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The genus Arcobacter encompasses gram-negative, aerotolerant, spiral-shaped bacteria formerly designated
Campylobacter cryaerophila. Two genus-specific 16S rRNA-based oligonucleotide DNA probes (23-mer and
27-mer) were developed. The probes hybridized with strains of Arcobacter butzleri (n 5 58), Arcobacter
cryaerophilus (n 5 19), and Arcobacter skirrowii (n 5 17). The probes did not cross-react with any of the
reference strains of Campylobacter, Helicobacter, including ‘‘Flexispira rappini,’’ or Wolinella. The 27-mer hy-
bridized with 61 Arcobacter spp. field isolates originating from late-term aborted porcine (n 5 54) and equine
(n 5 2) fetuses and humans with enteritis (n 5 5). The species of Arcobacter isolates (n 5 56) recovered from
aborted livestock fetuses were determined by ribotyping and were as follows: A. cryaerophilus group 1A (11 of
56; 20%), A. cryaerophilus group 1B (37 of 56; 66%), A. butzleri (5 of 56; 9%), and unknown (3 of 56; 5%). The
five human field strains were identified as A. butzleri. A species-specific DNA probe (24-mer) for A. butzleri was
also developed since there is evidence that this organism may be a human pathogen. This probe hybridized with
previously characterized strains of A. butzleri (n 5 58), with 10 field strains identified as A. butzleri by
ribotyping and with 2 strains having an indeterminate ribotype. The A. butzleri-specific probe did not cross-
react with strains of A. skirrowii (n 5 17) and A. cryaerophilus (n 5 19).

Arcobacter organisms were first isolated from aborted bovine
and porcine fetuses as well as from control placentas by Ellis
and others in the 1970s (7, 8, 11, 28–31). Subsequent isolations
have been made from bulls (10), cows with mastitis (24), poul-
try (9), water (6, 9, 12, 41), and humans with enteritis (1, 21, 43,
48). Because both the morphology and the mole percent G1C
content were similar to those of Campylobacter species, Arco-
bacter spp. were originally designated Campylobacter cryaero-
phila (28). However, their aerotolerance, their ability to grow
at 308C (30), and their fatty acid profiles (19) distinguished
them from other species of Campylobacter.
Phylogenetic analysis showed that C. cryaerophila was a ge-

netically distinct, although distantly related, species of Campy-
lobacter (45). On the basis of DNA-DNA hybridization studies,
Kiehlbauch et al. (16) recognized two subgroups of C.
cryaerophila and a new species, designated ‘‘C. butzleri,’’ which
was recovered from humans with enteritis. ‘‘C. butzleri’’ and C.
cryaerophila hybridization groups 1A and 1B could also be
distinguished by restriction fragment length polymorphism (ri-
botype) upon hybridization with the cDNA probe for Esche-
richia coli 16S-23S rRNA (16, 17). Catalase activity, growth on
MacConkey agar, and resistance to cadmium chloride distin-
guished ‘‘C. butzleri’’ from members of the C. cryaerophila
complex (15). However, no battery of biochemical assays could
differentiate the subgroups of C. cryaerophila (15). A proposed
serotyping scheme for C. cryaerophila also reflected the heter-
ogeneity within the species (2, 23).
In reevaluating the members of the genus Campylobacter by

immunotyping, sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis (PAGE), DNA-rRNA, and DNA-DNA hy-
bridization studies, Vandamme et al. (46) proposed the genus

Arcobacter for these aerotolerant campylobacter-like organ-
isms and recognized four species: Arcobacter nitrofigilis
(Campylobacter nitrofigilis [26]) from plants and Arcobacter but-
zleri, Arcobacter skirrowii, and Arcobacter cryaerophilus (49)
from animals. A 16S rRNA sequence analysis confirmed that
these four species were distinct members of a phylogenetically
coherent group that was separate from species of Campy-
lobacter and Helicobacter (22).
The evidence that Arcobacter spp. are pathogenic is based on

their more frequent recovery from aborted pig litters and from
infertile sows with vaginal discharge than from healthy animals
(25). Experimental infection lowered conception rates in sows
artificially inseminated with sperm containing C. cryaerophila
(13) and caused inflammation only in the inoculated udder of
a dairy cow (24). A. butzleri has been cultured from humans
with enteritis who were otherwise healthy (35) and from pa-
tients with chronic underlying disease (21, 44). A. butzleri may
be more prevalent in developing countries with inadequate
water supplies since A. butzleri accounted for 16% of the
Campylobacter-like isolates obtained from children with diar-
rhea in Thailand (43). Although risk factor analysis has impli-
cated cases of human enteritis to the consumption of contam-
inated water during travel (18), person-to-person transmission
may have resulted in an outbreak in a preschool (35, 47, 48). In
animals, A. butzleri was isolated from diarrheic macaques with
colonic lesions; no isolations were made from animals with
normal colons (1). Cesarean-delivered, colostrum-deprived
piglets experimentally infected with A. butzleri shed the organ-
ism in their feces until necropsy, at which time the organism
was cultured from the ileum, liver, kidney, and brain; no such
results were observed in piglets infected with A. skirrowii or A.
cryaerophilus (50).
Because Arcobacter spp. may be found in the tissues of

aborted livestock fetuses, can grow in microaerobic atmo-
spheres, and are morphologically similar to Campylobacter
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spp., diagnostic laboratories may misidentify Arcobacter spe-
cies as Campylobacter species. Arcobacters display campy-
lobacter-like motility, do not ferment carbohydrates (28), and
hydrolyze indoxyl acetate, a characteristic which is also exhib-
ited by Campylobacter jejuni, Campylobacter coli, and Campy-
lobacter upsaliensis (34). Glycine tolerance is a major pheno-
typic feature of Campylobacter fetus subsp. fetus. However,
glycine tolerance was also observed in 58% of strains of A.
butzleri, in 78% of A. skirrowii strains, and in fewer than 25%
of A. cryaerophilus strains examined in one study (49). Al-
though species of Arcobacter are able to grow under mi-
croaerobic conditions, they become aerotolerant upon subcul-
ture, a characteristic also exhibited by Campylobacter species
(29). Like Campylobacter species, differentiating the species of
Arcobacter via classical phenotypic testing has produced vari-
able results (49).
Recently our laboratory received several isolates of Campy-

lobacter-like organisms from aborted porcine fetuses which
were presumptively identified as unusual C. fetus-like organ-
isms. Their failure to hybridize with either the probe for C.
fetus (52) or the genus-specific probe for Campylobacter and
their subsequent identification as Arcobacter spp. on the basis
of phenotypic testing provided the impetus to develop specific
DNA probes for the rapid identification of these newly de-
scribed microbes. In addition, since A. butzleri has been asso-
ciated with human enteritis and has been recovered from foods
such as poultry (9) and ground pork (5), our goal was to
develop a species-specific probe to expedite its identification.
(A portion of this study was presented at the 93rd Annual

Meeting of the American Society for Microbiology, Atlanta,
Georgia, 16 to 20 May 1993.)

MATERIALS AND METHODS

Bacterial strains and growth conditions. The American Type Culture Collec-
tion (ATCC), Rockville, Md., reference strains evaluated in the present study are
listed in Table 1. Well-characterized strains of A. butzleri, A. cryaerophilus, and A.
skirrowii were also used in the study to verify the specificities of the oligonucle-
otide probes. The following strains of A. butzleri were provided by C. M. Patton
from the collection of the Centers for Disease Control and Prevention and have
been described earlier (15): D0232, D1106, D1751, D1780, D2197, D2280,
D2322, D2446, D2451, D2563, D2568, D2576, D2630, D2638, D2685, D2703,
D2709c, D2709t, D2725, D2775, D2776, D2778, D2779, D2780, D2782, D2783,
D2784, D2785, D2786, D2787, D2788, D2789, D2790, D2791, D2815, D2828,
D2829, D2873, D2885, D2893, D2894, D2895, D2896, D2901, D2900, D2905,
D2906, D2907, D2912, D2914, D2916, D2917, D2918, D2919, D2920, and
D2921. The following strains of A. cryaerophilus were provided by C. M. Patton
from the collection of the Center for Disease Control and Prevention and have
been described earlier (16): D0460, D2077, D2079, D2080, D2081, D2610,
D2639, D2883, D2884, D2887, D2888, D2891, and D2887. A. cryaerophilus
CCUG 17802 and CCUG 17814 were obtained from the Culture Collection of
the University of Goteburg, Goteburg, Sweden. The following strains of A.
skirrowii were provided by Peter Vandamme from the Culture Collection of the
Laboratorium voor Microbiologie, University of Ghent, and have been described
previously (49): LMG 8538, LMG 9800, LMG 9801, LMG 9802, LMG 9803,
LMG 9911, LMG 9912, LMG 10234, LMG 10236, LMG 10238, LMG 10239,
LMG 11072, LMG 11073, LMG 11074, LMG 11076, and LMG11078. A.
cryaerophilus Neill 02748 was obtained from R. Ellis, Veterinary Research Lab-
oratories, Belfast, Northern Ireland.
Two sets of field isolates of Arcobacter were examined in the study. Isolates

from the first set were recovered from aborted porcine (n 5 56) and equine (n
5 2) fetuses and from humans with enteritis (n 5 5). The livestock strains were
part of the collection of the National Veterinary Services Laboratory, Animal
Plant Health Inspection Service, and had been submitted by state laboratories for
identification. Phenotypic characterization of these isolates was based on cellular
morphology; motility; oxidase activity; hydrolysis of indoxyl acetate; catalase
activity; glycine tolerance; growth at 25, 37, and 428C; growth on MacConkey
agar; and growth in 1.5 and 3.5% NaCl. Susceptibility to nalidixic acid and
cephalothin was also used in species characterization (unpublished data). The
second set of field isolates (n . 400) was part of a study to determine the
prevalence of Arcobacter spp. associated with porcine abortions in Iowa. No
attempt was made to phenotype these strains via conventional biochemical meth-
ods.

Bacteria were grown on brain heart infusion agar with 10% defibrinated
bovine blood and were incubated microaerobically (378C, 48 h).
16S rRNA sequence analysis. RNA was isolated and partially purified by a

modification of the procedure of Lane et al. (20), as described earlier (33). A
complete 16S rRNA sequence was determined for A. cryaerophilus ATCC 49615
and was compared with previously published sequences of the strains of Arco-
bacter, Campylobacter, and Helicobacter (32). Programs for data entry, editing,
sequence alignment, secondary structure comparison, similarity matrix genera-
tion, and phylogenetic tree construction were written in Microsoft Quick BASIC
for use on an International Business Machines personal computer (PC-AT) and
compatible computers. Our sequence database contains approximately 400 se-
quences consisting of those determined in our laboratory, published sequences,
and those available from the Ribosomal Database Project (32).
Similarity matrices were constructed from the aligned sequences by using only

those strains for which 90% of sequence positions were known. The similarity
matrices were corrected for multiple base changes by the method of Jukes and
Cantor (14). Phylogenetic trees were constructed by the neighbor-joining method
of Saitou and Nei (38). Nucleic acid sequences which were selected for use as
probes were identified by alignment of 16S rRNA sequences, identification of
common bases, and selection of regions where mismatches occurred (33).
GenBank accession numbers. The sequences for A. cryaerophilus ATCC

49615, A. butzleri CCUG 10370, and reference strains are available for electronic
retrieval from the EMBL, GenBank, and DDBJ nucleotide sequence databases
under the indicated accession numbers, which are given in parentheses: A.
cryaerophilus ATCC 49615 (U25805), A. butzleri CCUG 10370 (L14262), A.
cryaerophilus CCUG 17801T (L14614), A. nitrogifilis CCUG 15893 (L14627), A.
skirrowii CCUG 10374 (L14625), [Bacteroides] gracilis ATCC 33236T (L04320),
[Bacteroides] ureolyticus ATCC 33387T (L04321), C. coli CCUG 11283T

(L04312), Campylobacter concisus Forsyth Dental Center 484T (L04322), Campy-
lobacter curvus ATCC 35224T (L04313), C. fetus subsp. fetus ATCC 27374T

(L04314), Campylobacter hyointestinalis ATCC 35217 (M65010), C. jejuni CCUG

TABLE 1. Results of hybridization of Arcobacter sp. probes
(23-mer or 27-mer) with strains of Arcobacter,
Campylobacter, Helicobacter, andWolinella

Speciesa
Specificity

23-mer 27-mer

Arcobacter butzleri ATCC 49616 1 1
Arcobacter cryaerophilus ATCC 43158 group 1A 1 1
Arcobacter cryaerophilus ATCC 49615 group 1B 1 1
Arcobacter cryaerophilus ATCC 43159 1 1
Arcobacter skirrowii CCUG 10374 1 1
Arcobacter nitrofigilis ATCC 33309 1 2

Campylobacter coli ATCC 33559 2 2
Campylobacter concisus ATCC 33237 2 2
Campylobacter fetus subsp. fetus ATCC 27374 2 2
Campylobacter fetus subsp. venerealis ATCC 19438 2 2
Campylobacter hyointestinalis ATCC 35217 2 2
Campylobacter jejuni ATCC 33560 2 2
Campylobacter lari ATCC 35221 2 2
Campylobacter mucosalis ATCC 43264 2 2
Campylobacter mucosalis NCTC 1101 2 2
Campylobacter mucosalis NCTC 11420 2 2
Campylobacter sputorum biovar bubulus ATCC 33562 2 2
Campylobacter sputorum biovar sputorum ATCC 35980 2 2
Campylobacter sputorum biovar fecalis ATCC 33709 2 2
Campylobacter upsaliensis ATCC 443954 2 2

‘‘Flexispira rappini’’ 2 2

Helicobacter cinaedi ATCC 35683 2 2
Helicobacter fennelliae ATCC 335684 2 2
Helicobacter mustelae ATCC 43772 2 2
Helicobacter pylori ATCC 43504 2 2

Wolinella curva ATCC 35224 2 2
Wolinella rectus ATCC 33238 2 2
Wolinella succinogenes ATCC 29543 2 2

a Abbreviations used for culture collections: ATCC, American Type Culture
Collection; CCUG, Culture Collection, University of Goteburg; NCTC, National
Collection of Type Cultures.
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11284T (L04315), C. jejuni subsp. doylei CCUG 24567T (L14630), Campylobacter
lari CCUG 23947T (L04316), Campylobacter mucosalis CCUG 6822T (L06978),
Campylobacter rectus ATCC 33239T (L04317), Campylobacter showae CCUG
30354 (L06974), Campylobacter sp. strain 40-6ATb (L04318), Campylobacter ure-
ase positive thermophilic sp. strain CCUG 18267 (L14631), Campylobacter spu-
torum subsp. bubulus ATCC 33491 (L04319), C. upsaliensis CCUG 14913T

(L14628), Helicobacter felis ATCC 49179T (M37642), Helicobacter muridarum
CCUG 29262T (M80205), Helicobacter mustelae ATCC 43772 (M35048), Heli-
cobacter pylori ATCC 43504T (M88157), and Wolinella succinogenes ATCC
29543 (M88159).
Extraction of chromosomal DNA. Bacterial genomic DNA was purified as

described previously (50). DNA (2 mg) was digested (3 to 4 h, 378C) with PvuII
in a 20-ml reaction mixture in buffers supplied by the manufacturer (Bethesda
Research Laboratories, Gaithersburg, Md.). After digestion, 5 ml of tracking dye
(0.1% bromphenol blue, 20% Ficoll type 400) was added to each sample, and
DNA fragments were separated on 1.0% agarose (16 h, 60 V) in a horizontal gel
bed (120 by 25 cm). Reference strains of A. butzleri and A. cryaerophilus groups
1A and 1B were included on each gel to facilitate comparison of field strains with
these internal standards. A HindIII digest of bacteriophage lambda was included
as a kilobase standard marker. At the completion of electrophoresis, gels were
stained (1 h) with ethidium bromide (0.25 mg/ml), visualized with shortwave UV
light, and photographed by using a red filter (51).
Nucleic acid hybridization. For slot blot hybridization, purified DNA (2 mg)

was applied to each well of a nylon membrane (Gene-Screen; NEN Research,
Boston, Mass.) in a Bio-Dot SF microfiltration apparatus (Bio-Rad, Richmond,
Calif.). The DNA was denatured (0.5 M NaOH, 1.5 M NaCl), neutralized (1 M
Tris, 3 M NaCl [pH 5.5]), and UV irradiated in a UV Stratalinker 1800 (Strate-
gene, La Jolla, Calif.) to covalently bind the DNA to the membrane filters (4).
Membranes were prehybridized and hybridized as follows. Prehybridization (3 h
at 378C) was carried out in 63 SSC (0.90 M NaCl plus 0.090 M sodium citrate),
53 Denhardt’s solution (0.5% Ficoll, 0.1% polyvinylpyrrolidone, 0.2% bovine
serum albumin), and 0.5% SDS with 100 mg of sonicated denatured calf thymus
DNA per ml at 378C (38). The hybridization solution, prepared as described
previously (39), contained 106 cpm of the 32P-end-labelled oligonucleotide
probe. After overnight incubation (378C), filters were washed once briefly in 23
SSC–0.1% SDS at room temperature; this was followed by two stringency washes
(63 SSC, 558C) of 1 h each. Dried filters were exposed to Kodak X-Omat film
with two intensifying screens (2808C, 2 to 7 days). Films were developed in the
X-Omat Film Processor (Kodak, Rochester, N.Y.).
For species identification by ribotyping, PvuII-digested DNA was blotted onto

nylon membranes (Gene-Screen; NEN Research) by the method of Southern
(40) and was UV cross-linked as described previously (4). To detect the presence
of 16S rRNA genes, nylon filters were prehybridized for 3 h and were then
hybridized (18 h, 378C) with the 32P-end-labelled probe for the genus Arcobacter
(107 cpm) and washed as described above.
For dot blot hybridization, 20 to 25 ml of a cell suspension (,0.5 McFarland

standard) was added in duplicate to each well of a 96-well Bio-Dot microfiltra-
tion apparatus (Bio-Rad). The dried membrane was placed (2 min) on filters
moistened with denaturing solution (0.5 M NaOH, 1.5 M NaCl) to lyse the cells.
The membrane was then placed on filters saturated with neutralizing solution (1
M Tris, 3 M NaCl [pH 5.5] for 5 min) and UV cross-linked in a UV Stratalinker
1800 (Strategene). Prehybridization, hybridization (2 3 106 cpm per filter), and
stringency washings were carried out as described above.
Oligonucleotides were synthesized at the Nucleic Acid Facility of Iowa State

University, Ames, and were end-labelled with [g-32P]ATP by the T4 polynucle-
otide kinase reaction (36).

RESULTS

Approximately 95% of the total 16S rRNA sequence for A.
cryaerophilus ATCC 49615 was compared with previously pub-
lished sequences of the species of Arcobacter, Campylobacter,
and Helicobacter. Table 2 shows a similarity matrix derived
from 1,427 base comparisons for these strains. A dendrogram
constructed from the similarity matrix is shown in Fig. 1. As
demonstrated in previous studies (42, 46, 49), the arcobacters
do warrant a genus designation separate from those of the
campylobacters and helicobacters. The average level of simi-
larity between the arcobacters and campylobacters was approx-
imately 86%, and that between the arcobacters and helico-
bacters was approximately 85%. The four species of Arcobacter
form a coherent group, with interspecies levels of similarity of
approximately 94% or greater. The two strains of A. cryaero-
philus were closely related at 99.4% sequence similarity. Fur-
ther investigation, such as DNA-DNA hybridization among
strains representing the two serotypes of A. cryaerophilus, is

needed to correlate serotype with separate taxonomic status,
such as at the subspecies or species level.
Arcobacter genus-specific probe. An Arcobacter-specific oli-

gonucleotide DNA probe was designed from the aligned se-
quences of the two strains each of A. cryaerophilus, A. butzleri,
and A. skirrowii. This probe was developed before the sequence
of A. nitrofigilis was available. This 27-base probe (59-GAT-
ACA-ATA-CAG-GCT-AAT-CTC-TAA-CCA-39) was derived
from a target region, beginning at nucleotide position 219.
Subsequently, sequence analysis of A. nitrofigilis showed signif-
icant base differences beginning at position 1426. Thus, a 23-
base oligonucleotide probe (59-TTT-AGC-ATC-CCC-GCT-
TCG-AAT-GA-39) was designed as the more broadly reactive
genus-specific probe for Arcobacter species.
Probe specificity was evaluated in a slot blot format against

genomic DNAs of reference strains of species and subspecies
of Arcobacter, Campylobacter, Helicobacter, and Wolinella (Ta-
ble 1). As predicted, the 27-mer hybridized with A. butzleri, A.
cryaerophilus DNA hybridization groups 1A and 1B, and A.
skirrowii, but not with A. nitrofigilis. The 23-mer reacted with
the type strains of A. butzleri, A. cryaerophilus of hybridization
groups 1A and 1B, A. skirrowii, and A. nitrofigilis. Neither
probe reacted with any of the reference strains of the closely
related Campylobacter, Helicobacter, including our laboratory
strain of ‘‘Flexispira rappini,’’ or Wolinella species.
The sensitivity of the Arcobacter genus-specific probe (27-

mer) was further evaluated in a slot blot format by using strains
of A. butzleri (n 5 58), A. skirrowii (n 5 17), and A. cryaerophi-
lus (n 5 18). These strains had been identified and character-
ized previously by DNA hybridization (16, 48). As indicated in
Table 1, the 27-mer reacted with all of these characterized
strains of Arcobacter. A. cryaerophilus ATCC 43159, which had
not been verified to the species level by hybridization studies,
also reacted with the probe.
The Arcobacter probe (27-mer) was used in a cell suspension

dot blot format, which did not require extensive DNA extrac-
tion. This format was adapted to screen field strains (n . 400)
that had been recovered during a survey to determine the
number of Arcobacter-associated porcine abortion cases in
Iowa. Isolates were presumptively identified as an Arcobacter
sp. on the basis of initial growth in P-80 semisolid isolation
medium and corkscrew motility under dark-field microscopy.
An example is shown in Fig. 2. Cell suspensions of the 3
Arcobacter reference strains (positive controls) and 23 of the 24
field strains hybridized with the probe. Bacterial isolates (n 5
3) which were recovered in P-80 isolation medium but which
did not display typical campylobacter- and arcobacter-like
morphology under dark-field microscopy (negative controls)
did not hybridize with the genus-specific probe.
The 23-mer, Arcobacter-specific probe was used in a slot blot

format to screen field strains (n 5 67) isolated in the present
study. The probe hybridized with DNA extracted from 63 of
the 67 of these field strains of porcine (n5 56), equine (n5 2),
or human (n 5 5) origin. The Arcobacter-specific oligonucleo-
tide hybridized equally well with isolates biochemically identi-
fied as A. butzleri and A. cryaerophilus and with those aerotol-
erant campylobacters with indeterminate phenotypes. Strains
which did not hybridize were subsequently identified as
Pseudomonas spp. (n 5 2) or C. jejuni (n 5 1) or were not
identified further (n 5 1).
The species of the 63 field strains which hybridized with the

Arcobacter probe were determined on the basis of the presence
of key restriction fragments detected after hybridization of
PvuII-restricted DNA with either the 23-mer or the 27-mer
probe. Identical patterns were obtained following hybridiza-
tion with either probe. The criteria used for species identifica-
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tion were those described earlier following hybridization with
the E. coli 16S-23S rRNA probe (18). For A. butzleri ATCC
49616, four restriction fragments (;20.8, 15.7, 6.6, and 3.0 kb)
hybridized with the 16S rRNA probe. For A. butzleri ATCC
43157, a remarkably different pattern was detected, with hy-
bridization occurring with five restriction fragments (;6.5, 5.0,
4.0, 3.4, and 3.0 kb). The ;3.0-kb restriction fragment was
detected in 53 of 58 (91%) of the characterized A. butzleri
strains. Therefore, A. butzleri isolates could be identified by the
presence of an ;3.0-kb restriction fragment (Fig. 3, lane 1).
For A. cryaerophilus ATCC 43158 group 1A, five restriction
fragments (;8.4, 7.0, 6.2, 4.5, and 3.2 kb) hybridized with the
genus-specific probe. Of the characterized strains of A.
cryaerophilus group 1A (n 5 9), six exhibited the ;3.2-kb

restriction fragment typical of that group. Isolates could there-
fore be identified as members of group 1A on the basis of an
;3.2-kb restriction fragment (Fig. 3, lane 2). For A. cryaerophi-
lus ATCC 49615 group 1B, five restriction fragments were
evident after hybridization (;26.3, 18.4, 3.6, 3.4, and 2.6 kb;
Fig. 3, lane 3). Seven of the nine characterized A. cryaerophilus
group 1B strains exhibited the ;3.2- and 2.6-kb restriction
fragments typical of the group. Isolates were therefore identi-

FIG. 1. Phylogenetic tree showing placements of A. cryaerophilus, A. butzleri and A. skirrowii on the basis of 16S rRNA sequence data analysis. The scale bar
represents a 5% difference in nucleotide sequence, as determined by measuring the lengths of the horizontal lines connecting any two species. UPTC, urease-positive
thermophilic campylobacter.

FIG. 2. Cell suspension dot blot hybridization of field strains of Arcobacter
spp. recovered from aborted porcine fetuses. Each sample was analyzed in
duplicate. Note hybridization (positive controls) of the Arcobacter probe with cell
suspensions of reference strains of A. butzleri (wells A1 and A2), A. cryaerophilus
(wells A3 and A4), and A. skirrowii (wells A5 and A6). Cell suspensions of the 23
of 24 field strains (wells B1 through E12), which were presumptively identified as
Arcobacter spp. on the basis of dark-field microscopy, hybridized with the probe.
Note the failure of the probe to hybridize with a field strain (wells B11 and B12).
Bacteria which did not display typical Campylobacter-like motility (negative con-
trols) failed to hybridize (wells A7 to A12). The probe also hybridized with
DNAs of reference strains of Arcobacter spp. (wells F1 to F6). Wells F7 to F12
are empty.

FIG. 3. Patterns of ATCC reference strains following Southern blot hybrid-
ization with the Arcobacter probe of PvuII-restricted DNA. Note the ;3.0-kb
restriction fragment characteristic of A. butzleri (middle arrow, lane 1). The
;3.2-kb restriction fragment typical of A. cryaerophilus group 1A (upper arrow,
lane 2) and the ;3.2- and 2.6-kb restriction fragments characteristic of A.
cryaerophilus group 1B (upper and lower arrows, lane 3) are indicated.
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fied as members of group 1B on the basis of the presence of
both the ;3.2- and 2.6-kb restriction fragments. Hybridization
patterns therefore indicated that a minimum of four genes
encode 16S rRNA.
Next, the species of field isolates of Arcobacter were deter-

mined on the basis of the presence of key restriction fragments
by using the criteria described above for the characterized
strains. Reference strains of A. butzleri and A. cryaerophilus
groups 1A and 1B were included as internal standards on each
gel to facilitate comparison. On the basis of the presence of the
;3-kb restriction fragment, 10 field strains were identified as
A. butzleri. These strains were isolated from aborted porcine
fetuses (n 5 5) and humans with enteritis (n 5 5). The hybrid-
ization pattern (ribotype) for each field strain of A. butzleri was
distinctive. The ;3.2-kb restriction fragment indicative of A.
cryaerophilus was present in 48 of the 63 probe-positive field
strains. These isolates of A. cryaerophilus (n5 48) were further
subtyped on the basis of the absence (hybridization group 1A)
or presence (hybridization group 1B) of the additional;2.6-kb
restriction fragment. Eleven isolates, all recovered from
aborted porcine fetuses, were identified as A. cryaerophilus
hybridization group 1A. The remaining 37 isolates were iden-
tified as A. cryaerophilus hybridization group 1B. The majority
of these isolates were from aborted porcine fetuses (n 5 35);
two were recovered from aborted equine fetuses. Three probe-
positive isolates from porcine fetuses exhibited patterns atyp-
ical of either A. cryaerophilus or A. butzleri. The biochemical
reactions of these three field strains were characteristic of A.
cryaerophilus. Two strains were lost prior to ribotyping analysis.
A. butzleri probe. Although ribotyping proved useful for spe-

cies identification, it is laborious and not adaptable to conven-
tional diagnostic laboratories. Furthermore, the ;3-kb restric-
tion fragment which we used to initially identify A. butzleri
was also detected in 14 of 17 characterized A. skirrowii iso-
lates, including the ATCC reference strain. Thus, a cDNA
probe complementary to 16S rRNA was designed for unequiv-
ocal identification of A. butzleri isolates. The A. butzleri probe
was constructed from a target sequence beginning at nucle-
otide position 984 (59-CTA-AAT-CAT-TCT-TAC-TAT-GTC-
AAG-39). The probe hybridized in a slot blot format with A.
butzleri strains (n 5 58) previously identified as such by DNA
hybridization (15). The probe did not react with characterized
strains of A. cryaerophilus (n 5 19), A. skirrowii (n 5 17), or A.
nitrofigilis (n 5 1). The validated A. butzleri probe was then
used in a slot blot format to screen the 63 field strains of
Arcobacter. Ten of these strains reacted with the A. butzleri
probe. Of these, eight had been identified as A. butzleri by
ribotyping with the Arcobacter genus-specific probe. The A.
butzleri probe reacted with two of the field strains which could
not be identified by restriction fragment length polymorphism
(RFLP) patterns after hybridization with the Arcobacter sp.
probe. None of the field isolates which exhibited the A.
cryaerophilus ribotype annealed with the A. butzleri probe.
Patterns of PvuII-restricted DNA of the characterized

strains of A. butzleri were compared following hybridization
with the probes for Arcobacter sp. and A. butzleri. An example
is shown in Fig. 4. The patterns exhibited by characterized
strains of A. butzleri were identical following hybridization with
either probe and indicated a minimum copy number of four
genes encoding 16S rRNA. The ;3.0-kb restriction fragment
typical for A. butzleri was evident in 53 of 58 (91%) of the
characterized A. butzleri strains following hybridization with
either probe.

DISCUSSION

Nucleic acid sequencing of the highly conserved 16S rRNA
molecules has allowed phylogenetic appraisal of the Arcobacter
species. Comparison of approximately 95% of the total 16S
rRNA sequence for A. cryaerophilus ATCC 49615 with pub-
lished sequences of the species of Arcobacter, Campylobacter,
and Helicobacter confirmed that the arcobacters warrant a sep-
arate genus designation (37, 42, 44). The average levels of
similarity between the arcobacters and campylobacters and
between the arcobacters and helicobacters were approximately
85%. The 16S rRNA sequence data indicated that the species
of Arcobacter form a coherent group, with interspecies levels of
similarity of no less than 93.8%. A. nitrofigilis, which is the type
strain and is a nitrogen-fixing bacterium (26), was the most
distantly related. A. butzleri, A. skirrowii, and A. cryaerophilus,

FIG. 4. Strains of A. butzleri cleaved with PvuII. Reference strains of A.
butzleri ATCC 49616 (lanes 1), A. cryaerophilus ATCC 43158 group 1A (lanes 3),
A. cryaerophilus ATCC 49615 group 1B (lanes 2), and A. skirrowii ATCC 51132
(lanes 4) are included for comparison. Hybridization patterns are shown for A.
butzleri 3573 (lanes 5), 3572 (lanes 6), 3571 (lanes 7), 3570 (lanes 8), 3569 (lanes
9), 3568 (lanes 10), 3567 (lanes 11), 3566 (lanes 12), 3565 (lanes 13), and 3564
(lanes 14) from the National Animal Disease Center. Note the ;3.0-kb restric-
tion fragment (arrows) in all strains except strain 3572 from the National Animal
Disease Center (lanes 6). (A) Patterns following hybridization with the Arco-
bacter genus-specific probe. (B) Patterns following hybridization with the A.
butzleri-specific probe. The A. butzleri probe hybridizes only with strains of A.
butzleri. Although faint, the ;3.0-kb fragment is present in lanes 5 and 14. No
reaction is seen with A. cryaerophilus group 1A (lanes 2), A. cryaerophilus group
1B (lanes 3), or A. skirrowii (lanes 4). Sizes (in kilobases) were obtained by using
HindIII digest of bacteriophage lambda as the standard.
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which have been associated with disease in humans and ani-
mals, shared a 97% level of similarity. The two subgroups of A.
cryaerophilus, which cannot be distinguished by routine labo-
ratory assays but which are differentiated by SDS-PAGE and
RFLP analysis, exhibited a 99.4% sequence homology and are
the most closely related. Selection of 16S rRNA sequences
which differentiate Arcobacter organisms from other Campy-
lobacter-like organisms has resulted in the design of highly
specific nucleic acid probes (23-mer and 27-mer) which are
broadly reactive with all species of Arcobacter.
Because of the fastidious growth requirements for Arco-

bacter spp., their relative metabolic inertness, and the limited
number of reliable phenotyping tests (15, 49), the 16S rRNA
probes for Arcobacter spp. would be useful in diagnostic labo-
ratories which routinely process Campylobacter-like organisms.
Correct identification of Arcobacter species is required in order
to ascertain the host distribution, pathogenicity, and epidemi-
ology of these recently described microbes. For example, in
cases of livestock abortion, Campylobacter spp. are identified
on the basis of motility by dark-field microscopy and evidence
of herd infertility; additional phenotyping is limited to deter-
mining catalase activity, H2S production, and glycine tolerance
(3). On the basis of these criteria, the percentage of field
strains of Arcobacter spp. which could be misidentified as spe-
cies of Campylobacter cannot be estimated. However, the im-
petus for the present study was the receipt of several isolates
recovered from aborted livestock fetuses which were sent to us
for confirmation as C. fetus. These isolates were ultimately
identified in our laboratory as Arcobacter spp. following hy-
bridization with the Arcobacter genus-specific probe.
The genus-specific probe expedited confirmation of Arco-

bacter spp. during a year-long prevalence survey to determine
its association with porcine abortions in Iowa. Cell suspension
dot blot hybridization, which uses whole cells and bypasses the
need for extensive DNA extraction, expedited the screening of
the nearly 2,000 fetal tissues from 400 aborted porcine fetuses
which were examined (53). A digoxigenin-based chemilumi-
nescent detection system was found to be as sensitive as prob-
ing with radiolabelled probes, thus increasing the adaptability
of this method to routine laboratory use.
Multiple copies of 16S rRNA genes have been described for

the genus Campylobacter (22, 27, 37, 52). Hybridization of
PvuII-digested Arcobacter chromosomal DNA with the genus-
specific Arcobacter probe identified three to seven genes en-
coding 16S rRNA for A. butzleri, A. cryaerophilus, and A. skir-
rowii. Furthermore, the presence of key restriction fragments
was used in species identification when the criteria described
earlier following hybridization with E. coli 16S-23S rRNA were
used (17). The presence of these distinctive hybridization frag-
ments identified isolates recovered from aborted porcine fe-
tuses as A. cryaerophilus group 1B (66%), A. cryaerophilus
group 1A (20%), and A. butzleri (9%), and thus assigned the
majority of the isolates to the A. cryaerophilus complex.
Sequence analysis of A. butzleri 16S RNA indicated its phy-

logenetic distance from A. cryaerophilus and also the relative
ease of designing a species-specific probe. The association of
A. butzleri with enteritis in humans (15, 21, 44, 48) and animals
(1) indicated its potential public health importance. The re-
sultant A. butzleri probe (24-mer) hybridized only with previ-
ously characterized strains of A. butzleri and did not react with
reference strains of A. cryaerophilus, A. skirrowii, or A. nitrofi-
gilis. The probe verified that 9% of the isolates from aborted
porcine fetuses examined in the study were A. butzleri, includ-
ing isolates which exhibited atypical biochemical profiles and
unusual patterns following hybridization with the Arcobacter
genus-specific probe. Cell suspension dot blot hybridization

with either the 32P-labelled or the digoxigenin-labelled probe
confirmed the presence of A. butzleri in 22% of nearly 300
ground pork samples examined (5). This rapid screening
method identified A. butzleri without the need for extensive
phenotypic testing.
RFLP analysis and PCR-based subtyping methods have

shown the identities of Arcobacter spp. strains in an outbreak
(17, 47). The multiple profiles evident upon hybridization with
the Arcobacter spp. and A. butzleri probes indicate the suitabil-
ity of RFLP as a subtyping method for Arcobacter spp.
Arcobacter spp. are included on the list of International

Classification of Diseases (ICD-9), although there is limited
information regarding their pathogenicities. The 16S rRNA
probes for Arcobacter spp. and A. butzleri will accelerate the
identification and elucidate the prevalence of these recently
described microbes of potential veterinary and medical signif-
icance.
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