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During sampling of reptiles for members of the class Epsilonproteobacteria, strains representing a
member of the genus Campylobacter not belonging to any of the established taxa were isolated
from lizards and chelonians. Initial amplified fragment length polymorphism, PCR and 16S rRNA
sequence analysis showed that these strains were most closely related to Campylobacter fetus and
Campylobacter hyointestinalis. A polyphasic study was undertaken to determine the taxonomic
position of five strains. The strains were characterized by 16S rRNA and atpA sequence analysis,
matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectrometry and
conventional phenotypic testing. Whole-genome sequences were determined for strains 1485E"
and 2463D, and the average nucleotide and amino acid identities were determined for these strains.
The strains formed a robust phylogenetic clade, divergent from all other species of the genus
Campylobacter. In contrast to most currently known members of the genus Campylobacter, the
strains showed growth at ambient temperatures, which might be an adaptation to their reptilian
hosts. The results of this study clearly show that these strains isolated from reptiles represent a novel
species within the genus Campylobacter, for which the name Campylobacter iguaniorum sp. nov. is

proposed. The type strain is 1485E" (=LMG 28143"=CCUG 66346").

Strains of species of the genus Campylobacter have been
isolated from various vertebrate hosts, including mammals,
birds and reptiles. In general, whereas mammals and birds
are endothermic and have more constant body tempera-
tures (homeothermic), reptiles are ectothermic and largely
dependent on external heat sources for their body tempe-
ratures, which can show considerable fluctuations (poikilo-
thermic). Consequently, species of the genus Campylobacter
occurring in poikilothermic reptiles have to be adapted to

Abbreviations: AAl average amino acid identity; ANI, average nucleotide
identity; MALDI-TOF, matrix-assisted laser desorption ionization time-of-
flight.

The GenBank/EMBL/DDBJ accession numbers for the 16S rRNA gene
sequences of strains 1485ET, 2463D, 12502285-1, 12502842-24 and
13S00387-3 are KF4255633, KF425532, KF787891, KF787892 and
KF787893, respectively. The complete annotated genome sequence of
strain 148BE has been deposited in GenBank with the accession
numbers CPO09043 (chromosome) and CP009044 (megaplasmid).

larger temperature ranges and on average lower tempera-
tures than species of the genus Campylobacter occurring in
homeothermic animals. All currently known species of the
genus Campylobacter are predominantly associated with
mammals and birds. The only known species of the genus
Campylobacter isolated from reptiles is a distinct genetic
variant of Campylobacter fetus (Harvey & Greenwood, 1985;
Wang et al, 2013; Fitzgerald et al., 2014), which has been
shown to cause systemic infections in humans (Tu et al.,
2004; Patrick et al., 2013). Here we describe a novel species
of the genus Campylobacter exclusively isolated from
reptiles, distinct from all currently known species of the
genus Campylobacter.

In 2003, a diagnostic screening for members of the genus
Campylobacter in a large variety of avian, mammalian and
reptilian species was performed (unpublished results).
Cloacal and rectal swabs were obtained from the animals
and were plated directly onto blood agar, CCDA and
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Fig. 1. Neighbour-joining phylogenetic dendrogram based on 16S rRNA sequences. Bootstrap values (=70 %) based on 500
replications are indicated at the nodes. The scale bar represents the number of base substitutions per site.

Skirrow agar plates (Biotrading) and incubated in a micro-
aerobic atmosphere (83.3 % N,, 7.1 % CO,, 3.6 % H, and
6% O,) at 37 °C for 48 h. Eight isolates resembling
members of the genus Campylobacter were obtained from
two lizards kept in captivity: a bearded dragon (Pogona
vitticeps) and a green iguana (Iguana iguana). Initial charac-
terization using PCR with primers targeting members of the

genera  Campylobacter, Arcobacter and  Helicobacter
(Marshall et al, 1999), amplified fragment length poly-
morphism analysis (Duim et al., 1999) and 16S rRNA gene
sequencing (Maiwald, 2004) indicated that these isolates
were different from all other species of the genus
Campylobacter, but related to C. fetus and Campylobacter
hyointestinalis. Two strains, 1485E" and 2463D, originating

976

International Journal of Systematic and Evolutionary Microbiology 65



Campylobacter iguaniorum sp. nov.

83 Campylobacter iguaniorum 2463D

T " Campylobacter iguaniorum 1485ET
100 Campylobacter iguaniorum 13S00387-3
| L Campylobacter iguaniorum 12S02842-24
88" Campylobacter iguaniorum 12502285-1
79 Campylobacter lanienae NCTC 130047

100 Campylobacter hyointestinalis subsp. lawsonii CCUG 27631
Campylobacter hyointestinalis subsp. hyointestinalis LMG 9260
95 Campylobacter fetus subsp. venerealis NCTC 103547
100! Campylobacter fetus subsp. fetus ATCC BAA-2152
Campylobacter mucosalis CCUG 21559
Campylobacter concisus ATCC BAA-1457

Campylobacter gracilis ATCC 332367

100

100

78

94

Campylobacter curvus ATCC BAA-1459

96 [ Campylobacter showae ATCC 511467

Campylobacter rectus ATCC 332387

100| Campylobacter sputorum biovar sputorum RM3237
L Campylobacter sputorum biovar fecalis CCUG 20703
— Campylobacter sputorum biovar paraureolyticus LMG 11764
] Campylobacter ureolyticus RIGS 9880
Campylobacter hominis LMG 195687
Campylobacter cuniculorum LMG 245887
100[ Campylobacter lari subsp. lari ATCC BAA-1060
—22 L Campylobacter lari subsp. concheus LMG 11760
Campylobacter subantarcticus LMG 243777
1 ——_ Campylobacter peloridis LMG 239107
Campylobacter volucris LMG 24379
~100[ Campylobacter jejuni subsp. jejuni ATCC BAA-1062
Campylobacter jejuni subsp. doylei ATCC BAA-1458

Campylobacter canadensis LMG 240017
Campylobacter coli ATCC 335597

]

Campylobacter avium LMG 245917

|_ Campylobacter insulaenigrae NCTC 129277

Campylobacter upsaliensis ATCC BAA-1059
Campylobacter helveticus ATCC 512097

Fig. 2. Neighbour-joining phylogenetic dendrogram based on partial atpA sequences (489 bp). Bootstrap values (=70 %)
based on 500 replications are indicated at the nodes. The scale bar represents the number of base substitutions per site.

from the bearded dragon and green iguana, respectively,
were used for further characterization. A strain with highly
similar 16S rRNA sequence has been isolated from a leopard
tortoise (Stigmochelys pardalis) in an independent study
(Benejat et al., 2014). During a subsequent screening (2011—
2013) for members of the class Epsilonproteobacteria in
reptiles (Gilbert et al., 2014a), another 95 isolates represent-

ing members of the genus Campylobacter with 16S rRNA
gene sequences identical to 1485E" and 2463D were
obtained from lizards and chelonians. Three strains,
12502285-1, 125002842-24 and 13S00387-3, obtained from
a chuckwalla (Sauromalus ater), an Aldabra giant tortoise
(Aldabrachelys gigantea) and a red-footed tortoise
(Chelonoidis carbonaria), respectively, were selected for
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further analysis in support of strains 1485E" and 2463D. A
polyphasic study was undertaken to determine the taxo-
nomic position of these selected strains.

Strains 1485E" and 2463D were examined by whole-genome
sequencing. Based on the whole-genome sequences, the
average nucleotide and amino acid identities were deter-
mined for these strains. For all strains, comparisons based
on 16S rRNA and atpA gene sequences and matrix-assisted
laser desorption ionization time-of-flight (MALDI-TOF)
MS were made to determine genotypic and phenotypic
characters, respectively. In addition to this, phenotypic
characteristics were determined by conventional biochem-
ical testing for all strains.

Strains were grown on Colombia agar with 5% sheep
blood (Oxoid) in a microaerobic atmosphere at 37 °C for
48 h. Bacterial genomic DNA was isolated following the
Gram-negative bacteria protocol of the High Pure PCR
template preparation kit (Roche Diagnostics).

Whole-genome sequences of strains 1485E" and 2463D
were obtained with a Roche 454 FLX Genome sequencer
(Gilbert et al., 2014b). A minimum of 292 000 mate-paired
and shotgun reads were assembled for each strain to
provide draft genome sequences with an average coverage
of 66 x . All 454 base calls were validated using Illumina
MiSeq reads, adding an additional average coverage of
220 x . Using Perl scripts, draft contigs were assembled into
single predicted contiguous sequences. Sequences across
the contig junctions were confirmed by PCR and Sanger
sequencing. Polymeric tracts and putative split genes were
validated using Sanger sequencing and high-depth MiSeq
reads. The complete annotated genome sequence of strain
1485E" has been deposited in GenBank with the acces-
sion numbers CP009043 (chromosome) and CP009044
(megaplasmid).

The taxonomic position of all strains was determined by
16S rRNA gene sequence comparison. The 16S rRNA gene
sequences (>1333 bp) were obtained from the whole-
genome sequences of strains 1485E" and 2463D; sequenced
as described by Gilbert et al. (2014a) for strains 12502285-1,
125002842-24 and 1300387-3; and obtained from GenBank
for the other species of the genus Campylobacter. Sequence
alignment and tree reconstruction were performed using
Muscle and MEGA v.5.2 (Tamura et al., 2011). A neighbour-
joining tree containing all species of the genus Campy-
lobacter with validly published names was reconstructed.
Bootstrap values were determined using 500 repetitions. The
16S rRNA sequence similarity between the strains was
100 %, while the sequence similarity between the strains
and the closest relatives C. fetus (ATCC 27374") and
C. hyointestinalis (LMG 7817%) was 97%. The strains
formed a distinct clade with C. fetus, C. hyointestinalis and
Campylobacter lanienae (Fig. 1).

For improved species resolution (Miller et al, 2014),
partial atpA sequences (489 bp) extracted from the whole-
genome sequences of strains 1485E" and 2463D, sequenced

as described by Gilbert et al. (2014a) for strains 12502285-
1, 12S002842-24 and 1300387-3, and obtained from the
MLST database for the genus Campylobacter (http://
pubmlst.org/campylobacter) for other species of the genus
Campylobacter, were aligned with Muscle. A neighbour-
joining phylogenetic tree was reconstructed with MEGA
v.5.2 and bootstrap values were determined using 500
repetitions. In line with the 16S rRNA comparison, the
strains formed a clade distinct from other species of the
genus Campylobacter (Fig. 2).

The average nucleotide identity (ANI) can be used as
an alternative to DNA-DNA hybridization (DDH)
(Konstantinidis & Tiedje, 2005a; Konstantinidis et al.,
2006). A DDH species delineation of 70 % corresponds to
95% ANI (Goris et al, 2007). Using JSpecies v.1.2.1
(Richter & Rossello-Mora, 2009) and BLAST v.2.2.26, ANI
values based on whole-genome sequences were calculated
for strains 1485E" and 2463D and the most closely related
species C. fetus (strain 82-40), C. hyointestinalis subsp.
hyointestinalis (strain LMG 9260), C. hyointestinalis subsp.
lawsonii (strain CCUG 27631) and C. lanienae (strain
NCTC 13004T). The BLAST parameters were: X=150,
q=—1, F=F, e=le—15 and a=2. Strains 1485ET and
2463D were highly homologous (ANI >99 %) and above
the 95 % species cut-off (Table 1). The ANI between strains
1485E" and 2463D and C. fetus, C. hyointestinalis and C.
lanienae had a maximum value of 76 %, which is well
below the 95% species cut-off and similar to ANI values
observed between the other species.

In support of the ANI values, the predicted proteomes
(based on the whole-genome sequences) of strains 1485ET
and 2463D were determined and compared with those of
other related species of the genus Campylobacter using
pairwise BLASTP analysis. The core proteomes (i.e. proteins
conserved across all tested taxa) for these members of the
genus Campylobacter were identified and the average

Table 1. Average nucleotide identity (ANI) values (in percen-
tages) based on BLAST for C. iguaniorum sp. nov. and the most
closely related members of the genus Campylobacter

Strains: 1, C. iguaniorum sp. nov. 1485E%; 2, C. iguaniorum sp. nov.
2463D; 3, C. fetus subsp. fetus 82-40; 4, C. fetus subsp. venerealis 97/
608; 5, C. hyointestinalis subsp. hyointestinalis LMG 9260; 6, C.
hyointestinalis subsp. lawsonii CCUG 27631; 7, C. lanienae NCTC
130047

Strain 1 2 3 4 5 6 7

1 100 929 75 75 75 76 72
2 99 100 75 75 76 76 72
3 75 75 100 100 78 77 72
4 75 75 100 100 78 77 72
5 75 76 78 78 100 94 72
6 75 75 77 77 94 100 74
7 72 72 72 72 72 74 100
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Table 2. Average amino acid identity (AAI) values (in
percentages) based on BLAST for C. iguaniorum sp. nov. and
the most closely related members of the genus Campylobacter

Strains: 1, C. iguaniorum sp. nov. 1485E%; 2, C. iguaniorum sp. nov.
2463D; 3, C. fetus subsp. fetus 82-40; 4, C. fetus subsp. venerealis 97/
608; 5, C. hyointestinalis subsp. hyointestinalis LMG 9260; 6, C.
hyointestinalis subsp. lawsonii CCUG 27631; 7, C. lanienae NCTC
13004".

Strain 1 2 3 4 5 6 7

1 100 100 78 78 78 78 70
2 100 100 78 78 78 78 70
3 78 78 100 100 79 78 71
4 78 78 100 100 79 78 71
5 79 79 79 79 100 95 70
6 78 78 79 79 95 100 71
7 71 70 72 71 71 72 100

amino acid identity (AAI) of these core proteins between
any two taxa was used as a determinant of genetic
divergence (Konstantinidis & Tiedje, 2005b), following
Lan & Reeves (2000) who proposed that the core genome is
the principle genomic unit defining bacterial species. An
AALI of 78 % was observed between the proteomes common
to both strains and the most closely related known species
C. fetus and C. hyointestinalis. Analyses indicated a high
degree of both synteny and similarity in the core proteomes
of strains 1485E" and 2463D, which were >99 % similar on
average (Table 2). The AAI for both strains and the most
closely related species C. fetus and C. hyointestinalis was
<80 %, while the two latter species share 78-80 % AAL
These results indicate that strains 1485E" and 2463D form
a distinct cluster, which is clearly separated from the most
closely related species of the genus Campylobacter.

The chromosomal DNA G+ C content was determined
based on the whole-genome sequences using Artemis v.13.2
(Wellcome Trust Sanger Institute) (Rutherford et al., 2000).
Strains 1485E' and 2463D had a DNA G+C content of
35.9% and 35.7 %, respectively, which is within the range

reported for members of the genus Campylobacter (29—
47 %) (Debruyne et al., 2008).

In accordance with suggestions made by Stackebrandt ef al.
(2002), phenotypic characterization of all unidentified
strains and type strains of selected species of the genus
Campylobacter was performed using MALDI-TOF MS. Spectra
were acquired with a MicroFlex LT mass spectrometer
(Bruker Daltonics) and recorded in a mass range from 2000
to 20000 kDa. For each strain of a member of the genus
Campylobacter, three technical replicates were spotted on the
target plate. Two spectra were acquired per spot, resulting in
six spectra per strain. Each spectrum was exported and
examined visually with BioNumerics v.7.1 (Applied Maths).
After processing (baseline subtraction and smoothing), six
spectra were summarized in a newly generated spectrum.
Peak-based clustering (Pearson correlation; UPGMA) with
all species of the genus Campylobacter present in the Bruker
database confirmed phenotypic identification of these
strains as representatives of a unique taxon related to C.
fetus and C. hyointestinalis (Fig. 3).

Additional phenotypic testing was performed as described
previously (Elharrif & Meégraud, 1986a, 1986b; On &
Holmes, 1991a, b, 1992; Ursing et al, 1994). Oxidase
activity, catalase activity, nitrate reduction, indoxyl acetate
hydrolysis, urea hydrolysis, hippurate hydrolysis and H,S
production on TSI agar were determined. In addition to this,
growth with 1% glycine, y-glutamyltransferase activity, o-
haemolysis, H, requirement and susceptibility to nalidixic
acid (30 pg) and cefalotin (30 pg) were evaluated. Strains
were grown at various temperatures and under various
atmospheres. The strains displayed phenotypic characters
distinct from all other members of the genus Campylobacter.
In contrast to C. fetus and C. hyointestinalis, all strains
showed y-glutamyltransferase activity. All strains showed
growth at 25 °C and 37 °C, but no growth at 42 °C. The only
other members of the genus Campylobacter showing growth
at 25 °C after 72 h are C. fetus and C. hyointestinalis subsp.
hyointestinalis (On et al., 1996). Most C. fetus subsp. fetus,
but not C. fetus subsp. venerealis and all C. hyointestinalis
strains are able to grow at 42 °C. Additional testing showed
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Fig. 3. Dendrogram based on MALDI-TOF MS spectra of C. iguaniorum sp. nov. and selected members of the genus

Campylobacter.
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Table 3. Characteristics differentiating the novel strains from other species of the genus Campylobacter Strain designations and the number of strains are only indicated for C.
iguaniorum, which is in line with previous Campylobacter species descriptions. For the other species, strain designations and the number of strains can be found in the original
species descriptions and the publications referred to.

Taxa: 1, C. iguaniorum sp. nov. (n=5); 2, C. avium; 3, C. canadensis; 4, C. coli; 5, C. concisus; 6, C. cuniculorum; 7, C. curvus; 8, C. fetus subsp. fetus; 9, C. fetus subsp. venerealis; 10, C. gracilis; 11, C.
helveticus; 12, C. hominis; 13, C. hyointestinalis subsp. hyointestinalis; 14, C. hyointestinalis subsp. lawsonii; 15, C. insulaenigrae; 16, C. jejuni subsp. doylei; 17, C. jejuni subsp. jejuni; 18, C. lanienae;
19, C. lari subsp. concheus; 20, C. lari subsp. lari; 21, C. mucosalis; 22, C. peloridis; 23, C. rectus; 24, C. showae; 25, C. sputorum; 26, C. subantarcticus; 27, C. upsaliensis; 28, C. volucris. Characteristics
of reference taxa were adapted from On et al. (1996), Debruyne et al. (2009) and Debruyne et al. (2010). +, 90-100 % trains positive; (+ ), 75-89 % strains positive; v, 26—74 % strains positive;
(=), 11-25% strains positive; —, 0-10 % strains positive; ND, not determined.

Characteristic 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
Oxidase + + + + 4 + + + + - + + + + + + + + + + + + + A + + + +
Catalase + + v + - - - + (4 =) - - + + 4+ vV 4+ o+ + o+ -+ (5 o+ v+ =+
Urease - - v - - - - - - - - = - - - = - - = - - ND — — vi ND — ND
Nitrate reduction + 4+ v + (=) + + + (+) (+) + v + + - - + + 4+ 4+ (=) ~Np + + (+) + + +
Hippurate hydrolysis - + - — — — (=) - - - - - - - - 4+ 4+ - - - - - - - - - - =
Indoxyl acetate -+ - 4+ - + v — - (+) + - - - - 4+ 4+ - ND - - ND + \% - + - -
hydrolysis
y-Glutamyltransferase + — + — — — ND - - ND — ND - - ND — — ND ND — ND ND ND  ND — ND — ND
H,S production (TSI) + — v — - - (=) - - - - - + + - - - - ND — 4+ ND — \% —+ - — ND
o-Haemolysis + - - = = + (= - % - + ND v vV ND 4+ 4+ 4+ ND + - ND  + + + + + D
Growth at/in/on:
18-22 °C 4+ ND ND — - ND — (+) (=) - — ND (/) - ND -— — ND ND — - ND — — - ND @ —  —
(microaerobic)
25 °C + - - - - - - + + e G T - - = - - - - =
(microaerobic)
37 °C + + + + + + \ + + - + + + + + + + + + + + + - v + + + +
(microaerobic)
42 °C -+ + + () (+H) v (+) - v o+ (=) + + - - + + + + + + (=) v + + + 4+
(microaerobic)

37 °C (anaerobic) +* — + — + - + (=) \% + - 4 - + - - - + ND — 4+ ND + + 4+ ND — 4%

37 °C (aerobic) - - - = — - - — — - - = — - - - - = = = — = — — - N — -

CCDA + - + + (=) (+) (+) + + V. + ND + + N + + ND O+ + + + - + (+) N» + ND

Glycine (1 %) + - v (+) (=) - + + (—) + v+ + v o — (=) + = (+) + (=) + + % + (+) + -
Resistance to:

Nalidixic acid + - v - (+) v + + v v - v + + + - - + - () HHH - (+H + - 4+

(30 pg)

Cefalotin 30 pg) - + — + — (+) - - - - - - (= - 4+ - + + + + - (= - - - - (=) +
H, requirement - v - - + - + - - + - + \4 \4 ND — - — ND - + ND + + - ND — ND
S-layer present - - - = — - - + + - - = — - - = - - = — - — + — - - - -
DNA G+C content 36 35 ND 31 37-41 32 45-46 33-35 33-34 44-46 34 32-33 35-36 31-33 ND 31 30-31 36 30 29-30 36-38 29 45-46 44-46 29-33 30 32-36 29

(mol%)

*Weak growth.
tTest results differ between C. sputorum biovars sputorum (catalase and urease-negative), paraureolyticus (catalase-negative, urease-positive) and fecalis (catalase-positive, urease-negative).
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that all unidentified strains, but not C. hyointestinalis subsp.
hyointestinalis (strains LMG 7817F, LMG 8540, LMG 9276,
LMG 15912 and CCUG 14170), showed growth at room
temperature (18-22 °C) after 72 h. In addition to this, the
strains could be distinguished from C. fetus by H,S
production on TSI agar and by the absence of an S-layer, a
proteinaceous external layer characteristic of C. fetus, which
can be assessed by either Western blotting or PCR (Blaser
et al., 2008). Differentiating characteristics for the strains
tested and other members of the genus Campylobacter are
summarized in Table 3.

In conclusion, the results from this polyphasic taxonomic
study clearly indicate that the isolates recovered from the
faecal contents from reptiles represent a novel species distinct
from other currently known species of the genus Campy-
lobacter, on the basis of 16S rRNA, atpA and whole-genome
sequence comparison and MALDI-TOF MS, growth temper-
ature and biochemical properties. To this date, reptiles have
been shown to be the primary and only reservoir, representing
a unique niche for members of the genus Campylobacter. The
name Campylobacter iguaniorum sp. nov. is proposed.

Description of Campylobacter iguaniorum sp. nov.

Campylobacter iguaniorum (i.gua.ni.o'rum. N.L. pl. gen. n.
iguaniorum of Iguania, the lizard suborder comprising
agamid, chameleon and iguana families).

Gram-stain-negative slightly curved to spiral-shaped rods.
After incubation on Colombia agar (5% sheep blood) in a
microaerobic atmosphere at 37 °C for 48 h, colonies are beige
to taupe, glossy, slightly convex, round with smooth margins,
1-1.5 mm in diameter and show o-haemolysis. Grows under
microaerobic and anaerobic conditions (although growth is
scanty anaerobically), but not under aerobic conditions. H,
is not required. After 72 h, growth can be observed on
Colombia agar (5% sheep blood) at room temperature,
25 °C and 37 °C, but not at 42 °C. Oxidase, catalase and -
glutamyltransferase activity are observed in all tested strains.
All strains show nitrate reduction and H,S production on
TSI agar, but no indoxyl acetate hydrolysis, urea hydrolysis
or hippurate hydrolysis. Displays normal growth in the
presence of 1% glycine, on IST agar and slightly inhibited
growth on CCD, Mueller-Hinton, Preston and Skirrow agar
at 37 °C. All strains are resistant to nalidixic acid (30 pg) but
susceptible to cefalotin (30 pg).

Pathogenicity is unknown; strains have been recovered
both from reptiles with and without clinical signs of disease
(Benejat et al., 2014; Gilbert et al., 2014a). Strains have
been recovered from lizard and chelonian intestinal
contents. The type strain is 1485E" (=LMG 28143"=
CCUG 663467), which was isolated from a bearded dragon
(Pogona vitticeps) in 2003.
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