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The EcoKI Type I Restriction-Modification System in Escherichia coli
Affects but Is Not an Absolute Barrier for Conjugation

Louise Roer, Frank M. Aarestrup, Henrik Hasman

Division for Epidemiology and Microbial Genomics, National Food Institute, Technical University of Denmark, Kongens Lyngby, Denmark

The rapid evolution of bacteria is crucial to their survival and is caused by exchange, transfer, and uptake of DNA, among other
things. Conjugation is one of the main mechanisms by which bacteria share their DNA, and it is thought to be controlled by var-
ied bacterial immune systems. Contradictory results about restriction-modification systems based on phenotypic studies have
been presented as reasons for a barrier to conjugation with and other means of uptake of exogenous DNA. In this study, we show
that inactivation of the R.EcoKI restriction enzyme in strain Escherichia coli K-12 strain MG1655 increases the conjugational
transfer of plasmid pOLA52, which carriers two EcoKI recognition sites. Interestingly, the results were not absolute, and uptake
of unmethylated pOLA52 was still observed in the wild-type strain (with an intact hsdR gene) but at a reduction of 85% com-
pared to the uptake of the mutant recipient with a disrupted hsdR gene. This leads to the conclusion that EcoKI restriction-mod-
ification affects the uptake of DNA by conjugation but is not a major barrier to plasmid transfer.

he exchange of chromosomal and/or extrachromosomal

DNA, such as plasmids, viruses, and transposons, is crucial for
the evolution of bacteria and their ability to adapt to new environ-
ments. Exchange of genetic material occurs among both related
and unrelated species of bacteria and is driven by the three hori-
zontal gene transfer (HGT) mechanisms: conjugation, transfor-
mation, and transduction (1-3). Restriction-modification (RM)
systems are described as major barriers to HGT (4-6) and
comprise restriction endonucleases with a cognate methyltrans-
ferase. These recognize and cleave DNA not modified by the
methyltransferase, thereby making the bacterium able to distin-
guish between its own (methylated) DNA and incoming non-
methylated DNA.

Based on their protein-complex subunit composition and
functionality, RM systems can be divided into four types; this
study focuses on type I. Type I systems require products of the
three genes hsdR (restriction), hsdM (methylation), and hsdS (se-
quence specificity) and cleave randomly at a remote distance from
the recognition sequence. Restriction occurs only when a protein
complex of all three gene products (R,M,S) is formed, whereas
methylation of the DNA requires formation of a complex of only
the HsdM and HsdS proteins (M,S) (7).

Some studies have indicated that transfer by conjugation is
unaffected by RM systems but that unmodified phage or free DNA
in transformation is readily degraded (8—11). This has led to the
view that the conjugational transfer of plasmids through a single-
stranded DNA intermediate is immune to restriction by RM sys-
tems, as the great majority of these recognize only nonmethylated
double-stranded DNA (12-17). Other studies have, however,
contradicted this. In 1964, Arber and Morse (18) proposed that
host specificity (RM systems) might play a role in the acceptance
or rejection of DNA transferred by conjugation in Escherichia coli.
In many studies from the 1960s, the transfer was measured with
recombinants of Hfr strains (18-20), but Arber and Morse made a
phenotypic study showing that the conjugational transfer of epi-
somes (with the ability to express genes without integration into
the bacterial chromosome) was affected in the same manner as in
phages (18). Other experiments have shown reduced conjuga-
tional transfer between different bacterial species with diverse re-
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striction-modification systems, indicating that they may be the
cause of this reduction in transfer (21, 22), but none of these
observations have been confirmed with isogenic strains by mod-
ern molecular techniques. Recent studies indicated that Saul, a
type I RM system for Staphylococcus aureus, may be a barrier to
transfer into and between S. aureus isolates (23), but Veiga and
Phino showed that inactivation of the Saul system was not suffi-
cient for producing strains that efficiently take up foreign DNA
(6), again questioning the importance of RM systems as barriers to
conjugational transfer.

In the current study, we aimed to clarify the impact of a restric-
tion-modification system in the conjugational gene transfer of
single-stranded plasmidic DNA (24, 25) at the genotypic level. We
focused on the impact of the type I RM system EcoKI, with the
recognition sequence AACN,GTGC, in the transfer of conjugative
plasmids between RM variants of the E. coli K-12 strain MG1655.
In addition to possessing the type I RM system, which we examine
in the current study, MG1655 possess three different methylation-
requiring type IV systems, EcoKMcrA, EcoKMcrBC, and
EcoKMrr. All three systems are sequence specific and will not
interfere with plasmid transfer between isogenic strains used in
the current study (26-29). We provide evidence that the RM sys-
tem EcoKI has a significant and negative effect on conjugation but
also that this is not a major barrier to conjugation.
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TABLE 1 Bacterial strains, plasmids, and oligonucleotides used in this study

Bacterial strain, plasmid, or
oligonucleotide

Description (relevant genotype and/or phenotype) or sequence (5 to 3")"

Source or reference

Escherichia coli strains

MG1655 (K-12 strain) F~ N ilvG rfb-50 rph-1 CGSC
MG1655-RN Spontaneous Rif" and Nal" derivate of MG1655 This study
MG1655-A Spontaneous NaN," derivate of MG1655 This study
MG1655-hsdR™" TargeTron insertion at nucleotide 1740|1741 of hsdR, Rif" Nal" This study
MG1655-hsdM™" TargeTron insertion at nucleotide 720|721 of hsdM, Kan" This study
MG1655-hsdREOMPL MG1655-hsdR™7 with phsdR for complementation, Rif" Nal" Tet" This study
MG1655-hsdR“ONTROL MG1655-hsdR™" with expression vector pMSC83, Rif* Nal" Tet" This study
DH10B F~ endAl recAl galE15 galK16 nupG rpsL AlacX74 $80lacZAM15 araD139 A(ara leu)7697 mcrA Invitrogen
A(mrr-hsdRMS-mcrBC) N~

Plasmids
pACD4K-C-loxP Linearized TargeTron plasmid with a T7 promoter; Cam" Kan-Atd Sigma
PACD4K-C-loxP (hsdR) PACD4K-C-loxP retargeted for hsdR of MG1655 (LR1/LR2/LR3) This study
PACD4K-C-loxP (hsdM) PACD4K-C-loxP retargeted for hsdM of MG1655 (LR4/LR5/LR6) This study
pAR1219 Expresses T7 RNA polymerase under the control of the IPTG-inducible lac UV5 promoter; Amp" Sigma
706-Cre Expression plasmid for Cre recombinase driven by the thermosensitive promoter cI578; Tet" Gene Bridges GmbH
pOLA52 Plasmid of 45.7 kb with two restriction sites for hsdR (EcoKI); Amp* 41
pHHA45 Plasmid of 51.6 kb without restriction sites for #sdR (EcoKI); Amp" 31
pMSC83 Cloning vector used for complementation; Tet" This study
phsdR R.EcoKI from MG1655 cloned into pMSC83 This study

Oligonucleotides”
LR1 (hsdR IBS) AAAAAAGCTTATAATTATCCTTACATCGCGGCTATGTGCGCCCAGATAGGGTG Sigma
LR2 (hsdR EBS1d) CAGATTGTACAAATGTGGTGATAACAGATAAGTCGGCTATATTAACTTACCTTTCTTTGT Sigma
LR3 (hsdR EBS2) TGAACGCAAGTTTCTAATTTCGGTTCGATGTCGATAGAGGAAAGTGTCT Sigma
LR4 (hsdR-V-R) TCCAGCTGGCTGCGGAACTGC TAGC
LR5 (hsdM IBS) AAAAAAGCTTATAATTATCCTTAGATTGCGCCGCCGTGCGCCCAGATAGGGTG Sigma
LR6 (hsdM EBS1d) CAGATTGTACAAATGTGGTGATAACAGATAAGTCGCCGCCGTTAACTTACCTTTCTTTGT Sigma
LR7 (hsdM EBS2) TGAACGCAAGTTTCTAATTTCGATTCAATCTCGATAGAGGAAAGTGTCT Sigma
LR8 (hsdM-V-F) CCAATGATCTGGACGACCTT TAGC
LR9 (hsdR-C-F) GGTCATTGCCCGGAAAGGTA TAGC
LR10 (hsdR-C-R) GGCAGCCTGAAGGATGAAGT TAGC

“ For bacterial strains and plasmids, the relevant genotype, phenotype, and other characteristics are shown. Abbreviations: INT, interruption; COMPL, complementation.
b The genes targeted by the primers used in the construction of knockout strains or complementary plasmids are shown in parentheses at the end of the entry.

MATERIALS AND METHODS

Media and reagents. E. coli cells were cultured in brain heart infusion
(BHI) broth at 37°C. For growth on agar, Luria-Bertani (LB) or BHI agar
plates were used. The following antibiotics and concentrations were used:
ampicillin (Amp), 50 wg/ml for cloning or 100 pg/ml in HGT assays;
chloramphenicol (Cam), 25 pg/ml; kanamycin (Kan), 25 pg/ml; tetracy-
cline (Tet), 5 pg/ml or 10 pwg/ml; rifampin (Rif), 25 pwg/ml; and nalidixic
acid (Nal), 25 pg/ml.

Strains and plasmids. Bacterial strains, plasmids, and oligonucleo-
tides used in this study are listed in Table 1. 32 The conjugation experi-
ments were performed from donors with (hsdM™) and without (AhsdM)
the ability to methylate the DNA and with functional, disrupted, and
complemented restriction abilities. Two plasmids with a published
DNA sequence, pOLA52 and pHHA45 (GenBank accession numbers
EU370913.1 and JX065630.1, respectively), were used to assess the influ-
ence of the RM systems on conjugational transfer. pOLA52, belonging to
the IncXI incompatibility group, has two recognition sites for the EcoKI
system, while pHHA45, belonging to the IncN incompatibility group,
does not contain any sites. Both IncXI and IncN plasmids are known to
transfer in the single-stranded form (24, 25, 30, 31).

Construction of TargeTron insertion mutants of E. coli MG1655.
Two TargeTron mutants with interruptions, MG1655-hsdR™" and
MG1655-hsdM™7, were created by following the guidelines from Sigma-
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Aldrich (32) for insertion mutations in E. coli strains, with the plasmid
PARI1219 as the source of T7 RNA polymerase. Plasmid pACD4K-C-loxP
was used as the donor for the group II intron, retargeted by PCR with
primers designed for position 1740|1741 in hsdR (primers LR1, LR2, and
LR3) and position 720|721 in hsdM (primers LR5, LR6, and LR7). Gene
disruptions were induced by the addition of 20 pl of a 10 mM stock
solution of isopropyl-f-p-thiogalactopyranoside (IPTG) to 2 ml of cul-
ture.

The plasmids (retargeted pACD4K-C-loxP and pAR1219) were
cured by overnight growth in broth, followed by plating on BHI, and
patched on BHI with 50 pg/ml Amp and BHI plus 25 pg/ml Cam to
identify plasmid-free isolates. MG1655-hsdR™" was made electro-
competent as described by D. O’Callaghan and A. Charbit (33), but the
glycerol washing step was performed with the full-strength original
volume (100 ml). MG1655-hsdR™" was further transformed with the
plasmid 706-Cre to remove the kanamycin resistance marker (Gene
Bridges GmbH). Single colonies of both MG1655-hsdM™T and
MG1655-hsdR™7T were tested by PCR for the TargeTron insert and
removal of the kanamycin gene (MG1655-hsdR'™" only) by using Taq
polymerase (Fermentas) and internal and external primers LR3 and
LR4 (hsdR) or LR7 and LR8 (hsdM). For further verification, the PCR
products were purified using a GFX purification kit (GE Healthcare)
and sequenced by Macrogen Korea.
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FIG 1 Single-stranded horizontal gene transfer with isogenic donor and recipient strains of E. coli K-12 MG1655. All experiments were performed at least in
triplicate, and data are means of transconjugants per 10° recipients, with standard errors of the mean (SEM). The levels of transfer of the plasmids for the three
recipients were compared individually for each donor (strain and plasmid). Statistically significant differences were observed between the recipients MG1655-RN
and MG1655-hsdR“°MPL with the donor MG1655-A (a*, P = 0.021) and between MG1655-hsdR™" and the remaining two recipients with the donor MG1655-
hsdM™T (b*, P = 0.029) with the plasmid pOLA52, which harbors two recognition sites for EcoKI. No statistically significant differences were observed with the

two donors with the plasmid without recognition sites for EcoKI, pHHA45.

Complementation of hsdR with phsdR. For complementation in the
hsdR mutant, we amplified a 3,633-bp fragment encompassing the hsdR
gene with the primers LR9 and LR10 by PCR and cloned the resulting
fragment into the Pvull site of pMSC83. For a detailed description, see the
supplemental material.

Horizontal gene transfer of single-stranded DNA by conjugation.
The strains MG1655-A and MG1655-hsdM™ 7T were transformed with the
plasmid pOLA52, containing two recognition sites for EcoKI, or
pHHA45, lacking EcoKI recognition sites, to act as donors in the conju-
gation experiments. The strains MG1655-RN, with a functional hsdR gene
on the chromosome, MG1655-hsdR™7, with an interrupted restriction
gene, and MG1655-hsdREOMPL with a complemented restriction gene,
were used as recipients.

Two individual conjugation experiments were performed, one with
transfer of pOLA52 and one with pHHAA45. In both cases, overnight cul-
tures of donor and recipients were reinoculated into fresh preheated BHI
medium and grown to an optical density at 600 nm (ODy,) of 0.5. Then,
1-ml samples of each donor and recipient were mixed in 24-well microti-
ter plates and incubated at 37°C for 5 h. Conjugation mixtures were di-
luted and plated on selective plates for CFU counting.

RESULTS

Horizontal gene transfer of single-stranded DNA by conjuga-
tion. The results of the conjugational transfers are presented in
Fig. 1.

All three recipients, MG1655-RN, MG1655-hsdR™", and
MG1655-hsdR“°MPT, accepted the methylated plasmid pOLA52
from donor MG1655-A at high ratios (transconjugants per 10°
recipients) of 2.05 X 10%,1.04 X 10%, and 0.67 X 103, respectively.
The level of conjugational transfer into the MG1655-hsdRM*
strain complemented with the hsdR gene in trans was significantly
lower (P = 0.021) than in the MG1655-RN strain, with a wild-type
functional hsdR gene on the chromosome, possibly due to the
higher copy number, stronger promoter, or both.

For the transfer of the unmethylated plasmid pOLA52, with
two recognition sites, from the donor MG1655-hsdM™" to the
three recipients, MG1655-RN, MG1655-hsdR™", and MG1655-
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hsdREOMPL the ratios were 0.42 X 10°,2.79 X 10°,and 0.17 X 10,
respectively. The recipient MG1655-hsdR™" showed a statistically
significantly (P = 0.029) higher level of transfer, which was more
than 6.5 times higher than those of the two recipients with func-
tional hsdR genes.

In the transfer of pHHA45, no significant difference was ob-
served between the ratios of 8.45 X 10*,7.73 X 10* and 3.58 X 10*
from the donor MG1655-A or between the ratios of 9.47 X 10%,
6.25 X 10* and 7.66 X 10* from the donor MG1655-hsdM™" to
the recipients MG1655-RN, MG1655-hsdR™", and MG1655-
hsdR“OMFL respectively (see Table S1 in the supplemental mate-
rial).

Complementation of hsdR restores restriction activity. The
restriction gene hsdR was cloned into the expression vector
pMSC83 under the control of the arabinose promoter pBAD,
which is known to be leaky in rich media (34). The conjugation
experiment was therefore performed without addition of arabi-
nose to avoid overexpression of the hsdR gene, which could po-
tentially be harmful to the cell. As a control for sufficient hsdR
expression and to verify that the decrease in transfer observed in
Fig. 1 was caused by expression of the hsdR gene alone and not the
vector pMSC83, conjugation with the complemented strain and a
control strain with the pMSC83 vector was performed. For the
control experiment, the methylation-deficient donor MG1655-
hsdM™T was used with each plasmid (pHHA45 and pOLA52).
The results of the conjugative control experiment are presented in
Fig. 2.

In experiments with the unmethylated plasmids pHHA45 and
pOLAS52, the conjugational transfer of pOLA52 to MG1655-
hsdR“MPL was significantly decreased (P = 0.00031) compared
with that to MG1655-hsdRONTROL with transfer ratios of 0.21 X
10% and 5.89 X 10°, respectively. With the transfer of pHHA45, no
significant difference was observed between the transfer ratios of
5.70 X 10* and 3.37 X 10* for MG1655-hsdR““™"" and MG1655-
hsdR=ONTROL  respectively.
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FIG 2 Conjugative effect of hsdR from the unmethylated donor strain
MG1655-hsdM™" inserted into the complemented strain MG1655-
hsdR“OMPL compared to that in a control strain harboring the empty vector
pMSC83. For conjugation with the unmethylated plasmid pHHA45, which
lacks recognition sites for MG1655-hsdR, no significant difference was ob-
served between the complementation and control strains. For conjugation
with the plasmid pOLA52, which has two recognition sites, a significant dif-
ference was observed between the two recipients (a¥, P = 0.00031).

DISCUSSION

Previous studies of the influence of RM systems in conjugation
have generated conflicting conclusions in relation to the effect of
RM systems on plasmid transfer (8-15). This has led to some
controversy on how restriction-modification systems act on the
uptake of single-stranded DNA, such as plasmids transferred by
conjugation. An obvious driver of the conflicting conclusions
from these studies is the fact that many of these studies were car-
ried out in an era before the emergence of molecular techniques in
microbiology and before the genetic determinants responsible for
the RM phenotypes were identified.

The current study aimed to utilize isogenic strains and defined
knockout genetic constructs to study how RM systems influence
plasmidic transfer and showed that the type I restriction-modifi-
cation system EcoKI in E. coli K-12 MG1655 affects conjugational
transfer if the transferred DNA includes nonmethylated recogni-
tion sites.

Transfer of the methylated plasmid pOLA52 from the wild-
type host to the three different recipients, with different restriction
abilities, was not expected to have any significant influence on its
uptake, as the plasmid was modified as “self” and in all three cases
should have been immune from degradation. Transfer of the non-
methylated plasmid into the complemented strain was signifi-
cantly lower than into the wild-type strain; more surprisingly, the
same was true for the methylated plasmid. One explanation for
this decrease might be incompatibility between pOLA52 and the
vector carrying the complementation gene hsdR, but this was not
expected, as the two replicons belong to IncXI and ColE10, respec-
tively. This was also verified by the control experiment (Fig. 2),
where the results clearly showed that the decrease in transfer was
caused by the restriction gene alone and not the vector pMSC83.
Therefore, a more likely explanation may be that overexpression
of EcoKI, resulting in the formation of R,M,S complexes rather
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than M,S complexes, leads to degradation of hemi-methylated
DNA, as in the type II systems described by Nelson et al. (35).

The unmethylated plasmid pOLA52 was taken up significantly
less in the wild-type strain than in strain MG1655-hsdR™7, which
has an interrupted restriction gene. The plasmid without recogni-
tion sites for EcoKI can transfer efficiently between donor and
recipients independently of methylation and restriction abilities.
This was shown by the transfer of the plasmid pHHA45 from both
the methylation-deficient donor MG1655-hsdM™" and the
MG1655-A donor with the functional hsdM gene to three different
recipients with functional, disrupted, and complemented restric-
tion genes.

Even though the transfer efficiencies of the two plasmids,
pOLA52 and pHHAA45, differ by nearly 2 logs in the hsdR-dis-
rupted recipient, we find pHHA45 an appropriate control plas-
mid, as both plasmids are narrow-host-range plasmids and about
the same size. More plasmids could be investigated to confirm our
observation that the conjugational transfer or uptake in E. coli
K-12 strain MG1655 is in fact dependent not only on the donor’s
methylation and the recipient’s restriction abilities but also on the
presence of recognition sequences on the plasmid. The results of
this genotypic study are in agreement with the study performed by
Arber and Morse (18), where the RM-deficient strains were se-
lected based on phenotypes by testing their ability to restrict dif-
ferent phages, but they were not further characterized.

From the present study, we have shown thata type | RM system
can actas a barrier to the conjugational transfer of plasmids, but in
many of the previous studies, the restriction is described only
phenotypically (10, 18) or as a transfer between unrelated species
(8, 11, 12) without our knowing the type of RM system involved.
There is evidence that a type-III-like RM system may act as barrier
to transformation in S. aureus strains (36) but not to conjuga-
tional transfer. Further, the present study focuses on only a single
system, in a single isolate, with only two different plasmids. This
leads to the questions of whether all type I systems influence con-
jugational transfer and whether the three remaining systems have
the same ability to protect hosts from invading foreign DNA.
Murray and colleagues suggest that the protection from foreign
DNA might be altered by alleviation of chromosomal restriction
genes, which might lead to uptake (37-39).

Pérez-Mendoza and de la Cruz (40) investigated two different
knockout libraries, the Keio collection of single knockouts and a
random insertion library, to determine how recipient cells con-
tribute to bacterial conjugation (40). Their only finding was that
the lipopolysaccharide (LPS) showed strong conjugation inhibi-
tion when conjugation was performed in liquid, but with filter
mating, the reduction was restored. The Keio collection is based
on a restriction-deficient K-12 strain variant (BW25113), which
explains why they did not find EcoKI as a contributing factor in
conjugation, as we did in this study.

Even though Pérez-Mendoza and de la Cruz did not find any
genes responsible for the conjugational uptake in the recipient,
this does not preclude the possibility that such genes exists. The
two parental E. coli strains used in their study may be missing
regulatory genes responsible for conjugational transfer. To iden-
tify possible barriers to conjugational uptake, as well as uptake by
the other HGT mechanisms, good and poor recipients must be
identified by phenotype and compared at the genetic level.

In summary, the EcoKI RM system found in E. coli K-12 strain
MG1655 affects the conjugational transfer of plasmid pOLA52,
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harboring two recognition sites, but the results imply that this
effect is not absolute and that uptake is still possible, though at a
lower level. The results showed 4.88-times-higher uptake of meth-
ylated pOLA52 than of the unmethylated plasmid in wild-type
MG1655. This leads to the conclusion that plasmids with the same
methylation pattern as the recipient can have a competitive ad-
vantage when entering a new host.

ACKNOWLEDGMENTS

This work was supported by the grant 11-106571 from the Danish Council
for Independent Research/Technology and Production Sciences.

We thank Lina Cavaco and Mariane Schmidt for construction and
sharing of the cloning vectors pBAD-Tet 2.1 and pMSC83.

REFERENCES

1. Furuya E, Lowy F. 2006. Antimicrobial-resistant bacteria in the community
setting. Nat Rev Microbiol 4:36—45. http://dx.doi.org/10.1038/nrmicro1325.

2. Heuer H, Smalla K. 2007. Horizontal gene transfer between bacteria.
Environ Biosafety Res 6:3—13. http://dx.doi.org/10.1051/ebr:2007034.

3. Mazodier P, Davies J. 1991. Gene transfer between distantly related
bacteria. Annu Rev Genet 25:147-171. http://dx.doi.org/10.1146/annurev
.ge.25.120191.001051.

4. Tock MR, Dryden DTF. 2005. The biology of restriction and anti-
restriction. Curr Opin Microbiol 8:466—472. http://dx.doi.org/10.1016/j
.mib.2005.06.003.

5. Vasu K, Nagamalleswari E, Nagaraja V. 2012. Promiscuous restriction is
a cellular defense strategy that confers fitness advantage to bacteria. Proc
Natl Acad Sci U S A 109:E1287-E1293. http://dx.doi.org/10.1073/pnas
.1119226109.

6. Veiga H, Pinho MG. 2009. Inactivation of the Saul type I restriction-
modification system is not sufficient to generate Staphylococcus aureus
strains capable of efficiently accepting foreign DNA. Appl Environ Micro-
biol 75:3034—-3038. http://dx.doi.org/10.1128/ AEM.01862-08.

7. Roberts RJ, Belfort M, Bestor T, Bhagwat AS, Bickle TA, Bitinate J,
Blumenthal RM, Degtyarev SK, Dryden DTF, Dybvig K, Firman K,
Gromova ES, Gumport RI, Halford SE, Hattman S, Heitman J, Hornby
DP, Janulaitis A, Jetsch A, Josephsen J, Kiss A, Klaenhammer TR,
Kobayashi I, Kong H, Kriiger DH, Lacks S, Marinus MG, Miyahara M,
Morgan RD, Murray NE, Nagaraja V, Piekarowicz A, Pingoud A,
Raleigh E, Rao DN, Reich N, Repin VE, Selker EU, Shaw P-C, Stein DC,
Stoddard BL, Szybalski W, Trautner TA, Van Etten JL, Vitor JMB,
Wilson GG, Xu S. 2003. A nomenclature for restriction enzymes, DNA
methyltransferases, homing endonucleases and their genes. Nucleic Acids
Res 31:1805-1812. http://dx.doi.org/10.1093/nar/gkg274.

8. Matsushima P, Broughton MC, Turner JR, Baltz RH. 1994. Conjugal
transfer of cosmid DNA from Escherichia coli to Saccharopolyspora spi-
nosa: effects of chromosomal insertions on macrolide A83543 produc-
tion. Gene 146:39—45. http://dx.doi.org/10.1016/0378-1119(94)90831-1.

9. Read TD, Thomas AT, Wilkins BM. 1992. Evasion of type I and type II
DNA restriction systems by Incll plasmid Collb-P9 during transfer by
bacterial conjugation. Mol Microbiol 6:1933—-1941. http://dx.doi.org/10
.1111/j.1365-2958.1992.tb01366.x.

10. Stein DC, Gregoire S, Piekarowicz A. 1988. Restriction of plasmid DNA
during transformation but not conjugation in Neisseria gonorrhoeae. In-
fect Immun 56:112-116.

11. Eden PA, Blakemore RP. 1991. Electroporation and conjugal plasmid
transfer to members of the genus Aquaspirillum. Arch Microbiol 155:
449-452. http://dx.doi.org/10.1007/BF00244960.

12. Schifer A, Kalinowski J, Simon R, Seep-Feldhaus AH, Piihler A. 1990.
High-frequency conjugal plasmid transfer from gram-negative Esche-
richia coli to various gram-positive coryneform bacteria. ] Bacteriol 172:
1663-1666.

13. Elhai J, Vepritskiy A, Muro-Pastor AM, Flores E, Wolk CP. 1997.
Reduction of conjugal transfer efficiency by three restriction activities of
Anabaena sp. strain PCC 7120. ] Bacteriol 179:1997-2005.

14. Berndt C. 2003. DNA restriction is a barrier to natural transformation in
Pseudomonas stutzeri JM300. Microbiology 149:895-901. http://dx.doi
.0rg/10.1099/mic.0.26033-0.

15. Dubnau D. 1999. DNA uptake in bacteria. Annu Rev Microbiol 53:217—
244. http://dx.doi.org/10.1146/annurev.micro.53.1.217.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

38.

EcoKl Escherichia coli RM System Affects Conjugation

. Bischofberger N, Ng P. 1987. Cleavage of single stranded oligonucleo-

tides by EcoRI restriction endonuclease. Nucleic Acids 15:709-716. http:
//dx.doi.org/10.1093/nar/15.2.709.

. Yoo O, Agarwal K. 1980. Cleavage of single strand oligonucleotides and

bacteriophage phi X174 DNA by Mspl endonuclease. J Biol Chem 255:
10559-10562.

. Arber W, Morse ML. 1964. Host specificity of DNA produced by Esche-

richia coli. VI. Effects on bacterial conjugation. Genetics 51:137-148.

. Arber W. 1965. Host-controlled modification of bacteriophage. Annu Rev Mi-

crobiol 19:365-378. http://dx.doi.org/10.1146/annurev.mi.19.100165.002053.
Wood WB. 1966. Host specificity of DNA produced by Escherichia coli:
bacterial mutations affecting the restriction and modification of DNA. ] Mol
Biol 16:118—133. http://dx.doi.org/10.1016/50022-2836(66)80267-X.
Moser DP, Zarka D, Kallas T. 1993. Characterization of a restriction
barrier and electrotransformation of the cyanobacterium Nostoc PCC
7121. Arch Microbiol 160:229-237.

Purdy D, O’Keeffe TAT, Elmore M, Herbert M, McLeod A, Bokori-
Brown M, Ostrowski A, Minton NP. 2002. Conjugative transfer of clos-
tridial shuttle vectors from Escherichia coli to Clostridium difficile
through circumvention of the restriction barrier. Mol Microbiol 46:439—
452. http://dx.doi.org/10.1046/j.1365-2958.2002.03134.x.

Waldron DE, Lindsay JA. 2006. Saul: a novel lineage-specific type I
restriction-modification system that blocks horizontal gene transfer into
Staphylococcus aureus and between S. aureus isolates of different lineages.
J Bacteriol 188:5578-5585. http://dx.doi.org/10.1128/JB.00418-06.
Willetts N, Wilkins B. 1984. Processing of plasmid DNA during bacterial
conjugation. Microbiol Rev 48:24—41.

Bresler S, Lanzov V, Lukjaniec-Blinkova A. 1968. On the mechanism of
conjugation in Escherichia coli K 12. Mol Gen Genet 102:269-284. http:
//dx.doi.org/10.1007/BF00433718.

Raleigh EA. 1992. Organization and function of the mcrBC genes of
Escherichia coli K-12. Mol Microbiol 6:1079-1086. http://dx.doi.org/10
.1111/j.1365-2958.1992.tb01546.x.

Heitman J, Model P. 1987. Site-specific methylases induce the SOS DNA
repair response in Escherichia coli. ] Bacteriol 169:3243-3250.

Kelleher JE, Raleigh EA. 1991. A novel activity in Escherichia coli K-12
that directs restriction of DNA modified at CG dinucleotides. ] Bacteriol
173:5220-5223.

Waite-Rees PA, Keating CJ, Moran LS, Slatko BE, Hornstra L], Benner
JS. 1991. Characterization and expression of the Escherichia coli Mrr
restriction system. J Bacteriol 173:5207-5219.

Norman A, Hansen LH, She Q, Sorensen SJ. 2008. Nucleotide sequence
of pOLA52: a conjugative IncX1 plasmid from Escherichia coli which
enables biofilm formation and multidrug efflux. Plasmid 60:59-74. http:
//dx.doi.org/10.1016/j.plasmid.2008.03.003.

Dolejska M, Villa L, Hasman H, Hansen L, Carattoli A. 2013. Character-
ization of IncN plasmids carrying bla CTX-M-1 and qnr genes in Escherichia
coli and Salmonella from animals, the environment and humans. ] Antimi-
crob Chemother 68:333-339. http://dx.doi.org/10.1093/jac/dks387.
Sigma-Aldrich. 2011. TargeTron gene knockout system— user guide. Sig-
ma-Aldrich, St. Louis, MO.

O’Callaghan D, Charbit A. 1990. High efficiency transformation of Sal-
monella typhimurium and Salmonella typhi by electroporation. Mol Gen
Genet 223:156-158. http://dx.doi.org/10.1007/BF00315809.

Ham TS, Lee SK, Keasling JD, Arkin AP. 2006. A tightly regulated
inducible expression system utilizing the fim inversion recombination
switch. Biotechnol Bioeng 94:1—4. http://dx.doi.org/10.1002/bit.20916.
Nelson PS, Papas TS, Schweinfest CW. 1993. Restriction endonuclease
cleavage of 5-methyl-deoxycytosine hemimethylated DNA at high en-
zyme-to-substrate ratios. Nucleic Acids Res 21:681-686. http://dx.doi.org
/10.1093/nar/21.3.681.

Corvaglia AR, Frangois P, Hernandez D, Perron K, Linder P, Schrenzel
J. 2010. A type III-like restriction endonuclease functions as a major bar-
rier to horizontal gene transfer in clinical Staphylococcus aureus strains.
Proc Natl Acad Sci U S A 107:11954-11958. http://dx.doi.org/10.1073
/pnas.1000489107.

. O’Neill M, Chen A, Murray NE. 1997. The restriction-modification

genes of Escherichia coli K-12 may not be selfish: they do not resist loss and
are readily replaced by alleles conferring different specificities. Proc Natl
Acad Sci U S A 94:14596-14601. http://dx.doi.org/10.1073/pnas.94.26
.14596.

O’Neill M, Powell LM, Murray NE. 2001. Target recognition by EcoKI:
the recognition domain is robust and restriction-deficiency commonly

January 2015 Volume 197 Number 2 Journal of Bacteriology jb.asm.org 341

MHVIANIA 40 410 I9AITMONM HOAL Aq GT0g ‘S Arenuer uo /610" wse qlj/:dny woly papeojumoq


http://dx.doi.org/10.1038/nrmicro1325
http://dx.doi.org/10.1051/ebr:2007034
http://dx.doi.org/10.1146/annurev.ge.25.120191.001051
http://dx.doi.org/10.1146/annurev.ge.25.120191.001051
http://dx.doi.org/10.1016/j.mib.2005.06.003
http://dx.doi.org/10.1016/j.mib.2005.06.003
http://dx.doi.org/10.1073/pnas.1119226109
http://dx.doi.org/10.1073/pnas.1119226109
http://dx.doi.org/10.1128/AEM.01862-08
http://dx.doi.org/10.1093/nar/gkg274
http://dx.doi.org/10.1016/0378-1119(94)90831-1
http://dx.doi.org/10.1111/j.1365-2958.1992.tb01366.x
http://dx.doi.org/10.1111/j.1365-2958.1992.tb01366.x
http://dx.doi.org/10.1007/BF00244960
http://dx.doi.org/10.1099/mic.0.26033-0
http://dx.doi.org/10.1099/mic.0.26033-0
http://dx.doi.org/10.1146/annurev.micro.53.1.217
http://dx.doi.org/10.1093/nar/15.2.709
http://dx.doi.org/10.1093/nar/15.2.709
http://dx.doi.org/10.1146/annurev.mi.19.100165.002053
http://dx.doi.org/10.1016/S0022-2836(66)80267-X
http://dx.doi.org/10.1046/j.1365-2958.2002.03134.x
http://dx.doi.org/10.1128/JB.00418-06
http://dx.doi.org/10.1007/BF00433718
http://dx.doi.org/10.1007/BF00433718
http://dx.doi.org/10.1111/j.1365-2958.1992.tb01546.x
http://dx.doi.org/10.1111/j.1365-2958.1992.tb01546.x
http://dx.doi.org/10.1016/j.plasmid.2008.03.003
http://dx.doi.org/10.1016/j.plasmid.2008.03.003
http://dx.doi.org/10.1093/jac/dks387
http://dx.doi.org/10.1007/BF00315809
http://dx.doi.org/10.1002/bit.20916
http://dx.doi.org/10.1093/nar/21.3.681
http://dx.doi.org/10.1093/nar/21.3.681
http://dx.doi.org/10.1073/pnas.1000489107
http://dx.doi.org/10.1073/pnas.1000489107
http://dx.doi.org/10.1073/pnas.94.26.14596
http://dx.doi.org/10.1073/pnas.94.26.14596
http://jb.asm.org
http://jb.asm.org/

Roer et al.

39.

342

results from the proteolytic control of enzyme activity. ] Mol Biol 307: ~ 40. Pérez-Mendoza D, de la Cruz F. 2009. Escherichia coli genes affecting

951-963. http://dx.doi.org/10.1006/jmbi.2001.4543.

recipient ability in plasmid conjugation: are there any? BMC Genomics

Blakely GW, Murray NE. 2006. Control of the endonuclease activity of 10:71. http://dx.doi.org/10.1186/1471-2164-10-71.
type I restriction-modification systems is required to maintain chromo-  41. Serensen A, Hansen L. 2003. Conjugative plasmid conferring resistance
some integrity following homologous recombination. Mol Microbiol 60: to olaquindox. Antimicrob Agents Chemother 47:798—-799. http://dx.doi

883—893. http://dx.doi.org/10.1111/j.1365-2958.2006.05144.x.

jb.asm.org Journal of Bacteriology

.org/10.1128/AAC.47.2.798-799.2003.

January 2015 Volume 197 Number 2

MHVIANIA 40 410 I9AITMONM HOAL Aq GT0g ‘S Arenuer uo /610" wse qlj/:dny woly papeojumoq


http://dx.doi.org/10.1006/jmbi.2001.4543
http://dx.doi.org/10.1111/j.1365-2958.2006.05144.x
http://dx.doi.org/10.1186/1471-2164-10-71
http://dx.doi.org/10.1128/AAC.47.2.798-799.2003
http://dx.doi.org/10.1128/AAC.47.2.798-799.2003
http://jb.asm.org
http://jb.asm.org/

	The EcoKI Type I Restriction-Modification System in Escherichia coli Affects but Is Not an Absolute Barrier for Conjugation
	MATERIALS AND METHODS
	Media and reagents.
	Strains and plasmids.
	Construction of TargeTron insertion mutants of E. coli MG1655.
	Complementation of hsdR with phsdR.
	Horizontal gene transfer of single-stranded DNA by conjugation.

	RESULTS
	Horizontal gene transfer of single-stranded DNA by conjugation.
	Complementation of hsdR restores restriction activity.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES


