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Abstract

A taxonomic study using a polyphasic approach was performed on an unidentified Arcanobacterium-like Gram-stain-positive
bacterium isolated from the genital tract of a rhinoceros. Comparative 16S rRNA gene sequencing showed that the
bacterium belonged to the genus Arcanobacterium and was most closely related to the type strains of Arcanobacterium canis
(98.8% 16S rRNA gene sequence similarity), Arcanobacterium phocisimile (97.8 %), Arcanobacterium phocae (97.7 %),
Arcanobacterium haemolyticum (97.4 %), Arcanobacterium hippocoleae (96.6 %), Arcanobacterium pinnipediorum (96.4 %) and
Arcarnobacterium pluranimalium (95.4 %). DNA-DNA hybridization values between strain 647" and Arcanobacterium canis DSM
251047 were very low, 13.4 % (reciprocal 15.9 %). The genomic DNA G+C content of strain 6477 was 58.7 mol%. The presence
of the major menaquinone MK-9(H,) supported the affiliation of this strain to the genus Arcanobacterium. The polar lipid
profile consisted of the major components diphosphatidylglycerol, phosphatidylcholine and an unidentified phosphoglycolipid.
The results of physiological and biochemical testing clearly distinguished the unknown bacterium from other species of the
genus Arcanobacterium. Based on these tests, it is proposed that the unknown bacterium should be classified as a
representative of a novel species of the genus Arcanobacterium named Arcanobacterium wilhelmae sp. nov. The type strain

is 6477 (=DSM 102162"=BCCM/LMG 294187).

According to Yassin et al. [1] the genus Arcanobacterium,
which was originally described by Collins et al. [2], was in
need of a taxonomic revision. These authors split the genus
Arcanobacterium into two genera with Arcanobacterium
abortisuis, Arcanobacterium bernardiae, Arcanobacterium
bialowiezense, Arcanobacterium bonasi and Arcanobacte-
rium pyogenes being transferred to a new genus, Trueperella,
and Arcanobacterium haemolyticum, Arcanobacterium pho-
cae, Arcanobacterium pluranimalium and Arcanobacterium
hippocoleae constituting the genus Arcanobacterium [1],
with A. haemolyticum as the type species for the genus.
More recently, the novel species Arcanobacterium canis,
Arcanobacterium phocisimile and Arcanobacterium pinnipe-
diorum were described [3-5].

During a routine microbiological diagnostic test, a bacterial
strain isolated from vaginal discharge of a rhinoceros,
showed unusual features. Applying a polyphasic taxonomic

approach, this strain could be classified as a representative
of a novel species within the genus Arcanobacterium.

Strain 647" was isolated in January 2012 in high numbers (+
++) together with streptococci of serological group L (+++),
Streptococcus  dysgalactiae subsp. equisimilis (++) and
Escherichia coli (++) from a vaginal swab of Asian rhinoc-
eros (Rhinoceros wunicornis) Sani from Stuttgart Zoo
Wilhelma, Germany. Sani, after five regular calvings with
the last birth in 2008, did no longer display symptoms of
heat. In addition, a yellow-beige muco-serous vaginal dis-
charge was observed from October 2010 onwards. Accord-
ing to 16S rRNA gene sequencing results, matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS) and Fourier transform infrared (FTIR)
spectroscopy, the same isolate could also be recovered from
various genital swabs of rhinoceros Sani in March 2013
(data not shown). Strain 647" isolated in 2012 was used in

Author affiliations: 'Institut fir Pharmakologie und Toxikologie, Justus-Liebig-Universitat GieBen, 35392 GieBen, Germany; “Chemisches und
Veterinarunterschungsamt Stuttgart (CVUAS), Fellbach, Germany; 3Department of Veterinary Public Health, College of Veterinary Medicine, University
of Mosul, Mosul, Irag; “Institut fiir Angewandte Mikrobiologie, Justus-Liebig-Universitdt GieBen, 35392 GieBen, Germany; °Institut fiir Mikrobiologie,
Veterindrmedizinische Universitidt Wien, A-1210 Wien, Austria; *Wilhelma, Zoologisch-Botanischer Garten, Stuttgart, 70342 Stuttgart, Germany; ’
Institut fur Hygiene und Infektionskrankheiten der Tiere, Justus-Liebig-Universitit GieBen, 35392 Giefien, Germany; 8Institut fir Lebensmittelqualitit
und -sicherheit, Stiftung Tierarztliche Hochschule Hannover, 30173 Hannover, Germany.

*Correspondence: Christoph Lammler, christoph.Laemmler@vetmed.uni-giessen.de

Keywords: Arcanobacterium; Arcanobacterium wilhelmae sp. nov.; Rhinoceros unicornis; genital tract; phenotypical properties; 16S rRNA gene.

The GenBank/EMBL/DDBJ accession number for the 165 rRNA gene sequence of strain 647" is LT160960.
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the detailed characterization of the present study. The strain
was cultured on sheep blood agar at 37°C for 48 h under
microaerobic conditions in a candle jar. The strain was char-
acterized phenotypically by Gram-staining, oxidation reac-
tion [6], motility test [7], haemolysis, CAMP-like
haemolytic properties and biochemical properties, also with
the help of the API Coryne test system (bioMérieux) and by
16S rRNA gene sequencing [8, 9].

The sequenced 16S rRNA gene fragment of strain 647"
was a continuous stretch of 1495 nt. Pairwise sequence
similarities to closest related type strains were determined
using EzTaxon (www.ezbiocloud.net; Kim et al, 2012).
Phylogenetic trees based on nearly full-length 16S rRNA
gene sequences were reconstructed with ARB release 5.2
[10] using the ‘All species living tree project’ (LTPs;
Yarzaet al., 2008) database release LTPs119 (July, 23 2015).
Sequences not included in the database were added after
alignment using the siva Incremental Aligner (SINA;
v1.2.11; [11]). The alignment was re-checked manually and
gene sequences between Escherichia coli positions 128 to
1379 (numbering according to Brosius et al. [12]) were

included in the analysis. Phylogenetic trees were calculated
with the maximum-parsimony method using DNAPARS v.
3.6 [13], the maximum-likelihood method using RAXML
version 7.04 [14] with GTR-GAMMA and rapid bootstrap
analysis, and the neighbour-joining methods using ARB
Neighbour-joining and the Jukes-Cantor correction [15].
The phylogenetic trees were based on 100 resamplings
(bootstrap analysis; [16]).

The 16S rRNA gene sequence-based phylogenetic trees
showed the allocation of strain 647" in the genus Arcano-
bacterium distinct from the genus Trueperella (Figs 1, 2). In
all calculated trees, strain 6477 clustered with A. canis DSM
25104" which was always supported by high bootstrap val-
ues (Fig. 1). Strain 647" and A. canis DSM 25104" shared
98.8% 16S rRNA gene sequence similarity while the
sequence similarity to type strains of other species of the
genus Arcanobacterium was in the range of 95.4 to 97.8 %:
A. phocisimile (97.8 %), A. phocae (97.7 %), A. haemolyticum
(97.4 %), A. hippocoleae (96.6 %), A. pinnipediorum (96.4 %)
and A. pluranimalium (95.4%). Sequence similarities to
type strains of members of the genus Trueperella ranged
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Fig. 1. Phylogenetic tree based on nearly full-length 165 rRNA gene sequences showing the position of strain 647" within the genus
Arcanobacterium. The tree was generated with the maximum-parsimony method using DNAPars in ArRB. The tree based on DNA
sequences among 16S rRNA gene termini 128 and 1379 (according to the rrnB gene sequence, [12]. Numbers at nodes represent boot-
strap values based on 100 replications. Nodes marked with filled circles confirm phylogenetic trees generated with maximum-
likelihood and neighbour-joining algorithms. Bar, 0.10 substitutions per nucleotide position.
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between 94.2 and 95.0 %. Except for the pairwise sequence
similarity of strain 647" to A. canis DSM 25104", pairwise
sequence similarities to other type strains were below the
98.65 % level of 16S rRNA gene sequence similarity that cor-
responds to the currently accepted ANI threshold for spe-
cies demarcation (Kim et al., 2014). In consequence, the
genomic relatedness of strain 647" and A. canis DSM
25104" was investigated by DNA-DNA hybridization anal-
ysis according to the method of Ziemke et al. [17] with
DNA extracted by the methods of Pitcher et al. [18]. The
DNA-DNA hybridization values were very low, 13.4%
(reciprocal 15.9 %), clearly indicating that the two strains
represent two different species.

The G+C content of the genomic DNA of strain 647" and
A. canis DSM 25104" was determined by the DNA melting
temperature method established by Gonzales and Saiz-
Jimenez [19] as described previously [20] except 20 % (v/v)
formamide was used in the reaction buffer to enable a better
melting of the high G+C content genomic DNA. The
obtained G+C content of strain 647" was 58.7mol% and
that for A. canis DSM 251047 was 51.1 mol%. The DNA
G+C content of strain 647" was slightly above that reported
for species of the genus Arcanobacterium, while the G+C
content determined for A. canis DSM 25104" was in the
reported range of 50-57 mol% (Yassin et al, 2001). The
large difference among the genomic G+C contents of strain
647" and A. canis DSM 25104" again supported the finding
that the two strains represent separate species.

The results of physiological characterization are shown in
Table 1 and also in the species description. In addition, the
novel strain displayed no CAMP-like haemolytic reactions
or a reverse CAMP reaction which are well known to be
used for phenotypic identification of bacteria of the genus
Arcanobacterium [8].

Quinones and polar lipids were extracted and analysed apply-
ing an integrated method described by Tindall [21, 22] and
Altenburger et al. [23]. HPLC analysis was carried out as
described by Stolz et al. [24]. The quinone system of strain
647" was composed of 71.3 % MK-9(H,), 17.3 % MK-8(H,),
8.4 % MK-9 and 2.9 % MK-9(H,), which is in agreement with
quinone systems of species of the genus Arcanobacterium and
its emended genus description [1]. The polar lipid profile
(Fig. 2) contained the major lipids diphosphatidylglycerol,
phosphatidylcholine) and an unidentified phosphoglycolipid
(PGLA4). In addition, moderate amounts of an unidentified
phospholipid (PL1), phosphatidylinositol and phosphatidyli-
nositol-mannosides and minor amounts of three unidentified
phosphoglycolipids (PGL1-3) and one glycolipid (GL1) were
detected. The presence of the major compounds diphosphati-
dylglycerol and phosphatidylcholine as well as the presence of
lesser amounts of phosphatidylinositol, a phosphatidylinosi-
tol-mannoside, PGL1 and GLI1 and the absence of phosphati-
dylglycerol was also reported for A. canis [3]. These shared
lipids might be regarded to reflect the close phylogenetic relat-
edness between strain 647" and A. canis. However, the

DPG
PL1
PGLPZC .
e PGL4
2 GL1
PIM

Fig. 2. Total polar lipid profile of strain 647" after two-dimensional
thin-layer chromatography and staining with molybdatophosphoric
acid. DPG, diphosphatidylglycerol; PC, phosphatidylcholine; PI, phos-
phatidylinositol; PIM, phosphatidylinositol-mannoside; GL1, unidentified
glycolipid; PL1, phospholipid; PGL1-4, phosphoglycolipids.

presence of the three phosphoglycolipids PGL2-4 in strain
647" clearly distinguished the novel strain from A. canis.

Fatty acid analysis was performed as described previously
[25]. Biomass of strain 647" was cultured on sheep blood
agar at 37°C for 72h and harvested at approximately the
same growth stage as reported for all other species of the
genus Arcanobacterium. Fatty acid profiling was performed
in a HP 6890 gas chromatograph using the Sherlock MIDI
software version 2.11 and a TSBA peak naming table ver-
sion 4.1 for analysis. The fatty acid profile of strain 647"
consisted of Ci4.9 (32.1 %), Ci5.9 (21.8%), Ci4.0 (19.5%),
Cig.1w9c (18.5%) and C,g.,w6,9c/anteiso-C,g.¢ (summed
feature 5; 5.7 %) as major components, and Cj,.¢ (2.5%)
as a minor component. This was congruent to fatty acid
profiles of other species of the genus Arcanobacterium [1, 3,
5]. Fatty acid profiles published by Hijazin et al. [3]
and Sammra et al. [5] were analysed in the same laboratory
as the data represented here by the use of biomass grown
under the same conditions and harvested at the same
growth stage.

Peptidoglycan analysis was fulfilled as stated by Schumann
[26]. The peptidoglycan structure revealed a cross-linkage
type A5« (L-Lys-L-Ala-L-Lys-D-Glu) (A11.53 according to
www.peptidoglycan-types.info) and was correspondent to
the description of the genus Arcanobacterium as rectified
by Yassin et al. [1]. Physiological characterization was
implemented as described heretofore [3, 4]; results for
strain 647" are given in the species description and are
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Table 1. Phenotypic properties of strain 647" and various other species of genus Arcanobacterium

Strains: 1, 647"; 2, A. canis DSM 25104"; 3, A. phocae DSM 10002"; 4, A. phocisimile DSM 26142"; 5, A. pinnipediorum DSM 287527; 6, A. haemolyticum
DSM 20595"; 7, A. hippocoleae DSM 15539"; 8, A. pluranimalium DSM 13483". Data for strains 2, 3, 4, 6, 7 and 8 are mostly obtained from Sammra
et al. [5]. All strains are positive for utilization of p-glucose as sole carbon source (API Coryne), and negative for urease activity (APl Coryne), nitrate
reduction (API Coryne except strain 6), serolysis on Loeffler agar, and utilization of b-mannitol as sole carbon source (API Coryne). ++, Enhanced pos-
itive; +(+), slightly enhanced positive; +, positive; (+), weakly positive; —, negative.

Phenotypic property 1 2 3 4 5 6 7 8
Haemolysis on:
Sheep blood agar + +(+) + + (+) +
Rabbit blood agar + +(+) +(+) + ++ + +(+)
CAMP-like reaction with:*
Staphylococcus aureus B-haemolysin — (+) — — — — + +
Streptococcus agalactiae — — + + + + — —
Rhodococcus equi — + + + + + —
Arcanobacterium haemolyticum - - — — — - +
Reverse CAMP reaction - - + + + + — —
Pyrazinamidase —1° - —a +9 +4 + _a 44
Pyrrolidonyl arylamidase (API Coryne) — — — — + — — +
Alkaline phosphatase + +4 +4 (+)* +4 + +4 —a
B-Glucuronidase 4abe abe ac ac ac abc 4ac yobe
B-Galactosidase _ac ac ac ac e ac e —a (4
a-Glucosidase Jobe ac ac abc ac abc e _abe
B-Glucosidase (substrate tablets) — — — — — — _ +
N-Acetyl-B-Glucosaminidase we +¢ +3¢ —4 4 +®¢ +3¢ P —ae
Hydrolysis of aesculin (API Coryne) - — — — — - (+) +
Hydrolysis of gelatine (API Coryne) — - - — — — — +
Substrate utilization as a sole carbon source from (API Coryne):
D-Ribose + + + + — + — +
D-Xylose — — (+) — +) — _ _
Maltose + + + + + + + (+)
Lactose — + + + + + + —
Sucrose (+) + + + (+) - - -
Glycogen + + + + + — — —
Catalase - - + + + — —
Caseinase - — — — — — _
Amylase + + + + (+) — + +

*Synergistic CAMP-like reaction with indicator strains.

tResults determined with: a, APl Coryne test system (BioMérieux); b, tablets containing substrates (Rosco Diagnostica A/S, Taastrup, Denmark);

¢, 4 methylumbelliferyl conjugated substrates (Sigma).

correlated with the type strains of other species of the genus
Arcanobacterium in Table 1.

Based on these taxonomic studies, strain 647" represents a
novel species of genus Arcanobacterium, for which the
name Arcanobacterium wilhelmae sp. nov. is proposed.

DESCRIPTION OF ARCANOBACTERIUM
WILHELMAE SP. NOV.
Arcanobacterium wilhelmae (wilhel’'mae. N.L. gen. n. wil-

helmae, of the Wilhelma zoo in Stuttgart where the type
strain was isolated).

Cells are Gram-stain-positive, oxidase-negative, non-motile,
non-spore-forming rods (1-2um long and 0.5 pm wide).

No CAMP-like reactions are observed with any of the indi-
cator strains Staphylococcus aureus, Streptococcus agalactiae,
Rhodococcus equi and Arcanobacterium haemolyticum. Sub-
strate utilization as sole carbon source is obtained from D-
glucose, D-ribose, maltose, D-sucrose and glycogen, but not
for D-xylose, D-mannitol and lactose. Activity of the follow-
ing enzymes is observed: alkaline phosphatase, 8-glucuroni-
dase and a-glucosidase. No enzyme activity is detected for
the following enzymes: nitrate reductase, pyrazinamidase,
pyrrolidonyl arylamidase, [3-galactosidase, N-acetyl-B-glu-
cosaminidase, aesculin hydrolysis, for serolysis on Loeffler
agar, urease, gelatinase and catalase. Major fatty acids are
Ci6:00 Ci1s.0> Cis.1w9¢ and Cyy4. ¢, followed by summed fea-
ture 5 (Cig.,w6,9c/anteiso-Cig.9); Cia.o iS present as
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a minor fatty acid. The quinone system is composed of MK-
9(H,),  MK-8(H,), MK9 and  MK-9(H,)
(1:0.24:0.12:0.04). The polar lipid profile is composed of
the major lipids diphosphatidylglycerol, phosphatidylcho-
line and an unidentified phosphoglycolipid (PGL4). In addi-
tion, moderate amounts of an unidentified phospholipid
(PL1), phosphatidylinositol and phosphatidylinositol-man-
nosides and minor amounts of three unidentified phospho-
glycolipids (PGL1-3) and one glycolipid (GL1) are detected.
The peptidoglycan structure is of cross-linkage type A5« (L-
Lys-L-Ala-L-Lys-D-Glu) (A11.53 according to www.pepti-
doglycan-types.info).

The type strain, 647' (=DSM 102162"=BCCM/LMG
29418"), was isolated from the genital tract of a female

rhinoceros. The G+C content of the genomic DNA of the
type strain is 58.7 mol%.
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