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The relationships of 77 aerotolerant Arcobacter strains that were originally identified as Campylobacter
cryaerophila (now Arcobacter cryaerophilus [P. Vandamme, E. Falsen, R. Rossau, B. Hoste, P. Segers, R.
Tytgat, and J. De Ley, Int. J. Syst. Bacteriol. 41:88-103, 1991]) and 6 reference strains belonging to the taxa
Arcobacter nitrofigilis, Arcobacter cryaerophilus, and ‘“Campylobacter butzleri’> were studied by using a
polyphasic approach, in which we performed DNA-rRNA hybridizations, DNA-DNA hybridizations, a
numerical analysis of whole-cell protein patterns after sodium dodecyl sulfate-polyacrylamide gel electropho-
resis, an analysis of cellular fatty acid compositions, and a phenotypic analysis and determined DNA base
ratios. Our results indicate that ““C. butzleri’’ should be transferred to the genus Arcobacter as Arcobacter
butzleri comb. nov., as was suggested by Kiehlbauch and coworkers (J. A. Kiehlbauch, D. J. Brenner, M. A.
Nicholson, C. N. Baker, C. M. Patton, A. G. Steigerwalt, and I. K. Wachsmuth, J. Clin. Microbiol.
29:376-385, 1991). A rapid screening of all strains in which we used the sodium dodecyl sulfate-polyacrylamide
gel electrophoresis technique revealed five major groups, which were identified by using DNA-DNA
hybridization data as A. cryaerophilus (two distinct electrophoretic subgroups), A. butzleri, A. nitrofigilis, and
a new species, for which we propose the name Arcobacter skirrowii. The phylogenetic position within rRNA
superfamily VI was established for each species. A. butzleri strains and strains belonging to one of the
electrophoretic subgroups of A. cryaerophilus had similar fatty acid contents. An analysis of fatty acid
compositions allowed clear-cut differentiation of all of the other groups. All of the species could be distinguished
by using classical phenotypic tests, although erroneous identifications due to a shortage of clear-cut

differentiating tests could occur.

In the late 1970s, Ellis and coworkers described spiral-
shaped bacteria which were isolated from aborted bovine
and porcine fetuses (5, 6). These strains were identified as
campylobacters (23) and constituted two distinct biochemi-
cal groups; the so-called group 1 strains were identified as
Campylobacter fetus, and the group 2 strains belonged to a
previously undescribed Campylobacter taxon (22). Other
investigators isolated bacteria that were similar to the group
2 strains from aborted porcine and bovine fetuses (10, 11),
from the milk of cows with mastitis (17), and from a bovine
preputial sheath washing (7). All of these organisms differed
from the true campylobacters by their ability to grow in the
presence of atmospheric oxygen after primary isolation in a
microaerobic environment (22). Therefore, they were re-
ferred to as the aerotolerant campylobacters. The biochem-
ical and physiological properties of 90 aerotolerant Campylo-
bacter strains were examined by Neill et al. (21). Although
these authors found a considerable degree of phenotypic
heterogeneity, they proposed a single name, Campylobacter
cryaerophila, for the organisms which were isolated from
reproductive tracts and aborted fetuses of several species of
farm animals, from animal feces, and from the milk of cows
with mastitis (21). The pathogenicity of C. cryaerophila was
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unknown. A few years later, Lambert et al. (16) and Tee et
al. (28) described the isolation of C. cryaerophila-like strains
from human clinical sources. Preliminary DNA-DNA hy-
bridization results of Vandamme et al. (32) showed that three
atypical C. cryaerophila strains exhibited no significant
DNA binding values with genuine C. cryaerophila strains.
Kiehlbauch et al. (12) performed an extensive DNA-DNA
hybridization study and phenotypic analysis of 78 aerotoler-
ant Campylobacter strains and identified two DNA related-
ness groups. Some of the strains which these authors studied
belonged to C. cryaerophila, but most of their strains were
members of a separate species that exhibited a level of DNA
homology with C. cryaerophila of approximately 40%. The
name ‘““Campylobacter butzleri’’ was proposed by Kiehl-
bauch et al. (12) (as this name was not validly published, it is
enclosed in quotation marks). Within the true species C.
cryaerophila, two genotypic and phenotypic subgroups were
identified (12). The phenotypic features which were used did
not allow clear-cut differentiation between one of these
subgroups (corresponding to DNA hybridization group 1B)
and ““C. butzleri’> (12). The same authors showed that the
three DNA homology groups (“‘C. butzleri,” C. cryaerophila
hybridization group 1A, and C. cryaerophila hybridization
group 1B) could be differentiated by the presence of specific
ribosomal DNA restriction fragments (13).

The phylogenetic relationships of the aerotolerant cam-
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pylobacters have been determined by using the DNA-rRNA
hybridization technique (32) and comparative 16S rRNA
sequencing (29). C. cryaerophila and Campylobacter nitro-
figilis are members of a separate rRNA homology branch
that deserves separate genus status (29, 32). The genus name
Arcobacter has been proposed for this group, with Arcobac-
ter nitrofigilis as the type species and Arcobacter cryaero-
philus as an additional species. In an addendum in proof,
Kiehlbauch et al. (12) concluded from their results that ““C.
butzleri’ also belongs to the genus Arcobacter as it exhibits
a level of DNA homology with C. cryaerophila (12) (now A.
cryaerophilus [32]) of approximately 40%; the name of this
organism should be Arcobacter butzleri. Below, we formally
transfer ““C. butzleri’ to the genus Arcobacter as A. butzleri
comb. nov. This name and the name Arcobacter skirrowii,
which we propose for a new species of aerotolerant arco-
bacters, are used below.

In this study we used a polyphasic approach to determine
the taxonomic structure and the phylogenetic relationships
of 77 strains that were originally identified as C. cryaero-
phila.

MATERIALS AND METHODS

Isolation of Arcobacter strains. Of the 83 strains which we
studied, 45 were our own isolates. Arcobacter strains are
seldom isolated by using the routine culture methods used
for campylobacters and Campylobacter-like bacteria. The
first Arcobacter strains were isolated by Ellis et al. (5, 6),
who used a semisolid Leptospira medium. A distinct growth
zone below the surface was observed if arcobacters were
present. Adding 100 pg of 5-fluorouracil per ml to the growth
medium inhibited the contaminating flora but did not influ-
ence the growth of Arcobacter strains (6, 10). Neill et al. (24)
described a two-stage isolation method. First, samples were
inoculated into the semisolid medium described above. After
growth was visible, a few drops from the growth zone below
the surface was streaked onto blood agar base containing 125
ng of carbenicillin per ml. Other investigators have used
direct filtration techniques (7).

In our study, strains LMG 9800 through LMG 9803 and
LMG 11072 through LMG 11078 (all identified as A. skirrowii
[see below]) were isolated from preputial fluids of bulls. The
fluid was inoculated into a transport medium. The inoculated
transport medium was taken to our laboratory and centri-
fuged. Then the supernatant was filtered through a mem-
brane filter (pore size, 0.8 wm; Millex). The first drops were
discarded, and then 5 or 6 drops were streaked onto the
following media: (i) thioglycolate agar (catalog no. 0257-01-9;
Difco Laboratories, Detroit, Mich.) supplemented with 10%
sheep blood, 25 IU of bacitracin per ml, 5 IU of polymyxin
B sulfate per ml, 0.005 mg of novobiocin per ml, and 0.05 mg
of cycloheximide (Acti-Dione) per ml; (ii) the same medium
without polymyxin B sulfate; (iii) tryptone soya agar (catalog
no. CM131; Oxoid, Ltd., Basingstoke, United Kingdom)
containing the Brucella selective supplement (catalog no.
SR83; Oxoid); and (iv) MacConkey agar (catalog no. CM7;
Oxoid). Positive cultures were obtained in the thioglycolate
medium without polymyxin B sulfate. Two strains were also
isolated from the same medium containing polymyxin B
sulfate. No positive cultures were found on the other media.
Grey, flat, watery colonies were visible after 3 to 4 days of
incubation in a microaerobic atmosphere at 37°C.

Strains LMG 10209 through LMG 10244 were isolated
mainly from the tissues of fetuses when we were searching
for leptospires. The medium used was semisolid PLM-5
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medium (catalog no. 0242-00; Armour Pharmaceutical Co.,
Kankakee, Ill.) supplemented with 200 ug of 5-fluorouracil
per ml. The tubes were checked by using dark-field exami-
nation; when Campylobacter-like organisms were observed,
subculturing was carried out on nutrient agar no. 2 (catalog
no. CM67; Oxoid).

Bacterial strains and growth conditions. All of the strains
which we used are listed in Table 1. We received the type
strain of A. butzleri (strain LMG 10828) and the reference
strain of A. cryaerophilus hybridization group 1B (strain
LMG 10829) from J. Kiehlbauch, Centers for Disease Con-
trol, Atlanta, Ga. Two reference strains of A. nitrofigilis
(strains LMG 7604T [T = type strain] and LMG 7547) and the
type strain of 4. cryaerophilus (strain LMG 7536) were sent
by E. Falsen from the Culture Collection of the University of
Goteborg, Goteborg, Sweden. A second subculture of the
type strain of A. cryaerophila (strain LMG 9904) was sent by
S. D. Neill from the Veterinary Research Laboratories,
Belfast, Northern Ireland.

Most aerotolerant strains (except the strains that were
identified as 4. butzleri) grew weakly on the common blood
agar bases, including 5% (vol/vol) horse blood in Mueller-
Hinton agar (catalog no. CM337; Oxoid), nutrient agar no. 2
(catalog no. CM67; Oxoid), Columbia agar (catalog no.
CM331; Oxoid), and brain heart infusion agar (catalog no.
CM375; Oxoid). Growth was not markedly enhanced on
chocolate agar plates. We obtained good growth on a me-
dium that contained (per liter) 10 g of Special Peptone
(catalog no. L72; Oxoid), 5 g of Lab Lemco powder (catalog
no. L.29; Oxoid), 5 g of yeast extract (catalog no. L21;
Oxoid), 5 g of sodium chloride (catalog no. 6404; Merck,
Darmstadt, Germany), 2 g of sodium succinate hexahydrate
(catalog no. RPL 1785; RPL, Leuven, Belgium), 2 g of
sodium L-glutamate monohydrate (catalog no. 6445; Merck),
1 g of magnesium chloride hexahydrate (catalog no. 5833;
Merck), and 16 g of agar no. 3 (catalog no. L13; Oxoid); the
final pH was 7.0. We refer to this growth medium below as
the standard medium. This standard medium was supple-
mented with 5% (vol/vol) horse blood or with 0.4% (wt/vol)
bacteriological charcoal (catalog no. L9; Oxoid), and the
supplemented media supported similar growth. If the media
were stored for more than 1 week, the charcoal-based
medium gave better growth results than the blood agar. A.
nitrofigilis strains were cultured on nutrient agar no. 2
(catalog no. CM67; Oxoid) supplemented with 1% sodium
chloride (catalog no. 6404; Merck).

All of the strains were incubated at 36 to 37°C in a
microaerobic atmosphere containing 5% O,, 10% CO,, and
85% N, unless indicated otherwise. Including 7.5% hydro-
gen in the microaerobic atmosphere (containing approxi-
mately 5% O,, 3.5% CO,, 7.5% H,, and 84% N,) enhanced
the growth of only a few strains.

Bacteriological purity was checked by plating and exam-
ining living and Gram-stained cells. For mass cultures, cells
were grown on approximately 20 petri dishes (diameter, 9
cm).

PAGE of whole-cell proteins. The cell yields of three or
four petri dishes were required to obtain the amount of wet
cell weight needed for polyacrylamide gel electrophoresis
(PAGE) (approximately 70 mg), and we used Mueller-Hinton
agar (catalog no. CM337; Oxoid) supplemented with 5%
horse blood as the growth medium. A data base for the
identification of campylobacters and related organisms (such
as Arcobacter and Helicobacter strains) by means of a
numerical analysis of whole-cell protein profiles has been
accumulated, and the same growth medium and ipcubation



INT. J. SYST. BACTERIOL.

VANDAMME ET AL.

346

(puefa1]) sn1dy auinba parioqe ‘ussidsg DNOD 0T8LT DN “d/LESH “0£8T0 [IION 1986 DW'1 sniydosovdio 'y
(puera1]) $903) UIDIOG 5N00 8066 DIN'T “608LT DNDD “A/98TEd ‘T6LTO PN 9986 D1 Snyiydo.savded
(pueaiy) sniay autoiod pajioge ‘ohg DNoO LOSLT DNDO “A/89SS “06LT0 [N 986 OW'1 snydosaneo
(pueja1]) SIS SUIAOQ PIOqE ‘PINY [EAUOIIAG DNOO Z08LT DNDD Wd/T0TV “bT8T0 [N 1986 D1 smiydosaviid p
(puejei]) snioj aulA0 pauOqy DN d/950Td “82870 SN LESL DW'T Snpydosovded “py
surens g dnoiSqns smyydosavkio -y
v (epeue)) snjo oUIAOq paLIOqY T-8v14 suSsiy 01201 OW'1 sryydosondeo
(pueja1]) smyaj aulroq pajioge “Aupryy N 1286 DIN'T “S/SLIV “TELTO PN S066 DT Smmydosanded -y
(puepa1[) SMIS) AUIACQ PalIOQE ‘ulerg aN LT08LT DD “19€5L DT “LA/69TV “199LT0 PPN 17066 OWT snpydossvles -y
(puepa1]) smyay SulA0q pajIoqe ‘Asupryy 137gl0%)] S066 OWT YI8LT DNDD /SLIV “TELTO 1PN 1L86 DT snydossvie 'y
(puepR1)) smyaj audiod pajioge 9Ag HNDD 808LT DNOD “H(B)ETIS “TLLTO PN $986 DT smyrydo.sonded "y
(Pueja1]) SMISF AUWIAC PILIOQE ‘BIUIE[] DN 908LT DNDD ‘8E64 ‘66,20 [N £986 DT Sm1ydo.sovied
(puefa]) eiusoeld suiaog D100 €08LT DNOO “d/EEOIN ‘8PLTO 1PN 7986 OW'1 snjydosovked “y
(puerasy) snisj surorod payoqe ‘0Ag DNDD 8L07d “(Q)F/ET9S ‘0T0TT DNDD “TLLIO MIPN 9906 OWT snprydosavded “y
(Pue[o1]) SNISF AUIAO PILIOQE “BIUE[] D100 LLOTA “d/0SLE “610TT DNDD “L6LTO MPN $906 O snpydosavkes 'y
(pue[a1]) SMIS) SUIAOQ PaLIOQe “uterg DNOO 16L02A ‘L T08LT DADD “ A/69TV “199LT0 PN 19€SL OWT snpydossvles y
(puejaxy) smyof duoIod pajioge ‘Aoupry DNOO 1802 “L9£Dd ‘8T0TT DD “M/H061d “bLLTO PN 7299 OWT smrydosovdeo
surens 1 dnoi3qns smpydosovid
(A1e3]) s209) uewny s1omne 160V1S SITIT DN'T M212inq 'y
(wnig[og) 1esw pafrodg siamne] 006£1S 20601 OW'T uajzinq 'y
(ss1e3g paylu) BSYLIRIP YNM UBWNY ‘SI0] 2aD 19196¥ DDLV ‘1989z 187801 OWT M2jzinq 'y
(epeue)) eAULIBID YIM MOD P[O-1A-T ‘5309 0£8¢-88 SUITSIH £¥Z0T OW1 U2)2inq
(epeue)) wms& 2_“_3 sroyLerq 0ST€-88 EMWE 0YZ0T DT M212inq
epeuE)) 19AY JuiA0g S6T€-L8 SUIFFH €220T OW'T M21zinq 'y
(epeue)) esyirerp dfeyrioway Y Sid ‘300, €902-Tt-L8 SUISZH 02201 DT M212inq 'y
(epeue)) sniof partoqy epIeH 6001 IAY 6£66 DT 121zinq 'y
(puera1y) smaj auwiod popioge 9Ag I1eN $88TA “A/89S/S “SS6V0 1PN 9066 DN'1 M21zinq 'y
(wopSury] panun) 198id urogpeaq 137g 0] TISLT DNDD “T/SE8LDT “TESTO IMON 6986 DT 121zinq 'y
(wopSuryy payun) 1o[3id urogpea TIeN 7682 “€/SE/BLIDT “YESTO NIPN 0166 DT M2jzinqg 'y
uBWOM PJo-14-69 ‘poold DNOO 6L/966 MOLIS ‘ELE0T DNDD 0299 OWT u3jzinq “p
(wmi3feg) [inq “pny renndaig PSGTZNE ZoWWOH 8LOTT DIN'T HmoLDyS 'y
(wniB[ag) [inq ‘pmy fenndaig Q86TZNE ZoWWOH 9L0TT DT HMoLDYS “p
Msew_omw 1inq ‘piny _ﬁzmen_ eQGTINE ZoOWWOH SLOTT DT #moupys 'y
wniSjeg) [nq ‘piny fenndaig BGOTZNE ZOWWOH YLOTT OWT HMoLDYS "}
(wniBfeg) 1inq “‘ping fenndaig JLLOTNSE ZowwoHy €LOTT OW'T HMoLys 'y
(wniBfog) [ing ‘ping renndard WSTOZNE ZOUIWOH TLOTT DW'T HMOLDYS "}
(epeue)) EOULIEIP (IIM MOD PlO-IA-T ‘s302,] 807¢-88 SuI3SIH 6€701 DN'T Hmounys p
(epeue)) sn1jod d13eyLIOWISY YHM J[ed PIO-OW-¢"T ‘9091 6+92-88 SUISSIH 8€T0T DT HMOLDYS "}
(epeue)) sn1oy sUIAOQ PaLIOQE “I9AI pue Fun £9€7-88 SUITSIH 9€T0T OW'T HMOLDYS ")
(epeue)) sn1ay supi0d paiIoQe “ISAN pue Sun $01Z-88 SWSSIH YETOT DT HHOLDYS 'y
(pueja1]) Sniay SuUIAOq PIUIOQE ‘BIUIOR[Y N d/69TV “SPLTO [N 7166 OWT umoLys 'y
(pueraiy) smiey aumiod pajioge ‘piny [edeIOY], ION LATEIS “LLLTO PN 1166 OW'T PMoLDys )
(wniBjog) [nq ‘ping renndoarg (1)$T Zowrwoy £086 DT 2MOLDYS Y
(wniS[ag) [nq ‘pny [enndaig (ur)91 zowrwoH 2086 OW'T Hmouwys 'y
(wni3jag) nq ‘ping renndaxg (8°L€8T)TT Zowrwoy 1086 DOW'T BmoLYS
(wniBpag) ynq ‘ping fenndaig (01°L£81)6 ZowwoH 0086 DT imoLiys
surog DNOO SLEOT DNDD “6L/8TOT MOLINS 8€58 DT HMoLDYS
BOULIBID [IIM QUIE] ‘S309,f DNOO LPLEOT DNDD “108/6vF MOLIDS L1299 OW'T #mounys
aoInog gAonsodaq »(S)uoneudisap Y10 Lurens

pasn sureng 1 1dV.L



347

TAXONOMIC STUDY OF THE GENUS ARCOBACTER

VoL. 42, 1992

“aSIMISYIO PAYIOads SSI[UN SIJL[OST UMO JNO 19m swstuediQ ,
*puURlaI] WISYLION ‘i1sejjodg

JUOWLIONS “SALI0JRIOQRT YOIBasIY AIRULIAIOA “[[ION “d S ‘[ION ‘wniSjag ‘sfassnig ‘s[assnig Jo ANSIdANN 321 ‘[eidsol Asioatuf) ‘A30[o1qoIdTyl Jo jusunaeda(y ‘siomne ] *S ‘slomne] ‘epeue)) ‘oureju() ‘ueadoN
“I4Q@V) 2IMINSu] YoIessay sISeasi(] [BWINY ‘BIDIBD " “BIdIRD ‘wnif[ag ‘Wuayn “uayn jo ANSIdAIUN “a1F0J0IqOISIA] 100A WNLIOIRIOGR] 3Y) JO UOHII[0D) 31NN ‘DN {'BD) “BIUR]IY ‘[OIUO0D) ISBISI(] 10 SIANUI)D)
0D ‘uapamg ‘810qa10n ‘81092190 jo Ausrdaru ‘A3ojorraioeg [edrus]) Jo jusuwireda( ‘G1099100) JO ANSIDAIUN 21 JO UOTIS[0D AIMIND ‘DD P ‘IIAYI0Y “‘uona9[jo) aInyn) adA], ueosusury QDLYV »

(epeue)) vuopftusagp vurrinds woiy 100y
(sere1s ponup)) vsoynuap
puzipdg WOI) SJUAUWIPIS PIJBIJOSSEB-1001 IO S100Y

(sa1B1S pPaNuf)) poo[q uewny

(epeue)) snjaj surorod pajroqe “19A1 pue Sun|
(epeue)) sn3aj surorod pajroqe ‘uasids pue ‘IsAl ‘Suny
(epeue)) sn19y aumrod palioqe ‘Aaupryy
(epeue)) snjaj aurolod payioqe “19A1 pue Jun|
(epeue)) snyay aumiod palioge ‘Aauprsy
(epeue)) sniaj surdiod pajioge ‘Kaupryf
(epeue)) snyaj sumiod payioqe ‘Asupryy
(epeue)) sn1oj aurorod pajroqe “12Al pue Jun
(epeue)) eayureip £013 yim 19131 pjo-yoom-GT ‘s9994
(epeue)) snjaj surdIod pajroqe “Asupry|
(epeue)) snjay suiod pojioqe ‘usaids pue ‘Sun| ‘raAry
(epeue)) snjay aumiod paproqy

(epeue)) sn3ay suriod parioqe ‘Aupryf
(epeue)) uojoo suIog

(epeue)) 19151d urogpesq

(epeue)) snjoj suidiod palloqe ‘ejuadeld
(epeue)) snyay aurirod pajioqe ‘Asupry]
(epeue)) sn3aj aurorod pajtoqe ‘Aauprsf
(epeue)) snyay auroiod pajioge “ejuade|d
(epeue)) smyoy surodiod pajloqe ‘BluUdE[J
(epeue)) sniaj surdiod pajioqe ‘ejuade[d
(epeue)) snjaj surdrod pajioqy

(epeue)) smyay surdrod pajoqy

(epeue)) sniv} aUIAOq PoIIOQY

(epeue))) snjaj aUIAOQ poyIOqy

(epeue)) snya} aUIAOQ palioqy

(epeue)) snjaj payloqy

(epeue)) snjaj payoqy

(epeue)) sn3oj payioqy

(epeue)) smaj payioqy

(wop3uryy paun) 19191d uiogpesqg

(wop3ursy panup)) snusew YIm mod NN
(pueja1g) snmyoj auiod pajioge ‘9Ag

(puepalg) snyaj aurorod payioge “okg

DNdO
DNdO

2O

rIDIRD
vIoIRD)
BIOIRD
eIOIED
EN
MmN
11aN
DNDD

110 “1T68ST HNDD “1£68ST HDNDD
1L€Dd ‘22021 HNDD

ST96 DOLV “0197d
€L0v-88 SuIdsIq
8LL£-88 SuIBSIH

UTzre-88 SUISsIH
Z192-88 SuIdSIH
6£12-88 SuI3SIH
£L02-88 suddiy
61Z1-88 suIdsiy

£¥9-88 SUIFSIH
$70-95-88 suIddiy
#S16-L8 SWBBIH
$86¥-L8 SWIBIH
Ly9b-L8 SUSSIH
£66¢-L8 Suiddiy
66v¢-L8 SUIFBIH
Spye-L8 SWSAIH
LLYT-L8 SWSBIH
8917-L8 Sw3dIH
8261-L8 SUISTIH
€0L81-L8 sulddiy

VO0L81-L8 SWIIH
1081-L8 sw3dy

€8L-78 SuIdsiH
££7-78 SuId3IH
L614 sulddiy
vL14 suB3iY
€014 sud3rH

6101 NNAV 8h66 DT smiydosavdeo -
$10T 14AV LY66 DT Shjiydosavdis -
Y101 RIAY vr66 O Snjnydousndes -
LOOT IYAV LE66 DT Snj1ydosandss -

1687 “T/SE/8L/DT *LS6Y0 TN

9986 DT “V/SE/8L/DT “T6LTO PPN

0,86 DT “G/0T0T/S “9LLZ0 IIPN

L066 DT “€I8LT HNDD “H/OTOTS ‘9LLTO [IPPON

1V09L OWT sy8tfopu

LYSL DT siiSifou 'y

62801 DOW'T sniydosavkio
20T OWT Snpydosovkio
W01 OW1 smydosavkeo
9201 OW'T snprydosovdio
LETOT OW'T snpydosavdio
S€20T DIN'T smprydosavdid

£€20T O snprydosandio -
€201 OW snprydosandd -

1£201 DT snjiydosavleo
0€20T OW1 snydosavLid

6220T DIN'T snpydosaviid -
87201 DT snpydosavkid -
L7201 OWT snjiydosandid *

97201 DIN'T snpydosavkid
STTOT OW'1 Snprydosovlio
$220T OW1 snpydosavio
TTTOT DIN'T snyiydoiapdid

12201 D1 snpydosavdid -
61201 D1 snpydosavdio
81201 D1 snjydosankio -

L1Z0T OW'T snydosandio
91201 O snpydosavled

STZ0T DT snpydosavked -
€120T DT snyydoavheo -

Z120T OWT snydosavkio
11201 O snpydosavlid
60201 DINT sSnpydodavii

6066 D1 snjydoiaviio -
8066 D1 snjrydosaviid -
L066 DT smydosavLid -

0L86 D1 smydosavLio

AR VA M v Vi S S M VA M M S SR G U v Y

SYYTITTTCCCN WK



348 VANDAMME ET AL.

conditions were used for nearly all of the strains (35). For
this reason, all of the strains were incubated in a microaer-
obic atmosphere containing approximately 5% O,, 3.5%
CO,, 7.5% H,, and 84% N,. Whole-cell protein extracts
were prepared, and sodium dodecyl sulfate (SDS)-PAGE
was performed by using the procedure of Laemmli (15),
modified slightly as described previously (31).

Numerical analysis of protein gel electropherograms. The
densitometric analysis, normalization, and interpolation of
the protein profiles were performed as described by Pot et al.
(25). A numerical analysis was performed as described by
Vauterin et al. (36) on points 10 to 120 and points 150 to 310
of the 400 points of each interpolated trace. The profiles
were recorded and stored on a PC-AT computer. The levels
of similarity between all pairs of traces were expressed by
using the Pearson product moment correlation coefficient (r),
and clustering was performed by using the unweighed pair
group method using average linkage (26).

Preparation of high-molecular-weight DNA. High-molecu-
lar-weight native DNA was prepared from 1.5 to 3 g (wet
weight) of cells. Bacterial cells were harvested and washed
in saline-EDTA buffer (0.15 M NaCl plus 0.1 M EDTA, pH
8). A 1-g portion of cells was suspended in approximately 30
ml of buffer. Proteinase K (catalog no. 24568; Merck) (0.625
mg/g [wet weight] of cells) and 1.5 ml of 25% SDS were
added. The resulting solution was incubated for 15 to 30 min
at 37°C. The total NaCl concentration was adjusted to 1 M,
and the DNA solution was vigorously shaken for a few
seconds. The DNA emulsion was then gently shaken for 30
min at room temperature and centrifuged, and the superna-
tant was removed. The DNA was precipitated by adding 2
volumes of ethanol, spooled on a glass rod, and dissolved at
45°C in 0.1x SSC (1x SSC is 0.15 M NaCl plus 0.015 M
sodium citrate, pH 7). Then 1.25 ml of a 0.2% solution of
RNase (catalog no. 34390; Serva Feinbiochemica GMBH &
Co., Heidelberg, Germany) per g (wet weight) was added,
and the mixture was incubated for 30 min at 45°C. The
deproteinization step described above was repeated, and the
DNA was finally suspended in 1 to 3 ml of 0.1x SSC and
stored at —80°C.

DNA-DNA hybridization experiments. The degree of DNA-
DNA binding, expressed as a percentage, was determined
spectrophotometrically by using the initial renaturation rate
method of De Ley et al. (3). Each value given below is the
average of values from at least two hybridization experi-
ments. DNA binding values of 30% and less do not indicate
significant DNA homology. The total DNA concentration
was about 39 pg/ml, and the optimal renaturation tempera-
ture in 2X SSC was 61.6°C.

DNA base compositions. All of the guanine-plus-cytosine
(G+C) values were determined by the thermal denaturation
method and were calculated by using the equation of Mar-
mur and Doty (18), as modified by De Ley (2).

DNA-rRNA hybridization experiments. In vivo radioac-
tively labeled rRNAs from A. nitrofigilis LMG 7547 and A.
butzleri LMG 6620 were prepared as described previously
(32). Fixation of single-stranded DNA on membrane filters,
chemical determinations of the amounts of DNAs on the
filters, saturation hybridization, RNase treatment, and ther-
mostability measurements of hybrids were performed as
described by De Ley and De Smedt (4). Each DNA-rRNA
hybrid was characterized by determining the T, value (the
melting temperature of elution), the temperature at which
50% of the DNA-rRNA hybrid was denatured. A homolo-
gous duplex was formed between DNA and rRNA from the
same strain; a heterologous hybrid was formed between
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DNA and rRNA from different strains. The higher the T, .,
of a heterologous hybrid, the more closely the two strains
were related. The 7, ., values obtained from reciprocal
hybridizations in which we used all of the strains of each
rRNA branch were used to calculate the average linkage
levels between pairs of TRNA branches.

Gas chromatographic analysis of FAMEs. To prepare fatty
acid methyl esters (FAMESs), one or two petri dishes (diam-
eter, 9 cm) containing the standard medium supplemented
with 5% horse blood were inoculated for each strain. The
cultures were incubated for 72 h at 37°C in a microaerobic
atmosphere containing approximately 5% O,, 3.5% CO,,
7.5% H,, and 84% N,. A loopful of well-grown cells of each
strain was harvested with a sterile plastic loop (diameter, 4
mm) and transferred to a test tube capped with a Teflon-lined
screw cap. To prepare FAMEs, the procedure described by
Stead (27) was used. FAMEs were separated by gas-liquid
chromatography by using a model 5890A instrument
(Hewlett-Packard Co., Avondale, Pa.) and fused silica cap-
illary column (25 m by 0.2 mm) that was coated with methyl
phenyl silicone (Hewlett-Packard). The computer-controlled
parameters for the instrument were the same as those
described by Korn-Wendisch et al. (14). FAME fingerprints
were identified by using the Microbial Identification System
software package (MIS version no. 3.2) obtained from Mi-
crobial ID, Inc., Newark, Del., and a calibration mixture of
known standards (Hewlett-Packard). FAME profiles were
compared and grouped by using principal-component anal-
ysis. Within each individual FAME group, the fatty acid
mean percentages and standard deviations were calculated.

Phenotypic tests. Phenotypic tests were performed on all
Arcobacter strains. The morphology of cells was evaluated
by Gram staining. Motility was observed in young cultures
by examining wet mounts in broth by phase-contrast micros-
copy. The following tests were performed as described
previously (9): temperature tolerance; growth under aerobic
and anaerobic conditions; presence of oxidase and catalase;
reduction of nitrate and nitrite; hydrogen sulfide production
in triple sugar iron agar and as determined with the rapid H,S
test; oxidation and fermentation of carbohydrates; hydroly-
sis of hippurate, DNA, urea, and indoxyl acetate; suscepti-
bility to nalidixic acid and cephalothin (30-pg discs); and
growth in the presence of 1% glycine, 1% oxgall, 1.5 and
3.5% NaCl, and 0.04% 2,3,5-triphenyltetrazolium chloride
(TTC). Tests for growth in the presence of 8% glucose,
growth in MacConkey agar, and hydrogen sulfide production
from cysteine were performed as described by Barrett et al.
(1). The test for growth on VB medium consisted of growing
the organisms on the previously described selective medium
at 37°C in a microaerobic atmosphere (8).

RESULTS

PAGE of whole-cell proteins. We prepared duplicate pro-
tein extracts of several strains to check the reproducibility of
the growth conditions and the preparation of the extracts.
The level of correlation (r) between duplicate protein pat-
terns was =0.95.

For four strains we received two subcultures that origi-
nated from different depositors (Table 1). The two subcul-
tures of each pair (except the subcultures of the type strain
of A. cryaerophilus) produced identical protein profiles;
these subcultures grouped in the numerical analysis at r
levels of =0.95 (Fig. 1). Minor differences between the
protein patterns of the two subcultures of the type strain of
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FIG. 1. Dendrogram derived from unweighed pair group average linkage of r values for the reduced protein patterns (points 10 through
120 and 150 through 310) of all of the strains studied. The roman numerals are cluster numbers.
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FIG. 2. Electrophoretic protein profiles of representative strains belonging to each electrophoretic cluster and a strain that occupied a
separate position on the dendrogram (strain LMG 9947). All strain designations are LMG numbers (see Table 1, footnote a). The positions
of the following molecular weight markers (track MWM) are indicated (from left to right): lysozyme (molecular weight, 14,500), trypsin
inhibitor (20,100), carbonic anhydrase (29,000), glyceraldehyde-3-phosphate dehydrogenase (36,000), egg albumin (45,000), bovine albumin
(66,000), and B-galactosidase (116,000). The bracket marked with an asterisk indicates a variable dense-band region that was omitted from the

numerical analysis.

A. cryaerophilus (strains LMG 7536 and LMG 9904) were
found; the r level for these two profiles was 0.87 (Fig. 1).

Our numerical analysis of the complete protein patterns
(points 10 to 310) was distorted by the presence of a variable
dense-band region similar to the principal dense-band region
previously described for Campylobacter strains (35). This
region was situated in the 40,000- to 58,000-molecular-weight
range (points 121 to 149 of the profile) (Fig. 2). Therefore,
these points were omitted from the numerical analysis,
which resulted in clear-cut grouping of nearly all of the
strains studied. It has been shown previously that the
clusters obtained in such a restricted analysis are also
genotypically homogeneous (34, 35).

Above an r level of 0.77, five major clusters and seven
strains having separate positions were delineated (Fig. 1).
Cluster I contained the two subcultures of the type strain of
A. cryaerophilus and seven aerotolerant strains; these or-

ganisms grouped at an r level of more than 0.78. We refer to
these strains below as the A. cryaerophilus subgroup 1
strains. Cluster II consisted of 35 aerotolerant Arcobacter
strains, including the reference strain of A. cryaerophilus
hybridization group 1B (strain LMG 10829) (12), which
grouped at an r level of more than 0.78; below, we refer to
these strains as the A. cryaerophilus subgroup 2 strains.
Cluster III contained 18 aerotolerant isolates that grouped at
an r level of more than 0.83; below, we show that these
strains are members of a new Arcobacter species, for which
we propose the name Arcobacter skirrowii. Cluster IV (r >
0.84) contained 4. butzleri LMG 10828" (T = type strain)
and 11 aerotolerant isolates which were identified as A.
butzleri strains. The two A. nitrofigilis strains constituted
cluster V at an r level of 0.88. Strains LMG 9066, LMG 9947,
L.MG 9948, LMG 10210, LMG 10219, LMG 10227, and LMG
10242 had separate positions at an r level of 0.77. Strains
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Cluster | Acr}c::nacwptleri‘;us 0622 20 | 57 1100
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9909{ 30 | 66 ! 68 100
| 10209] 29 yal 100
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subgroup 2 218| 51 1801 78 98 100
10229 69 ! 56 100
10231] 29 | 67 69 100
\ 75 70 71 100
| 10241 I 48 | 63 81 81| 67] 78 100
86 100]
10210] 28 [ 55 58 611 72]100]

FIG. 3. DNA-DNA hybridization results and DNA base compositions of A. cryaerophilus strains. Each DNA-DNA hybridization value
is the average degree of binding from at least two hybridization experiments. LMG, Culture Collection of the Laboratorium voor

Microbiologie, University of Ghent, Ghent, Belgium.
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FIG. 4. DNA-DNA hybridization results and DNA base compositions of A. nitrofigilis, A. butzleri and A. skirrowii strains. Each
DNA-DNA hybridization value is the average degree of binding from at least two hybridization experiments. LMG, Culture Collection of the
Laboratorium voor Microbiologie, University of Ghent, Ghent, Belgium.

LMG 9947 and LMG 10219 grouped at an r level of 0.94 (Fig.
1). The overall protein profiles of strains LMG 9066 and
LMG 10210 were very similar to the profiles of the cluster I
strains, while the protein profiles of strains LMG 9947, LMG
9948, LMG 10219, LMG 10227, and LMG 10242 corre-
sponded to the profiles of the cluster II strains (this is
illustrated for strain LMG 9947 in Fig. 2). These strains had
an atypical dense protein band in the high-molecular-weight
region (molecular weight, approximately 100,000) which
disturbed the result of the numerical analysis. Nevertheless,
these strains were closely related to the strains in their
respective clusters (34). Similar protein bands have been
described previously for A. cryaerophilus, Campylobacter
sputorum and Campylobacter fetus (34, 35), and Campylo-
bacter concisus strains (33).

The protein patterns of representative strains belonging to
clusters I through V are shown in Fig. 2.

DNA-DNA hybridization results. We chose a number of
representative strains from each electrophoretic cluster to
perform DNA-DNA hybridizations; we used 4 strains from
cluster I (A. cryaerophilus subgroup 1), 11 strains from
cluster II (4. cryaerophilus subgroup 2), 6 strains from
cluster III (4. skirrowii) and cluster IV (A. butzleri), and two
strains from cluster V (4. nitrofigilis). The type strain of
each taxon was included. We also prepared DNAs from two
strains that had separate positions on the dendrogram
(strains LMG 9066 and LMG 10210) and could be allocated
visually to A. cryaerophilus subgroup 1 (see above) (Fig. 2).

The hybridization results revealed that there were four
DNA homology groups (Fig. 3 and 4). The A. cryaerophilus
subgroup 1 and 2 strains (clusters I and II, respectively) were
related at the species level (the DNA binding values ranged
from 46 to 69%) (Fig. 3); within these groups, DNA binding
values of more than 56% were found (Fig. 3). Strains of A.
cryaerophilus exhibited no significant DNA binding with
strains of the other Arcobacter species (data not shown).
The DNA binding values versus A. skirrowii, A. butzleri, and
A. nitrofigilis strains (clusters III, IV, and V, respectively)
were 32 * 10, 21 * 6, and 16 + 1% (means * standard
deviations of 12, 6, and 2 binding values, respectively).
Within A. skirrowii, A. butzleri, and A. nitrofigilis, DNA
binding values greater than 76, 64, and 98%, respectively,
were found (Fig. 4). Strains of these Arcobacter species
exhibited no significant DNA binding values (<30%) with
strains belonging to other Arcobacter species (Fig. 4).

DNA base compositions. The DNA base ratios which we

determined are shown in Fig. 3 and 4. All of the Arcobacter
strains had G+C contents between 27 and 30 mol% (Fig. 3
and 4).

DNA-rRNA hybridizations. The DNA-rRNA hybridization
results are shown in Table 2 and are represented as a
dendrogram based on the T,,,, values of the hybrids in Fig.
5. Some of these results have i)een published previously (32).
As shown previously, Arcobacter strains belong to rRNA
superfamily VI, a separate eubacterial lineage within the
class Proteobacteria (30). A. nitrofigilis and A. butzleri
strains constitute separate rRNA branches that are linked at
aT,, of 72.4 = 1.3°C. A. cryaerophilus and A. skirrowii
strains had similar T,, ., values versus both labeled rRNAs
(averages *+ standard deviations, 71.6 + 1.0 and 71.5 =
0.9°C, respectively).

FAME composition. The average FAME composition of
the strains of each Arcobacter taxon is shown in Table 3.
Values for those fatty acids for which the average amount
was less than 1% for all strains of the taxon (18:0 and
unidentified fatty acids with equivalent chain lengths of

TABLE 2. T,,., values of DNA-TRNA hybrids

Ton(ey (°C) when hybridized

Organism used for with rRNA from:

DNA isolation

A. nitrofigilis  A. butzleri
LMG 7547 LMG 6620
A. nitrofigilis LMG 76047 76.3 72.7
A. nitrofigilis LMG 7547 76.7 73.3
A. butzleri LMG 6620 73.8 76.8
A. butzleri LMG 108287 70.1 75.6
A. butzleri LMG 11118 72.6 75.7
A. skirrowii LMG 66217 70.1 71.9
A. skirrowii LMG 8538 72.4 71.4
A. cryaerophilus subgroup 1 strains
A. cryaerophilus LMG 75367 71.8 72.6
A. cryaerophilus LMG 6622 72.3 71.8
A. cryaerophilus LMG 9065 71.9 70.6
A. cryaerophilus subgroup 2 strains
A. cryaerophilus LMG 7537 72.5 72.4
A. cryaerophilus ILMG 10241 70.0 70.0




352 VANDAMME ET AL. INT. J. SYST. BACTERIOL.

60 65 70 75 Tm{e) (°C) - e
PRRTRSPOIPUEY USRS NS W SR TR S ST S U S U ST S S — T N
| [ HHHH+
- O 00 I~ \O 00
8 | SSaan
o -
—
Campylobacter NN eG—
NInonNnno
S | HHHHH
1Arcobacter cryaerophilus ; f : : 2
—— : —~ =N -
]
| — Arcobacter nitrofigilis o x ¢ o
3 < N \o
- S| HHH
= 5 - ol
'L g Arcobacter butzleri 2 g Koo
1 =
1 3]
| Arcobacter skirrowii % 2 cogdnen
5 S | HHHHH
5 Z |exas
,"Flexisplra” g ~ |92Q2R
1 Q
— —am Wollnella = Nt n®a
o e % e -
iHelicobacter o0 & | H A HAHH
Sl § [T0ua
,6 ° — (=)} : [=)} S vy
3 R
N o —
B % S S
Y rAna family 1 to V AR IEE
r superfamily 1 to 2 Qv " -
80 65 70 75 Tm(e) (°C) ? o -
TP S EFEEE S N TP S A S . R=]
. : £ QXL R
FIG. 5. Simplified rRNA cistron similarity dendrogram of rRNA 2 o |Pe-cs
superfamily VI. The solid bars indicate the T, ranges observed § I [ HHHHAH
within species or small groups. The dashed lines indicate rRNA 3 i z f: ‘:.
branches for which no labeled rRNA is available yet. S
N
X e e
bS] e | <
11.798, 12.483, 13.951, and 14.503) are not given; therefore, 2 ST ::
the percentages for individual groups do not always total £ - v
100%. The fatty acids with equivalent chain lengths of K]
13.815, 15.485, 15.853, and 17.822 were identified as 14:1 cis g s lg0ey
7, 14:0 30H, 16:1 trans 9, and 18:1 cis 11, respectively, by 8 8 HHH A
using previously published data of Moss and Lambert-Fair e 3 |aaxo
(20). All of the arcobacters had 12:0, 14:0 30H, 16:1 cis 9, ] oo
16:0, and 18:1 cis 11 as major components. 2z
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TABLE 4. Physiological, biochemical, and nutritional characteristics of Arcobacter species

A. cryaerophilus subgroup 1 A. cryaerophilus subgroup 2 A. butzleri A. skirrowii A. nitrofigilis
(11 strains) (40 strains) (12 strains) (18 strains) (2 strains)
Characteristic®
% of strains Reaction of strain % of strains Reaction of strain % of strains  Reaction of strain % of strains Reaction of strain % of strains Reaction of strain
positive LMG 75367 positive LMG 10829 positive LMG 108287 positive LMG 66217 positive LMG 76047

Catalase activity 100 + 100 + 100 (W)? \ 100 + 100 +
Nitrate reduction 36 - 30 - 100 + 100 + 100 +
DNase activity 64 + 72 + 92 + 100 + 100 +
Growth on VB medium (37°C) 55 + 93 + 100 + 100 + 50 -
Growth on MacConkey agar 27 + 43 - 100 + 0 - 50 -
Growth at 37°C 55 + 95 + 100 + 100 + 50 -
Growth at 42°C 18 - 0 - 67 + 33 - 0 -
Production of H,S from cysteine 0 - 0 - 25 - 0 - 50 -
Growth in the presence of:

1% Glycine 9 - 23 - 58 + 78 - 0 -

1% Oxgall 27 - 35 - 42 + 0 - 0 -

1.5% NaCl 9 - 0 - 83 + 6 - 100 +

3.5% NaCl 0 - 5 - 42 + 61 - 50 +

8% Glucose 45 - 48 - 100 + 50 - 100 +

0.04% TTC 18 - 20 + 67 + 6 - 0 -
Susceptibility to:

Nalidixic acid 100 + 97 + 92 + 100 + 100 +

Cephalothin 27 - 28 - 17 - 78 + 50 +

< All strains were positive for the following characteristics: gram-negative curved rods; actively motile; microaerophilic growth (with and without hydrogen) at 25 and 30°C; aerobic growth at 30°C; anaerobic
growth at 35 to 37°C; hydrolysis of indoxyl acetate; and oxidase activity. All strains were negative for the following characteristics: hydrolysis of hippurate; urease activity; hydrogen sulfide production in the rapid
test or in triple sugar iron agar; reduction of nitrite; and fermentation or oxidation of p-glucose.

» W, weak reaction (oxygen was produced more than 10 s after H,0Q, was added).
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Al of the strains were first grouped by using SDS-PAGE
of whole-cell proteins. We identified four major electropho-
retic clusters, which grouped with the reference strains of 4.
nitrofigilis (cluster V), A. cryaerophilus hybridization group
1A (cluster I) (12), A. cryaerophilus hybridization group 1B
(cluster II) (12), and A. butzleri (cluster IV) (Fig. 1). A fifth
cluster (cluster III) contained no reference strains. The
results of DNA-DNA hybridization experiments showed
that (i) despite their rather different protein profiles, all
cluster I and II strains belong to A. cryaerophilus, (ii) all
cluster IV strains belong to A. butzleri, and (iii) all cluster ITI
strains belong to a new species, for which the name Arco-
bacter skirrowii is proposed below. Representative strains of
all species were selected to determine their DNA base
compositions. We did not observe significant differences
between the Arcobacter species as all strains had G+C
contents between 27 and 30 mol%.

The phylogenetic affiliations of representative strains of all
five electrophoretic clusters were determined by using DNA-
rRNA hybridization experiments. From the results of previ-
ous studies it was clear that the genus Arcobacter is closely
related to the genus Campylobacter (32), and therefore, both
genera were placed in the family Campylobacteraceae (30).
A. nitrofigilis was shown to constitute a separate rRNA
branch within the Arcobacter rRNA homology group (Fig. 5)
(32). In a previous study, we included three atypical A.
cryaerophilus strains (32). Strain LMG 6620 (= CCUG
10373) occupied a separate position on the 7,,., dendro-
gram; in this study, this strain was identified as an A. butzleri
strain (Fig. 1, 2, and 4). Other representatives of this species,
including the type strain, had similar T,, ., values versus
radioactively labeled Arcobacter rRNAs (fable 2) and thus
occupied similar positions on the T,,,., dendrogram (Fig. 5).
These DNA-rRNA hybridization results support and extend
the DNA-DNA hybridization results of Kiehlbauch et al.
(12). They indicate that the organism that was formerly
called ““C. butzleri” is indeed a true member of the genus
Arcobacter; it is transferred to this genus, renamed A.
butzleri comb. nov., and described below.

The two remaining A. cryaerophilus-like strains that were
included in our previous study (strains LMG 66217 [=
CCUG 10374"] and LMG 8538 [= CCUG 10375]) (32) were
identified in this study as A. skirrowii strains. The A.
skirrowii strains had similar 7., values versus both Arco-
bacter rRNAs (Table 2 and Fig. 5). A. cryaerophilus sub-
group 1 and 2 strains (electrophoretic clusters I and II,
respectively) had similar 7,,, ., values versus rRNAs from A4.
nitrofigilis and A. butzleri (Table 2 and Fig. 5).

The fatty acid compositions of all Arcobacter strains were
determined to evaluate the usefulness of this characteristic
for differentiation and identification of Arcobacter taxa. The
two electrophoretic subgroups of A. cryaerophilus could be
differentiated easily from each other by the amounts of the
two isomers of 16:1 (Table 3). A. cryaerophilus subgroup 1
strains (electrophoretic cluster I) had no 16:1 trans 9 and a
very high percentage of 16:1 cis 9 (+45%), which allowed
clear-cut differentiation from all other arcobacters. A.
cryaerophilus subgroup 2 strains (electrophoretic cluster II)
had equal amounts of both 16:1 isomers (£19%). The overall
fatty acid compositions of the A. cryaerophilus subgroup 2
strains were very similar to those of the A. butzleri strains
(Table 3). The A. skirrowii strains could be differentiated
easily from most other taxa by the presence of an unknown
fatty acid with an equivalent chain length of 15.276 and by a
high percentage of 18:1 cis 11. Additional differentiating fatty
acids are shown in Table 3. The A. nitrofigilis strains had an
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overall fatty acid profile that was very different from the
profiles of the other arcobacters. Unexpectedly, one A.
skirrowii strain (strain LMG 11073) had a fatty acid compo-
sition which corresponded to the composition of the A.
butzleri and A. cryaerophilus subgroup 2 strains.

When the classical phenotypic tests were used, A. nitro-
figilis could be differentiated from the other arcobacters by
its nitrogenase activity (19) and by its typical colony mor-
phology. A. nitrofigilis colonies are whitish and round, while
the colonies of other arcobacters are beige to yellow and
have a more irregular watery morphology. Furthermore, A.
nitrofigilis could also be differentiated from A. cryaerophilus
and A. skirrowii by its ability to grow in the presence of 1.5%
NaCl and from A. butzleri by its strong catalase reaction. A.
skirrowii colonies are greyish and alpha-hemolytic, a char-
acteristic that occurs in only a few A. butzleri strains and is
absent in all other arcobacters. A. skirrowii could be differ-
entiated from A. cryaerophilus by its ability to grow in the
presence of 1% glycine (14 of 18 strains versus 10 of 51
strains) and its susceptibility to cephalothin (30-pg discs) (14
of 18 strains versus 14 of 51 strains). A. skirrowii differs from
A. butzleri by its inability to grow on MacConkey agar and
by the fact that most A. skirrowii strains do not grow in the
presence of 1.5% NaCl (1 of 18 strains versus 10 of 12
strains) and are susceptible to cephalothin (30-pg discs) (14
of 18 strains versus 2 of 12 strains). A. butzleri differs from
A. cryaerophilus by its ability to grow in the presence of
1.5% NaCl (10 of 12 strains versus 1 of 51 strains) and from
all other arcobacters by its weak catalase activity. A total of
68% of all A. cryaerophilus strains do not reduce nitrate, in
contrast with all other arcobacters. Additional characteris-
tics that are helpful for differentiating Arcobacter species by
means of classical phenotypic tests are shown in Table 4. A
number of discrepancies between our results and those of
Kiehlbauch et al. (12) were found. In general, we found
higher percentages of growth for 4. cryaerophilus strains
than Kiehlbauch et al. found (e.g., growth in the presence of
1% glycine, growth in the presence of 0.04% TTC, growth at
42°C). This might be explained by the higher number of
strains investigated in our study (51 A. cryaerophilus strains
versus 14 strains). Surprisingly, only 16 of 51 A. cryaero-
philus strains reduced nitrate to nitrite.

We found that differentiating among Arcobacter species
by using classical phenotypic tests is rather difficult. Using
phenotypic criteria might give erroneous results because of a
shortage of clear-cut differentiating tests, a phenomenon
which has also been observed in the closely related genus
Campylobacter (30).

Descriptions of new taxa. Within A. cryaerophilus, we
identified two subgroups of strains. We believe that our
subgroups correspond to the two subgroups of Kiehlbauch et
al. (12). Indeed, six A. cryaerophilus strains were included in
both studies; four of our subgroup 1 strains (strains LMG
6622, LMG 7536%, LMG 9065, and LMG 9066) belonged to
the first genotypic and phenotypic subgroup of Kiehlbauch
et al. (12), and two of our subgroup 2 strains (strains LMG
9909, and LMG 10829) belonged to the second genotypic and
phenotypic subgroup of these authors. Strain LMG 10829 is
the reference strain of Kiehlbauch et al. (12). The two
subgroups could not be differentiated in the DNA-DNA and
DNA-rRNA hybridization studies. Subgroup 1 strains (elec-
trophoretic cluster I) and subgroup 2 strains (electrophoretic
cluster II) have similar DNA base compositions, occupy
similar positions on the 7,,, ., dendrogram, and exhibit 46 to
69% DNA binding, while within the subgroups DNA binding
values of 56 to 100% were found. The two subgroups differ in
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their protein profiles (Fig. 1 and 2), their fatty acids compo-
sitions (Table 3), and their DNA restriction fragment length
patterns (13). Therefore, although these two subgroups may
deserve separate taxonomic status, we do not propose
subspecies or infrasubspecific names because so far there
are no descriptive phenotypic features to differentiate the
two subgroups. The reference strain of Kiehlbauch et al.
(12), strain LMG 10829 (= CDC D2610 = ATCC 49615), was
also a typical representative of its group in the SDS-PAGE
study and in the fatty acid analysis. The description of A.
cryaerophilus is the description of C. cryaerophila given by
Kiehlbauch et al. (12), with the alterations described below.
All strains produce catalase. Growth occurs at 35 to 37°C
under anaerobic conditions. Variable growth occurs at 37
and 42°C under microaerobic conditions. Variable growth
occurs on MacConkey agar and on VB medium. Poor growth
occurs in the presence of 1% glycine. Reduction of nitrates is
variable. Growth in the presence of 1% oxgall is variable.
Susceptibility to cephalothin (30-pg discs) is variable.

Emended description of the genus Arcobacter. Arcobacter
(Ar'co.bac.ter.L.n.arcus, bow; Gr.n.bacter, rod; M. L.
masc. n. Arcobacter, bow-shaped rod) cells are gram-nega-
tive nonsporeforming rods (0.2 to 0.9 pm wide and 1 to 3 pm
long) that are usually curved, S-shaped, or helical. Motile
with a darting, corkscrewlike movement by means of a single
polar, unsheathed flagellum. Growth occurs at 15, 25, and
30°C; variable growth occurs at 37 and 42°C. Optimal growth
occurs under microaerobic conditions (3 to 10% O,). There
is no hydrogen requirement for microaerobic growth. Aero-
bic growth occurs at 30°C. Anaerobic growth occurs at 35 to
37°C. Carbohydrates are neither fermented nor oxidized.
Organic acids and amino acids are utilized as carbon
sources. Growth occurs in the presence of 1% (wt/vol)
pteridine vibriostatic compound 0/129. Growth is inhibited in
the presence of 0.1% TTC. A TTC concentration of 0.04% is
inhibitory to some strains. Reduction of nitrate, hydrolysis
of DNA, and growth in the presence of 1% glycine, 1%
oxgall, 1.5 and 3.5% NaCl, and 8% glucose are variable. The
strains have oxidase and catalase activities. Negative reac-
tions in methyl red and Voges-Proskauer tests, no reduction
of nitrite, no urease activity, no hydrolysis of hippurate, and
no production of indole. No production of hydrogen sulfide
from triple sugar iron agar or in the rapid H,S test; variable
production of hydrogen sulfide from cysteine. Esculin and
starch are not hydrolyzed, and gelatin is not liquified. Most
strains are nonhemolytic; alpha-hemolysis is often observed
with A. skirrowii strains. Nearly all strains are susceptible to
nalidixic acid; susceptibility to cephalothin (30-pg discs) is
variable. For all species examined so far, menaquinone 6 and
a second atypical menaquinone 6, the identity of which
remains to be established, are the major respiratory quino-
nes. All strains have 12:0, 14:0 30H, 16:1 cis 9, 16:0, and
18:1 cis 11 as major fatty acids.

Strains have been isolated from root-associated sediments
and roots of salt marsh plants, from aborted fetuses of
several species of farm animals, and from wvarious other
animal and human sources. The pathogenicity of these
organisms is unknown.

The type species is Arcobacter nitrofigilis. The DNA base
composition ranges from 27 to 30 mol%.

Description of Arcobacter skirrowii sp. nov. Arcobacter
skirrowii (ski.ro'wi.i.) N. L. gen. n. skirrowii, of Skirrow, in
honor of M. B. Skirrow, a British microbiologist who was
the first to describe a simple isolation technique for Cam-
pylobacter jejuni obtained from stool specimens, which
enabled most routine laboratories to culture the organisms.
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Cells are 1 to 3 pm long and 0.2 to 0.4 um wide. After 3 days
of incubation on blood agar, colonies are 2 to 3 mm in
diameter and greyish and have a flat irregular shape on moist
media. Most characteristics are as given above for the genus.
Additional characteristics are given below. Most strains
produce alpha-hemolysis on blood agar. Growth occurs on
VB medium; no growth occurs on MacConkey agar. No
growth occurs in the presence of 1% oxgall. No production
of hydrogen sulfide from cysteine. Most strains (14 of 18
strains tested) grow in the presence of 1% glycine. Most
strains (17 of 18 strains tested) do not grow in the presence
of 0.04% TTC and 1.5% NaCl. All strains are susceptible to
nalidixic acid (30-pg discs), and most strains (14 of 18 strains
tested) are susceptible to cephalothin (30-pg discs).

The DNA base composition of A. skirrowii is 29 to 30
mol%. The major fatty acids are 12:0, 14:0 30H, 16:1 cis 9,
16:1 trans 9, 16:0, and 18:1 cis 11. Additional fatty acids that
are present in smaller quantities are 14:1 cis 7, 14:0, and an
unidentified fatty acid with an equivalent chain length of
15.276.

So far, A. skirrowii strains have been isolated mainly from
preputial fluids of bulls; the other strains are bovine, por-
cine, and ovine isolates obtained from aborted fetuses and
diarrheic feces. The clinical significance of this new species
remains to be established.

The type strain is strain LMG 6621 (= Skirrow 449/80 =
CCUG 10374), which was isolated from the feces of a lamb
with diarrhea. Characteristics of the type strain are summa-
rized in Table 4. Its G+C content is 29 mol%. All of our 4.
skirrowii strains have been deposited in the Culture Collec-
tion of the Laboratorium voor Microbiologie, University of
Ghent, Ghent, Belgium.

Description of Arcobacter butzleri comb. nov. Arcobacter
butzleri cells are 0.2 to 0.4 um wide and 1 to 3 pm long. After
3 days of incubation on blood agar plates, colonies are 2 to 4
mm in diameter and predominantly round, and most are
whitish. Most characteristics are as given above for the
genus. Additional characteristics are described below. Weak
catalase activity. All strains grow on VB medium and
MacConkey agar and reduce nitrate. Growth occurs in the
presence of 8% glucose. Most strains (11 of 12 strains tested)
produce DNase, and most strains (10 of 12 strains tested)
grow in the presence of 1.5% NaCl. Growth at 42°C is
variable (8 of the 12 strains tested grow), and hydrogen
sulfide production from cysteine is variable (3 of the 12
strains tested produce H,S). The following characteristics
are variable: growth in the presence of 1% oxgall (5 of the 12
strains tested are positive), growth in the presence of 3.5%
NaCl (5 of the 12 strains tested are positive), growth in the
presence of 1% glycine (7 of the 12 strains tested are
positive), and growth in the presence of 0.04% TTC (8 of the
12 strains tested are positive). Most strains (11 of 12 strains
tested) are susceptible to nalidixic acid, and most strains (10
of 12 strains tested) are resistant to cephalothin (30-pg
discs).

The DNA base composition varies between 28 and 29
mol%. The major fatty acids are 12:0, 14:0 30H, 16:1 cis 9,
16:1 trans 9, 16:0, and 18:1 cis 11. Additional fatty acids that
are present in smaller quantities are 14:1 cis 7 and 14:0.

Most A. butzleri strains have been isolated from diarrheic
feces of humans and animals, from aborted fetuses, and from
human blood. Although the association with diarrheal illness
in humans and animals is striking, the clinical significance of
A. butzleri remains to be proven.



356 VANDAMME ET AL.

The type strain is strain LMG 10828 (= CDC D2686 =
ATCC 49616), which was isolated from human feces. Char-
acteristics of the type strain are shown in Table 4.
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