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Campylobacter jejuni, a leading cause of bacterial gastroenteritis,
is naturally competent. Like many competent organisms, C. jejuni
restricts the DNA that can be used for transformation to minimize
undesirable changes in the chromosome. Although C. jejuni can be
transformed by C. jejuni-derived DNA, it is poorly transformed by
the same DNA propagated in Escherichia coli or produced with
PCR. Our work indicates that methylation plays an important role
in marking DNA for transformation. We have identified a highly
conserved DNA methyltransferase, which we term Campylobacter
transformation system methyltransferase (ctsM), which methyl-
ates an overrepresented 6-bp sequence in the chromosome. DNA
derived from a ctsM mutant transforms C. jejuni significantly less
well than DNA derived from ctsM+ (parental) cells. The ctsM mu-
tation itself does not affect transformation efficiency when paren-
tal DNA is used, suggesting that CtsM is important for marking
transforming DNA, but not for transformation itself. The mutant
has no growth defect, arguing against ongoing restriction of its
own DNA. We further show that E. coli plasmid and PCR-derived
DNA can efficiently transform C. jejuni when only a subset of the
CtsM sites are methylated in vitro. A single methylation event 1 kb
upstream of the DNA involved in homologous recombination is
sufficient to transform C. jejuni, whereas otherwise identical
unmethylated DNA is not. Methylation influences DNA uptake,
with a slight effect also seen on DNA binding. This mechanism
of DNA discrimination in C. jejuni is distinct from the DNA discrim-
ination described in other competent bacteria.
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Natural transformation, the ability of bacterial cells using
dedicated machinery to transport DNA into the cytosol and

recombine it into the genome, is a widespread trait. As a
mechanism of horizontal gene transfer, it may allow bacteria to
acquire new genes to better adapt to their environment. More
than 65 species of both Gram-negative and Gram-positive bac-
teria, and some archaea, are known to be naturally competent,
expressing protein complexes that span all cellular compartments
to acquire exogenous DNA and transport it into the cell for
recombination with the chromosome (1, 2).
One such microbe is the Gram-negative bacterium Campylo-

bacter jejuni, a leading cause of bacterial gastroenteritis world-
wide. C. jejuni often colonizes the avian intestinal tract, explaining
why poultry is a common source of human infection (3). Hor-
izontal gene transfer in vivo has been demonstrated dur-
ing experimental infection of chicks, a natural host for this
pathogen (4).
C. jejuni is selective in the DNA that it incorporates during

natural transformation, using DNA originating in only closely
related strains (5). Other bacteria are also selective with respect
to the DNA incorporated during transformation, often through a
mechanism involving DNA uptake sequences (DUS), which are
10- to 12-bp sequences repeated frequently throughout the ge-
nome (6–8). DUS have not been identified in Campylobacter,
and evidence indicates that DNA discrimination is not solely
sequence-based, because an identical piece of DNA transforms

C. jejuni when the DNA is isolated from C. jejuni, but not when it
is isolated from E. coli (9).
DNA methyltransferases (MTases) play many roles in biology;

in bacteria, a key role is in restriction-modification (RM) sys-
tems, where they aid discrimination of foreign DNA, including
DNA from infecting phages. DNA MTases methylate specific
sequences of bacterial DNA to protect the host from its own
restriction endonucleases (REases), although a subset of REases
have no paired MTase and digest DNA only when it is methyl-
ated in the target sequence (10). In either case, incoming phage
DNA lacks the methylation pattern of its host, thereby enabling
host REases to selectively degrade that DNA, in a process known
as restriction.
RM systems play a role in transformation in Helicobacter py-

lori, a close relative of C. jejuni that contains more than 20 RM
systems (11). The HpyAXII RM system degrades unmethylated
plasmid and chromosomal DNA during natural transformation
(12). Other RM systems degrade incoming DNA lacking the
proper methylation motifs, while also decreasing the length of
integrated DNA (13, 14). Similarly, increasing numbers of NlaIV
restriction sites have an inhibitory effect on transformation in
Neisseria meningitidis (15). A negative correlation between RM
systems and natural transformation has been demonstrated in
Pseudomonas stutzeri as well (16). In all of these cases, incoming
DNA lacking the appropriate methylation motifs is then de-
graded and thus cannot complete the transformation process by
recombining onto the chromosome. In C. jejuni strain 11168, the
RM system encoded by Cj1051c plays a role in transformation, as
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cells with mutations in this gene are transformed to higher levels
with DNA derived from other Campylobacter strains; however,
these mutants cannot be transformed by E. coli-derived plasmids
(17). Although this system is important in C. jejuni strain 11168, it
is not widely distributed among Campylobacter strains and so
cannot completely explain their universal discrimination against
plasmid DNA derived from E. coli. Therefore, Cj1051c is unlikely
to be a major determinant of DNA discrimination in C. jejuni.
Numerous DNA MTases have been identified in different

C. jejuni strains. Active DNAMTases of C. jejuni, and the sequences
that they methylate, were identified using single-molecule real-time
(SMRT) sequencing (18–23). With this approach, one methylation
motif—RAm6ATTY—was present in all four strains tested to date.
We hypothesized that by recognizing methylation at this site,
Campylobactermight distinguish DNA of close relatives from that of
other species. We examined the role of this single methylation motif
in strain DRH212, a streptomycin-resistant derivative of the human
disease isolate 81–176. This methylation mark is conferred by a
single DNA MTase, CJJ81-176_0240, which is conserved in Cam-
pylobacter species but not in other closely related genera (18). This
MTase lacks a cognate restriction enzyme, putting it into the class of
orphan methyltransferases, similar to the dam enzyme of E. coli and
others. We hypothesized this MTase is important for DNA dis-
crimination in natural transformation.
This study demonstrates that the RAm6ATTY motif functions

effectively as an uptake sequence in C. jejuni. DNA purified from
a Cjj81-176_0240 mutant isolate, which lacks methylation at this
motif, transforms C. jejuni at levels orders of magnitude lower
than DNA carrying the methyl mark. Thus, we term this MTase
Campylobacter transformation system methyltransferase (CtsM).
DNA methylated in vivo or in vitro at the RAATTY site is re-
quired for wild-type (WT) levels of transformation into C. jejuni.
Furthermore, methylation of this motif enables E. coli- or PCR-
derived DNA to serve as a higher-efficiency substrate for trans-
formation compared with similar DNA lacking the RAATTY
methylation mark. Experiments using radiolabeled DNA demon-
strate that methylation influences DNA uptake, with a slight effect
seen on DNA binding as well.

Results
One Methylation Motif Is Conserved Among All SMRT-Sequenced
Strains of Campylobacter. Campylobacter species contain numer-
ous annotated DNA MTases (24). The introduction of SMRT
sequencing has enabled easy identification of all adenosine
methylation motifs, as well as some cytosine methylation motifs
(23). These methylation motifs can be paired with their corre-
sponding MTase genes using bioinformatics and genetic analysis.
To date, 10 Campylobacter strains have been sequenced using
this method, including four C. jejuni isolates (18–22). These

strains include two laboratory isolates, one ovine isolate, and one
human isolate. (Table 1). Of the 34 methylation motifs identi-
fied, only one methylation motif—and its cognate DNA MTase—
is conserved among the 10 strains (Table 1). Five motifs were
found in more than one strain, but the majority of motifs were
only found in one strain (Table S1; not included in Table 1).
These data demonstrate that methylation patters differ even
within the same Campylobacter species.
The single universally conserved methylation motif among

these strains is RAm6ATTY. Not only is this motif methylated in
all SMRT-sequenced strains of Campylobacter, it is over-
represented in the C. jejuni genome, and nearly all of the
available sites are evidently methylated (26,609 out of 26,876)
(18). Based on the genome size of C. jejuni, there is a RAATTY
motif approximately every 60 bp, fourfold more frequent than
predicted for a 6-base motif with the same degenerate base
composition. This is significantly more frequent than the other
methylation motifs identified, including another identified 6-bp
recognition sequence, GCAAGG, for which 684 out of 700 total
sites were methylated (Fig. 1) (18). We hypothesized that rec-
ognition of methylation of this highly conserved RAATTY motif
would enable Campylobacter to favor DNA from close relatives
over DNA from other species during transformation.
In strain 81–176, this methylation mark is conferred by

CJJ81176_0240, which we term ctsM (18). This N6 adenine-
specific DNA MTase is an orphan, lacking a cognate re-
striction enzyme. Using a BLAST search, we determined that the
gene is highly conserved among Campylobacter species, but has
more limited distribution outside the genus. The top 100
BLASTp hits were for either C. jejuni or Camphylobacter coli,
with identities >80%, while a BLASTp hit from H. pylori found
only 30% identity. We hypothesized that CtsM plays a role in
DNA discrimination during transformation, for two reasons.
First, its high degree of conservation within Campylobacter im-
plies an important role in a variety of habitats, while its lack of
conservation outside the genus suggests that it might help dis-
criminate Campylobacter DNA from non-Campylobacter DNA.
Second, its lack of a cognate restriction enzyme as an orphan
DNA MTase indicates that it might play a unique role in the
biology of this bacterium outside of restriction-modification
per se.
We constructed a ctsM::kan insertion/deletion strain, and

assayed its methylation status by testing the sensitivity of DNA
from the mutant strain to restriction by the REases EcoRI or
ApoI. The recognition site for each REase includes the meth-
ylation substrate of CtsM (specifically, GAATTC for EcoRI and
RAATTY for ApoI), and neither enzyme cleaves DNA when
that site is methylated at the position acted on by CtsM. EcoRI
and ApoI were able to digest genomic DNA (gDNA) from the

Table 1. Conserved methylation motifs in Campylobacter

Recognition
sequence

C. jejuni
laboratory strains

C. jejuni
human isolate

C. jejuni
sheep isolate C. coli C. peloridis C. subantarcticus

UPTC
NCTC

Campylobacter
spp.

81–176 (18) 11168 (18) F38011 (19) IA3902 (20)
BfR-CA-9557

(21) (22)
LMB 24374

(22)
LMG 24377

(22)
11845
(22) RM16704 (22)

RAATTY + + + + + + + + + +
GATC − − − − + + + + + −
TAAYN5TGC + + − + +/− − − − − −
CAAGAA − − − − + + − − − −
GCAAGG + +/− +/− + − − − − − −
GAGN5GT − + − +/− − − − − − −

Methylation motifs were determined using SMRT sequencing. Ambiguous nucleotides are denoted using IUPAC ambiguity codes. +/− indicates that the
motif contains one nucleotide difference between the two strains. Underlining indicates the methylated base. Only motifs found to be methylated in more
than one strain are included here. Numbers in parentheses refer to citations.

2 of 9 | www.pnas.org/cgi/doi/10.1073/pnas.1703331114 Beauchamp et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703331114/-/DCSupplemental/pnas.201703331SI.pdf?targetid=nameddest=ST1
www.pnas.org/cgi/doi/10.1073/pnas.1703331114


mutant strain, but not gDNA from the WT strain (Fig. 2),
confirming that loss of CtsM in the cell alters methylation of the
DNA at RAATTY.

DNA Not Methylated at RAm6ATTY Is a Poor Transformation
Substrate. Having confirmed the disruption of DNA methyl-
ation in the ctsM::kan mutant strain, we tested whether methyl-
ation at RAATTY affects the transformation frequency of DNA.
gDNA was purified from a strain carrying a marker for kana-
mycin resistance in the astA gene (CtsM+) or from the ctsM::kan
(CtsM−) mutant strain. Both were used in separate trans-
formation assays to transform WT C. jejuni strain DRH212. The
mutant gDNA from the CtsM− cells, lacking methylation at the
RAATTY site, transformed to ∼200-fold lower levels than
gDNA from the CtsM+ cells, indicating that the RAm6ATTY
methylation mark is critical for the ability of gDNA to serve as a
substrate in transformation (Fig. 3).
We tested the ability of the ctsM mutant strain itself to be

transformed, using gDNA from cells containing different antibi-
otic resistance marker cassettes or alleles (kanamycin and chlor-
amphenicol cassettes at the astA locus, or a gyrA allele encoding
resistance to naladixic acid). Purified gDNA from these different
antibiotic resistance mutants was used in transformation assays
with WT and ctsM mutant C. jejuni. No significant difference from
WT in transformation frequency of the ctsMmutants was detected
when using these gDNAs as substrates (Fig. 4A). This indicates
that the MTase does not affect the ability of the cell to be trans-
formed; rather, it is just required for the DNA to act efficiently as
a substrate in transforming other cells. Similar to WT cells, the
ctsM mutants were severely deficient in their ability to be trans-
formed with gDNA lacking methylation at RAATTY (Fig. 4B).
Collectively, our data suggest that ctsM is required for methylation
at the RAATTY site and, while not required for cells to be
competent for transformation, is required for DNA to serve as an
efficient transformation substrate.

In Vitro Methylation Enables Transformation of DNA from a ctsM::kan
Mutant. The ctsM mutant strain produces gDNA that (i) serves as a
poor substrate for natural transformation and (ii) is more readily
digested by enzymes (EcoRI and ApoI) that are inhibited by
methylation at the site modified by this methyltransferase. To test
more directly whether the methylation mark provided by CtsM is
required for transformation, we took advantage of the fact that
EcoRI MTase (M.EcoRI) recognizes a subset of RAATTY sites,
GAATTC. We used commercially obtained M.EcoRI to methylate
gDNA from the ctsM::kan strain. As controls, we used two other
commercially available MTases, M.TaqI and M.HpaII, which
methylate the sites TCGm6A and Cm5CGG, respectively. Given the
position of the methylated bases, the HpaII MTase would interfere
with neither of the REases that we used, even though its target
could overlap the CtsM sequence (e.g., RAATTC5mCGG). M.TaqI
methylation would block 1/8 ApoI sites, because ApoI REase is
sensitive to methylation of the first A (TCGm6AATTY) (25), al-
though it would not affect EcoRI REase, because methylation of
the first A (TCGm6AATTC) does not block cleavage (26).
After treatment with the MTases, purified gDNA from ctsM::kan

was protected from digestion by each cognate restriction
enzyme, confirming successful methylation of the gDNA (Fig.
S1). We then measured the transformation efficiency of ctsM+

C. jejuni with these methylated gDNAs as substrates, compared
with transformation with gDNA from the ctsM+ strain (Fig. 5,
blue bars). The gDNA methylated by M.EcoRI transformed as
well as gDNA from ctsM+ C. jejuni, with a frequency ≈100-fold
greater than that of gDNA isolated from the ctsM mutant that
had not been methylated by M.EcoRI or that had been meth-
ylated by M.TaqI or M.HpaII.
These results indicate that methylation of the RAATTY site is

required for WT levels of transformation. Furthermore, while
the M.EcoRI site overlaps with and methylates the same site as
CtsM, the site is more specific (GAATTC vs. RAATTY) than
the site recognized by the Campylobacter enzyme. Given that
fewer overall sites will be methylated by M.EcoRI than by CtsM
(∼550 vs. 26,609), our data also suggest that not every genomic

Fig. 1. Distribution of all possible methylation motifs in 81–176. CtsM
(RAATTY) sites are indicated in green. For comparison (in order toward the
center), EcoRI (GAATTC) sites are in red, M.CjeFIII (GCAAGG) sites are in
black, M.CjeFII (CAAYN6ACT) sites are in dark blue, M.CjeFIV (TAAYN5TGC)
sites are in light blue, and M.CjeFV (GGRCA) sites are in fuschia. The chro-
mosome is in black. Small black boxes indicate the ribosomal gene clusters.

Fig. 2. DNA from ctsM::kan is degraded by ApoI and EcoRI. gDNA was
purified from either WT C. jejuni strain DRH153 (kanR) or ctsM::kan mutants.
The DNA was then either mock-digested (lanes 1 and 2) or digested (lanes
3 and 4) with the restriction enzymes EcoRI (Left) or ApoI (Right). The DNA
was then electrophoresed on an agarose gel and visualized using ethidium
bromide. ApoI (RAATTY) should cut approximately four times as frequently
as EcoRI (GAATTC).
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RAm6ATTY site must be methylated for transformation to oc-
cur. As shown in Fig. S2B, there are no EcoRI sites in the
kanamycin cassette. The nearest EcoRI site is 1,686 bp upstream
of the insertion; the closest site 3′ is >15 kb away. While
M.EcoRI has some “star” activity that results in modification of
sequences differing at one position from GAATTC, that off-site
activity requires high enzyme concentrations and buffer condi-
tions that were avoided here (27). This indicates that the
methylated RAATTY site can be at least 1,600 bases away from
the DNA that we know recombines (i.e., the antibiotic cassette)
and still allow for transformation.

In Vitro Methylation by M. EcoRI Is Sufficient to Allow E. coli Plasmids
and PCR Products to Transform Campylobacter. Relative to gDNA
purified from WT C. jejuni, DNA from laboratory strains of
E. coli or derived in vitro by PCR is a poor substrate for Cam-
pylobacter transformation. The mechanism for this discrimina-
tion is unclear. After showing that methylation of RAATTY is
necessary for transformation, we next wanted to determine
whether this methylation is also sufficient for transformation.
We constructed antibiotic cassettes flanked with the C. jejuni

astA sequence to allow for homologous recombination, and
cloned them into pUC19, which does not replicate in C. jejuni.
The resulting plasmids have three EcoRI sites, two in astA and
one in the pUC19 vector (Fig. 6A). We purified these plasmids

from E. coli, methylated them with M.EcoRI, confirmed their
methylation using restriction digest (Fig. S3B), and assessed their
ability to transform DRH212 by selecting for the antibiotic cas-
sette (Fig. 6B). Plasmids treated with M.EcoRI transformed
C. jejuni at frequencies similar to WT gDNA, and at 1,000-fold
greater frequencies than unmethylated DNA of the same origin.
We also tested the ability of methylated PCR products to trans-

form C. jejuni. We designed primers to amplify two PCR products
with increasing amounts of flanking DNA from the plasmid de-
scribed above. These fragments were amplified and methylated with
M.EcoRI. Both products transformed DRH212 at frequencies much
higher than their nonmethylated cognate fragments (Fig. S3C).

One Methylated RAATTY Site Is Sufficient for Transformation. To
determine whether the location and number of methylated sites
affect transformation, we performed site-directed mutagenesis
on pJMB203 to generate plasmids pJMB204-208, either adding
(JMB204) or eliminating (JMB205-208) EcoRI sites (Fig. 7A).
This allowed us to determine the number of methylated RAATTY
sites required for transformation, as well as the location of the
sites relative to the recombining DNA. A plasmid, JMB207, which
has only one methylated site located 1,300 bases away from the
recombining DNA, transformed to similar efficiencies as plasmids
with one or more sites located within the recombining DNA.
Based on our data, we determined that one site is sufficient to
allow for transformation, and that the site does not need to be
located within the DNA segment that will ultimately recombine
(Fig. 7B). The site can be at least 1 kb away without significantly
impacting transformation efficiency.

Partially Methylated DNA Transforms Cells Lacking CtsM, as well as
Cells Containing CtsM. As discussed earlier, in the context of DNA
discrimination, MTases generally function as part of a RM system
in which DNA that lacks the appropriate methylation is degraded
by REases. However, CtsM is an orphan MTase and does not
have a cognate REase. This is based on (i) the absence of an ad-
jacent REase gene [although in rare instances cognate MTase and
REase genes are widely separated on the chromosome (28)] and (ii)
the ability to inactivate CtsM without also inactivating a corre-
sponding REase, which would otherwise degrade the chromosome.
Therefore, the basis for DNA discrimination against unmethylated
DNA is unclear. Our data demonstrate that partially methylated
DNA transforms WT cells.
It is possible that the partial methylation allows the DNA to enter

the cell, where endogenous CtsM will methylate the remaining sites
and protect the DNA from degradation by an unidentified restrictive

Fig. 4. ctsM mutants are transformed with WT frequency by WT gDNA, but not by their own gDNA. (A) WT DNA with varying antibiotic resistance
[kanamycin (DRH153), chloramphenicol (DRH154), and naladixic acid (JMB202)] was purified and used to transform WT, ctsM::kan, and ctsM::cm cells.
Transformation efficiency was calculated as described previously. n.d. indicates that transformation efficiency was not determined because the cells already
contained the antibiotic resistance used to transform cells. (B) DRH154 cells or ctsM::cm cells were transformed with either WT kanR gDNA or DNA from the
ctsM::kan gDNA, and transformation efficiency was measured as described previously. Data represent three biological replicates, each of which contained
three technical replicates. Error bars indicate SD. **P < 0.01; ***P < 0.001, Mann–Whitney U test.

Fig. 3. DNA lacking CtsM methylation is a poor substrate for trans-
formation. DNA was purified from either DRH153 or the ctsM::kan mutant.
This DNA was then used to transform WT cells. Transformation efficiency
was calculated as described in Materials and Methods. Results are the
compilation of three biological replicates, each of which included three
technical replicates. Error bars indicate SD. Significance was determined
using the Mann–Whitney U test.
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factor. To further rule out such a restrictive factor, we asked whether
cells lacking CtsM could be transformed with DNA that is partially
methylated at the RAATTY site. Because these recipient cells lack
CtsM, they cannot further methylate the DNA, leaving unmethy-
lated sites susceptible to degradation by a restrictive factor. We again
used DNA methylated in vitro by M.EcoRI. As mentioned earlier,
this enzyme can methylate only a subset (∼25%) of all the RAATTY
sites. Using gDNA purified from ctsM− cells and methylated in vitro
with M.EcoRI, M.HpaII, or M.TaqI, we determined how well that
DNA transformed cells lacking CtsM (Fig. 5, yellow bars). If a re-
strictive factor were present, it would be able to degrade the partially
methylated (i.e., M.EcoRI-modified) DNA, as well as the control
methylated DNAs. As shown in Fig. S2, the number of unmethylated

sites (green) greatly outnumbered the number of EcoRI methylated
sites (red); however, the partially methylated DNA transformed
CtsM− cells to almost an equivalent degree as CtsM+ cells. While we
did observe a small difference (<0.5 log), this difference is much
smaller than that in cases where the DNA lacks any RAATTY
methylation and thus is nontransformable.
We also tested the same hypothesis using E. coli-derived

plasmid DNA. The plasmids used to determine the number of
methylated sites required for successful transformation were
methylated in vitro, after which we measured how well they
transformed cells lacking CtsM. In this case, we know that there
are eight RAATTY sites located within the homologous DNA
and one site located within the antibiotic cassette that will not be
methylated by M.EcoRI, aas well as between zero and four sites
that will be methylated. Both CtsM+ and CtsM− cells were
transformed equivalently by these plasmids (Fig. 7B).

Methylated RAATTY Promotes DNA Uptake. To determine mecha-
nistically how the cell discriminates between methylated and
unmethlyated DNA and where in the transformation process that
discrimination takes place, we performed a DNA binding and
uptake assay (29) as described inMaterials and Methods. This assay
can determine whether the DNA efficiently binds to the outside of
the cell and is transported into the cells, where it becomes resistant
to DNase degradation. We observed that DNA methylated by M.
EcoRI was taken up by WT cells with significantly more efficiency
compared with unmethylated DNA (Fig. 8). The low uptake of
nonmethylated DNA is similar to that observed with methylated
DNA uptake by a mutant lacking ctsP, a previously described pu-
tative NTPase essential for transformation in C. jejuni (29, 30).
Nonmethylated DNA consistently bound less well to WT cells
compared with M.EcoRI-methylated DNA, while previous meth-
ylation did not influence DNA binding to ctsP mutant bacteria.

Discussion
The goal of this study was to determine how C. jejuni discriminates
extracellular DNA for incorporation during natural transformation.
We identified a methylation motif, RAm6ATTY, that plays a critical
role in the discrimination mechanism. DNA with this site methylated
transforms cells at a frequency several orders of magnitude greater
than DNA lacking this methylation mark. The 26,609 methylated

Fig. 6. In vitro methylation by M.EcoRI allows for transformation of plasmid DNA. (A) Plasmid map of pJMB202 with pertinent features denoted. KanR refers
to a kanamycin resistance cassette. It is inserted in astA. Red lines indicate EcoRI sites (GAATTC) that are methylated by M.EcoRI. Green lines indicate CtsM sites
(RAATTY) that cannot be methylated by M.EcoRI. (B) WT cells were transformed with various types of DNA as indicated. These DNA fragments were then used
to transform WT cells. Transformation efficiency was calculated as described previously. The data represent three biological replicates, each of which con-
tained three technical replicates. n.d. indicates that colonies were not detected. Error bars indicate SD. *P < 0.001; **P < 0.001, one-way ANOVA with Tukey’s
posttest. ns, not significant.

Fig. 5. In vitro methylation at the CtsM site RAATTY, but not at other sites,
significantly enhances gDNA substrate capability. DNA was purified from
either DRH153 (kanr) or ctsM::kan cells. ctsM::kan DNA was then either
mock-methylated or in vitro methylated with EcoRI MTase, TaqI MTase, or
HpaII MTase. EcoRI MTase methylates GAm6ATTC, TaqI methylates TCG m6A,
and HpaII methylates C m6CGG. WT cells (blue) or ctsM::cm cells (yellow) were
transformed with the methylated DNA. Transformation efficiency was cal-
culated as described previously. Data represent three biological replicates,
each of which contained three technical replicates. Error bars indicate SD.
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, Kruskal–Wallis test with
Dunn’s multiple-comparisons test. ns, not significant.
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RAATTY sites are distributed fairly equally around the genome,
with the exception of three regions with significantly fewer sites (Fig.
1). These regions harbor the three copies of the 81–176 ribosomal
gene cluster, where there are only five RAATTY sites over ∼5 kb.
In contrast, the 5 kb flanking these clusters average 40 RAATTY
sites. This dearth of RAATTY sites might affect the ability of sites
to be exchanged during natural transformation. Analyses of uptake
sequences in several species suggests that at a minimum, such se-
quences are found with above-average frequencies in genome
maintenance genes (including ribosomal gene clusters) compared
with other coding sequences (31, 32), although the significance of
this is unclear (32).

A DNA fragment does not need to have all of its RAATTY
sites methylated to be a substrate for transformation. This was
demonstrated using EcoRI MTase, which methylates the more
specific, and thus less frequent, GAATTC. There are ∼550
GAATTC sites in 81–176 gDNA, as opposed to 26,609 methyl-
ated RAATTY sites. Furthermore, E. coli-derived or PCR-
generated DNA, which is typically a poor substrate for trans-
formation, became a much better substrate after methylation by
the EcoRI MTase. Furthermore, we demonstrated, using plas-
mids containing different numbers of EcoRI sites, that one
methylated EcoRI site on the plasmid is sufficient for trans-
formation. This argues strongly against a REase-based system,
because the plasmids and the PCR products contain unmethy-
lated RAATTY sites within DNA that will ultimately recombine
onto the chromosome that would be targeted by a restriction
enzyme. That a single methylated RAATTY site on a relatively
long piece of DNA confers transformability calls into question
the need for so many methylated RAATTY sites within the ge-
nome, and suggests that these sites may play other roles in the
biology of the cell. For example, they could be epigenetic marks
that influence patterns of gene expression.
To our knowledge, there are no previous reports of a

methylation-dependent DNA discrimination process for natural
transformation that does not involve a restriction enzyme. The
discrimination process is distinct from what has been observed in
bacteria such as H. pylori, N. meningitidis, and P. stutzeri, all of
which use methylation-associated RM systems that degrade
DNA lacking the correct methylation motif (12–16). CtsM is an
orphan MTase lacking an obvious cognate REase, analogous to
the Dam methylase of many γ-proteobacteria. Furthermore, in-
activation of ctsM did not alter the fitness of C. jejuni during
laboratory growth, indicating an absence of DNA damage caused
by an unidentified REase. In addition, we were able to use
plasmid DNA containing nine unmethylated RAATTY sites to
transform the cells. If a restriction enzyme existed, it would
cleave the plasmid at these sites, eliminating transformation.
For our plasmid experiments, while most of the unmethylated
RAATTY sites are located within astA, one site is located
282 bases into the chloramphenicol gene. If a restriction enzyme
existed, it would render this gene nonfunctional, and we would
not be able to detect chloramphenicol-resistant transformants.

Fig. 8. Methylated RAATTY promotes DNA uptake. DRH212 cells were in-
cubated with radiolabled pJMB204 that had been methylated with M.EcoRI
(+MT) or mock-methylated (−MT) for 1 h. The methyltransferase experi-
ments were initiated with 5 ng/μL of DNA. Cells were centrifuged, washed,
split, and either mock-treated or treated with DNase. Mock-treated cells
contain the bound DNA (blue), and DNase-treated cells contain DNA that has
been transported into the cells (yellow); 100 ng of DNA was used in each
experiment. After treatment, cells were washed and resuspended in scintil-
lation fluid. Total cpm was measured using a scintillation counter. Data are
representative of the experiment repeated three times. Error bars indicate
SD of three technical replicates. *P < 0.05, two-way ANOVA and Tukey’s
posttest.

Fig. 7. One methylated EcoRI site is sufficient for transformation. (A) Diagram of the plasmids used. EcoRI sites (GAATTC) are in red, and CtsM sites (RAATTY)
that are not methylated by M.EcoRI are shown in green. The exact sites of the EcoRI sites are indicated for pJMB204. The plasmids are identical except for the
location and number of EcoRI sites. The plasmid backbone is indicated in black, and regions homologous to C. jejuni are indicated in blue. The antibiotic
cassette is in yellow. (B) WT cells (blue) or ctsM::kan cells (yellow) were transformed with different plasmids as indicated, and transformation efficiency was
measured as before. n.d. indicates that colonies were not detected. Error bars indicate SD. *P < 0.01; **P < 0.01, Kruskal–Wallis test with Dunn’s multiple-
comparison posttest.
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Linearizing DNA can increase its transformability by recruiting
RecBCD (33); however, the plasmid the we used has nine
cleavable RAATTY sites, including one site in the middle of the
chloramphenicol gene. Therefore, even if there were an increase
in transformation due to the linearity of the DNA, the chlor-
amphenicol gene would be disrupted, and both pieces of this
gene would have to independently recombine onto the chro-
mosome perfectly to restore the double-stranded break and al-
low for chloramphenicol-resistant transformants.
We have also demonstrated that methylated RAATTY func-

tions effectively as an uptake sequence for C. jejuni. RAATTY-
methylated DNA is transported into the cell, whereas DNA
lacking methylation at RAATTY is not. This is distinct from
other uptake sequences, which are longer and not methylation-
dependent. If this system functions similarly to those in Neisseria
and Haemophilus, then we predict that there is an outer mem-
brane protein that will recognize methylated RAATTY and
promote translocation of the DNA into the cell. In Neisseria, this
protein is ComP, a minor pilin (34). C. jejuni has two minor pilin
genes, ctsG and ctsT, which have been found to be defective in
DNA uptake, but their role in transformation has yet to be de-
termined (29). It is possible that these pilins may play a similar
role as ComP in Neisseria.
Although the difference is not great, unmethylated DNA binds

less well to WT C. jejuni than to ctsPmutant bacteria. This finding
warrants further exploration to uncover the underlying mecha-
nism; however, speculation about it is reasonable. The ctsP gene
encodes a putative NTPase that presumably is required for some
energy-dependent step in the process of binding and/or uptake.
CtsP is one of two NTPases (along with CtsE) required for
transformation (29, 30). A translocation ratchet mechanism has
been proposed for DNA uptake in Neisseria gonorrhoeae, although
not directly through pilus retraction per se (35). If CtsP somehow
controls a similar ratchet mechanism by regulating proteins
that selectively bind CtsM-methylated DNA better than non-
methylated DNA, then in a CtsP mutant, that protein (and the
corresponding bound DNA) might accumulate on the surface of
the cell, because the cell would no longer be capable of ratcheting
it in. This hypothesis is not perfectly consistent with the proposed
ratchet mechanism, but provides a basis for further investigation.
In addition to identifying a DNA discrimination motif, we

have introduced a potentially powerful tool for genome editing
in C. jejuni. We have shown that to successfully transform
C. jejuni, it is only necessary to methylate DNA in vitro with
M.EcoRI. This may enable transformation of E. coli plasmids or
PCR products to make mutations on the chromosome. Fur-
thermore, only a single nearby methylation event is required, and
that methylation event does not have to be on the DNA segment
that will ultimately recombine into the chromosome. Both our
plasmid data (Fig. 7) and experiments using in vitro methylation
of the chromosome (Fig. 5 and Fig. S4) indicate that the meth-
ylated site can be up to 1.6 kb away from the antibiotic cassette;
however, there does seem to be an upper limit to this as a single
methylated site located 3.2 kb away from the antibiotic cassette
does not allow for efficient transformation (Fig. S4). This upper
limit could be related to two different mechanisms. First, large
pieces of single-stranded DNA eventually become degraded in-
side the cell, decreasing the transformation efficiency. Second,
recombination might be inefficient over large stretches of DNA,
and so the upper limit is based on recombination efficiency.
There is evidence of a restriction barrier in C. jejuni. This

barrier is partially explained by identification of the RM system
encoded in C. jejuni strain 11168. Inactivation of this RM system
significantly increased the transformation efficiency of plasmids
derived from Campylobacter; however, it did not allow for
transformation of E. coli-derived plasmids (17). Furthermore,
this REase is not found in all strains of C. jejuni and is in fact
absent in 81–176. Because WT 81–176 cannot be transformed by

E. coli-derived plasmids, this RM system cannot fully explain the
demonstrated restriction barrier. CtsM appears to explain more
of the observed restriction barrier, as it is present in all se-
quenced Campylobacter strains examined to date (60 of 60 as of
December 2016). Moreover, we were able to transform WT C.
jejuni with both plasmid- and PCR-derived DNA after methyl-
ation. In this case, we simply had to modify the substrate, and not
the cell, to allow transformation. Finally, we found that
RAATTY methylation allows transformation of E. coli-derived
plasmids into strain 11168 (Fig. S5). This strain transformed less
well than 81–176, presumably due to the Cj1051c RM system.
CtsM and its cognate methylation motif are conserved among

the PacBIo-sequenced Campylobacter strains. These strains are
diverse and range from laboratory C. jejuni isolates to the more
distantly related Campylobacter subantarcticus and Campylobac-
ter peloridis isolates. Of more than 35 identified methylation
motifs, this is the only motif conserved among all SMRT-
sequenced strains evaluated thus far. If this is a conserved re-
quirement for DNA in Campylobacter competence, then we
would predict that this motif will be found in all naturally com-
petent strains of Campylobacter to allow the strain to share its
DNA with related cells. Our ability to insertionally inactivate the
DNA MTase demonstrated that it is not required for growth in
vitro, although its strict conservation throughout the genera indi-
cates that it might have other roles. To this point, while remaining
quite viable and able to form single colonies, the ctsM mutant
strain does grow less well than WT and reaches a lower optical
density in standard Campylobacter media compared with the WT
strain. Loss of CtsM would not limit a strain’s ability to import
DNA from other cells, but its own genes would lose the capacity
for horizontal transfer, such that any alleles unique to CtsM−

strains would possibly tend to decrease in frequency relative to
alleles in WT strains.
Orphan MTases are a growing area of study, and are now

recognized to play diverse roles in gene regulation. For exam-
ple, Dam MTases in Gammaproteobacteria regulate the timing
of DNA replication, and CcrM MTases in Alphaproteobacteria
regulate cell cycle progression (36–42). Because orphan MTa-
ses are more conserved at the genus, family, and class levels
than MTases in RM systems, it is hypothesized that they have a
functional role distinct from host genome protection (43).
Among the more than 230 diverse bacteria, the largest class of
orphan MTases comprises those that methylate RAATTY (43).
These orphan MTases are found in Campylobacter, Akkerma-
nisia muciniphilia, three Spirochaeta species, and three Trepo-
nema species (43). In Spirochaeta smaragdinae, RAATTY sites
in the promoters of transcriptional regulators were not meth-
ylated, leading to the suggestion that that these orphan MTases
play a role in gene regulation (43). Hypomethylation of RAATTY
also has been identified in C. jejuni in front of rRNAs, as well as
the flagellar genes FlgK and a flagellar basal-body rod protein
(20). This implies a role for CtsM in regulation of flagella.
In conclusion, we have identified a methylation-dependent DNA

uptake sequence in C. jejuni. RAATTY methylation is required for
efficient transformation, and when this site is methylated, previ-
ously nontransformable substrates become capable of transforming
C. jejuni. Our data show that RAATTY methylation is required for
transformation, and that DNA lacking RAATTY methylation is not
transported into the cell. One hypothesis is that, analogous to
Neisseria (34), there is a protein on the outer membrane that binds
and recognizes methylated RAATTY DNA such that only methyl-
ated DNA is brought into the cell.

Materials and Methods
Bacterial Strains and Media. The bacterial strains used in this work are listed in
Table S2. C. jejuni was routinely cultured on Muller Hinton (MH) agar with
10% sheep’s blood in microaerophilic conditions (5% CO2, 10% O2, bal-
anced with N2) in a trigas incubator at 42 °C. When necessary, media were
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supplemented with antibiotics at the following concentrations: trimethoprim,
10 μg mL−1; kanamycin, 150 μg mL−1; naladixic acid, 30 μg mL−1; and chloram-
phenicol, 15 μg mL−1. All C. jejuni strains were stored at −80 °C in MH broth
with 20% glycerol.

E. coli strains were routinely cultured at 37 °C in LB broth or agar. When
necessary, antibiotics were used at the following concentrations: ampicillin,
100 μg mL−1; chloramphenicol, 30 μg mL−1; kanamycin, 50 μg mL−1; and tet-
racycline, 12.5 μg mL−1. All E. coli strains were stored at −80 °C in LB broth with
20% glycerol.

Construction of ctsM::kan and ctsM::cm Mutants. Insertion mutants were cre-
ated using Gibson assembly (44). We designed primers using the NEBuilder
Assembly Tool (New England BioLabs). The primers used in this study are
listed in Table S3. We amplified 500 bp upstream and downstream of ctsM,
as well as either the kanamycin cassette or a chloramphenicol cassette from
DRH153 or DRH154, respectively. These fragments were purified using the
QIAgen PCR Purification Kit (Qiagen) and quantified using a Qubit 2.0 fluo-
rometer (Thermo Fisher Scientific). pUC19 was also digested with BamHI and
SalI. The digested plasmid was purified using the QIAgen PCR Purification Kit
and quantified using a Qubit 2.0 fluorometer. The PCR fragments and the
digested plasmid were then mixed in equimolar ratios using Gibson Assembly
Master Mix (New England BioLabs) following the manufacturer’s instructions,
followed by a 60-min incubation at 50 °C. They were then transformed into
NEB 5-alpha Competent E. coli (High Efficiency) cells (New England BioLabs)
according to the manufacturer’s instructions, and then plated on LB kana-
mycin or LB chloramphenicol. All subsequent clones were verified by sequence
determination. Plasmids were transformed into C. jejuni using electroporation
and plated on MH agar with appropriate antibiotics. gDNA was purified, and
generation of the mutant was confirmed using PCR.

Construction of pJMB202 and pJMB203. These plasmids were created using
Gibson assembly, as described above. We amplified the first 975 nucleotides
of astA from 81 to 176, either the kanamycin or chloramphenicol cassette
from DRH153 and DRH154, respectively, and then the remainder of astA. All
subsequent clones were verified by sequence determination.

Construction of pJMB204-209. These plasmids were created using site-directed
mutagenesis of pJMB203, which has three EcoRI sites. We used the Quik-
Change Lightning Site-Directed Mutagenesis Kit (Agilent), and followed the
manufacturer’s instructions to design primers to either add a new EcoRI site
on the plasmid backbone, >1 kb from the insert, or eliminate EcoRI sites so
there was only one site left on the plasmid. We made single nucleotide
changes in all cases (indicated in the primers), and the resulting sites cannot
be recognized by either EcoRI or CtsM.

gDNA Purification. Campylobacter cells were grown on MH agar plates with
appropriate antibiotics as described previously. For transformation assays, a
small number of cells (one or two passes with an inoculating loop) were
scraped off the plate and resuspended in 300-μL filter-sterilized genomic lysis
buffer (50 mM Tris base pH 7.5, 50 mM EDTA, 1% SDS, and 10 mM NaCl). The
cells were heated at 95 °C for 10 min, after which 150 μL of Epicenter MPC
Protein Precipitation Reagent was added. The cells were vortexed for 20 s,
incubated on ice for 5 min, and then spun at 14,000 rpm for 15 min. After

centrifugation, the supernatant was transferred to a clean 1.5-mL tube, and
750 μL of isopropanol was added, with mixing by inversion. After another
centrifugation at 14,000 rpm for 5 min, the pellet was then washed twice with
70% ethanol. After washing, all ethanol was removed, and the pellet was
dried in a SpeedVac for 10 min and then resuspended in 100 μL of dH2O.
Concentration was determined using the Qubit 2.0 fluorometer.

Transformation Assays. Transformation assays were performed as described
previously withminor changes (29, 45). In brief, C. jejuniwas grown for 16–18 h
on MH agar plates supplemented with appropriate antibiotics. Cells were
resuspended in MH broth to an OD600 of 0.5, and 500-μL aliquots were added
to 13-mm test tubes. Unless ndicated otherwise, 1 μg of DNA (genomic, plas-
mid, or PCR product) was added to the tubes, and the cultures were incubated
for 4 h at 37 °C in 5% CO2. The number of transformants and the total number
of bacteria were determined by dilution plating on MH agar with appropriate
antibiotics. Transformation efficiency represents the number of transformants
per total number of bacteria per microgram of DNA. Transformations were
conducted in triplicate and repeated at least three times. The reported
transformation efficiency represents the average of three experiments.

In Vitro Methylation. DNA MTases (M.EcoRI, M.HpaII, and M.TaqI) were
purchased from New England BioLabs. DNAwas methylated according to the
manufacturer’s instructions, using the appropriate MTase concentration,
time, buffer, and AdoMet concentration. After incubation, the DNA was
purified. Plasmid and PCR fragments were purified using the QIAgen PCR
Purification Kit, and genomic DNA was purified using ethanol precipitation.
After purification, the DNA was quantified using the Qubit 2.0 fluorometer,
and the methylation status was tested using appropriate restriction enzyme
digestion. Methylation was deemed complete if the DNA was protected
from cleavage after a 1-h digest as determined by gel electrophoresis.

DNA Binding and Uptake Assays. Here 0.1 μg of purified plasmid DNA (with or
without M.EcoRI methylation) per reaction was radiolabeled with 20 μCi [α-32P]
dCTP using a Nick Translation Kit (Roche) in accordance with the manufacturer’s
instructions. The DNA was purified using Sephadex G-25 Quick Spin Columns for
radiolabeled DNA purification (Roche), following the manufacturer’s instruc-
tions. The purified DNA was mixed with 500 μL of 0.5 OD600 C. jejuni and then
incubated at 37 °C for 30 min. To evaluate binding, the cell/DNA mixture was
centrifuged, washed twice with MH broth, and then resuspended in 100 μL of
dH2O. The mixture was then added to 5 mL of Scintillation Saf-Solve (VWR), and
counts were measured with a scintillation counter. To evaluate uptake, the cell/
DNA mixture was centrifuged, washed twice with MH broth, and then resus-
pended in 500 μL ofMH broth. Then 1 μL of Turbo DNase (Life Technologies) was
added, followed by a 45-min incubation at 37C. The DNase step was repeated
once, and then cells were centrifuged, washed twice with MH broth, and
resuspended in 100 μL of dH2O. The cells were then added to 5 mL of Scintil-
lation Saf-Solve, and counts were measured with a scintillation counter.
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