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The human pathogen Campylobacter jejuni is one of more than 40 naturally competent bacterial species able
to import macromolecular DNA from the environment and incorporate it into their genomes. However, in C.
Jejuni little is known about the genes involved in this process. We used random transposon mutagenesis to
identify genes that are required for the transformation of this organism. We isolated mutants with insertions
in 11 different genes; most of the mutants are affected in the DNA uptake stage of transformation, whereas two
mutants are affected in steps subsequent to DNA uptake, such as recombination into the chromosome or in
DNA transport across the inner membrane. Several of these genes encode proteins homologous to those
involved in type II secretion systems, biogenesis of type IV pili, and competence for natural transformation in
gram-positive and gram-negative species. Other genes identified in our screen encode proteins unique to C.
Jejuni or are homologous to proteins that have not been shown to play a role in the transformation in other

bacteria.

The gram-negative bacterium Campylobacter jejuni is the
most common cause of bacterial gastroenteritis in many indus-
trialized countries (30). In the United States alone, the annual
incidence of C. jejuni infection is estimated to be approxi-
mately one infection per 100 people (29). Transmission to
humans most often occurs via consumption of contaminated
poultry, unpasteurized milk, or untreated water. Disease symp-
toms range from mild, watery diarrhea to a severe, inflamma-
tory diarrhea.

Analysis of numerous C. jejuni isolates has revealed geno-
type diversity in the species. Based on results from multilocus
sequence typing, it is thought that intraspecies recombination
plays a large role in generating genetic diversity among C.
jejuni strains (11, 56). Recently, horizontal gene transfer was
shown to occur in vivo among strains of C. jejuni during ex-
perimental infection of chickens (9).

Natural transformation is one potential mechanism for hor-
izontal gene transfer leading to genetic diversity among a pop-
ulation. Natural competence is a physiological state that allows
uptake of macromolecular DNA from the environment (13).
More than 40 naturally transformable bacterial species have
been identified (36). Competent bacteria bind DNA and trans-
port it into the cytoplasm, where it may either recombine into
the chromosome or, in the case of plasmid DNA, replicate
freely. Like several other human pathogens, including Neisseria
gonorrhoeae, Haemophilus influenzae, and Helicobacter pylori
(17, 53, 60, 63), C. jejuni is naturally competent for transfor-
mation, exhibiting transformation frequencies of ca. 10~* with
chromosomal DNA as the source of DNA (62).

Little is known about the mechanism of transformation of C.
jejuni. A plasmid, pVir, from C. jejuni strain 81-176 encodes
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several proteins homologous to those of conjugation systems in
other microbes (3). In the closely related species H. pylori,
these type IV secretion system genes are required for natural
transformation (25, 26). Two of these pVir-encoded genes,
virBI11 and comB3, were tested for a role in natural transfor-
mation in C. jejuni (3). A virB11 mutant showed no difference
in transformation frequency compared to the wild-type strain;
a modest defect in transformation efficiency was observed with
a comB3 mutant (3).

Since natural transformation may contribute to the genetic
diversity seen among different strains of C. jejuni, we sought to
characterize the molecular mechanisms of this process. To
begin, we identified genes required for natural transformation
by taking a predominantly genetic approach. We screened a
solo transposon mutant library of C. jejuni 81-176 (22) for
mutants that could not be transformed to antibiotic resistance.
Eleven genes were identified that, when mutated, reduced the
ability of C. jejuni to be transformed by ca. 1,000-fold. Through
this genetic approach, we identified chromosomal genes in C.
jejuni that encode components of a type II secretion system
essential for natural transformation.

MATERIALS AND METHODS

Bacterial strains and media. C. jejuni 81-176 and its derivatives used in the
present study are listed in Table 1. C. jejuni was routinely grown on Mueller-
Hinton (MH) agar in microaerophilic conditions at 37°C. When necessary, media
were supplemented with antibiotics in the following concentrations: chloram-
phenicol (15 pg ml™'), kanamycin (50 pg ml~"), trimethoprim (10 pg ml™'),
nalidixic acid (30 pg ml™"), streptomycin (100 pg ml~! or 2 mg ml~'), and
cefoperazone (30 pg ml™1). All C. jejuni strains were stored in MH broth with
20% glycerol at —80°C.

Escherichia coli strains were grown in Luria-Bertani (LB) broth or agar. An-
tibiotics were used at the following concentrations for E. coli strains when
necessary: ampicillin (100 pg ml~"), kanamycin (50 pg ml~"), chloramphenicol
(30 pg ml™1), and tetracycline (12.5 pg ml~"). All E. coli strains were stored at
—80°C in LB broth with 20% glycerol.

Construction of C. jejuni 81-176 astA::cat and astA::aphA3. A 2.3-kb fragment
containing the gene for arylsulfatase (astA4 [67]) with 260 bp of upstream and 220
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TABLE 1. Strains and plasmids

Strain or plasmid

Relevant characteristics

Source or reference

Bacteria
E. coli
DHS5a supE44 AlacU169 ($b80lacZAM1S) hsdR17 recAl endAlI gyrA96 thi-1 relAl 21
IM101 F' traD36 proA™B™ lacl® A(lacZ)M15/A(lax-proAB) ginV thi New England Biolabs
DH5a/pRK212.1 contains conjugative plasmid for conjugation of plasmid DNA into Campylobacter 14
C. jejuni
11168 clinical isolate used for genome sequencing 43
81-176 clinical isolate 32
DRH153 81-176 astA::aphA3; Kn* 22
DRH154 81-176 astA::cat; Cm" This study
DRH212 81-176 rpsLS™ This study
DRH312 11168 gyrAN* This study
DRH335 81-176 gyrANA This study
RSW42 DRH212 ctsE::cat-rpsL This study
RSW44 DRH212 ctsX::cat-rpsL This study
RSW46 RSW44 ActsX, in-frame deletion of codons 5 to 190 of CtsX This study
RSWS81 DRH212 ctsP::cat-rpsL This study
RSWS2 DHR212 ctsR::cat-rpsL This study
RSW115 RSWS8I1 ActsP, in-frame deletion of codons 6 to 196 of CtsP This study
RSW136 RSW42 ActsE, in-frame deletion of codons 7 to 514 of CtsE This study
RSW137 RSW82 ActsR, in-frame deletion of codons 4 to 93 of CtsR This study
Plasmids
pUCI19 Amp" New England Biolabs
pDRH138 pUC19 with 2.3-kb fragment containing astA cloned into PstI site This study
pDRH142 pDRH138 with kanamycin cassette cloned into EcoRV site of ast4 This study
pDRH143 pDRH138 with chloramphenicol cassette cloned into EcoRV site of astA This study
pDRH265 pUCI9 with 1.4 kb cat-rpsL cloned into Smal site 22
pDRH328 pUC19 with coding sequence of gyr4 NA" in BamHI site This study
pRY108 Campylobacter-E. coli shuttle vector; Kn" 66
pRY109 pUC19 with Campylobacter cat cassette 66
pRY112 Campylobacter-E. coli shuttle vector; Cm" 66
pILL600 contains Campylobacter kanamycin cassette 33
pECO102 pRY112 derivative with cat promoter in Xhol-BamHI site This study
pRSW100 pUC19 with 2.8-kb fragment harboring ctsE cloned into Xmal site This study
pRSW101 pUCI9 with 2-kb fragment harboring ctsX cloned into Xmal site This study
pRSW102 pRSW100 with cat-rpsL cloned into Nrul site of ctsE This study
pRSW103 pRSW101 with cat-rpsL cloned into Bsgl site of ctsX This study
pRSW105 pUC19 with ctsE in-frame deletion construct cloned into Xmal site This study
pRSW106 pUCI9 with ctsX in-frame deletion construct cloned into Xmal site This study
pRSW107 pRSW104 with cat-rpsL cloned into EcoRYV site of ¢j0011c This study
pRSW108 pUCI9 with 1.6-kb fragment with ctsR cloned into Xmal site This study
pRSW110 pUC19 with 1.6-kb fragment with ctsP cloned into Xmal site This study
pRSW112 pRSW108 with cat-rpsL cloned into Xmal site of ctsR This study
pRSW113 pRSW110 with cat-rpsL cloned into Xmal site of ctsP This study
pRSW114 pUCI9 with ctsP in-frame deletion construct cloned into Xmal site This study
pRSW115 pUC19 with ctsR in-frame deletion construct cloned into Xmal site This study
pRSW119 pECO102 with ctsF coding sequence (codon 2-stop) cloned into BamHI/Xhol site This study
pRSW120 pECO102 with ctsE coding sequence (codon 2-stop) cloned into BamHI/Xhol site This study
pRSW121 pECO102 with ctsX coding sequence (codon 2-stop) cloned into BamHI/Xhol site This study
pRSW122 pECO102 with ctsP coding sequence (codon 2-stop) cloned into BamHI/Xhol site This study

bp of downstream DNA sequence was amplified by PCR from C. jejuni strain
81-176 with primers, each containing a 5’ PstI site. This fragment was digested
with PstI and ligated into PstI-digested pUC19 to create pDRH138. To inser-
tionally inactivate ast4, pDRH138 was digested with EcoRV and ligated with a
Pyull cassette containing cat from pRY109 (66). One plasmid containing
astA::cat was obtained and designated pDRH143. pDRH138 was also inactivated
by insertion of a Smal cassette containing aphA3 from pILL600 (33) into the
EcoRV site, and the resulting plasmid was designated pDRH142. These suicide
plasmids were electroporated into C. jejuni 81-176 and transformants were se-
lected on 20 pg of chloramphenicol ml~! for pDRH143 or 50 pg of kanamycin
ml~! for pPDRH142. A mutant in which wild-type ast4 had been replaced with
astA::cat was obtained, verified by PCR, and designated DRH154. A mutant in

which wild-type astA had been replaced with astA::aphA3 was obtained, verified
by PCR, and designated DRH153.

Isolation and identification of transformation-deficient mutants. MH agar
plates were spread with 2.5 pg of 81-176 astA::icat chromosomal DNA
(DRHI154). After a drying step, mutants from a random 81-176 solo library (22)
were spread onto MH plates at dilutions sufficient to produce ca. 100 colonies
per plate. The plates were incubated for 48 h at 37°C in microaerophilic condi-
tions. Colonies were patched onto MH agar with or without chloramphenicol and
again incubated for 48 h. Mutants that did not grow on MH agar with chloram-
phenicol but did grow on MH alone were saved as potential transformation-
deficient mutants.

Putative mutants were tested in a quantitative transformation assay (62) to
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determine their transformation efficiency. C. jejuni was grown for 48 h and then
streaked onto three agar plates, grown overnight for 18 h, and resuspended in
MH broth to an optical density at 600 nm of 0.5. Aliquots of 0.5 ml of C. jejuni
suspension were added to 1 ml of solidifited MH agar in 13-mm test tubes.
Cultures were incubated in 5% CO, at 37°C for 3 h before addition of 1 g of
chromosomal DNA. After incubation for an additional 4 h, dilutions of the
bacteria were plated onto MH agar to determine the total number of bacteria
and on MH agar containing the appropriate selective antibiotic to determine the
number of transformants. Negative controls included strains treated as described
above but without the addition of chromosomal DNA. Transformations were
conducted in triplicate, and the transformation efficiency reflects the average of
the three samples. Experiments were repeated at least three times. The trans-
formation efficiency represents the number of transformants per total number of
bacteria per microgram of DNA.

To confirm that transformation-deficient phenotypes were linked to the solo
insertion in the mutants, purified chromosomal DNA from each mutant was used
to transform 81-176 by natural transformation, and kanamycin-resistant (Kn")
colonies were tested for their transformation efficiency. The sequence surround-
ing each solo insertion in transformation-deficient mutants was determined by
inverse PCR (42, 57) and semi-exponential cycle sequencing (51) or by direct
sequencing off the chromosome. The location of solo was determined by com-
paring the resulting sequence to that of the genome sequence of C. jejuni NCTC
11168 (43) and was verified by PCR analysis.

DNA uptake assays. One to two micrograms of purified chromosomal or
plasmid DNA (pRY108 [66]) from both C. jejuni 81-176 and E. coli was labeled
by nick translation in a reaction mixture containing 30 p.Ci of [a->?P]dCTP, using
a nick translation kit (Roche). Unincorporated deoxynucleoside triphosphates
were removed by gel filtration with G-25 Sephadex Quick-Spin columns (Roche).

For DNA uptake assays, C. jejuni was grown for 48 h and then streaked onto
three MH agar plates, grown for 18 h, and resuspended in MH broth to an
optical density at 600 nm of 0.5. Aliquots of 500 pl of bacterial suspension were
added to Eppendorf tubes and incubated with 0.1 g of labeled DNA at 37°C for
30 min. Cultures were immediately placed on ice and centrifuged at 4°C. Samples
were washed twice with MH broth, resuspended, incubated with 100 g of
DNase I (Roche) ml~! for 10 min at room temperature, and then washed once
in MH broth. Bacterial samples were resuspended in MH broth and transferred
to scintillation vials with scintillation fluid for counting in a liquid scintillation
counter to determine the amount of radioactivity present. Data are the average
of three samples from one experiment, which was repeated at least three times.

Construction of deletion mutants of C. jejuni. Defined chromosomal deletion
mutants were constructed in streptomycin-resistant 81-176 (DRH212) as de-
scribed by Hendrixson et al. (22). Genes to be deleted were amplified with ca. 500
bp upstream and downstream of the coding sequence by PCR with primers based
on the sequence of C. jejuni NCTC 11168 (43). Primers were designed with
restriction sites at the 5" ends to facilitate cloning the PCR products into pUC19.
Resulting plasmids were then digested with restriction enzymes that cut only
once in the coding sequence of the gene to be deleted. When necessary, 5’ or 3’
overhangs were filled in with T4 DNA polymerase (Invitrogen) to make a blunt
end. The genes were then interrupted by ligation of a Smal cat-rpsL cassette
from pDRH265 into the digested site. Constructed suicide plasmids were elec-
troporated (61) into DRH212. Transformants where the insertional mutant
replaced the wild-type locus were selected by growth on chloramphenicol, and
the interrupted locus was verified by PCR analysis.

Fusions of upstream and downstream DNA fragments surrounding each gene
were created by SOEing reactions (23) to create in-frame deletions in the gene
of interest. These SOEing products were cloned into pUC19, and the resulting
suicide plasmids were electroporated into the appropriate insertionally inacti-
vated mutant. Transformants were selected on 2 mg of streptomycin ml~! and
then screened for loss of the cat-rpsL cassette by screening for chloramphenicol
sensitivity on MH agar with 15 pg of chloramphenicol ml™'. Deletion of the
appropriate genes was verified by PCR analysis.

Construction of C. jejuni complementing plasmid pEC0O102. To construct a
plasmid that would allow for complementation of C. jejuni mutants, an 82-bp
fragment containing the promoter for the C. jejuni chloramphenicol acetyltrans-
ferase (cat) gene from pRY109 (66) was amplified by PCR. To amplify this
fragment, two primers were designed. One primer contained a 5" Xbal site and
annealed to the upstream region of the cat promoter. A second primer contained
a 5" BamHI site immediately following and in frame with the start codon of cat.
These primers were used to amplify the 82-bp fragment, and the fragment was
then digested with Xbal and BamHI. This fragment was then ligated into
pRY112 (66) that had been digested with Xbal and BamHI to create pECO102.
This plasmid allows for the constitutive expression of various genes by cloning
into the BamHI site a coding sequence from codon 2 to the stop codon (codon
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2-stop) of the particular sequence. The expressed gene in the plasmid will encode
a protein beginning with a methionine residue, followed by a glycine and a serine
residue (due to the in-frame BamHI site), and ending with the native protein
sequence beginning at the second amino acid through the C terminus of the
protein.

Complementation of mutants. Plasmids for complementation were introduced
into E. coli DH5a/pRK212.1 (14), which contains the conjugative machinery to
mobilize plasmids into C. jejuni. Conjugations were performed as described by
Guerry et al. (19). Briefly, the C. jejuni recipient was grown on MH agar plates
in microaerophilic conditions at 37°C for 48 h. Strains were then streaked onto
MH plates, grown for 18 h at 37°C in microaerophilic conditions, and then
resuspended to an optical density at 600 nm of 1.0. Overnight cultures of LB
broth were diluted into fresh broth and grown to an optical density at 600 nm of
0.5. Next, 500 pl of the donor pellet was resuspended in 1 ml of C. jejuni
suspension, spotted onto MH agar, and incubated for 5 h. Bacteria were resus-
pended in MH broth and spread onto MH agar with 10 wg of trimethoprim and
15 pg of chloramphenicol ml~!. After growth for 4 to 5 days, plasmid prepara-
tions and PCR were used to confirm that the recipient C. jejuni strain contained
the appropriate plasmids.

Construction of nalidixic acid-resistant mutant of C. jejuni strain 81-176. To
isolate a nalidixic acid-resistant (NA") mutant of C. jejuni 81-176, a lawn of C.
jejuni NCTC 11168 (~2 X 10%) was plated onto MH agar containing 20 pg of
nalidixic acid ml~!. One 11168 NA" colony (DRH312) was picked and a 2.6-kb
fragment containing the coding sequence of gyrA™A from this strain was ampli-
fied by PCR with primers designed from the genome sequence of 11168. Each
primer contained a 5" BamHI site. This gene was cloned into the BamHI site of
pUC19 to create pDRH328. This plasmid was used to electroporate 81-176 to
replace wild-type gyr4, and transformants were selected on MH agar containing
20 pg of nalidixic acid ml™'. One NAT™ mutant was saved and designated
DRH335 (81-176 gyrA™N4).

Nucleotide sequence accession number. The GenBank nucleotide accession
numbers for ctsF from C. jejuni 81-176 and 11168 are AY324656 and AY324657.

RESULTS AND DISCUSSION

Development of a plate DNA transformation assay to screen
for mutants. To identify transposon-generated mutants with
reduced ability to undergo natural transformation, we modi-
fied the previously described DNA transformation method
performed on agar plates (62). Chromosomal DNA from strain
DRHI154, a derivative of strain 81-176 carrying a cat gene
(encoding resistance to chloramphenicol) inserted into the
nonessential gene astA (encoding aryl sulfatase) was spread on
to agar plates. Dilutions of C. jejuni strain 81-176 were made,
and ca. 100 bacteria were spread onto each MH agar plate.
After colonies developed, transformed bacteria were identified
by replica plating the colonies on MH agar with or without
chloramphenicol. Preliminary experiments (results not shown)
indicated that 2.5 pg of DNA in this plate assay was sufficient
to ensure that virtually 100% of the colonies that arose con-
tained bacteria that had been transformed. To confirm that the
resulting chloramphenicol-resistant (Cm®) colonies arose by
recombination of the cat gene into ast4 as opposed to being
spontaneous mutants, colonies were screened by PCR to verify
the presence of cat. In addition, control experiments were
performed to determine the extent of spontaneous chloram-
phenicol resistance, which was determined to be <10~°. To
verify that the plate transformation assay worked with other
chromosomal markers and was not simply a consequence of a
high rate of recombination at the ast4 locus, transforming
DNA was isolated from strain DRH212, a streptomycin-resis-
tant mutant of C. jejuni 81-176 (22). DNA from this strain was
able to transform 81-176 as efficiently as DNA from strain
DRHI154 (data not shown). Similar transformation efficiencies
were also observed with DNA derived from strain DRH153, a
derivative of strain 81-176 carrying aphA3 (encoding resistance
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TABLE 2. Location of solo in C. jejuni transformation mutants

Transposon location”

Coding sequence description”

Transformation efficiency®

NA?-81-176 NA

Enterochelin uptake permease

Putative periplasmic protein

Putative PCA reductase

Putative periplasmic protein

Not in a coding sequence

Purine/pyrimidine phosphoribosyltransferase
Putative ATP/GTP binding protein

¢j1352 (ceuB)
¢j1343c (ctsG)
¢j1076 (proC)
¢j1077 (ctsT)

3’ of ansA (C23)
¢j1028¢ (ctsW)
¢j1473c (ctsP)
¢j1475¢ (ctsR) (2)
¢j1471c (ctsE) (4)
¢j1470c (ctsF)
¢j1474c (ctsD) (4)

Hypothetical protein

Putative type II secretion system E protein
Pseudogene type II secretion system F protein
Putative type II secretion system D protein

23 %1073
6.70 X 10°8
8.00 X 1078
25%1077
332 %1077
547 %1078
<107?
248 X 1077
1.78 X 1077-1.60 X 108
1.51 X 1077-6.00 x 1077
294 x 1077
1.37 X 1077-9.04 x 1078

“The number in parentheses indicates the number of independent solo insertions identified in each gene
> The gene designation and proposed function are based on the annotated genome sequence of C. jejuni strain 11168 (43).
¢ The transformation efficiency is calculated as the number of transformants per total number of CFU per microgram of DNA.

4 NA, not applicable.

to kanamycin) inserted into ast4 and strain DRH335, an NA"
mutant of 81-176 (data not shown).

Screening of a solo library of 81-176 for mutants defective in
DNA transformation. A library of random C. jejuni 81-176
mutants created by solo transposition (22) was screened for
mutants defective for DNA transformation. Approximately
4,500 mutants were screened by the plate transformation
method with 2.5 pg of astd::cat chromosomal DNA from
DRH154 as the DNA source. When colonies arose they were
patched onto MH agar with or without chloramphenicol. Fifty-
seven mutants did not grow on MH agar containing chloram-
phenicol, indicating that they may harbor a solo insertion in a
gene required for transformation. A quantitative transforma-
tion assay (19, 62) was used to determine the transformation
efficiency of each individual mutant. Wild-type 81-176 was
transformed with an efficiency ranging from ca. 1072 to 10~
34 of the 57 putative transformation mutants we isolated had
transformation efficiencies of approximately 1 to 100% of that
of wild-type 81-176. These mutants were not characterized
further (data not shown).

The other 23 mutants we isolated had more severe transfor-
mation defects, with efficiencies ca. 1,000 times lower than the
wild-type strain (Table 2). Several of these solo insertion sites
were identical, indicating that the strains are siblings, and are
not indicated on Table 2. As a preliminary confirmation that
the transformation defect was due to the solo insertion and not
to an unlinked spontaneous mutation, we performed the equiv-
alent of a genetic backcross by transforming wild-type 81-176
with chromosomal DNA from each mutant to kanamycin re-
sistance (encoded in the solo transposon). When tested with
the quantitative transformation assay, the resulting Kn" strains
had transformation defects similar to the original solo mutant
strains. We conclude from these experiments that the trans-
formation-deficient phenotypes of the original strains were
likely due to the solo insertion.

A partial type II secretion system required for competence.
Sequence analysis of the mutants revealed the locations of the
solo insertions. Figure 1 shows chromosomal regions contain-
ing each gene identified in our screen. Genes identified by our
screen fall into three broad groups: (i) those with homology to
genes required for diverse macromolecular transport processes

in a range of bacterial species, (ii) those with homology to
genes from other bacteria whose role in competence has not
been shown before, and (iii) those with no known homologies.
Because of the genetic screen used to identify these genes, we
propose to designate them as cts for Campylobacter transfor-
mation system. Genes in the first category include ¢j1343c,
¢j1470c, cj1471c, and cj1474c (Table 2 and Fig. 1), which are
most similar to several genes from type II secretion systems
responsible for transport of macromolecules such as pilus sub-
units, toxins, and other exoenzymes (49, 50). Type II systems
are also associated with competence in some bacteria, includ-
ing N. gonorrhoeae (31) and Bacillus subtilis (13). Type 1I se-
cretion systems have components in each compartment of the
cell and orthologous genes from different species often share
letter designations across systems, although in some cases pre-
sented below the orthologues were named prior to the adop-
tion of this general convention. Genes identified in our screen
that are likely to encode protein orthologues of type II proteins
in other bacteria were given the letter designation of that
protein family; and those lacking homology were given other
letter designations (Table 2). The type II secretion apparatus is
typically comprised of a minimum of 12 proteins; of those, our
analysis identified perhaps five, as detailed below.

The type II cts homologues we identified through transposon
mutagenesis are termed CtsD (Cj1474c), CtsE (Cj1471c), CtsF
(Cj1470c), and CtsG (Cj1343c) (Table 2). CtsD has weak ho-
mology to the PilQ protein (e value = 0.038), which is thought
to be an outer membrane pore involved in natural transforma-
tion and type IV pilus biogenesis in N. gonorrhoeae (12). CtsE
is homologous to ComGA of B. subtilis (e value = 2.6 X 107?)
and PilT of N. gonorrhoeae (e value = 2.2 X 1073%), both of
which are required for transformation (7, 64). CtsF shares
similarity to PilG of N. gonorrhoeae (e value = 4 X 10~*?) and
is also required for transformation and pilus biogenesis in that
species (59).

CtsG (Cj1343c) has limited similarity at its N terminus to
that of other type II system G orthologues and is annotated as
such in the C. jejuni sequence (43). Proteins of this class in type
II secretion systems are similar to subunits of type IV pili and
other molecules termed pseudopilins, which may be important
for the development of the secretion apparatus per se (24).
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FIG. 1. Regions encompassing genes identified as playing a role in transformation and location of solo in these genes. Triangles represent solo

insertion sites. Black arrows indicate the direction of transcription.

These molecules are produced as precursor proteins that are
subsequently processed at their N termini by a prepilin pepti-
dase (49, 50). The N-terminal leader that is cleaved by prepilin
peptidases is usually positively charged and is followed by a
region of ca. 20 primarily hydrophobic amino acids (34). The
peptidase cleaves at a conserved site [G*F(M)XXXE, where X
represents hydrophobic amino acids, and “*” represents the
cleavage site] (40, 55).

The predicted amino terminus of CtsG, has a variant of the
above site, AFXXXE (Fig. 2). In other systems, experimentally

Cj CtsG M KKA|FIT I L|E
cj C31078 M S KA|F|T L F|E
Cj  CtsT MKKA|F|I L I|E
Sp  CglD MIKA|F|TMLI|E
Ng PilE MNTTLQ K-EJF TLI|E
Kp  PulG M QR QR|G|F|lT L L|E
Pa  XcpV M KR A R|G|F|T & L|E
Pa  PilA MKAQEK|G|FiTL T|E
Bs  ComGC M N E K|G|F|T L V]|E
Bs  ComGE MWRENK K|GIFIST I|E

H B n wnn o ¢

H X o<

replacing the glycine in the first position with alanine does not
inhibit cleavage of the signal sequence (55). Furthermore,
prepilin-like proteins naturally containing this nonconsensus
cleavage site play a role in transformation in both Streptococcus
pneumoniae and Streptococcus gordonii (37, 45). The translated
amino acid sequence of another gene isolated in our screen,
ctsT (cj1077), also has a putative peptidase cleavage site (Fig.
2). In addition, ¢j1078, which is immediately downstream of
ctsT, would encode a protein with a peptidase cleavage site
(Fig. 2). Although ¢j1078 was not identified in our screen, its

VFVIVI GILAAIALTP
IISL LFTFITSLLSZKPL
ISAITIISLIFIGIFYYY
LLVLGLVSILALGLSGSYV
MIVIAIVGILAAVALPAY
MVVIVILGVLASLVYVVPNL
LVALAIFAMVAASVL SAS
MIVVAIIGILAAIAIPOQY
LIVLFIIGILLLITIPNVTHK
MSALSLWLFVLLTVVPLWDEK

FIG. 2. Alignment of N-terminal regions of CtsG, CtsT, and Cj1078 to pre-pilins and pre-pilin-like proteins from S. pneumoniae (45), N.
gonorrhoeae (65), K. pneumoniae (47), P. aeruginosa (41, 44), and B. subtilis (1, 6). The processing site is indicated by an arrow. The conserved G,
F, and E residues are boxed, and residues conserved among a number of the prepilins are indicated in boldface.
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proximity to ctsT and proC, another gene identified in our
analysis (see below), suggests that it is involved in the trans-
formation process as well. To identify a candidate prepilin
peptidase that may play a role in competence, we performed a
basic local alignment search tool (BLAST) search of the C.
jejuni genome sequence with a B. subtilis processing peptidase
that is involved in natural transformation (ComC) (6) and
found one protein, Cj0825, with homology to ComC. The two
proteins share 29% identity and 46% similarity over 109 amino
acids. In B. subtilis, ComC is required for processing of
ComGC, ComGD, ComGE, and ComGG, and comC mutants
are deficient for DNA binding and uptake (8). The identifica-
tion of this gene among transformation mutants identified by
another group and reported recently in a meeting abstract
suggests that this gene could encode the peptidase required for
cleaving the prepilin molecules discussed above (D. L. Wilson
et al., Abstr. 103rd Gen. Meet. Am. Soc. Microbiol. 2003, abstr.
D-049, p. 211, 2003).

Type II secretion systems such as Cts of C. jejuni share
similarity to systems used in the assembly of type IV pili (24).
Such a pilus plays a role in transformation in several species,
including N. gonorrhoeae, Legionella pneumophila, Pseudomo-
nas stutzeri, and others (15, 18, 54). Since C. jejuni has several
proteins similar to pre-pilin-like molecules, we used electron
microscopy to determine whether C. jejuni cells formed a pilus-
like structure under conditions in which the bacterium is com-
petent. We did not observe any structures that resembled a
pilus (data not shown), a finding consistent with the findings of
Gaynor et al. (16).

In our sequence analysis of these insertions, we discovered
that ¢j1470c (ctsF) is annotated in the C. jejuni 11168 genome
as a probable pseudogene. We identified a solo insertion in
¢j1470c in strain 81-176 among our transformation mutants
and, because there are no downstream genes whose expression
could be affected by an upstream transposon insertion, we
speculated that it might indeed encode an intact protein. We
sequenced a 1.4-kb region of the genome spanning cjI470c in
strains 81-176 and 11168 and found 21 base changes between
the two sequences, 17 of which were in the coding region of
¢j1470c. Most of these are silent mutations, although a change
in the sequence at amino acid 190 results in a conservative
change from an alanine to a valine.

A key difference in the two sequences is at position 1404347
of the 11168 sequence, where we identified an insertion of an
A/T base pair in both 81-176 and 11168 that is not in the
published sequence of strain 11168. Thus, instead of a run of
five A/T pairs, there are actually six, which shifts the reading
frame so that in strain 11168 it encodes a protein of 393 amino
acids and not 279 amino acids as predicted by the genome
sequence (43). The coding sequence from the ¢jI470c homo-
logue in strain 81-176 encodes a protein of 392 amino acids,
one less than in strain 11168, due to a frameshift at the 3" end
of the gene. Both of these sequences are deposited in Gen-
Bank.

Several solo insertions in our screen mapped to genes ar-
ranged in a likely operon that includes ctsR, ctsD, ctsP, ctsE,
and ctsF (Fig. 1). For several of these genes, we performed
experiments to rule out polarity effects of the solo insertions.
We expressed ctsE in the ctsE::solo strain by using an expres-
sion plasmid, pECO102, constructed for this purpose. The
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cloned gene complemented the ctsE transposon insertion by
over 2 orders of magnitude (Fig. 3A), although it did not
restore transformation efficiency to full wild-type levels, which
is a general observation for all of mutants in this putative
operon (Fig. 3A and C; see below). We speculate that this may
be due to a requirement for precise coordination of expression
levels to achieve optimal (wild type) levels of transformation,
which may not occur when one of the gene products is ex-
pressed from pECO102.

In addition to complementing the transposon insertions, we
constructed strains with nonpolar mutations in the form of
in-frame deletions in ctsE, ctsR, and ctsP (RSW136, RSW137,
and RSW115, respectively) (Table 1). Each strain we con-
structed this way was ca. 1,000-fold reduced in transformation
efficiency compared to the wild-type strain, a finding similar to
what we observed with the original solo-induced mutants (Fig.
3B and Table 2). Based on these results, we conclude that the
phenotypes of most of the transposon mutants are not due to
polarity. We have yet to rule out the possibility of a polarity
effect in the ctsD:isolo insertion mutant. However, given its
homology to genes required for transformation in other sys-
tems and the fact that this gene is surrounded by genes re-
quired for the transformation of C. jejuni, we consider it likely
that ctsD is required for this process as well and that the
insertion does not affect transformation because of polarity.

Also within the putative ctsR operon is ¢j1472c, in which we
did not recover insertions from our transposon screen. Based
on its chromosomal location, we nevertheless hypothesized
that the encoded protein, which is annotated as a putative
membrane protein, may play a role in transformation. We
therefore constructed a strain deleted of ¢jI472c, which we
termed strain RSW46. In our standard transformation assay,
RSW46 is transformed 1,000 times less efficiently than wild-
type strain 81-176 (Fig. 3B). Given the transformation defect
of strain RSW46, which lacks complete cjl1472c, we gave this
gene a cts designation and have termed it ctsX, as noted on Fig.
3B.

Other cts genes. Two other classes of cts genes not obviously
associated with the type II secretion system discussed above
were identified during our screen for competence-deficient
mutants. One class consists of the C. jejuni homologues of ceuB
(cj1352), proC (cj1076), and ¢j1028c (which we termed ctsW)—
three genes whose putative products have well-described func-
tions in other bacteria (Table 2). CeuB is an enterochelin-
specific permease, thought to be an integral membrane protein
involved in transport of enterochelin for iron acquisition in
Campylobacter coli (48). Its potential role in transformation
has not been reported. Pyrroline 5-carboxylate reductase (PCA
reductase), encoded by proC, catalyzes the reduction of pyrro-
line-5-carboxylate to proline as the third step in the conversion
of glutamate to proline (10). ProC is homologous to ComER
of B. subtilis (e value = 8.1e-11), which, despite its name, was
found not to function in transformation (27). CtsW is anno-
tated in the 11168 genome as a purine/pyrimidine phosphori-
bosyltransferase (43). A homologue of indeterminate function
has been identified in H. pylori and Thermotoga maritima.
Whether 7. maritima is naturally competent has yet to be
demonstrated (39). CtsW also has very weak homology to
ComFC of B. subtilis (e value = 0.1), and B. subtilis strains
carrying comFC mutations have a 10-fold decrease in transfor-
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FIG. 3. Transformation efficiency of in-frame deletion mutants and complemented constructs. The data represent the average of three samples
per strain from one experiment. Experiments were repeated at least three times. (A) Transformation efficiency of C. jejuni solo mutants
complemented with pECO102 or derivative containing the coding sequence for the appropriate gene; (B) transformation efficiency of C. jejuni
deletion mutants; (C) transformation efficiency of C. jejuni deletion mutants complemented with pECO102 or derivative containing the coding

sequence from deleted gene.

mation efficiency relative to the wild type (35). The ComF
operon is required for DNA transport but not binding (13).
The third class of mutant includes ¢j1475¢ and c¢j1473c
(Table 2). BLAST searches with these open reading frames
(ORFs) revealed no significant homology to any proteins in

the database. We have therefore termed these genes ctsR
and ctsP to denote them as components of the Campy-
lobacter transformation system. In one strain, mutant C23,
solo is in a region between ¢j0029 and the coding region for
16S rRNA.
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FIG. 4. DNA uptake assays. The data are the average of three samples from one experiment, which was repeated at least three times. Values
are normalized to the wild-type levels. Wild-type 81-176 samples with no added radiolabeled DNA serve as a control. Since C. jejuni does not take
up E. coli DNA (62), we performed DNA uptake experiments with radiolabeled DH5a DNA which served as a negative control. (A) Uptake of
radiolabeled 81-176 chromosomal DNA by C. jejuni 81-176 and mutants isolated in the operon spanning from ctsR to ctsF; (B) uptake of
radiolabeled 81-176 chromosomal DNA by 81-176 and solo mutants from other locations in the genome.

DNA uptake ability of cts mutants. The steps in transforma-
tion can be separated into two discrete, experimentally distin-
guishable steps: DNA binding and DNA uptake. In assays for
DNA binding, radioactively labeled DNA is incubated with
cells, after which they are collected and washed by centrifuga-
tion; binding is measured as the total cell-associated radioac-
tivity after washing. DNA uptake can be examined by mea-
surement of the amount of labeled DNA in a DNase I-resistant
form. In order to determine the stage at which the transfor-
mation defect lies with our isolated solo mutants, we per-
formed DNA binding and uptake assays.

We first examined DNA-binding and DNA uptake abilities
of strains carrying insertions within the type II secretion ho-
mologues ctsF, ctsE, and ctsD, along with ctsP and ctsR, which
are linked in a putative operon. Although the DNA-binding

activities of the mutant strains were consistently lower than the
wild-type levels, the variability from assay to assay prevented a
definitive conclusion regarding the DNA-binding ability of
these mutants relative to the wild-type (data not shown). In
contrast, the results of DNA uptake assays were very consis-
tent; each mutant takes up DNA at levels no greater than the
background level, which is ca. 10% of the wild-type level (Fig.
4A).

DNA uptake levels were examined in the other six solo
mutants unlinked to the putative ctsR operon (Fig. 4B). Several
of these mutants (ceuB:solo, ctsG:solo, proC::solo, and
ctsT::solo) take up DNA at background levels, much like the
strains with solo insertions in the operon ranging from ctsR to
ctsF. In these mutants and in the type II secretion system
mutants, we were unable to distinguish whether the transfor-
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FIG. 5. Transformation efficiency of type IV secretion system mutants of pVir. The results are from one experiment conducted in triplicate, and

the experiment was repeated at least three times.

mation defect lies in transport of DNA across the outer mem-
brane or if the defect is in the binding step of transformation,
since the results from our DNA-binding assays were not con-
sistent. However, the defect clearly lies in one of the earlier
steps of transformation. In contrast, mutant C23 and ctsW::solo
take up DNA at levels approaching that of the wild type (Fig.
4B). This suggests that the transformation defect in these two
mutants (i.e., C23 and ctsW:solo) lies in a later stage of trans-
formation, such as transport to the cytoplasm or recombination
with the chromosome.

Identification of ORFs with homology to known competence
proteins. Prior work has identified several genes with homol-
ogy to those involved in transformation in H. pylori. Bacon et
al. identified the type IV secretion system on pVir, which is
homologous to the type IV system required for transformation
in H. pylori (3). In addition, C. jejuni was previously reported to
have a DprA homologue with the strongest homology to
HPO0333 of H. pylori (2). DprA has been shown to be important
in transformation in both H. influenzae and H. pylori (2, 28, 58).
We performed BLAST searches against the C. jejuni genome
to identify other potential transformation gene homologues
that may have been missed in our screen of the solo transposon
library. For these we used the translated amino acid sequence
from genes required for natural transformation in other bac-
teria. This search identified Cj0011c, which is homologous to
ComEA of B. subtilis, with 56% identity and 82% similarity
between the translated amino acid sequence of the two genes
over 62 amino acids (out of a total of 79 for the predicted
ORF). S. pneumoniae also requires a ComEA ortholog for
transformation (45). ComEA of B. subtilis (and ComE of N.
gonorrhoeae) binds DNA and is required for DNA uptake (5,
27, 46). Further work is needed to confirm the role of this
ComEA homologue in transformation: at present, our at-
tempts to construct a nonpolar mutation in ¢j00I1c have not
been successful.

Analysis of the role of pVir encoded genes in transforma-
tion. As noted above, Bacon et al. have shown that C. jejuni
strain 81-176 carries a plasmid, pVir, that contains seven ORFs

whose products are homologous to type IV secretion system
proteins (3, 4). In H. pylori several of these homologues, in-
cluding ComB4 and ComB?7 through ComBI10, are important
for transformation (25, 26). In H. pylori the virD4 homologue
(HP1006) is not required for transformation (52).

We tested the role of several of these type IV secretion
system homologues for their role in natural transformation in
C. jejuni (Fig. 5). Mutants contained the transposon picard,
carrying cat (encoding chloramphenicol resistance) inserted in
the indicated gene (D. R. Hendrixson and V. J. DiRita, un-
published observations). Transformation assays were con-
ducted with 1 wg of DRH335 DNA (a spontaneous NA" mu-
tant of 81-176) as the donor source. Our results confirm that
strains with mutations in comB3 have a slightly reduced level of
transformation relative to the wild-type (3), whereas mutants
with transposon insertions in comBI and virD4 transformed at
levels near wild type (Fig. 5). The transformation efficiency of
ctsE::solo is shown for comparison in Fig. 5. Clearly, mutations
in the pVir genes have a less profound effect on transforma-
tion.

Conclusions. We used transposon mutagenesis to begin
identifying genes whose products are required for natural
transformation in C. jejuni. Bacon et al. identified plasmid-
encoded genes in strain 81-176 that are similar to those of type
IV secretion systems, which play a role in natural transforma-
tion in the closely related organism H. pylori (3, 25, 26). Unlike
the situation in H. pylori, where mutations in several type IV
secretion system genes eliminated transformation, a comB3
mutant in C. jejuni had a transformation efficiency that was
approximately five times lower than the wild-type, while a
virB11 mutant displayed a wild-type transformation efficiency
(3). In addition, we tested two other type IV secretion system
homologues, virD4 and comBI1, and concluded that they are
not important for natural transformation in C. jejuni.

In contrast, the 11 mutants we isolated by solo transposon
mutagenesis in C. jejuni are considerably more defective in
their ability to undergo transformation; the efficiency with
which the cts mutants are transformed is ca. 1,000-fold less
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TABLE 3. C. jejuni homologues of PSTC proteins

Class  C. jejuni protein Class characteristics B. subtilis protein

I CtsE Walker A box ComGA
11 CtsF Membrane protein ComGB
111 CtsG Conserved N-terminal ComGC
CtsT sequence resembling ComGD
Cj107¢ cleavage sites of type ComGe
IV prepilin proteins ComGG
v Cj0825" Prepilin peptidase ComC
v CtsD Secretin Not present

“ Cj1078 has not yet been demonstrated to play a role in transformation in C.
Jejuni. It is downstream of CtsT, which also has a putative prepilin peptidase
cleavage site.

b Cj0825 has been described as having a role in transformation by Wilson et al.
(Abstr. 103rd Gen. Meet. Am. Soc. Microbiol.)

than that of the wild-type strain 81-176. These data indicate
that transformation of C. jejuni does not appear to proceed
solely via the type IV system similar to that required for trans-
formation in H. pylori. The genes identified in our screen in-
dicate that a putative type II secretion system in C. jejuni is
responsible for promoting natural transformation in C. jejuni.
The respective roles of the type IV plasmid-encoded system
characterized to some extent by Bacon et al. and the type II
system identified here obviously await future study.

Many naturally competent organisms have a group of core
proteins similar to several of the Cts proteins that are required
for DNA binding and uptake. These are encoded by the comG
operon and comC in B. subtilis, where they were first charac-
terized (1, 20, 38). In general, these proteins comprise a large
family of related proteins that have been found to function in
a variety of systems, including type II secretion systems, bio-
genesis of type 4 fimbriae, competence for natural transforma-
tion, and filamentous phage morphogenesis (24). In B. subtilis
the comG operon and comC are required for the binding of
DNA to the cell surface and in N. gonorrhoeae they are re-
quired for DNA uptake (7, 64).

Due to their functions, this family of proteins has been
designated PSTC proteins (for pilus, secretion, twitching mo-
tility, and competence) (13). Several of the proteins encoded
by the genes identified in our study fall into this family. The
PSTC proteins can be divided into five classes, and C. jejuni
appears to have a member from each class, four of which were
identified by our transposon screen and one of which was
identified by BLAST searches against the C. jejuni genome.
Table 3 summarizes key features of each class of PSTC pro-
teins and indicates the classes that the Cts proteins fall into.

Mutants of C. jejuni lacking the PSTC proteins CtsD, CtsE,
CtsF, and CtsG decrease DNA uptake to background levels
(Table 2). In B. subtilis, ComG proteins are thought to enable
DNA binding by allowing access of DNA to ComEA, the
receptor for DNA binding, at the cell surface (46). In N. gon-
orrhoeae, ComG homologues are essential for the DNA uptake
step of transformation (64). These C. jejuni PTSC proteins may
play a role in DNA binding, but this was difficult to determine
definitively because DNA-binding assays with the mutant
strains gave widely variable results, although the binding levels
were consistently lower than the wild-type level. Perhaps there
are redundant systems for DNA binding on the cell surface of
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C. jejuni that are not affected by these mutations, and this
possibility is under investigation.

It appears that C. jejuni uses components of other transfor-
mation systems and some novel components to bring in DNA
from the environment. Further study will focus on the roles of
identified proteins in the process of transformation, as well as
on dissection of the transformation apparatus.
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