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Abstract

Campylobacter lari is a member of the epsilon subdivision of the Proteobacteria and is part of the ther-
motolerant Campylobacter group, a clade that includes the human pathogen C. jejuni. Here we present the
complete genome sequence of the human clinical isolate, C. lari RM2100. The genome of strain RM2100 is
~ 1.53 Mb and includes the 46 kb megaplasmid pCL2100. Also present within the strain RM2100 genome is
a 36 kb putative prophage, termed CLIE1, which is similar to CJIE4, a putative prophage present within the
C. jejuni RM1221 genome. Nearly all (90%) of the gene content in strain RM2100 is similar to genes present
in the genomes of other characterized thermotolerant campylobacters. However, several genes involved in
amino acid biosynthesis and energy metabolism, identified previously in other Campylobacter genomes, are
absent from the C. lari RM2100 genome. Therefore, C. lari RM2100 is predicted to be multiply auxotrophic,
unable to synthesize eight different amino acids, acetyl-coA, and pantothenate. Additionally, strain
RM2100 does not contain a complete TCA cycle and is missing the CydAB terminal oxidase of the re-
spiratory chain. Defects in the amino acid biosynthetic pathways in this organism could be potentially
compensated by the large number of encoded peptidases. Nevertheless, the apparent absence of certain key
enzymatic functions in strain RM2100 would be expected to have an impact on C. lari biology. It is also
possible that the reduction in the C. lari metabolic machinery is related to its environmental range and host
preference.

Introduction

CAMPYLOBACTER LARI is a member of the
thermotolerant clade of the Gram-negative
Epsilonproteobacteria. Other members of the
phylogenetically related, thermotolerant Cam-
pylobacter group include C. jejuni, C. coli, C. up-
saliensis, C. helveticus, and C. insulaenigrae. The
thermotolerant campylobacters are character-
ized by the ability of strains within each species
to grow at 42°C; optimal growth of these species
is supported under microaerobic conditions
where the [O,] is <5%.

Most strains of C. lari (formerly C. laridis)
were isolated originally from gulls (Skirrow and
Benjamin, 1980; Benjamin et al., 1983). However,
C. lari strains have also been isolated from cattle
(Giacoboni et al., 1993; Aarestrup et al., 1997),
dogs (Engvall et al., 2003), pigs (Harvey et al.,
1999; Lindblom et al., 1990), poultry (Tresierra-
Ayala et al., 1994), and shellfish (Endtz et al.,
1997; Van Doorn et al., 1998), as well as water
sources (Obiri-Danso and Jones, 1999a; Obiri-
Danso et al., 2001). Although associated with
birds and food animals, C. lari is isolated infre-
quently from animal or processed food sources.
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However, C. lari is detected at moderate to high
levels in shellfish; in a study by Endtz et al.
(1997), nearly all of the Campylobacter strains
isolated from shellfish (37/39) were identified
as C. lari. The presence of relatively high levels
of C. lari in both seawater and shorebirds
(Glunder and Petermann, 1989; Obiri-Danso
and Jones, 1999b; Obiri-Danso et al., 2001;
Moore et al., 2002; Waldenstrom et al., 2007)
suggests that the preferred environmental niche
for this organism is the marine shoreline, and
would presumably explain the prevalence of C.
lari in shellfish. Also consistent with a marine
environmental range, C. lari is more haloto-
lerant than other thermotolerant campylobac-
ters (Skirrow and Benjamin, 1980; Smibert,
1984). Additionally, the phylogenetically re-
lated species C. insulaenigrae is isolated pre-
dominantly from marine mammals (Stoddard,
2005; Stoddard et al., 2007); thus, C. lari and
C. insulaenigrae may be members of a group of
marine-adapted campylobacters.

Unlike C. jejuni, C. lari is isolated relatively
infrequently from clinical samples and only one
outbreak has been attributed to this organism
(Broczyk et al., 1987). Nevertheless, the clinical
symptomatology of C. lari-related campylo-
bacterioses is similar to that of C. jejuni, namely
gastroenteritis with abdominal pain, fever,
and diarrhea (Broczyk et al., 1987; Lin et al.,
1998; Prasad et al., 2001; Otasevic et al., 2004).
Campylobacter lari has been associated also
with bacteremia in immunocompromised (Na-
chamkin et al., 1984; Martinot et al., 2001) or
otherwise debilitated patients (Morris et al.,
1998) and in patients with gastroenteritis
(Soderstrom et al., 1991; Skirrow et al., 1993).

Campylobacter lari strains are phenotypically
and genotypically diverse and have been sub-
divided into four major phenotypic groups
(Endtz et al., 1997, On and Harrington, 2000;
Duim et al., 2004): the nalidixic acid-resistant
thermophilic campylobacters (NARTC), the
urease-producing thermophilic campylobacters
(UPTC), the nalidixic acid-susceptible (NASC)
group, and the urease-producing nalidixic acid—
susceptible group. Campylobacter lari RM2100
(ATCC-BAA 1060; CDC strain D67, “case 6”
[Tauxe et al., 1985]) is a member of the NARTC
C. lari subgroup and was isolated from an 8-
month-old girl with watery diarrhea. Strain
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RM2100 (multilocus sequence typing [MLST]
ST-3 [Miller et al., 2005a]) is also very closely
related phylogenetically to the C. lari type strain
CCUG 23947 (NARTC; MLST ST-4 [Miller et al.,
2005a]), which was isolated from a gull. Pre-
liminary data on the draft RM2100 genome se-
quence was presented previously (Fouts et al.,
2005); however, many features present in this
strain could not be addressed conclusively due
to the incomplete nature of the genome se-
quence. Campylobacter lari RM2100 was se-
quenced initially because of both the clinical
origin of this isolate and the classification of C.
lari as an “emerging” Campylobacter species
capable of causing disease in humans. Ad-
ditionally, solution of the strain RM2100 genome
would hopefully provide new insights into
several aspects of Campylobacter biology, such as
colonization-host adaptation, virulence, and
synthesis of surface structures (e.g., capsule).
This study presents the completed genomic se-
quence of the human clinical isolate RM2100.
The genomic data revealed that this strain con-
tains defects in multiple metabolic pathways
that may pertain to C. lari biology.

Materials and Methods
Growth conditions and chemicals

Campylobacter lari RM2100 was cultured at
37°C on brain heart infusion agar (Becton Dick-
inson, Sparks, MD) amended with 5% (v/v)
laked horse blood (Hema Resource & Supply,
Aurora, OR). The incubation atmosphere was
5% Hj, 10% CO,, and 85% N,. Polymerase chain
reaction (PCR) enzymes and reagents were
purchased from New England Biolabs (Beverly,
MA) or Epicentre (Madison, WI). All chemicals
were purchased from Sigma-Aldrich Chemicals
(St. Louis, MO) or Fisher Scientific (Pittsburgh,
PA). DNA sequencing chemicals and capillaries
were purchased from Applied Biosystems (Fos-
ter City, CA).

Polymerase chain reactions

C. lari genomic DNA was prepared as de-
scribed previously (Miller et al., 2005b). Stan-
dard amplifications were performed on a Tetrad
thermocycler (Bio-Rad, Hercules, CA) with the
following settings: 30 seconds at 94°C; 30
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seconds at 53°C; 2 minutes at 72°C (30 cycles).
Each amplification mixture contained 50 ng ge-
nomic DNA, 1xPCR buffer (Epicentre), 1x PCR
enhancer (Epicentre), 2.5mM MgCl,, 250 uM
each dNTP, 50 pmol each primer, and 1 U poly-
merase (New England Biolabs). Amplicons were
purified on a BioRobot 8000 Workstation (Qia-
gen, Santa Clarita, CA). Sequencing and PCR
oligonucleotides were purchased from Qiagen.

DNA sequencing

Cycle sequencing reactions were performed
on a 96-well Tetrad thermocycler (Bio-Rad) us-
ing the ABI PRISM BigDye terminator cycle
sequencing kit (version 3.1) and standard pro-
tocols. Amplicon extension products were
purified using DyeEx 96 well plates (Qiagen)
according to the manufacturer’s protocols.
DNA sequencing was performed on an ABI
PRISM 3130XL Genetic Analyzer (Applied Bio-
systems) using the POP-7 polymer and ABI
PRISM Genetic Analyzer Data Collection and
ABI PRISM Genetic Analyzer Sequencing Ana-
lysis software.

Closure of the C. lari RM2100 genome

ABI chromatograms from the C. lari RM2100
draft genome (Fouts et al., 2005) were obtained
from TIGR (The Institute for Genomic Research,
Rockville, MD) and assembled using SeqMan (v
5.0, DNAstar, Madison, WI). All TIGR chro-
matograms in the assembly were then trimmed
for quality at the 5’ and 3’ ends. Those reads that
did not meet minimum quality requirements
were discarded. Six contig gaps and multiple
sequence gaps were present after assembly and
trimming of the draft genome traces. Arrange-
ment of the six contigs into a final single contig
used combinatorial standard PCR to bridge the
contig gaps. All gaps, both sequence and contig,
present in the assembly were closed by PCR
using primers designed with Primer Premier (v
5.0, Premier Biosoft, Palo Alto, CA). The three
~ 6 kb ribosomal RNA (rRNA) loci present in C.
lari RM2100 were amplified independently us-
ing unique flanking primer sets and long PCR.
rRNA region amplicons were sequenced, using
rRNA primers common to all three loci, and
assembled. The assembled rRINA loci were then
integrated into the larger genome assembly

373

manually. The final assembly contained 29,574
reads. The final assembly also contained con-
tiguous sequences (>2xcoverage/nt) on both
strands for an average coverage of 9.6x; am-
biguous bases were resequenced at least twice.

Genome analysis

Putative coding sequences were predicted
using ORFscan (Rational Genomics, South San
Francisco, CA) with the parameters set to in-
clude all three potential start codons (ATG, GTG,
and TTG) and a coding sequence (CDS) cut-off of
50 amino acids. Spurious CDSs (e.g., CDSs con-
tained within larger CDSs) were deleted manu-
ally. Initial annotation was accomplished by
comparing the predicted proteins to the NCBI
nonredundant (nr) database using BLASTP. The
list of putative CDSs was then used to create a
preliminary GenBank-formatted (.gbk) file that
was entered into Artemis (release 9.0; http://
www.sanger.ac.uk/Software/Artemis/ [Ruth-
erford et al., 2000]). Annotation within Artemis
included the fusion of split CDSs into pseudo-
genes and the identification of small (usually
ribosomal protein) genes overlooked in the ini-
tial ORFscan analysis. The start codon of each
putative CDS was curated manually, either
through visual inspection within Artemis of the
ribosome binding site, or through BLAST com-
parison of each CDS to its epsilonproteobacterial
homologs, where present; CDSs with dubious
ribosome binding sites, lengths shorter than
200bp, and alow BLASTP score (E > 10 ') were
removed from the final list of CDSs. tRNAs were
annotated using tRNAscan-SE (v 1.23; http://
bioweb.pasteur.fr/seqanal/interfaces /trnascan
html [Lowe and Eddy, 1997]). rRNA loci were
identified through BLASTN comparison to Cam-
pylobacter rRNA loci.

Final annotation of the strain RM2100 ge-
nome was performed using 1) BLASTP com-
parison to proteins in the NCBI nr database, 2)
CDS identification, cluster of orthogolous group
function prediction, cellular location prediction,
and identification of Pfam domains and PRO-
SITE motifs using the BASys Bacterial Annota-
tion System (http://wishart.biology.ualberta
.ca/basys/cgi/submit.pl), and 3) additional
Pfam domain identification using the Sanger
Centre Pfam search engine (release 22.0; http: //
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pfam.sanger.ac.uk/). Four levels of gene as-
signment were used for each CDS: 1) CDSs
predicted to encode proteins with high similar-
ity across multiple taxa to proteins of known
function (e.g., PurA, HisB, GyrA) were assigned
that function, 2) CDSs predicted to encode
proteins with only a general function, but sim-
ilar to members of various Pfam families or su-
perfamilies, or containing various PROSITE
motifs, were annotated to reflect the tentative
general function (e.g., acetyltransferase, oxido-
reductase), 3) CDSs predicted to encode proteins
with no defined function or motifs but similar
to other nondefined proteins (E < 107'°) across
multiple bacterial taxa were designated as “con-
served hypothetical,” and 4) CDSs predicted to
encode proteins with no defined function and
either unique to this genome or with a low
similarity (E >10~'°) to proteins from other taxa
were designated as “hypothetical.” In some in-
stances, two or more adjacent CDSs were de-
termined by BLAST analysis to represent a
single CDS, fragmented by frameshift or non-
sense mutations. These fragmented CDSs were
fused into a single open reading frame and an-
notated as a putative pseudogene. The complete
nucleotide sequence and annotation of C. lari
RM2100 has been deposited at GenBank under
the accession numbers CP000932 (chromosome)
and CP000933 (megaplasmid pCL2100).

Results and Discussion
General features

The genome of Campylobacter lari RM2100
contains 1,525,460bp, and thus represents the
smallest characterized epsilonproteobacterial
genome to date. The G+C content of the
RM2100 genome is 29.7% and is consistent with
other members of the thermotolerant Campylo-
bacter group (30.3-34.5% G + C). A summary of
the features of the strain RM2100 genome is
presented in Table 1 and a diagrammatic rep-
resentation of the strain RM2100 genome is
presented in Suppl. Fig. S1 (to view all sup-
plementary materials, go to www.liebertpub
.com/fpd). The C. lari RM2100 genome is pre-
dicted to contain 1500 CDSs with an additional
13 fragmented CDSs, containing frameshift
mutations or other point mutations, designated
as putative pseudogenes (Table 1). The 1500
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FEATURES OF THE CAMPYLOBACTER LARI
RM2100 GENOME

TABLE 1.

General features No. or % of total

Chromosome

Size (bp) 1,525,460
G + C content 29.70%
CDS numbers® 1500

Assigned function 736 (49%)
Pseudogenes 13
General function 504 (34%)
Conserved 260 (17%)

hypothetical /hypothetical

Prophage/genetic islands 1/0

Ribosomal RNA operons 3

IS elements/CRISPRs 0/0
Poly G:C tracts (hypervariable)
6bp 7 (0)
7bp 0
8bp 0
9bp 8 (1)
10bp 4 (3)
11bp 3(1)
Plasmid pCL2100
Size (bp) 46,201
G+ C content 26.86%
CDS numbers 42
Gene classes
Chemotaxis proteins 23
Che /Mot proteins 9
Methyl-accepting 12
chemotaxis proteins
Restriction/modification systems
Type I 1P
Type II/1IS 2
Type 11 0
Transcriptional regulators
Regulatory proteins 18
Non-ECF family o factors 3
Two-component systems
Response regulator 8
Sensor histidine kinase 6

“Total does not include pseudogenes.

PhsdM contains frameshift; therefore, the hsd locus in strain
RM2100 is presumably nonfunctional.
CDS, coding sequence; IS, insertion sequence; CRISPRs, clustered
regularly interspaced short palindromic repeats; ECF, extracyto-
plasmic function.

proteins predicted to be encoded by strain
RM2100 were compared by BLASTP analysis to
proteins contained in the NCBI nr database
(September 24, 2007 release). Based on this
analysis, approximately half of the proteins (736;
49%) were assigned a specific function, with the
remainder determined to be proteins of either
general (504; 34%) or unknown (260; 17%) func-
tion (Table 1). Thirty-one proteins (2.1%) were
not similar to any of the proteins contained
within the nr database, and an additional 19
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proteins (1.3%) had alignment match lengths
< 75% of the lengths of both the query and sub-
ject sequences. Genes encoding this latter group
of 19 proteins are potentially gene fragments. A
complete list of the C. lari RM2100 CDSs and their
annotation is presented in Suppl. Table S1. Cate-
gorization of these CDSs by function is presented
in Suppl. Table S2. The five best homologs, where
applicable, for each protein encoded by strain
RM2100 are presented in Suppl. Table S3.
Similar to other campylobacters, C. lari
RM2100 contains homopolymeric G:C tracts,
some of which are hypervariable (Table 1). Strain
RM2100 contains 15 homopolymeric tracts of ei-
ther 9, 10, or 11 base pairs. Of these, five were
determined to be hypervariable, based on the
identification during genomic assembly of over-
lapping tracts of different lengths. Within Cam-
pylobacter, homopolymeric G:C tracts are found
often within genes involved in the biosynthesis of
surface structures (Fouts et al., 2005; Gilbert et al.,
2005; Parkhill et al., 2000), e.g., the lipooligo-
saccharide (LOS), capsular polysaccharide (CPS),
and flagellar modification loci. Likewise in the
strain RM2100 genome, 11 of the 15 homopoly-
meric G:C tracts identified are located within
these three loci: two of the tracts (both hy-
pervariable) are located within the CPS locus
(cl0305 and cl0307), two of the tracts are located
within the LOS locus (cl1197 and cl1199 [hy-
pervariable]), and seven of the tracts are located
in the putative flagellar modification locus
(cl1260, cl1266, cl1269, cl1273, cl1274, cl1276, and
cl1281). Determination of hypervariability in
strain RM2100 was based on a level of coverage
within the assembly sufficient to identify homo-
polymeric tracts of different lengths. It is possible
that some of the “non-hypervariable” tracts were
located within regions of coverage too low to
adequately assess hypervariability. It is also
possible that some tracts are not hypervariable
under the conditions in which the C. lari cells
were grown to harvest the genomic DNA. Ad-
ditional investigations will be necessary to pres-
ent a more accurate picture of homopolymeric
tract hypervariability within strain RM2100.

Comparative genomics of C. lari RM2100

Campylobacter lari is a member of the phylo-
genetically related thermotolerant Campylo-
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bacter group, which includes the species C.
jejuni, C. coli, and C. upsaliensis. The genomic
sequences of multiple strains within this group
have already been determined, at least to draft
level (Parkhill et al., 2000; Fouts et al., 2005;
Hofreuter et al., 2006; Pearson et al., 2007; Fouts
et al., manuscript in preparation). Therefore, it
is not surprising that a substantial majority
(90%) of the non-unique C. lari RM2100 proteins
have their best matches in proteins encoded by
other thermotolerant campylobacters (Table 2
and Suppl. Table S3). The majority of C. lari
proteins (53.5%) have their best matches in
proteins encoded by either of the two C. jejuni
subspecies with a further quarter similar to
proteins encoded by C. coli. In fact, only 3.9% of
the non-unique strain RM2100 proteins have
their best matches in proteins encoded by non-
Campylobacter taxa and only 2.6% in proteins
encoded by non-epsilonproteobacterial taxa.

TABLE 2. SIMILARITY OF PREDICTED CAMPYLOBACTER LARI
PROTEINS TO PROTEINS FROM OTHER TAXA

Within
Best matches best 5 matches

Taxon n % %
C. jejuni subsp. jejuni 677  46.6% 33.7%
C. jejuni subsp. doylei 99 6.8% 15.5%
C. coli 371  25.6% 19.1%
C. upsaliensis 161 11.1% 11.6%
C. fetus 35 2.4% 3.1%
C. curvus 25 1.7% 3.0%
C. concisus 17 1.2% 2.6%
C. hominis 7 0.5% 1.2%
Helicobacter 13 0.9% 1.0%
Other e-proteobacteria 6 0.4% 1.8%
y-proteobacteria 12 0.8% 3.0%
d-proteobacteria 5 0.3% 0.5%
B-proteobacteria 0 0.0% 0.3%
o-proteobacteria 2 0.1% 0.3%
Bacteroidetes/Chlorobi 5 0.3% 1.1%
Firmicutes 11 0.8% 1.6%
Other bacteria 4 0.3% 0.6%

Predicted C. lari RM2100 proteins were compared to proteins in
the NCBI nonredundant (nr) database by BLASTP. Matches with
an Expect (E) value of > 1x107°% an identity of <25%, and an
alignment length across either the query or match sequences of
<75% were excluded. The best matches or the top five matches
(where applicable) were identified at each locus (supplementary
Table S3) and classified by taxon. Percentage values for the
defined taxa do not include the 50 loci (3.3% of the 1500 identified
loci) for which no homologs were identified or for which the
alignment lengths were < 75%. For the top five matches, multiple
strains of the same species (e.g., C. jejuni 81-176 and C. jejuni
NCTC 11168) at a given locus were counted once.
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Divergent loci within C. lari RM2100

As described above, nearly all of the C. lari
RM2100 CDSs are well-conserved among Cam-
pylobacter, especially among thermotolerant
campylobacters. However, some strain RM2100
CDSs encode proteins most similar to those of
non-thermotolerant Campylobacter species or
non-epsilonproteobacterial taxa, or encode pro-
teins with no matches within the nr database,
and are termed here divergent CDSs (Fig. 1).
Many of these divergent CDSs are clustered and
include genes encoding a MoxR/RavA AAA +
ATPase/Von Willebrand Factor Type A protein
pair (c/0032 and cl0033); nrdD (anaerobic ribo-
nucleotide triphosphate reductase; c/0047) and
nrdG (NrdD-activation protein; c/0048); a region
(cl0256-c10261) bounded by genes encoding a
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deiminase, two AAA-family ATPases and a
SIR2-family NAD-dependent protein deacety-
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denum ABC transporter (ModB is also diver-
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by other Campylobacter species, but these pro-
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identified in all characterized epsilonpro-
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FIG.1. Genomic BLAST atlas of C. lari RM2100. Campylobacter lari RM2100 is the reference genome and is compared
to a set of 15 other epsilonproteobacterial genomes, including different thermotolerant Campylobacter (gold rings 9-15
from center), non-thermotolerant Campylobacter (red rings 16-19 from center), A. butzleri (green ring 20 from center),
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FM, flagellar modification.
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however, strain RM2100 NrdD and NrdG
are more similar to proteins encoded by
Clostridium and Desulfitobacterium, and thus
perhaps represent an independent acquisition
by C. lari.

Biosynthetic pathways and respiration

The salient feature of the C. lari RM2100 ge-
nome is the predicted absence of several key
metabolic proteins, including multiple enzymes
involved in amino acid or cofactor biosynthesis
and energy metabolism or respiration (Table 3).
Genes not present in the strain RM2100 genome
include those involved in the biosynthesis of
acetyl-coenzyme A (acs), arginine (argBCDFO),
glutamate (g/tBD), leucine (leuABCD), me-
thionine (metABEF), pantothenate (panBCD),
proline (proAB), and tryptophan (trpACDEF).
Additionally, strain RM2100 is not predicted to
encode citrate synthase (GltA), aconitase (Acn),
isocitrate dehydrogenase (Icd), succinyl-CoA
synthetase (SucCD), succinate dehydrogenase

TaBLE 3. C. jEjuNi GENES ABSENT FROM THE C. LARI
RM2100 GENOME

Gene(s) Pathway

Amino acid/cofactor biosynthesis
argCOBD, argF Arginine biosynthesis

gltB, gltD Glutamate biosynthesis
leuABCD Leucine biosynthesis
metAB, metE, metF Methionine biosynthesis
panBCD Pantothenate biosynthesis
proA, proB Proline biosynthesis

trpAFDE, trpC Tryptophan biosynthesis

Energy metabolism

acnB TCA cycle

gltA TCA cycle

icd TCA cycle

sdhABC TCA cycle

sucCD TCA cycle

cydAB Respiratory chain (terminal
oxidase)

Miscellaneous

gene(s) Function

cfa Cyclopropane-fatty-acyl-phospholipid

synthase

fabl Enoyl-(acyl carrier protein) reductase

ceuBCDE Enterochelin uptake ABC transporter

chuABCD Haemin uptake ABC transporter

acs Acetyl-coenzyme A synthetase

luxS Autoinducer-2 production
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(SdhABC), and the CydAB terminal oxidase of
the respiratory chain. Thus, C. lari RM2100 is
multiply auxotrophic and does not contain a
TCA cycle.

The absence of the glutamate synthase GItBD
is apparently compensated for in strain RM2100
through the NADP-dependent amination of
a-ketoglutarate via the alternate glutamate
synthase GdhA, an enzyme not encoded by the
other thermotolerant campylobacters. In addi-
tion to C. lari, the campylobacters C. concisus, C.
curvus, and C. hominis are predicted also to have
¢ItBD™, ¢dhA™ genotypes (Fouts et al., manu-
script in preparation). Since GdhA requires a
cytoplasmic pool of NH," and ¢/tBD mutants
demonstrate increased osmosensitivity and re-
duced growth in low ammonium media
(Csonka et al., 1994), the gltBD~, gdhA™ geno-
type of strain RM2100 would restrict presum-
ably the environmental niches available to C.
lari. Additionally, although several arginine
biosynthetic proteins are not encoded by strain
RM2100, the RM2100 genome is predicted to
encode ArgG and ArgH which convert citrulline
to arginine. Thus, this organism could poten-
tially synthesize arginine, if provided with an
exogenous source of citrulline. Also, it is note-
worthy that, unlike ArgG, RM2100 ArgH is
most similar to the ArgH proteins found within
the d-proteobacterial taxon (e.g., Pelobacter and
Geobacter), rather than to other Campylobacter
ArgH proteins. However, even in the presence
of citrulline, strain RM2100 would still be auxo-
trophic presumably for alanine, asparagine,
leucine, lysine, methionine, proline, and tryp-
tophan. Therefore, as these amino acids cannot
be synthesized de novo by C. lari, they must be
obtained exogenously as either free amino acids
or via protein degradation. Thus, it is not sur-
prising that C. lari RM2100 is predicted to con-
tain the largest repertoire of peptidases among
the characterized Campylobacter genomes, in-
cluding the PepE, PepQ, and PepT peptidases
that are not encoded by C. jejuni.

The absence of two biosynthetic genes,
argD and fabl, from the C. lari RM2100 genome
has important ramifications for the biology of
this organism, relating especially to the cellu-
lar envelope. ArgD, as described above, is
a component of the arginine biosynthetic
pathway. However, in Campylobacter, ArgD
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also catalyzes the conversion of N-succinyl-2-
amino-6-ketopimelate into N-succinyl-LL-2,
6-diaminopimelate during lysine biosynthesis.
N-succinyl-L,L-2,6-diaminopimelate is convert-
ed further to meso-diaminopimelate, a common
component of peptidoglycan. Thus, the absence
of argD would affect not only arginine biosyn-
thesis but lysine and peptidoglycan synthesis
as well. ArgD is not predicted to be encoded
either by C. concisus; however, this organism
is predicted to encode the Ddh diaminopimelate
dehydrogenase, identified also in Corynebacter-
ium and Bacillus, which converts tetrahydro-
dipicolinate to meso-diaminopimelate in a single
step (Fouts et al., manuscript in preparation),
thus obviating the need for ArgD. No obvious
ArgD or Ddh homologs are predicted to be en-
coded by strain RM2100. Therefore, additional
investigations will be necessary to determine if a
complete lysine biosynthetic pathway is present
in C. lari and/or whether the C. lari peptido-
glycan contains meso-diaminopimelate. The ab-
sence of the enoyl-ACP reductase Fabl is also
intriguing. Fabl catalyzes the terminal step in
the elongation cycle of bacterial type Il fatty acid
biosynthesis and has been shown to be neces-
sary for bacterial viability (Bergler et al., 1996).
Some organisms contain the enoyl reductases
FabK or FabL in place of or in addition to Fabl
(Heath and Rock, 2000; Heath et al., 2000);
however, no FabK- or FabL-like enoyl reductase
is predicted to be encoded by strain RM2100.
Enoyl-ACP reductases have a characteristic Tyr-
Xaag-Lys motif that is also present in the strain
RM2100 proteins CL0338 and CL0934. How-
ever, additional research will be necessary to
determine if these two proteins represent a no-
vel type of enoyl-ACP reductase.

It is unclear what role the absence of both
the TCA cycle and the CydAB terminal oxidase
plays in C. lari biology. Campylobacter lari
RM2100 does encode pyruvate carboxylase in
addition to fumarate dehydrogenase, fumarase,
and malate dehydrogenase. Thus, these en-
zymes may function in part to interconvert
metabolic precursors, such as pyruvate and
succinate, and provide a limited number of
electrons to the respiratory chain. The absence of
the citrate synthase gene gltA in C. lari was
identified previously during the development of
a novel MLST method (Miller et al., 2005a), since
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gltA is a member of the C. jejuni MLST gene set.
Additionally, the absence of gltA was noted
during development of a novel MLST method
for C. insulaenigrae (Stoddard et al., 2007), sug-
gesting the possibility that the TCA cycle may be
absent also from this related species.

Halotolerance

Campylobacter lari has an elevated NaCl tol-
erance, when compared to many other Campy-
lobacter species, such as C. jejuni. Most C. lari
strains grow on media amended with 1.5%
NaCl (Benjamin et al., 1983); however, growth of
C. lari is not supported at NaCl concentrations
>3%. Therefore, C. lari would be considered
weakly halotolerant. Analysis of the strain
RM2100 genome indicated that this organism
cannot synthesize any compatible solutes, e.g.,
betaine, ectoine, proline, or trehalose, which
bacteria use often as protection against hyper-
osmotic stress (Kempf and Bremer, 1998).
However, the C. lari RM2100 genome is pre-
dicted to encode a BCCT (betaine/choline/
carnitine transporter) family protein (CL1410).
BCCT family proteins are involved in the os-
moregulated uptake of compatible solutes (Pe-
ter et al., 1998; Steger et al., 2004). Thus, the
observed halotolerance of C. lari RM2100 is most
likely due to the ability of this strain to import
compatible solutes from the environment.
Among the characterized Campylobacter ge-
nomes, BCCT family proteins also have been
identified only in the genomes of C. concisus
13826 and C. hominis ATCC BAA-381. The
presence of a BCCT family protein in C. concisus
is consistent with the growth of this organism
on media amended with 1.5% NaCl (Holt, 1994);
growth of C. hominis on 1.5% NaCl has not been
tested (Lawson et al., 2001). Besides C. lari and
C. concisus, only C. sputorum and C. mucosalis
have been shown to grow routinely on media
amended with 1.5% NaCl (Holt, 1994; On et al.,
1998); it is likely that the C. sputorum and C.
mucosalis genomes also encode BCCT family
proteins.

Surface structures

The surface-associated LOS, CPS, and flagella
of bacterial pathogens play roles in the patho-
genicity of the bacteria and the immune re-



CAMPYLOBACTER LARI GENOME

sponse of the host. The LOS is a major compo-
nent inducing proinflammatory responses, and
both the LOS and CPS are immunodominant
antigens and interact with host cell factors.
Likewise, flagella are antigenic and in C. jejuni
play a role in internalization and translocation
across epithelial cells (Grant et al., 1993). The
LOS biosynthesis locus of C. lari RM2100
(cl1187—cl1208) possesses an organization simi-
lar to C. jejuni (Gilbert et al., 2005; Parker et al.,
2005). At both ends of the locus are genes in-
volved in the addition of heptose (waaF [c/1187]
and waaC [cl1208]). In between is a region con-
taining genes whose products have functions
related to LOS biosynthesis, including several
glycosyltransferases (c/1201-cI1206) and genes
involved in synthesis of sugar intermediates
(cl1189—l1198) (Suppl. Table S1). Of particular
note, many of the genes involved in the syn-
thesis of sugar intermediates (c/1189—cI1198) are
similar to genes of the flagellar modification
locus of C. jejuni. Until mutational analysis of
these genes is performed, the role of these genes
in either LOS biosynthesis or flagellar modifi-
cation is not certain. Indeed, it has been ob-
served that polysaccharide biosynthesis genes
can function in different pathways (Karlyshev
etal.,2005). The organization of the C. lariRM2100
CPS biosynthesis locus (cl0285—cl0314) is also
similar to C. jejuni (Karlyshev et al., 2005). At
both ends of the locus are genes involved in the
export of CPS (kpsMTEDF [cl0285—c10289] and
kpsCS [cl0313—cl0314]). Like the LOS locus, the
region between these kps genes contains genes
whose products have functions related to CPS
biosynthesis, including glycosyltransferases and
genes involved in synthesis of sugar interme-
diates. There is also evidence of phase variation
of the capsule synthesis or capsular structure,
due to the presence of two genes (cI0305 and
cl0307) with variable length homopolymeric
G:C tracts. Finally, similar to C. jejuni, the C. lari
strain RM2100 is a motile bacterium that syn-
thesizes a polar flagellum and the flagellar genes
are widely dispersed in small gene clusters
throughout the genome.

Prophage

Campylobacter lari RM2100 contains an in-
serted element, termed CLIE1 (Campylobacter
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lari integrated element 1; [Fouts et al., 2005]).
CLIE1 is 36,280bp in length (bp 789,761-
826,040), contains 47 CDSs (cl0787-cl0833), is
integrated into a leucinyl-tRNA (tRNA-Leu-1;
Suppl. Table S1), and is bounded by 29bp ter-
minal direct repeats. The presence of phage
capsid-encoding genes within CLIE1 suggests
that this element is an integrated prophage and
similar to CJIE4, a putative prophage in the
genome of C. jejuni RM1221 (Fouts et al., 2005).
Thirty-two of the 47 proteins predicted to be
encoded by CLIE1 are between 32% and 85%
identical to proteins encoded by CJIE4 (Suppl.
Table S2). Moreover, a large region of synteny
exists between the two integrated elements:
cl0808—cl0825 and cje1450—cje1469. Directly up-
stream of this syntenic region are four genes
(cl0803—l0807) with similarity to four genes
(cjejd_02001129—cjejd02001126) contained with-
in the C. jejuni subsp. doylei 269.97 integrated
element DIE5 (doylei integrated element 5; Fouts
et al., manuscript in preparation). Phage-related
genes are also present within DIE5, suggesting
that CLIE1, CJIE4, and perhaps DIE5 are mem-
bers of a related Campylobacter bacteriophage
family. The remainder of non-phage-related
genes within CLIE1 encodes proteins of no dis-
cernable function; no toxins or other virulence
factors are predicted to be encoded by CLIEL.
Therefore, it is uncertain what role, if any, CLIE1
plays in C. lari biology.

Antibiotic resistance

The pattern of antibiotic resistance in C. lari
RM2100 is similar to that of C. jejuni NCTC
11168 (data not shown) with two exceptions:
strain RM2100 demonstrated a reduced re-
sistance to the cephalosporin antibiotics cef-
metazole, cefoperazone, cefotaxime, cefotetan,
cefoxitin, ceftazidime, and ceftibuten, and was
resistant to the aminocoumarin (e.g., novobio-
cin), quinolone (e.g., nalidixic acid and cinox-
acin), and fluoroquinolone (e.g., ciprofloxacin
and enrofloxacin) classes of DNA gyrase inhib-
itors. Among C. lari strains, decreased resistance
to second and third generation cephalosporins
has not been reported; therefore, it cannot be
determined whether the reduced resistance of
strain RM2100 to these antibiotics reflects the
species as a whole. Cephalosporin resistance in
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Gram-negative bacteria is due to altered bind-
ing of the antibiotic to penicillin-binding pro-
teins, altered outer membrane permeability or
the action of B-lactamases (Georgopapadakou,
1993). It is unknown which of these three
mechanisms, alone or in combination, has been
altered in strain RM2100. Analysis of the strain
RM2100 genome indicates that this organism
has an altered penicillin-binding protein profile
relative to strain NCTC 11168; however, addi-
tional investigations will be necessary to deter-
mine the nature of the increased sensitivity to
cephalosporins in this strain. Resistance to DNA
gyrase inhibitors is common among C. lari
strains (Thwaites and Frost, 1999; Leatherbar-
row et al., 2007). Quinolone resistance in Cam-
pylobacter is often the result of amino acid
changes (specifically at Thr-86, Asp-90, or Ala-
70) within the DNA gyrase subunit GyrA
(Taylor and Tracz, 2005); mutations at Thr-86
have been shown to be associated with high
level resistance to fluoroquinolones (Wang et al.,
1993). Consistent with these findings, the pre-
dicted GyrA protein of strain RM2100 contains a
Thr-86-Val substitution, resulting presumably
in the resistance of this strain to a broad spec-
trum of DNA gyrase inhibitors.

Virulence determinants

Campylobacter lari RM2100 is a human clinical
isolate. Moreover, C. lari strains have been iso-
lated, albeit infrequently, from human diarrheic
stools (Tauxe et al., 1985; Broczyk et al., 1987;
Lastovica and Skirrow, 2000). Therefore, it is
likely that virulence determinants would be
present in the strain RM2100 genome. One of the
major virulence determinants discussed in re-
lation to Campylobacter is the cytolethal dis-
tending toxin CDT (encoded by cdtABC; Pickett
and Lee, 2005). CDT is an exotoxin that blocks
eukaryotic cells irreversibly in the G; or G;
phase (Pickett and Lee, 2005). Within Campylo-
bacter, cdt genes have been identified in C. jejuni
subsp. jejuni, C. coli, C. upsaliensis, and C. fetus
(Fouts et al., 2005; Asakura et al., 2007). Campy-
lobacter lari RM2100 contains also all three cdt
genes; however, cdtB is truncated at the 5 end
with a suboptimal ribosome binding site.
Therefore, it is possible that cdtB in this strain is
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a pseudogene and strain RM2100 possesses no
CDT activity. Other C. lari cdtB genes submitted
to the NCBI nr database show similar 5 trun-
cations, suggesting that cdtB 5’ truncation may
be a general feature of C. lari strains. Trunca-
tions and deletions within the cdt locus were
also identified in C. jejuni subsp. doylei (Parker
et al., 2007). It is noteworthy that, like C. jejuni
subsp. doylei, C. lari strains have also been iso-
lated from patients with bacteremia (Martinot
et al., 2001); therefore, it is possible that a link
exists between the absence of CDT and bacter-
emia. In addition to cdtABC, other Campylobacter
virulence-associated genes, such as ciaB and
muiN, are present in the strain RM2100 genome;
however, the JIpA lipoprotein is not encoded by
strain RM2100. All three putative fibronectin-
binding proteins identified in C. jejuni NCTC
11168 (CadF, Cj1279c, and Cj1349c) are encoded
also by strain RM2100 (CL0381, CL0576, and
CL1486, respectively).

In addition to virulence determinants de-
scribed previously in Campylobacter, C. lari
RM2100 is predicted to encode a filamentous
hemagglutinin ~ (FHA)-like = hemagglutinin
(CL1478). Also, one potential virulence determi-
nant, novel to the thermotolerant campylobac-
ters, in strain RM2100, is the Cu/Zn superoxide
dismutase SodC. All of the characterized Cam-
pylobacteraceae genomes are predicted to encode
the cytoplasmic Fe superoxide dismutase SodB
(Miller et al., 2007) that serves to detoxify super-
oxides arising from aerobic respiration. How-
ever, in addition to SodB, the genomes of C. fetus,
C. concisus, C. curvus, and C. lari RM2100 are
predicted to encode the periplasmic SodC. The
apparent impermeability of the inner membrane
to superoxides (Sadosky et al., 1994) suggests that
the periplasmic location of SodC confers protec-
tion against superoxides of exogenous origin and
not against cytoplasmic pools of superoxides
(Steinman, 1993). Sources of exogenous super-
oxides include macrophages, which use a respi-
ratory burst of superoxides as a bacterial
cytotoxic mechanism. Indeed, SodC has been
demonstrated to contribute to survival within
host macrophages (Gee et al., 2005; Keith and
Valvano, 2007). SodC has been implicated also in
biofilm formation (Kim et al., 2006) and protec-
tion against heme toxicity (Negari ef al., 2008).
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Plasmids

Campylobacter lari RM2100 contains a
46,201bp megaplasmid, termed pCL2100
(pCL46 [Fouts et al., 2005]; Fig. 2). The majority
of proteins (24/42) predicted to be encoded by
pCL2100 are similar to those encoded by the
C. jejuni strain 81-176 conjugative plasmid pTet
(Batchelor et al., 2004; Table 4). Nevertheless,
differences are present between the two mega-
plasmids in both gene content and organization,
notably the absence of antibiotic-resistance
genes in pCL2100. Many of the 42 proteins
predicted to be encoded by pCL2100 are similar
also to Tra/Vir type IV secretion system (T4SS)

oriT
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proteins encoded by Gram-negative conjugative
plasmids (Lawley et al., 2004). These include a
putative pilin protein (the VirB2 homolog
Cla008), proteins comprising the conjugative
pore (the VirB5, VirB6, VirB8, VirB9, and VirB10
homologs Cla010, Cla014, Cla016, Cla017, and
Cla018, respectively), and other proteins pre-
dicted to be components of the conjugative ap-
paratus. The pTet and pCL2100 T4SS gene
clusters have a similar organization, with com-
plete synteny between the cla016-cla026 and
cmgB8—cpp49 regions. However, differences
between the two T4SS gene clusters were iden-
tified, such as the position of the ssb single-
stranded DNA binding protein-encoding gene

pCL2100

46,201 bp

[ Vir/Tra homologs

[ Other plasmid replication-related functions
I Miscellaneous/general function proteins
I Conserved hypothetical/hypothetical proteins

FIG. 2. Diagrammatic representation of the C. lari RM2100 megaplasmid pCL2100. All genes are drawn to scale. oriT,

putative origin of transfer.
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and the presence of two putative antirepressor-
encoding genes (cla011 and cla013) between the
cmgB5 and cmgB6 homologs, genes adjacent on
pTet (Batchelor et al., 2004). pCL2100 contains
also a putative origin of DNA transfer (oriT;
Fig. 2) between the cpp19 and cpp18 homologs
cla041 and cla042, similar to the pTet oriT region
(Batchelor et al., 2004). This region includes
an RP4-like nic nickase cleavage site (5
TATCCTGC 3') (Lawley et al., 2004). Finally, the
megaplasmid pCL2100 is predicted to encode a
putative invasin/adhesin (Cla028). This protein
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is similar to the Salmonella SinH and E. coli EaeH
invasin/adhesins. However, both the levels of
similarity and regions of overlap between
Cla028 and the SinH/EaeH-like proteins are
small. No experimental evidence exists that
suggests that Cla028 is involved in C. lari viru-
lence. It is likely that Cla028 has an alternative
function; one possibility, given its proximity to
the T4SS gene cluster, is that Cla028 might play
a role in plasmid conjugation, perhaps as a
IncF1 family, TraN-like adhesin (Lawley et al.,
2004).

TABLE 4. Prasmip PCL2100 CODING SEQUENCES

CDS Function® pTet/pVir homolog [aa identity]
cla001 Nickase/relaxase Cpp17 (pTet) [61%]
cla002 DNA methylase/helicase Cppl4 (pTet) [80%]
cla003 Site-specific recombinase/resolvase Cpp27 (pTet) [57%]
cla004 Conserved hypothetical protein

cla005 Plasmid partitioning protein Cjp26 (pVir) [56%]
cla006 Conserved hypothetical protein

cla007 Hypothetical protein

cla008 Attachment mediating protein TraC/VirB2

cla009 Secretion/conjugal transfer ATPase VirB3/4 CmgB3/4 (pTet) [66%)]
cla010 Conjugal transfer protein VirB5 CmgB5 (pTet) [62%]
cla011 Putative antirepressor, Rha family Cpp32 (pTet) [52%]

cla012 Conserved hypothetical protein
cla013 Putative antirepressor, BRO family
cla014 Conjugal transfer protein TrbL/VirB6
cla015 Conserved hypothetical protein
cla016 Conjugal transfer protein TraJ/VirB8
cla017 Conjugal transfer protein TraK/VirB9
cla018 Conjugal transfer protein Trbl/VirB10
cla019 Conjugal transfer protein VirB11
cla020 Conserved hypothetical protein
cla021 Conjugal transfer protein TraG/VirD4
cla022 Conserved hypothetical protein, putative CagT
cla023 TrbM mating pair formation protein homolog
cla024 Conserved hypothetical protein
cla025 Conserved hypothetical protein
cla026 DNA topoisomerase III TraE

cla027 Single-stranded DNA binding protein
cla028 Putative adhesin/invasin

cla029 Hypothetical protein

cla030 Hypothetical protein

cla031 Site-specific recombinase/resolvase
cla032 Putative DNA primase TraC

cla033 Conserved hypothetical protein
cla034 DNA primase TraC

cla035 Conserved hypothetical protein
cla036 PIN domain protein

cla037 Conserved hypothetical protein
cla038 Conserved hypothetical protein
cla039 DNA primase TraC

cla040 Conserved hypothetical protein
cla041 Conserved hypothetical protein
cla042 Conserved hypothetical protein

Cpp33 (pTet) [71%]
CmgB6 (pTet) [44%]

CmgB8 (pTet) [74%]
CmgB9 (pTet) [68%]
CmgB10 (pTet) [58%]
CmgB11 (pTet) [72%)]

CmgD4 (pTet) [68%]
Cpp44 (pTet) [48%]
Cpp45 (pTet) [50%]
Cpp46 (pTet) [34%]
Cpp47 (pTet) [55%]
Cpp49 (pTet) [65%]

—r— p— —

Cpp22 (pTet) [64%]
Cpp21 (pTet) [84%]

Cpp22 (pTet)
Cpp20 (pTet)
Cpp19 (pTet)
Cpp18 (pTet)

70%]
38%]
38%]
47%)

— p— — —_—

“Predicted CDS functions are based on BLASTP comparisons to proteins in the NCBI nonredundant (nr) database.
CDS, coding sequence; aa, amino acid.
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Conclusions

Campylobacter lari RM2100 is a member of the
thermotolerant campylobacters and, as such, is
very similar in gene content to other members of
the group, for example C. jejuni and C. coli.
Consistent with other Campylobacter species, C.
lari is predicted to be unable to utilize sugars as
carbon sources and contains an incomplete
glycolytic pathway. Additionally, the C. lari
RM2100 genome contains multiple homopoly-
meric G:C tracts that are located predominantly
within surface structure-related genes, a feature
shared especially with other thermotolerant
Campylobacter. Indeed, 90% of the non-unique C.
lari strain RM2100 proteins are similar to those
encoded by at least one of the other thermo-
tolerant campylobacters. Therefore, with a few
exceptions, the singular aspect of the C. lari
RM2100 genome is not its gene content, per se,
but is related rather to those genes predicted to
be absent in this strain.

The majority of these missing genes encode
proteins involved primarily in amino acid or
cofactor biosynthesis and energy metabolism.
Campylobacter lari RM2100 is predicted to be
unable to synthesize acetyl-coA, alanine, argi-
nine, asparagine, leucine, lysine, methionine,
pantothenate, proline, and tryptophan de novo.
In addition, this strain is not predicted to con-
tain a complete TCA cycle, due to the absence of
five components, including citrate synthase. The
absence of these genes, and others, from the C.
lari RM2100 genome, would necessarily affect
the biology of this organism.

Relative to other thermotolerant campylo-
bacters, C. lari is a phenotypically and geno-
typically diverse species. Strain RM2100 is a
member of one of the four major C. lari sub-
groups, the nalidixic acid-resistant thermo-
philic campylobacters. No information on the
gene content of the other three major subgroups
is available, other than that the UPTC subgroup
would obviously encode proteins involved in
urease biosynthesis. In light of the above find-
ings, it should prove interesting to determine if
members of the UPTC or NASC C. lari groups
possess similar defects in their metabolic path-
ways. The genome of strain RM2100 could serve
as a base genome for such comparisons. Ana-
lysis of C. insulaenigrae might also prove useful
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in studies concerning C. lari; a CLUSTAL align-
ment of concatenated MLST allele sequences
(Suppl. Fig. S2) indicated that C. insulaenigrae,
among the present thermotolerant taxa, is the
closest relative of C. lari (86.2% average nucle-
otide identity; Suppl. Fig. S3). Thus, it is note-
worthy that the citrate synthase gene gltA is also
absent presumably from C. insulaenigrae, and
suggests that many of the features identified in
this study are common to the taxonomic group
that includes C. lari and C. insulaenigrae. Since C.
lari is isolated often from seawater, shorebirds,
and shellfish and C. insulaenigrae is isolated
predominantly from marine mammals, it is in-
triguing to speculate that features common to
both species, identified perhaps in this study,
might permit adaptation of this taxonomic
group to marine environments.
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