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Abstract The oral bacterium, Campylobacter rectus, is
an etiological agent of periodontitis. The virulence genes of
C. rectus are largely unknown. The aim of this study was to
query C. rectus for the presence of an invasion antigen B
(ciaB) gene, which is needed for cell invasion by the
related species Campylobacter jejuni. PCR and PCR-
walking identified a ciaB from C. rectus. In silico analyses
of C. rectus 314 ciaB (Cr-ciaB) revealed an ORF of 1,830
base pairs. The Cr-CiaB protein shared significant
sequence identity (BLASTx and phylogeny) with CiaB
from related campylobacters. Cr-CiaB is predicted to lack
membrane helices, signal peptides, and localizes to the
cytoplasm; which are consistent with CiaB proteins.
Expression of Cr-ciaB was confirmed with RT-PCR; and
potential ciaB genes were detected in eight additional
strains of C. rectus. Cr-ciaB is the first CiaB identified
from the oral campylobacters.

Keywords Campylobacter rectus - Periodontitis -
Invasion antigen B - Virulence factor
Introduction

Periodontitis is an inflammatory disorder of connective
tissue and bone that support the teeth [1]. Periodontitis is
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common, affecting 35 % of adults [1, 2]. Approximately
13 % of patients develop severe forms of periodontitis,
which, if untreated, may result in tooth loss and systemic
complications including an increased risk of heart attack
and an increased risk of pregnancy complications [1, 2].

Campylobacter rectus is a poorly described Gram-neg-
ative, oral bacterium that has been implicated as a cause of
periodontitis [3-5]. Recent studies indicate that women
with periodontitis are seven times more likely to experi-
ence preterm labor than their healthy counterparts [6, 7].
Serological data from human studies has implied that C.
rectus, as part of the poly-microbial oral community, plays
a role in the preterm labors of mothers with periodontitis
[8]. Additionally, a pregnant mouse model has shown the
association of C. rectus strain 314, isolated from a patient
with periodontitis [9], with fetal growth restriction and a
decreased survival of pups [10, 11]. Although the afore-
mentioned human and mouse studies have established C.
rectus as an agent of periodontitis, the pathogenic mecha-
nisms of C. rectus are not well elucidated.

Although C. rectus strain 33238 has been partially
sequenced (NCBI GenBank #ACFU00000000), the genes
important to the virulence and pathogenic mechanisms of
C. rectus have not been identified. To understand C. rectus
as an oral pathogen, querying multiple strains for the
presence of virulence factors may be significant as strain-
to-strain genomic variability has been seen among
campylobacters [12, 13]. Recently, a few studies have
identified potential virulence factors in C. rectus, including
potential toxin genes (csx A and B; c¢sxC and csxD) and a
surface array protein (crsA gene) thought to play a role in
allowing the bacteria to avoid the host immune system [14—
16]. While these studies demonstrate that C. rectus encodes
potential virulence genes; it is unknown whether C. rectus
contains genes that have been shown to significantly
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contribute to the pathogenesis of related campylobacters,
including ciaB.

Within the campylobacters, virulence factors have been
best characterized from the gastrointestinal pathogen
Campylobacter jejuni [17]. Among the best studied C. je-
juni virulence factors is the ciaB gene, which has been
shown to play a critical role in host cell invasion; and
therefore pathogenesis [18-20]. In addition, ciaB genes
have been identified from additional campylobacters
including Campylobacter lari, Campylobacter coli, and
Campylobacter upsaliensis [21, 22]. Given the conserva-
tion of ciaB, and a recent study showing C. rectus 314 can
invade host cells [23], we hypothesized that the C. rectus
314 contains a ciaB gene. In this study, a combination of
PCR, PCR-walking, reverse transcriptase PCR, and in sil-
ico tools were used to characterize a ciaB gene (Cr-ciaB)
from C. rectus 314. The identification of C. rectus CiaB
suggests that CiaB might contribute to the pathogenesis of
C. rectus during host cell invasion [23]; and raises the
possibility of developing novel periodontal therapeutics
that disrupt CiaB functionality.

Materials and Methods
Bacterial Strains and Genomic DNA Isolation

Campylobacter curvus (ATCC 33273) and the C. rectus
strains listed in Table 1 were grown under standard
anaerobic conditions. C. curvus, like C. rectus, is an oral
bacteria associated with periodontitis [36]. Bacteria were
grown on tryptic soy blood agar with sodium formate
(0.3 %). Genomic DNA was isolated from bacterial pellets
using CTAB [24].

Table 1 Summary of Campylobacter rectus strains used in this study

Strain Description
33238 ATCC type strain (http:/www.atcc.org)
314 Periodontal isolate [9]

CCUG 11645 Periodontal isolate®

CCUG 11643 Periodontal isolate®

CCUG 11642 Periodontal isolate®

CCUG 11640 Periodontal isolate®

CCUG 27948 Periodontal isolate®

CCUG 48803 Periodontal isolate®

BCCM 7615 Periodontal isolate”

# University of Goteborg, Sweden (http://www.ccug.se)

® Belgian collection of microorganisms (http://bccm.belspo.be/
index.php)
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Degenerate PCR

Genomic DNA from C. rectus 314 and 33238 were scan-
ned for ciaB genes using oligonucleotides CiaB-DF and
CiaB-DR (Table 2). CiaB-DF and CiaB-DR were designed
to amplify conserved regions within known ciaB [25]. PCR
was then used to screen C. rectus for the presence of ciaB.
Each 50 pl PCR reaction contained 1.0 puM of each primer.
The cycling conditions used were as follows: 94 °C for
1 min, 40 °C for 1 min, and 72 °C for 1 min (10 cycles);
followed by 30 cycles of 94 °C for 1 min, 50 °C for 1 min,
and 72 °C for 1 min. Amplicons were purified (QIAquick
gel extraction kit, Qiagen, USA) and cloned for sequencing
into pCR2.1-TOPO (TOPO-TA kit, Invitrogen, USA).

RNA Isolation and Reverse Transcription PCR

RNA was isolated from bacterial pellets using a QIAgen
miniprep kit (Qiagen, USA). The RNA was then used for
RT-PCR using the Access RT-PCR kit (Promega, USA).

PCR-Walking

A Genome Walker kit (Clontech, USA) was used to obtain
the ORF of ciaB. Genome Walker is a PCR method for
identifying sequences adjacent to known sequences. The
kit was used according to the manufacturer’s protocol. In
brief, the sequences identified by PCR were used to design
gene-specific primers (Table 2). Next, 2.5 ug of 314
genomic DNA was digested with one of four blunt-ended
restriction endonucleases: Dral, EcoRV, Pvull or Stul. The
digested DNA reactions was then ligated to adapter oli-
gonucleotides. The ligated products were then used as
templates for PCR using primers complementary to the
adapters (Table 2, APl) and complementary to ciaB
(Table 2, CiaB-Walk-5R or CiaB-Walk-3F). A primer
combination of AP1 and CiaB-Walk-5R was used to obtain
the 5’-end of ciaB; while AP1 and CiaB-Walk-3R was used
to obtain the 3’-end of ciaB. PCR products were purified
(QIAquick gel extraction kit) and cloned for sequencing
into pCR2.1-TOPO.

Sequence Analysis

DNA chromatographs were edited manually and assembled
using Vector NTI software (Invitrogen, USA). Obtained
sequences were then used as templates for sequence
homology searches using BLAST. Searches were per-
formed using the default parameters for BLASTx [26].
Alignments were generated using CLUSTAL [27]. Mem-
brane-spanning helices were predicted using TMHMM
[28]. Potential signal peptide cleavage sites were predicted
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Table 2 Oligonucleotides used in this study

Oligonucleotide Sequence (5" — 3')

Description

CiaB-DF TAYACNCAYGGNGTNGC Degenerate PCR
CiaB-DR TCRTGNCCKATNGTNGA

CiaB-F GTGAACGATTTTAAAAGATTAAACG Strain PCR
CiaB-R CTATCTCTCGCTCGCTTGCC

CiaB-RTF1 CTAGAACGCAAACCTACATCA RT-PCR detection
CiaB-RTRI1 CCGCTAAGCTTCATAAACGG

MI3 F CGCCAGGGTTTTCCCAGTCACGA DNA Sequencing
MI3 R TCACACAGGAAACAGCTATGAC

CiaB-F5 CAAACTATAAAAATTTGGCGCTTC

CiaB-R5 GAAAAGCTTTGCGAAAGTCG

CiaB-Walk-5R
CiaB-Walk-3F

TACATCGCGTTTAGTTCGTCTTTGC
CTATAGGAAACGAGCTTGACGAGAGC

Genome Walker

AP1 GAAAAGCTTTGCGAAAGTCG
AP2 ACTATAGGGCACGCGTGGT

NA,T,G,orC; YCorT; RAorG; KGor T (IUPAC nucleotide ambiguity codes)

using SignalP [29]. PSORT-B was used to predict the
cellular location of proteins [30].

Phylogenetic Analysis

A phylogenetic tree of C. rectus 314 CiaB was generated
using Phylogeny-fr [31]. BLAST-EXPLORER [32] was
used to retrieve and align sequences related to CiaB. After
alignment, ambiguous regions were removed with Gblocks
[33], and the resultant alignment was used to construct a
tree using the maximum likelihood method [34, 35].

Conservation of CiaB Among C. rectus Strains

PCR was used to screen C. rectus DNA for the presence of
ciaB genes. Primers specific to the 5’ and 3’ ends of ciaB
from C. rectus 314 were used to PCR DNA from the C.
rectus strains listed in Table 1.

Results
Identification of C. rectus 314 ciaB

Degenerate PCR was used to amplify a potential ciaB gene
from DNA of C. rectus 314. PCR yielded an amplicon of
the expected size (448 base pairs, Fig. 1). Amplicons of the
correct size were also detected from C. rectus 33238 and C.
curvus 33273. C. curvus, like C. rectus, is an oral bacteria
associated with periodontitis [36]. BLASTx analysis of the
amplicon from strain 314 revealed a gene fragment sharing
sequence identity and similarity (53 and 70 %, respec-
tively) to the [21] ciaB gene from C. jejuni (NCBI,

AAD38497.1). The sequence of the 448 base pair amplicon
was used as a template for PCR-based gene walking. PCR-
based gene walking generated sequences upstream and
downstream of the 448 base pair amplicon. Amplicons of
1,060 base pairs (downstream) and 892 base pairs
(upstream) were cloned into pCR2.1-TOPO for sequencing
(data not shown).

In Silico Analyses of C. rectus ciaB

Assembly of DNA sequences from PCR and gene walking
revealed a ciaB ORF of 1,830 base pairs. The 1,830 base pair
sequence is available at NCBI (#JN588592). The ORF
included a start codon (GTG), stop codon (TAG), and ribo-
some-binding site 6 bases pairs upstream of the start codon
(Shine-Delgaro sequence, AAAAGG). Translation of the
OREF reveals a protein of 609 amino acids, with a molecular
weight of 69.8 kDa. BLASTx analysis of the C. rectus 314
ciaB, named Cr-ciaB, revealed sequence identity and simi-
larity to genes annotated as a hypothetical protein, a lipo-
protein signal peptidase, and invasion antigen B (ciaB)
proteins (Table 3). An alignment (Fig.2) of Cr-CiaB
showed homology with CiaB proteins, including the pres-
ence of a zinc-binding domain conserved among CiaB [22].

To further characterize Cr-CiaB, the protein was ana-
lyzed using tools designed to predict select cellular prop-
erties of genes. Specifically, Cr-ciaB was predicted not to
contain membrane helices, did not contain a signal peptide,
and is localized to the cytoplasm (Table 4). An identical
analysis using related sequences (Table 3), including the
lipoprotein signal peptidase from C. rectus 33238, a
hypothetical protein from C. curvus, and CiaB proteins
from related campylobacters; predicted a lack of membrane
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Fig. 1 Agarose gel of C. rectus or Campylobacter curvus DNA
amplified by degenerate PCR (Table 1). An arrow marks 500 base
pairs. Ladder 1 Kb plus DNA ladder (Invitrogen); and the arrowhead

marks loading wells

Table 3 BLASTX analysis of C. rectus strain ciaB

Species® Protein E-value = Annotation Identity
length (GenBank #) (%)
(aa)
C. rectus 609 0.0 Lipoprotein signal 100
(strain peptidase
33238) (ZP03610758.1)
C. curvus 608 0.0 Hypothetical protein 64
(YP001407631.1)
C. concisus 614 0.0 Invasion antigen B 60
(EAT98433.1)°
C. fetus 606 0.0 Invasion antigen B 60
(YP892436.1)
C. jejuni 610 0.0 Invasion antigen B 53
(AAD38497.1)°
C. lari 611 0.0 Invasion antigen B 51

(BAH23913.1)¢

Representative BLASTx hits sharing identity with C. rectus ciaB

(314)

& All species listed are campylobacters

° The gene is also annotated as a lipoprotein signal peptidase

¢ [15]
4 119]

@ Springer

Table 4 Predicted properties of C. rectus CiaB and related sequences

Species/gene?® Membrane  Signal Location (score)®
helices® peptide
probability®

C. rectus 314 CiaB No 0.0 Cytoplasm (8.96)
(IN588592)

C. rectus 33238 No 0.0 Cytoplasm (8.96)
signal peptidase
(ZP03610758.1)

C. curvus No 0.0 Cytoplasmic (8.96)
hypothetical
protein (YP
001407631.1)

C. concisus CiaB No 0.0 Cytoplasmic (8.96)
(EAT98433.1)

C. fetus CiaB (YP No 0.0 Cytoplasmic (8.96)
892436.1)

C. jejuni CiaB No 0.0 Cytoplasmic (8.96)
(AAD38497.1)

C. lari CiaB No 0.0 Cytoplasmic (8.93)

(BAH23913.1)

? Sequences as presented in Table 3

" [25]
© 26]
427

Table 5 Properties of CiaB versus lipoprotein signal peptidases

(LspA)
Species/gene” Membrane  Protein Cellular location
helices® length (aa)  (score)®

C. rectus 314 CiaB No 609 Cytoplasm (8.96)
(IN588592)

C. rectus 33238 No 609 Cytoplasm (8.96)
signal peptidase
(ZP03610758.1)¢

C. concisus CiaB® No 614 Cytoplasm (8.96)
(EAT98433.1)

C. jejuni CiaB® No 610 Cytoplasm (8.96)
(AAD38497.1)

Escherichia coli Yes, 4 164 Membrane (9.82)
LspA (P00804)

C. jejuni LspA Yes, 4 156 Membrane (10.0)
(Q9PIE1)

C. rectus 33238 Yes, 4 188 Membrane (9.86)

signal peptidase 11
(ZP03609438.1)°

# GenBank accession numbers are indicated in parentheses

" [25]
© 26]

4 Identical to those genes in Table 3

¢ Signal peptidases are also referred to as signal peptidase II [37]
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Fig. 2 Alignment of Campylobacter rectus 314 CiaB (GenBank #
IN588592) with putative homologues from: Campylobacter concisus
(EAT98433.1, Table 3); Campylobacter fetus (YP 892436.1, denotes a zinc-binding domain conserved among CiaB [19]
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296
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357
356
356
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417
416
416
420

477
476
476
480

537
535
536
540

597
595
596
600

asterisk indicates a conserved residue, moderate conservation is
marked by a colon, and a period indicates weak conservation. Grey

helices, a lack of signal peptides, and a cytoplasmic Analysis of Cr-ciaB showed sequence identity (Table 3,

localization (Table 4). For predictions using PSORT-B, a
score of greater than 7.5 is considered significant.

7ZP03610758.1) with a gene from C. rectus 33238 anno-
tated as a lipoprotein signal peptidase (Cr-LspA). However,
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Fig. 3 Agarose gel of C. rectus strain 314 RNA amplified with RT-
PCR. No template no RNA template control, No RT no reverse-
transcriptase control, Ladder 1 Kb plus DNA ladder. An arrow marks
100 base pairs; and the arrowhead marks loading wells

in comparing the predicted properties of Cr-CiaB and Cr-
LspA to the characteristics of bacterial LspA from Esche-
richia coli and C. jejuni [37], significant differences were
observed. In contrast to Cr-CiaB and Cr-LspA, the bacte-
rial LspA are predicted to contain membrane helices and
are likely to be located within membranes (Table 5). For
E. coli LspA, the membrane helices and cellular location
have been demonstrated [38]. In addition, bacterial LspA
are less than 200 amino acids long. In contrast, CiaB
proteins are greater than 600 amino acids (Table 5).

Expression of Cr-ciaB and Conservation Among C.
rectus Strains

Expression of Cr-ciaB was shown by RT-PCR (Fig. 3). In
addition, PCR suggests that CiaB is conserved among C.
rectus strains (Fig. 4).

Phylogeny of Cr-CiaB

A maximum likelihood tree of Cr-CiaB and related
sequences is depicted in Fig. 5. As shown, CiaB proteins
from related bacteria form a major branch of the tree that is
significantly supported (100 %). Within the main branch, a
cluster of related CiaB proteins from campylobacters was
noted. The CiaB proteins among the campylobacters are

@ Springer

Fig. 4 Agarose gel of C. rectus DNA amplified using primers
designed to amplify the complete ciaB gene (Table 2). Each number
refers to a different strain of C. rectus (Table 1). An arrow marks
2,000 base pairs. Ladder = 1 Kb Plus DNA ladder; and the arrow-
head denotes loading wells

sorted according to species, including a group of CiaB from
the oral campylobacters. Significantly, Cr-CiaB and the
gene from C. rectus 33238 annotated as a lipoprotein signal
peptidase clearly places both genes among CiaB proteins.

Discussion

In this study a ciaB gene from C. rectus 314, a poorly
understood periodontal pathogen, was identified and char-
acterized. Initial analysis of C. rectus 314 ciaB (Cr-ciaB)
was surprising as BLASTx revealed 100 % sequence iden-
tity to a C. rectus 33238 gene annotated as a lipoprotein
signal peptidase. However, further characterization of the
33238 gene; along with parallel studies of C. curvus
YP001407631.1 and Campylobacter concisus EAT98433.1,
suggests that all three genes represent CiaB proteins, not
lipoprotein signal peptidases. The possibility that the genes
from C. rectus 33238, C. curvus, and C. concisus were
annotated incorrectly is plausible. Indeed, between 30 and
40 % of annotated microbial genes are assigned incorrect
functions using automated software [39]. Of course, future
biochemical and genetic studies are needed to fully define the
function of C. rectus 314 ciaB.

CiaB genes have been identified from several species of
campylobacters that do not typically reside in the oral cavity
of humans including C. jejuni, C. lari, C. coli, C. fetus, and C.
upsaliensis [21, 22]. However, during the course of charac-
terizing the ciaB from C. rectus 314, potential ciaB genes
were identified among campylobacters that do reside within
the oral cavity of humans (Table 3) including C. rectus
33238 (ZP03610758.1, annotated at NCBI as a lipoprotein
signal peptidase), C. curvus (YP001407631.1, annotated as a
hypothetical protein), and C. concisus (EAT98433.1,
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Fig. 5 Phylogram of C. rectus strain 314 CiaB and related genes.
Values at nodes represent branch support [35]. The NCBI gene
identifier is indicated for each species. Proteins marked by a square
are annotated as CiaB. Proteins marked with a circle are annotated as

annotated as both lipoprotein signal peptidase and an inva-
sion antigen B). The conservation of CiaB proteins among
oral and non-oral species suggests that CiaB may be
important to the lifestyle of campylobacters, independent of
niche preference. In addition, this study represents the first
effort to characterize a ciaB gene from any of the oral
campylobacters.

Among the best studied virulence factors of campylob-
acters is the invasion antigen gene B (ciaB) of C. jejuni,
which has been shown to play a key role in host cell
invasion [18-20]. In C. jejuni, CiaB has been shown to be a
secreted protein, although it lacks a predictable signal
peptide [19]. Interestingly, C. rectus 314 CiaB also appears
to lack a signal peptide (Table 3). As previously men-
tioned, C. rectus 314, like C. jejuni, has been shown to
invade eukaryotic cells, including placental trophoblasts
[23]. Invasion of placental trophoblasts is important, as
previous studies have suggested that C. rectus plays a
significant role in the preterm labors of mothers with
periodontitis [10, 11] and has the ability to translocate to
the placenta, from a distant site of infection, in mouse
models of periodontitis.

Conclusions

The suite of genes that play a role in the pathogenesis of C.
rectus, including those that contribute to the process of cell
invasion, are unknown. However, the discovery of C.
rectus 314 CiaB in this study, taken together with the

L Naegleria_gruberi_strain_NEG-M_290985305 ®
Wolinella_succinogenes_DSM_1740_34557578m
100 Helicobacter_winghamensis_ATCC_BAA-430_237752372 m
Helicobacter_canadensis_MIT_98-549]_224418223m
— Arcobacter_nitrofigilis_DSM_7299_296272787
ampylobacter_jejuni_50523114a
Campylobacter_jejuni_subsp._jejuni_260.94_86151066
6| | Campylobacter_jejuni_subsp._doylei_269.97_153952319
oq Campylobacter_coli_RM2228_57504972
Campylobacter_coli_224471119
Campylobacter_lari_224471092
ampylobacter_lari_224471108 u
Campylobacter_lari_2244710804
w00 |Campylobacter_fetus_14547127
Campylobacter_fetus_subsp._fetus_82-40_118474081mQ
Campylobacter_curvus_525.92_154175208 ®
Campylobacter_concisus_13826_157165505 m €2
100 Campylobacter_rectus_RM3267_223040485 4 €
C.rectus_314 m

hypothetical proteins. The protein marked by a triangle is annotated
as a lipoprotein signal peptidase. Proteins marked with an arrow are
those presented in Table 3. The scale bar represents evolutionary
distance (0.7)

observed cell invasion by C. rectus, suggests that CiaB
may play a role in this phenotype [23]. Future studies aim
to verify the function of CiaB biochemically. In addition,
the identification of C. rectus CiaB raises the possibility of
developing novel periodontal therapeutics that disrupt
CiaB functionality.
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