance by artificial transformation (Table 2), RodZ is probably
an essential component involved in a process specific to cell-to-cell
plasmid transfer. On the other hand, decreased transformability
was also observed by CaCl2 method in the rodZ mutant (Table 2).
Product function & feature

Regulation of rod cell shape, helix-turn-helix motif

n & DNA replication, helicase, plasmid maintenance

Dihydrolipoamide acetyltransferase, part of pyruvate dehydrogenase
complex

n Ribonuclease T, tRNA processing
n SsrA RNA-binding, component of the trans–translation process

iron ion transport, part of energy transduction complex with ExbB and
ExbD
Putative beta-phosphoglucomutase
Ferredoxin-like, iron-sulfur cluster binding
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It is therefore possible that RodZ may play some part in Ca2+-med-
iated DNA uptake.

Another essential gene, priA, is known to be involved in DNA
replication and plasmid maintenance [36–38]. This deficient
mutant was reported to be unable to maintain plasmids in cells
[38]. Consistent with this result, we were unable to transform
the priA Keio mutant with plasmids by any artificial transformation
method used here. The necessity of priA in cell-to-cell plasmid
transfer can therefore be explained by this mechanism.

The present results and existing knowledge about these genes
do not clarify the roles of the other six promoting genes in cell-
to-cell plasmid transfer. This may be because of the indirect
involvement of these genes in plasmid acquisition. Alternatively,
unidentified functions of these genes may play important roles in
this process.

In E. coli, no apparent genes have been reported that are directly
involved in natural and artificial transformation, although Finkel
and Kolter [39] proposed that several competence gene homo-
logues in E. coli can work to take up and utilize extracellular DNA
as nutrient. However, these genes were not screened in our exper-
iments. This is not unreasonable, because their gene products are
thought to work only under nutrient-poor conditions [39] and
our experiments were performed under nutrient-rich conditions.
We think that another mechanism might be operating in cell-
to-cell plasmid transfer. In this respect, although we recently sug-
gested that cell-to-cell plasmid transfer occurs through a type of
transformation [23], the necessity for a cell-to-cell supply of DNA
indicates that cell-to-cell plasmid transfer is not a simple transfor-
mation, as suggested previously [23]. Therefore, we do not exclude
the possibility that other mechanism(s) may be involved. Other re-
cent studies have suggested that there may be several variations of
the three known mechanisms in addition to novel mechanisms
(e.g. transfer mediated by membrane vesicles [40] or virus-like
particles [41,42] and conjugation-like transfer mediated by nano-
tubes [43]). However, further study is required to reveal the roles
of these genes in plasmid acquisition as well as the overall mech-
anism of cell-to-cell plasmid transfer.
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