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The species Campylobacter jejuni is naturally competent for DNA uptake; nevertheless, nonnaturally trans-
formable strains do exist. For a subset of strains we previously showed that a periplasmic DNase, encoded by
dns, inhibits natural transformation in C. jejuni. In the present study, genetic factors coding for DNase activity
in the absence of dns were identified. DNA arrays indicated that nonnaturally transformable dns-negative
strains contain putative DNA/RNA nonspecific endonucleases encoded by CJE0566 and CJE1441 of strain
RM1221. These genes are located on C. jejuni integrated elements 2 and 4. Expression of CJE0566 and CJE1441
from strain RM1221 and a homologous gene from strain 07479 in DNase-negative Escherichia coli and C. jejuni
strains indicated that these genes code for DNases. Genetic transfer of the genes to a naturally transformable
C. jejuni strain resulted in a decreased efficiency of natural transformation. Modeling suggests that the C. jejuni
DNases belong to the Serratia nuclease family. Overall, the data indicate that the acquisition of prophage-
encoded DNA/RNA nonspecific endonucleases inhibits the natural transformability of C. jejuni through hy-
drolysis of DNA.

Bacterial species display genetic diversity that can contribute
to their capacity to adapt and survive in changing environ-
ments. One of the processes contributing to genetic diversity is
horizontal gene transfer. This involves the acquisition of ge-
netic material, ultimately resulting in insertion of the acquired
DNA and/or deletion of existing genetic material (9). The
ability to take up exogenous DNA is present in many bacteria
(4, 30). In general, uptake of DNA during natural transforma-
tion involves binding of double-stranded DNA to bacterial
surface components, followed by transport through the cyto-
plasmic membrane (5). Upon transport, one of the DNA
strands is degraded into nucleotides, whereas the other strand
enters the cytoplasm and may provide new characteristics to
the host genome.

One of the bacterial species naturally competent for DNA
uptake is the human pathogen Campylobacter jejuni (32).
Worldwide, C. jejuni is one of the most frequent causes of
human bacterial gastroenteritis (3). In C. jejuni horizontal gene
transfer can occur within a host, as witnessed in chickens infected
with two C. jejuni strains carrying distinct genetic markers (7). The
ability to acquire exogenous DNA contributes to the generation
of genetic diversity in C. jejuni, which is reflected by the genotypic
variation seen among strains (8, 29, 33).

Thus far, several genes have been implicated in the process
of natural transformation of C. jejuni (35). Yet not all C. jejuni
strains are equally competent, since differences in natural
transformation frequencies have been noted, and even non-
naturally transformable strains do exist (32, 34). Previously, we
demonstrated that DNA-hydrolyzing activity inhibits natural
transformation of C. jejuni and identified Dns as one of the
responsible nucleases (13). Dns is encoded by a putative
prophage present in C. jejuni strain RM1221, namely, C. jejuni
integrated element 1 (CJIE1).

The presence of DNase activity in C. jejuni has long been
known and was in fact one of the criteria for Lior’s extended
biotyping scheme for thermophilic campylobacters (21).
Through identification of dns a genetic basis for DNase activity
by a subset of C. jejuni strains has been provided, but the
genetic factors responsible for DNase activity in dns-negative
nonnaturally transformable C. jejuni strains are not yet known.

In this study, we attempted to identify and functionally char-
acterize an additional DNase-encoding gene(s) present in a
subset of nonnaturally transformable DNase� C. jejuni strains.
Comparative genomic hybridization for DNase�/dns� and
DNase�/ dns-negative C. jejuni strains revealed three highly
homologous genes encoded by the putative phage-related in-
tegrated elements CJIE2 and CJIE4. Functional analysis
showed that these genes encode DNases that reduce the nat-
ural transformability of C. jejuni through hydrolysis of exoge-
nous DNA.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains used in this
study are listed in Table 1. C. jejuni strains were grown on heart infusion (HI)
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agar plates (Difco) containing 5% sheep blood (HIS plates), at 37°C for 48 h
under microaerobic conditions (6% O2, 7% CO2, 7% H2, and 80% N2). For
electrotransformation and natural transformation, saponin plates were used,
consisting of blood agar base no. 2 medium (Oxoid) containing 4% sheep blood
lysed with 0.7% saponin. E. coli was cultured on Luria-Bertani agar or in Luria-
Bertani broth at 37°C under aerobic conditions. When appropriate, media were
supplemented with ampicillin (100 �g ml�1), chloramphenicol (12.5 �g ml�1), or
kanamycin (30 �g ml�1).

Microarray data analysis. The comparative genomic hybridization data used
were obtained in a previous study (13). Briefly, a whole C. jejuni genome open
reading frame (ORF)-based DNA array, consisting of 1,530 ORFs (94%) from
the naturally transformable strain NCTC 11168 and 227 unique ORFs from the
nonnaturally transformable strain RM1221, was hybridized with chromosomal
DNA isolated from six naturally transformable C. jejuni strains and 20 nonnatu-
rally transformable strains. The microarrays were scanned and analyzed as de-
scribed previously, and the status of a gene (present, divergent, or absent) was
defined using comparative genomic indexing (13, 25).

In silico analysis. The candidate genes obtained via comparative genomic
indexing were used to search for homologues with Basic BLAST or BLAST
Assembled Genomes (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The Blastn algo-
rithm (nucleotide-nucleotide BLAST) was used to search for homologues based
on nucleotide sequences, and the Blastp algorithm (protein-protein BLAST) was
used to find homologues based on amino acid sequences. Alignments were
assumed to be significant when the probability values obtained were �1. By
performing pairwise alignments with EMBOSS-Align (http://www.ebi.ac.uk
/Tools/emboss/align; covering whole length sequences) the overall similarities
were determined (19, 24). The presence and location of a signal peptide cleavage
site in the amino acid sequence were predicted by SignalP 3.0 (2).

Confirmation of the hybridization data by PCR. The status (presence/absence)
of CJE0566 and CJE1441 homologues was confirmed by PCR. To this end,
chromosomal DNA was isolated from C. jejuni strains with the Gentra Puregene
DNA isolation kit (Qiagen) according to the manufacturer’s protocol for Gram-
negative bacteria and used as a template in the PCR. The primer combinations
used (CJE0566-Fint/CJE0566-Rint and CJE1441-Fint/CJE1441-Rint [Table 2])
were based on the coding sequences of CJE0566 and CJE1441 of strain RM1221
(NCBI reference sequence number NC_003912) (10).

Electrotransformation of C. jejuni. C. jejuni mutant strains were constructed
via electrotransformation as described previously (13). After recovery on non-
selective saponin plates (5 h, 37°C, microaerobic conditions) the bacteria were

harvested and plated onto selective saponin plates (48 h, 37°C, microaerobic
conditions) to select for transformants.

Construction of DNase-encoding expression plasmids. For gene expression in
C. jejuni, the genes CJE0566 and CJE1441 from strain RM1221 and a CJE0566/
CJE1441 homologue from strain 07479 were amplified by PCR using Taq polymer-
ase with proofreading and primer sets CJE0566-F/CJE0566-R and CJE1441-F/
CJE1441-R, respectively (Table 2). Obtained PCR fragments (706 bp with CJE0566
primers and 704 bp with CJE1441 primers) were cloned into pCR2.1 (Invitrogen,
Breda, The Netherlands), resulting in pCRCJE0566RM1221, pCRCJE1441RM1221,
and pCRCJE056607479 (4.6 kb). Verification of the inserts was done by sequence
analysis (BaseClear, Leiden, The Netherlands). Subsequently, these three constructs
were used as templates in PCRs to introduce a ribosomal binding site (AGGAG)
and XbaI and MfeI restriction sites, using a different primer combination for each
plasmid (CJE0566-Fexp/CJE0566-Rexp, CJE0566-1441-Fexp/CJE1441-Rexp, and
CJE0566-1441-Fexp/CJE0566-Rexp [Table 2]). To introduce the same restriction
sites into the kanamycin-resistant C. jejuni expression plasmid pWM1007Pr1492
(9.5 kb) (36), a PCR product was generated using the primers Pr1492XbaI and
Pr1492MfeI (Table 2). After digestion with XbaI and MfeI, the resulting 671-bp
fragments with CJE0566RM1221, CJE1441RM1221, and CJE056607479 were li-
gated into pWM1007Pr1492 to form pWM1007Pr1492CJE0566RM1221,
pWM1007Pr1492CJE1441RM1221, and pWM1007Pr1492CJE056607479, respec-
tively (10.2 kb). Verification of the size of the insert was done by PCR, using
primers pWM1007Pr1492-F and pWM1007-R (Table 2) located on
pWM1007Pr1492. The resulting C. jejuni expression plasmids were transferred
into C. jejuni strain C019168 via electrotransformation (Table 1).

DNA hydrolysis assay. DNase activity was detected using DNase agar (Oxoid)
supplemented with 0.005% toluidine blue (15, 31). Cultures of E. coli grown in
Luria-Bertani broth and of C. jejuni grown in HI broth, for 16 h at 37°C, were
spun down (1.5 and 3 ml, respectively). The pelleted bacteria were suspended in
50 �l of 500 mM Tris-HCl (pH 7.5), incubated with 5 �l of polymyxin B (50 �g
�l�1; 4°C, 15 min), followed by inoculation of the suspension into a well (5 mm
in diameter) cut in the DNase agar plate after gelling. DNase I (2 �g; Roche
Diagnostics, Indianapolis, IN) was included as a positive control, and 50 �l of 500
mM Tris-HCl (pH 7.5) was used as a negative control. The plate was incubated
aerobically at 37°C for 24 h. Positive results for DNase activity were visible as
colorless zones around the wells.

Natural transformation of C. jejuni. For determination of the natural trans-
formation frequencies of C. jejuni C019168 derivatives the biphasic method was
used (32). Homologous chromosomal DNA (2 �g) isolated from C. jejuni strain

TABLE 1. Bacterial strains used in the study

Strain Relevant genotype and/or phenotype Source or reference

C. jejuni wild-type strains
C011300 NT,a DNase�/dns� J. A. Frost (13)
C019165 NT, DNase�/dns� J. A. Frost (13)
C012446 NT, DNase�/dns� J. A. Frost (13)
C012599 NT, DNase�/dns� J. A. Frost (13)
C356 (CNET076) NT, DNase�/dns� W. F. Jacobs-Reitsma (13)
CCUG10950 NT, DNase�/dns� Culture Collection, University

of Gothenburg,
Gothenburg, Sweden (13)

RM1221 NT, DNase�/dns� 13, 22
D3141 NT, DNase�/dns negative 13, 23
D3226 NT, DNase�/dns negative 13, 23
40707L (CNET007) NT, DNase�/dns negative 13, 16
07479 NT, DNase�/dns negative 13, 16
41239B (CNET005) NT, DNase�/dns negative 13, 16
C019168 Naturally transformable, DNase� J. A. Frost (13)

C. jejuni transformants
C019168(pWM1007Pr1492) This study
C019168(pWM1007Pr1492CJE0566RM1221) This study
C019168(pWM1007Pr1492CJE1441RM1221) This study
C019168(pWM1007Pr1492CJE056607479) This study
C019168hipO::cat Contains chloramphenicol resistance cassette (cat) in hipO This study

E. coli DH5� F� �80dlacZ�M15 �(lacZYA-argF)U169 recA1 endA1
hsdR17(rK

� mK
�) phoA supE44 �� thi-1 gyrA96 relA1

Invitrogen, Breda, The
Netherlands

a NT, nonnaturally transformable.
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C019168hipO::cat (Table 1) (7) served as donor DNA in the transformation (13).
To determine the number of transformants per milliliter, 200-�l aliquots of the
appropriate serial dilutions (100 to 10�5) were plated onto selective saponin
plates. The CFU per milliliter was quantified using track dilution (18), whereby
10-�l aliquots of serial dilutions (10�4 to 10�8) were spotted onto nonselective
saponin plates. For calculation of the natural transformation frequencies, the
number of transformants per milliliter (selective plates) was divided by the total
number of bacteria per milliliter (nonselective plates). All tests were performed
in triplicate. Student’s t test was used for statistical analysis.

Microarray series accession number. The microarray data have been depos-
ited in the Gene Expression Omnibus database (http://www.ncbi.nlm.nih.gov
/geo) with the series accession number GSE18399.

RESULTS

Comparative genomic hybridization. In our search for dif-
ferences in genome content between dns� and dns-negative C.
jejuni strains that are nonnaturally transformable and display
DNase activity, previously obtained comparative genomic hy-
bridization data were used (13). To identify genes responsible
for the DNase� phenotype in dns-negative strains, the hybrid-
ization data were screened for genes absent in the majority of
six nonnaturally transformable DNase�/dns� C. jejuni strains
but present in the majority of five nonnaturally transformable
DNase�/dns-negative strains (see Table S1 in the supplemen-
tal material). A total of 34 genes were absent in almost all of
the DNase�/dns� strains (83% to 100%) and present in the
majority of DNase�/dns-negative strains (60% to 100%), sug-
gesting that one of these genes may be responsible for DNase
activity in the DNase�/dns-negative strains. One DNase�/dns�

strain (C01965), however, exhibited hybridization patterns sim-

ilar to the DNase�/dns-negative strains, i.e., it contained the
majority of the 34 genes in addition to dns.

The majority of the identified genes (24 genes) hybridized
with genes of CJIE2. Nine genes hybridized with genes of
CJIE4; seven of these genes are located on a module also
present in CJIE2 and are indistinguishable by comparative
genomic hybridization (25).

Identification of nuclease-encoding genes. In silico analysis
of the 34 identified genes present in the majority of DNase�/
dns-negative strains using Blastn analysis confirmed the anno-
tation of two genes (CJE0566 and CJE1441) from strain
RM1221 as DNA/RNA nonspecific endonucleases. A homo-
logue with the same annotation was found in Campylobacter
lari strain RM2100 (Cla_0934). The analysis did not indicate a
putative function of the remaining 32 genes in relation to
natural transformability. Using Blastp and SignalP 3.0 (2), four
putative nucleases were identified in C. jejuni strain RM1221
(CJE0556, CJE0566, CJE0575, and CJE1441), of which only
CJE0566 and CJE1441 contained a functional signal peptide
cleavage site, indicative of possible periplasmic localization.
Both the CJE0566 and CJE1441 protein sequences contained
a conserved domain of the NUC superfamily (SMART acces-
sion no. SM00477) characteristic for DNA/RNA nonspecific
endonucleases (11, 12). Moreover, the translated sequences
contained a DRGH motif (see Fig. S1 in the supplemental
material) characteristic for the active site of members of the
Serratia nuclease subfamily (26). Predicted structural models of
CJE0566 and CJE1441 showed similarities with the crystal

TABLE 2. Primers and plasmids used in the study

Primer or plasmid Sequence (5	–3	) or relevant characteristic(s)a,b Source or
reference

Primers
CJE0566-Fint CAAAGTTGTTCGCAAGTTTTAG
CJE0566-Rint CCTTTTAAGATTTTAATATAAGAG
CJE1441-Fint CAAAACTGCTCACAAGTTTTGG
CJE1441-Rint CCTTTTAAAATCTTAGTGTAAGAG
CJE0566-F GAAATGATTAAAGCAACAAGTTAAAC
CJE0566-R GTAAGCAAAAAGCACCCCATTC
CJE1441-F CAAATTGAAAGGGTATGAAAC
CJE1441-R TGCAATTTCCATTTTTACTCC
CJE0566-Fexp GATCTTCTAGAAAGGAGAATAAATGAAAAAACTCATAC
CJE0566-Rexp CCATGGCAATTGTTATATTTTATCACAATC
CJE0566-1441-Fexp AGATCTTCTAGAAAGGAGAATAAATGAAAAAACTTATAATC
CJE1441-Rexp CCATGGCAATTGTTAAAAATTGTCACATTTTAC
Pr1492XbaI AGATCTTCTAGACTCATTTAACGGTTGTCTCC
Pr1492MfeI ACTAGTCAATTGGCGATGGCCCTG
pWM1007Pr1492-F GCATATGAAGAGATTTTG
pWM1007-R CCAACTGGTAATGGTAG

Plasmids
pCR2.1 TA cloning vector, Ampr Invitrogen
pCRCJE0566RM1221 pCR2.1 containing CJE0566 of RM1221 This study
pCRCJE1441RM1221 pCR2.1 containing CJE1441 of RM1221 This study
pCRCJE056607479 pCR2.1 containing a CJE0566/CJE1441 homologue of 07479 This study
pWM1007Pr1492 C. jejuni expression plasmid containing the CJ1492 promoter, Kmr 36
pWM1007Pr1492CJE0566RM1221 C. jejuni expression plasmid with CJE0566 of RM1221 This study
pWM1007Pr1492CJE1441RM1221 C. jejuni expression plasmid with CJE1441 of RM1221 This study
pWM1007Pr1492CJE056607479 C. jejuni expression plasmid with CJE0566/CJE1441 homologue of 07479 This study
pHipO::cat C. jejuni suicide vector with cat inserted in hipO, Cmr 7

a Endonuclease restriction sites introduced into the sequences are underlined.
b Ribosomal binding sites are shown in bold.
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structure of NucA from Anabaena sp. (Fig. 1), which is also an
extracellular nuclease of the Serratia nuclease family.

Taken together, the analysis suggests that CJE0566 and
CJE1441 may code for secreted nucleases that belong to the
Serratia nuclease family.

DNA/RNA nonspecific endonucleases in C. jejuni. Genome
database analysis indicated CJE0566 and CJE1441 homo-
logues in 11 out of the 12 available C. jejuni genome sequences,
which included the DNase� strains NCTC 11168 (Cj0594c)
and 260.94 (CJJ26094_0651) (13). In addition to CJE0566 and
CJE1441, a third nuclease was found in strain RM1221
(CJE0697). Closer inspection of the putative nucleases indi-
cated that they all code for proteins of 216 amino acids with a
decreased probability of signal peptide cleavage (SignalP 3.0
[2]) and a mutation in the DRGH motif (D3T; see Fig. S1 in
the supplemental material). These differences may explain the
absence of DNase activity in the strains NCTC 11168 and
260.94. Overall, the results indicate that homologues of the
putative nucleases encoded by CJE0566 and CJE1441 are
widely spread throughout the C. jejuni species but that perhaps
only a subset of these homologues is functional.

Cloning and sequencing of three C. jejuni DNA/RNA non-
specific endonucleases. The presence of CJE0566 and
CJE1441 homologues in the nonnaturally transformable
DNase�/dns-negative C. jejuni strains was confirmed by PCR
using primer sets based on the coding sequences of both genes
from strain RM1221 (data not shown). Detailed genomic in-
dexing of all CJIE2 and CJIE4 genes of strain RM1221 in all
nonnaturally transformable DNase�/dns-negative C. jejuni
strains revealed that the genes flanking CJE0566 and CJE1441
in RM1221 were not present in these strains, with the excep-
tion of CJE0565 and CJE0567 in strain 07479 (see Table S2 in
the supplemental material). From this strain, gene CJE0566
was successfully amplified by PCR. This gene codes for a pro-
tein of 217 amino acids and contains a DRGH motif and a
signal peptide with a high cleavage probability (see Fig. S1 in
the supplemental material).

To functionally characterize CJE0566 from strain 07479 and
the homologues from strain RM1221, the three genes were
cloned and introduced into E. coli strain DH5�. DNA hydro-
lysis assays using DNase agar with toluidine blue demonstrated
that each of the plasmids converted the E. coli phenotype from
DNase� into DNase� (data not shown), indicating that
CJE0566 and CJE1441 from strain RM1221 and CJE0566
from strain 07479 indeed code for functional DNases.

Inhibition of natural transformation by DNA/RNA nonspe-
cific endonucleases. To investigate the effect of different
DNases on the process of natural transformation in C. jejuni,
the three genes encoding the proteins were introduced via
electrotransformation into the naturally transformable
DNase� C. jejuni strain C019168 using the expression plasmid
pWM1007Pr1492 (36). As a control, the same vector without
an insert was introduced. DNA hydrolysis assays demonstrated
the presence of DNA-hydrolyzing activities for the transfor-
mants carrying the CJE0566RM1221, CJE1441RM1221, and
CJE056607479 plasmids, but not for the control strain carrying
the empty vector (Fig. 2).

To determine the effect of the presence of DNase activity on
natural transformation, the derivatives of C. jejuni strain
C019168 were transformed with homologous chromosomal
DNA with a chloramphenicol resistance cassette in hipO
(C019168hipO::cat). This construct demonstrated a 35- to 40-
fold decrease in the natural transformation frequencies for the
DNase-positive strains compared to the control strain carrying
the empty plasmid (P � 0.01) (Table 3). These results indicate
that the nucleases encoded by CJE0566 and CJE1441 from C.
jejuni strain RM1221 and their homologue from strain 07479

FIG. 1. Comparison of predicted structural models of proteins en-
coded by CJE0566 and CJE1441 from C. jejuni strain RM1221 with the
structural model of NucA from Anabaena sp. The structures were
generated using Swiss-Model (1). The residues DRGH are shown in
white (CJE0566 and CJE1441) or black (NucA).

FIG. 2. Effects of CJE0566RM1221, CJE1441RM1221, and CJE056607479
on the DNase activity of C. jejuni. The three genes were placed on
expression plasmid pWM1007Pr1492 (pWM) and introduced into C. je-
juni strain C019168. DNase activity of polymyxin B-treated C. jejuni trans-
formants was detected using DNase agar supplemented with toluidine
blue. �C, with DNase I; �C, with 500 mM Tris-HCl (pH 7.5).

TABLE 3. Effects of CJE0566RM1221, CJE1441RM1221, and
CJE056607479 on the natural transformation

frequency of C. jejuni

Strain Natural transformation
frequencya

C019168(pWM1007Pr1492) ....................................(1.1 
 0.1) � 10�4

C019168(pWM1007Pr1492CJE0566RM1221) .........(3.1 
 1.0) � 10�6b

C019168(pWM1007Pr1492CJE1441RM1221) .........(2.8 
 2.0) � 10�6b

C019168(pWM1007Pr1492CJE056607479) .............(2.6 
 3.3) � 10�6b

a The natural transformation frequency was determined by dividing the num-
ber of transformants per milliliter by the total number of CFU per milliliter. The
values are the averages of three experiments.

b P � 0.01 by Student’s t test for the comparison with the control strain
carrying the empty expression plasmid (pWM1007Pr1492).
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impair natural transformation in DNase�/dns-negative C. je-
juni strains.

DISCUSSION

The species C. jejuni is naturally transformable, but the
efficiency of transformation is variable, and even nontrans-
formable strains exist (32, 34). Many nonnaturally transform-
able C. jejuni strains express DNase activity. For a subset of
strains this is caused by a periplasmic DNase encoded by dns
(13). A second subset of nonnaturally transformable C. jejuni
strains, however, contains DNase activity in the absence of dns
(13). The present study provides evidence that these DNase�/
dns-negative strains contain genes coding for DNA/RNA non-
specific endonucleases that are homologous to CJE0566 and
CJE1441 from C. jejuni strain RM1221. These genes confer
DNase activity to E. coli and inhibit natural transformation of
a naturally transformable C. jejuni strain. These results dem-
onstrate that these genes code for DNases and that besides
Dns, which is a member of the endonuclease I family, also
DNases of the DNA/RNA nonspecific endonuclease family
influence the natural transformability of C. jejuni.

The novel C. jejuni DNases were identified by analysis of
comparative genomic hybridization of dns-positive and dns-
negative nonnaturally transformable DNase� strains. This
showed that the integrated elements CJIE2 and CJIE4 con-
tained genes that are present in the dns-negative strains but
absent in the dns� strains. CJIE2 and CJIE4 are two of the
three phage-related integrated elements present in C. jejuni
strain RM1221 but absent in strain NCTC 11168 (10). The
presence of these integrated elements in other C. jejuni strains
and their diversity between strains (see Table S2 in the sup-
plemental material) are in agreement with earlier reports (6,
25). The majority of CJIE2 and CJIE4 genes present in
DNase�/dns-negative C. jejuni strains encode hypothetical
proteins, but the homologues of CJE0566 (CJIE2) and
CJE1441 (CJIE4) are annotated as DNA/RNA nonspecific
endonucleases, a family of endonucleases that is widely distrib-
uted among prokaryotic and eukaryotic species (26). Indeed,
the predicted protein structures of CJE0566 and CJE1441 re-
sembled the three-dimensional (3D) structure of NucA from
Anabaena sp. (Fig. 1), a member of the Serratia nuclease family
which belongs to the group of DNA/RNA nonspecific endo-
nucleases (14, 28). CJE0566 and CJE1441 are very similar at
the amino acid level and display considerable similarity to
Cla_0934 from C. lari RM2100. In contrast to CJE0566 and
CJE1441, Cla_0934 is not located on integrated element
CLIE1 in C. lari, although CLIE1 is very similar to CJIE4 of C.
jejuni (10).

Members of the Serratia nuclease family contain a so-called
DRGH motif {DRGH[QLIM]-X(3)-[AG]; accession no.
PDOC00821} in which histidine is the active site residue (11,
12). Although the amino acid sequences and the predicted 3D
structures of CJE0566 and CJE1441 share similarity with mem-
bers of this family, the sequences deviate from the DRGH
motif in their fifth residue (Q3T). Evidently, the presence of
a threonine at this position in the gene products of CJE0566
and CJE1441 does not affect activity, as expression of these
genes in DNase� E. coli renders the cells DNase positive. The
observed inhibition of natural transformation after introduc-

tion of the DNase-encoding genes into the DNase-negative C.
jejuni provides functional evidence that, besides dns (13), ad-
ditional DNases may impair genetic transfer via natural trans-
formation (Table 3). It should be noted that although func-
tionally similar, Dns does not belong to the Serratia nuclease
protein family, as evidenced by the absence of the Serratia
nuclease-specific DRGH motif.

In silico analysis of C. jejuni genomes revealed that 11 out of
12 C. jejuni genomes available in the public databases contain
homologues of CJE0566/CJE1441, including the DNase�

strains NCTC 11168 and 260.94 (13). The DNase� phenotype
of these strains may be caused by differences in protein expres-
sion levels but more likely can be attributed to amino acid
changes. We expect the nucleases from DNase� strains to be
inactive, as the first amino acid of the conserved DRGH motif
is missing. Serratia nuclease mutagenesis of this aspartic acid
results in reduced enzyme activity (11, 12). In fact, when
searching the SMART nonredundant database (http://smart
.embl-heidelberg.de) (20, 27) for proteins with NUC domains
(accession no. SM00477), it appeared that among 183 entries
of bacterial origin approximately 20% are predicted to be
inactive due to amino acid substitutions in the catalytic site.
Besides the incomplete DRGH motif, the inactive C. jejuni
proteins also appear to contain a degenerated signal peptide
sequence which may hamper transport to the periplasm.
Changes in protein localization (from cytoplasmic to periplas-
mic) can be beneficial to a host for some properties (17).
However, we consider it unlikely that nucleases from DNase�

strains are functionally expressed in the cytoplasm, as induced
high-level expression in E. coli resulted in the cessation of
growth (unpublished observation). The apparent degeneration
of DNase-encoding genes in some C. jejuni strains may indicate
that the presence of this trait brings no selective advantage to
these strains.

Finally, our findings indicate that C. jejuni strains have ac-
quired phage-like integrated elements that code for different
types of periplasmic DNases. These elements are genetically
variable and widely spread through the C. jejuni population,
thereby contributing to genetic diversity of the species. On the
other hand, the encoded DNases limit horizontal gene transfer
in C. jejuni through inhibition of natural transformation. This
suggests that bacteriophages may both create and restrain ge-
netic diversity of the species C. jejuni.
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Wösten for kindly supplying C. jejuni strains and vectors, L. van der
Graaf-van Bloois and A. G. de Boer for technical support, and M. R.
de Zoete for helpful advice.

REFERENCES

1. Arnold, K., L. Bordoli, J. Kopp, and T. Schwede. 2006. The SWISS-MODEL
workspace: a web-based environment for protein structure homology mod-
elling. Bioinformatics 22:195–201.

2. Bendtsen, J. D., H. Nielsen, G. von Heijne, and S. Brunak. 2004. Improved
prediction of signal peptides: SignalP 3.0. J. Mol. Biol. 340:783–795.

3. Butzler, J. P. 2004. Campylobacter, from obscurity to celebrity. Clin. Micro-
biol. Infect. 10:868–876.

940 GAASBEEK ET AL. J. BACTERIOL.



4. Chen, I., P. J. Christie, and D. Dubnau. 2005. The ins and outs of DNA
transfer in bacteria. Science 310:1456–1460.

5. Chen, I., and D. Dubnau. 2004. DNA uptake during bacterial transforma-
tion. Nat. Rev. Microbiol. 2:241–249.

6. Clark, C. G., and L. K. Ng. 2008. Sequence variability of Campylobacter
temperate bacteriophages. BMC Microbiol. 8:49.

7. de Boer, P., J. A. Wagenaar, R. P. Achterberg, J. P. M. van Putten, L. M.
Schouls, and B. Duim. 2002. Generation of Campylobacter jejuni genetic
diversity in vivo. Mol. Microbiol. 44:351–359.

8. Dingle, K. E., F. M. Colles, D. R. A. Wareing, R. Ure, A. J. Fox, F. E. Bolton,
H. J. Bootsma, R. J. L. Willems, R. Urwin, and M. C. J. Maiden. 2001.
Multilocus sequence typing system for Campylobacter jejuni. J. Clin. Micro-
biol. 39:14–23.

9. Dutta, C., and A. Pan. 2002. Horizontal gene transfer and bacterial diversity.
J. Biosci. 27:27–33.

10. Fouts, D. E., E. F. Mongodin, R. E. Mandrell, W. G. Miller, D. A. Rasko, J.
Ravel, L. M. Brinkac, R. T. DeBoy, C. T. Parker, S. C. Daugherty, R. J.
Dodson, A. S. Durkin, R. Madupu, S. A. Sullivan, J. U. Shetty, M. A. Ayodeji,
A. Shvartsbeyn, M. C. Schatz, J. H. Badger, C. M. Fraser, and K. E. Nelson.
2005. Major structural differences and novel potential virulence mechanisms
from the genomes of multiple Campylobacter species. PLoS Biol. 3:e15.

11. Friedhoff, P., O. Gimadutdinow, and A. Pingoud. 1994. Identification of
catalytically relevant amino acids of the extracellular Serratia marcescens
endonuclease by alignment-guided mutagenesis. Nucleic Acids Res.
22:3280–3287.

12. Friedhoff, P., B. Kolmes, O. Gimadutdinow, W. Wende, K. L. Krause, and A.
Pingoud. 1996. Analysis of the mechanism of the Serratia nuclease using
site-directed mutagenesis. Nucleic Acids Res. 24:2632–2639.

13. Gaasbeek, E. J., J. A. Wagenaar, M. R. Guilhabert, M. M. S. M. Wösten,
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