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Abstract

Erysipelothrix rhusiopathiae infections re-emerged as a matter of great concern particularly in the poultry industry. In
contrast to porcine isolates, molecular epidemiological traits of avian E. rhusiopathiae isolates are less well known.
Thus, we aimed to (i) develop a multilocus sequence typing (MLST) scheme for E. rhusiopathiae, (ii) study the
congruence of strain grouping based on pulsed-field gel electrophoresis (PFGE) and MLST, (iii) determine the
diversity of the dominant immunogenic protein SpaA, and (iv) examine the distribution of genes putatively linked
with virulence among field isolates from poultry (120), swine (24) and other hosts (21), including humans (3). Using
seven housekeeping genes for MLST analysis we determined 72 sequence types (STs) among 165 isolates. This
indicated an overall high diversity, though 34.5% of all isolates belonged to a single predominant ST-complex, STC9,
which grouped strains from birds and mammals, including humans, together. PFGE revealed 58 different
clusters and congruence with the sequence-based MLST-method was not common. Based on polymorphisms in
the N-terminal hyper-variable region of SpaA the isolates were classified into five groups, which followed the
phylogenetic background of the strains. More than 90% of the isolates harboured all 16 putative virulence genes
tested and only intI, encoding an internalin-like protein, showed infrequent distribution. MLST data determined
E. rhusiopathiae as weakly clonal species with limited host specificity. A common evolutionary origin of isolates
as well as shared SpaA variants and virulence genotypes obtained from avian and mammalian hosts indicates
common reservoirs, pathogenic pathways and immunogenic properties of the pathogen.
Introduction
Erysipelothrix rhusiopathiae is a ubiquitous gram-positive
bacterial organism which causes erysipelas in mammals and
birds, especially in pigs and poultry. Healthy pigs carrying E.
rhusiopathiae in their lymphoid tissues have been suggested
as a reservoir of the pathogen [1]. The genus Erysipelothrix
contains two main species: E. rhusiopathiae (including sero-
types 1a, 1b, 2, 4, 5, 6, 8, 9, 11, 12, 15, 16, 17, 19, 21 and N)
and E. tonsillarum (serotypes 3, 7, 10, 14, 20, 22 and 23),
the latter being isolated from apparently healthy swine
and considered to be non-pathogenic [1-4].
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E. rhusiopathiae was first recognized as a human
pathogen causing localized cutaneous lesions, called ery-
sipeloid, and sporadic cases of generalized cutaneous
forms or septicaemia, often associated with endocarditis
[2,5]. Erysipelas in swine occurs in different forms char-
acterized by septicaemia often resulting in sudden death
(acute form), cutaneous lesions (sub-acute form), polyar-
thritis and endocarditis (chronic form) [1,2,6]. In recent
years, Erysipelas in poultry re-emerged and here, turkeys
are most seriously affected and suffer from cyanotic skin
to haemorrhages and petechiae in the breast and leg mus-
cles. Following the change from conventional (battery)
cage system to alternative housing systems, problems due
to E. rhusiopathiae also increased in laying hen [2,6-12].
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While attenuated live vaccines and bacterins are com-
mercially available to protect pigs and sheep, in Germany
there is no licensed vaccine to prevent erysipelas in
turkeys and laying hen and this is why the application of
autogenous vaccines and/or antimicrobial therapy is the
ultimate way to combat the disease [1,2,9]. One of the
most promising vaccine candidates is SpaA, a surface pro-
tein with high immunogenic properties [13-16]. Based on
amino acid sequence similarities the Spa proteins can be
classified into 3 molecular variants, termed SpaA, SpaB,
and SpaC and the occurrence of these variants has been
found to be basically associated with the serotype of a
strain [14]. Particularly the N-terminal half of the hyper-
variable region of the Spa protein is important for specific
immunity, and strains with different spaA gene variants
obviously differ in pathogenicity [17].
E. rhusiopathiae strains vary considerably in virulence

but only little is known about pathogenic mechanisms and
the presence and distribution of virulence factors [2]. Dif-
ferent factors, including neuraminidase, capsule, hemolysin,
hyaluronidase, adhesins and the cell wall lipoprotein EwlA
have been suggested to be involved in the pathogenesis of
the disease [2]. The availability of the genome sequence of
E. rhusiopathiae strain Fujisawa (Acc.-No. AP012027.1) of-
fers the opportunity for the in silico-identification of add-
itional genes that have been linked with virulence in other
bacterial species before. The coding sequence ERH_1472
was for example annotated as internalin gene intI, which in
case of Listeria monocytogenes contributes to the invasion
of the bacteria into epithelial cells [18].
Various studies have been performed to determine the

clonal relatedness of E. rhusiopathiae strains [19-25].
Data from multilocus enzyme electrophoresis (MEE)
[20], restriction fragment length polymorphism (RFLP)
analyses [19], amplified fragment length polymorphism
(AFLP) [21], randomly amplified polymorphic DNA
methods (RAPD) [23,25], and pulsed-field gel electro-
phoresis (PFGE) [22,24] suggested that E. rhusiopathiae
strains might be genetically diverse even among isolates
belonging to the same serotype. Although the relevance
of Erysipelas in poultry increased over the last years, in-
tense epidemiological studies on E. rhusiopathiae from
poultry combining established typing methods such as
PFGE, Spa typing and virulence gene typing are limited
[10,22] Moreover, there is currently no established
scheme to study this bacterial species by Multilocus se-
quence typing (MLST), a widely applied method to de-
termine the phylogeny of a bacterial population based
on sequence analysis of representative genes of the bac-
terial core genome [26].
The overall objective of this study was to provide a dee-

per insight into the population structure of E. rhusiopathiae
by developing an MLST scheme and determining sequence
types of 165 E. rhusiopathiae strains predominantly isolated
from poultry and also from mammalian hosts, including
few human strains. The congruence of multilocus sequence
types of individual strains with their grouping into PFGE
clusters and their surface protective antigen (Spa) protein
variant was evaluated and the distribution of 16 genes puta-
tively linked with the pathogenic properties of the strains
was investigated.

Materials and methods
Bacterial strains and species designation
A total of 165 E. rhusiopathiae strains primarily from
Germany (136) and from a few other countries (29) were
included. The major focus was on isolates from avian
sources (chicken, 71; turkey, 43; other birds, 6), while iso-
lates from pigs (n = 36) and other animal species (n = 6)
and humans (3) were included as well. Bacterial strains
were isolated from organ and blood samples from dis-
eased animals and from blood samples in case of the hu-
man strains. In case of outbreak situations, only one strain
per flock was sampled. Strains obtained from recurrent
disease events in identical flocks were only included if six
months had passed since the previous event or if they re-
vealed different banding patterns, as initially determined
by pulsed-field gel electrophoresis (data not shown).
E. rhusiopathiae strains and the non-pathogenic species E.

tonsillarum were differentiated by a species-specific PCR [27].
Reference strains E. rhusiopathiae ATCC 19414T, E. tonsil-
larum DSM 14972T (ATCC 43339T), and E. inopinata DSM
15511T as well as two field strains of E. tonsillarum were also
included. The reference strains were purchased from the
Leibniz Institute DSMZ-German Collection of Microorgan-
isms and Cell Cultures (Braunschweig, Germany). All strains
were stored at −80 °C in liquid medium (brain heart infusion
broth) supplemented with 20% glycerol until used.

DNA purification
The total DNA of E. rhusiopathiae was purified using a
protocol described previously [28]. Instead of using a
1.5 mL bacterial culture grown in BHI for 24 h, as rec-
ommended in the protocol, we took 20 mL of an over-
night culture to obtain a higher amount of DNA.
DNA concentration was determined by UV/VIS spec-

trophotometry (NanoDrop®ND1000 Spectrophotometer,
Thermo Fisher Scientific). Aliquots (20 ng/μL) were stored
at −20 °C until further use.

Genes for MLST and nucleotide sequencing of gene
fragments
To establish an MLST scheme, genes were selected based
on published protein sequences of E. rhusiopathiae, located
in the published contigs of the reference strain E. rhusio-
pathiae ATCC 19414T (project ID: 38421), sequenced by
the National Institute of Animal Health, Japan, in cooper-
ation with the Dragon Genomics Center, Takara Bio Inc.,
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Japan. Based on reversed translated protein sequences,
primers were designed to amplify gene fragments of house-
keeping genes gpsA (glycerol-3-phophate-dehydrogenase),
recA (recombinase A), purA (adenylosuccinate synthetase),
pta (phosphate acetyl-transferase), prsA (ribose-phosphate-
pyrophosphokinase), galK (galactokinase), and ldhA (D-lac-
tate dehydrogenase) (Table 1). Genes were chosen in line
with MLST schemes for other bacteria taking into account
(i) a gene size > 700 bp, (ii) a regular distribution of genes
among the E. rhusiopathiae genome, and (iii) that predicted
proteins should be under stabilizing selection.
PCRs were performed in a volume of 60 μL containing

60 ng DNA template, 10 pmol of each primer (Sigma
Alderich, Munich, Germany), 10 mM dNTP mixture, 10 ×
PCR buffer including 20 mM MgCl2, and 1 U Taq poly-
merase (all Rapidozym, Berlin, Germany). The PCR condi-
tions were initial denaturation at 95 °C for 3 min followed by
30 cycles of denaturation at 95 °C for 30 s, annealing at 55 °C
for 30 s (except for galK, for which an annealing temperature
of 54 °C was used), and extension at 72 °C for 1 min, with
a final extension at 72 °C for 10 min. Amplicons were
sequenced by LGC genomics (Berlin, Germany). Sequence
analysis was performed with Ridom SeqSphere 1.0.1 [29].
Each unique sequence of a gene fragment was assigned

an allele number. These allele numbers were consecu-
tively numbered and combined in order to establish an
allelic profile, which defined the sequence type (ST).
Using the eBURST program [30] the MLST data set was
divided into groups of related STs (clonal complexes
resp. ST complexes). We used the most stringent
Table 1 Primer sets used to amplify and sequence E. rhusiopa
loci used for MLST analysis

Gene Primer sequence [5′-3′] Location
within genea

Amplicon
size PCR (bp)

A
M

gpsA fw: AGTTATGATGTGGGGACG 75-745 671 5

rv: TAGCTGTAACGACGAGATCG

recA fw: TTCGGTAGAATAATCTCGCG 38-913 876 6

rv: TGCTATTAGTTCAGGGTCG

purA fw: GATGTTTATGAGGAAGCGC 331-1066 736 6

rv: AACGCATTGATTGTTGCCC

pta fw: TGCTGCAGTACGTTTAGC 90-793 704 5

rv: AGACACGTGCATTACCTG

prsA fw: ACAAGTTCACCAGTAAGTG 190-952 763 5

rv: AGAGTGTACTTACAGGAGT

galK fw: TATTCCTAATGGAGCGGG 357-1041 685 5

rv: AATCGCAATCGCACATCC

ldhA fw: AACGGATATGAAGCTGTTGCC 136-783 648 5

rv: AAGAACATCCAGTCCAACAGC
aAs referred to E. rhusiopathiae ATCC 19414T (Acc.-No. NZ_ACLK02000001 - NZ_ACL
definition of ST complexes, which were defined as
groups when six out of seven alleles from the nearest
neighbour were the same [31].
The program START version 2 [32], was used to deter-

mine the number of variable nucleotide sites and their
effects on the amino acid sequence changes. This was
done by calculating the ratio of non-synonymous substitu-
tions (dN) to the number of synonymous substitutions (dS)
(dN/dS ratio) [33]. The dN/dS ratio quantifies the evolu-
tionary pressure on proteins [34] and thus indicates the
presence or absence of a selective force on the locus [35].
Simpson’s index of Diversity (D) was calculated on the

basis of the molecular pattern of the seven loci [36-38].
A Simpson’s index of diversity with 95% confidence in-
tervals (CI95%) was calculated for a set of 165 strains. A
value close to 1 indicates high diversity, and a value
close to 0 reflects little diversity.

Pulsed-field gel electrophoresis
Pulsed-field gel electrophoresis (PFGE) followed a previously
published protocol [24] and was performed to group E. rhu-
siopathiae isolates according to their macrorestriction pro-
files. PFGE was also applied to discuss the discriminatory
power and interpretative value of this band-based method
compared with the sequence-based MLST analysis. The
chromosomal DNA was digested with SmaI (Fermentas Life
Science, Germany). Electrophoresis was carried out in a
contour-clamped homogeneous electric field (CHEF- DRIII;
Biorad, Munich, Germany). MidRange PFG Marker I (Bio-
Labs, #N3551S) was used as DNA size standard. Band
thiae housekeeping genes and genetic diversity of gene

llele size
LST (bp)

Mean GC
content

No. of
alleles

No. of variable
sites (%)

dN/dSratio Simpsons
index of
diversity (D)

40 38.3% 9 11 (2.0) 0.3610 0.608

40 39.7% 9 13 (1.6) 0.0207 0.775

11 39.1% 14 11 (1.8) 0.5690 0.764

44 36.6% 9 12 (2.2) 0.0419 0.579

75 39.3% 6 4 (0.7) 0.0654 0.657

54 36.8% 13 10 (1.8) 0.0766 0.740

31 40.3% 11 14 (2.6) 0.3390 0.681

K02000004).
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patterns were analysed with the software BioNumerics (Ver-
sion 6.6, Applied Maths, Belgium). Dendrograms were cre-
ated by an unweighted pair group matching by an
arithmetic averages algorithm (UPGMA) and the Dice coef-
ficient. Optimization was set at 0.9%, band position toler-
ance at 2.0% [39]. To compare the discriminatory power of
MLST and PFGE the Simpson’s index of Diversity (D) was
used [36-38]. An index of diversity close to 1 indicated a
high diversity of the strain collection, whereas a value close
to 0 suggested little diversity. We calculated the Simpson’s
index of diversity (D) with 95% confidence intervals (CI95%).

Detection of virulence-associated genes by Multiplex PCR
Two multiplex PCR protocols were established to screen
for genes putatively linked with the virulence of E. rhu-
siopathiae. The selection of the genes was based on (i)
Table 2 Oligonucleotide primers used for multiplex PCRs to d
rhusiopathiae

Gene /
locus tag

Gene product / predicted function
[reference]

Primer sequence (
(forward/reverse)a

ERH_1356 ABC transporter metal-binding
protein / adhesion of host cells [45]

CATGAAGGGTAAC
GGGCGATAAAGTT

intI-like Internalin / invasion of epithelial
cells [18,45]

ACAGTTTCGGATAC
ACCCTCGTCATATT

rspB Rhusiopathiae surface protein /biofilm
formation [41]

ATCTTTACCCAATT
ATGAACCCAGTCC

rspA Rhusiopathiae surface protein /biofilm
formation [41]

ATCGACTGGTATTC
ATCACGAGACATA

cap locus Capsule / resistance to phagocytosis,
intracellular survival [40]

TATCTTTGTAGCGT
CAATAAAAGGAAA

algI Alginate-O-acetyltransferase / resistance
to phagocytosis [45]

AGTTATCTTGGACT
AGATAAGTGCGCA

ewlA Lipoprotein / adhesion to host cells [45] TAATATTAGATAGC
AAGAAAAGGGAGT

nanH Neuraminidase / spreading factor,
nutritive [44]

ATGAAGCGCTTAC
TACATAAGGTTGAC

sub S8-subtilisin / peptidase [45] AAGCCTGAGATAT
TTGTACAATTGGAT

sodA Superoxide dismutase / antioxidans [45,70] AGAAGACATCCGC
GCATGTTCCCAAA

mviN1 Integral membrane protein / cell adhesion,
transport protein [45]

AAATCATGCTTGTA
ATTCGACGTTAAAA

hep Heparinase / inactivation of heparin [45] ATGGAAGTACCGA
TCATTGTAGCAACA

hlyIII Hemolysin / lytic activity on red blood
cells [42]

TACGATTGCGACA
ATGGAAACATAGG

fbpA Fibronectin-binding protein /
adhesion [41]

ATCTCGCCGCTTTT
GCGTCTTCAACTGT

hlyA Hyaluronidase / spreading factor [2] AGGATCACTTACC
CAGCACTCAGCAT

dnaB Membrane-, attachment protein /
proliferation, adhesion [45]

AATAGCCCCTGAT
CTCTCCTTTACTTA

Primers were designed in this study except for the primers to amplify the cap locus
aIn case Ogawa et al. [45] is given as a reference, the predicted function of the gen
Here, in vitro or in vivo studies would be mandatory to verify the linkage of the ge
previous studies, linking the gene products with a cer-
tain pathogenic mechanism [2,40-44] and (ii) publicly
available annotation data of coding sequences of E. rhu-
siopathiae (Acc.-No. AP012027.1), determined by whole
genome analysis [45] (see Table 2). The sequences of
oligonucleotide primers, either obtained from recent pub-
lications [14,46] or designed in the present study are given
in Table 2. PCRs were performed in a T300 Thermocycler
(Biometra, Göttingen, Germany). A 25 μL aliquot con-
tained 3 μL of each of purified chromosomal DNA
(20 ng), 20 pmol of each primer pair (Sigma Alderich,
Munich, Germany), 5 mM of the four deoxynucleoside tri-
phosphates (Rapidozym, Berlin, Germany), 10 × PCR buf-
fer including 20 mM MgCl2, and 0.4 U Dream Green Taq
DNA Polymerase (Thermo Fisher Scientific, St. Leon-Rot,
Germany). PCR was performed under the following
etect 16 genes putatively linked with virulence of E.

5′ – 3′) GenBank
Acc. No

Localization
within gene

Size (bp) Gene pre-
valence (%)

ACCTTGG/
GCGGTAGAA

NC_015601.1 579 – 787 209 100

TTCCGG/
TACCAGC

AP012027.1 386 – 714 329 85.5

CGACGT/
AAGATTGG

AB052682.1 6882 – 7287 406 100

AGTTGG/
CCGCCAA

AB052682.1 597 – 1131 535 100

AGTTGG/
TACCAGTGC

D64177 1333 – 1987 645 100

TGGTCC/
TTGATCC

AP012027.1 121 – 887 767 97.6

GAGGAAT/
GTGAATAT

U52850.1 226 –1185 960 100

ATTTGAAT/
CAAAGTC

AB019122 295 –1401 1.107 100

CTGCACC/
GAGCCG

AP012027.1 1360 –1585 226 100

ACAGCAGT/
CATCAAGA

AP012027.1 195 – 509 315 100

ATGGCGG/
CAACCGC

AP012027.1 565 –1032 378 100

TCTCACT/
TGGCTTC

AP012027.1 997 –1480 484 100

AAGTGTGCG/
GAAGGCTG

AP012027.1 16 – 559 544 100

AGAACG/
TGCTTG

AP012027.1 565 –1166 602 100

GCTATGG/
GTTCTC

AP012027.1 598 –1538 941 100

CAAATGG/
ACATCCC

ACLK02000002.1 39 –1155 1.117 99.4

[46].
e product has been deduced from genome annotation data of strain Fujisawa.
nes with the pathogenesis of Erysipelas in different hosts.



Table 3 Sequence types (ST) with corresponding allele
numbers demonstrated for 165 E. rhusiopathiae and
number of each ST

ST gpsA recA purA pta prsA galK ldhA n

1 1 3 1 1 4 4 4 2

2 1 3 1 3 1 1 1 4

3 2 4 3 2 2 2 2 6

4 2 4 2 2 2 5 2 11

5 2 4 4 2 2 2 3 10

6 2 2 2 2 2 2 2 3

7 1 3 1 1 1 1 1 6

8 1 1 1 1 1 4 1 3

9 1 1 1 1 1 1 1 18

10 1 1 6 2 2 2 2 4

11 1 1 1 1 1 1 3 1

12 1 2 1 1 1 4 1 2

13 2 4 2 2 4 6 2 2

14 3 2 1 1 1 3 1 1

15 2 4 7 2 4 6 2 1

16 2 5 8 2 4 2 2 1

17 2 1 6 1 2 5 2 1

18 2 5 5 2 2 2 3 1

19 2 4 9 1 1 1 2 5

20 2 4 4 2 2 2 4 2

21 1 1 1 1 1 7 1 1

22 3 2 1 4 1 3 1 1

23 1 1 1 1 3 4 1 1

24 4 2 6 2 2 2 2 1

25 5 3 2 5 4 1 1 1

26 1 4 1 1 1 5 1 2

27 2 5 3 2 2 2 3 3

28 2 5 6 2 2 2 2 1

29 1 6 1 1 1 4 1 1

30 1 3 11 1 1 1 1 1

31 1 1 1 1 1 1 6 1

32 5 1 1 1 1 1 1 5

33 2 1 3 2 1 1 2 1

34 2 2 6 2 2 5 2 1

35 1 7 12 6 1 5 7 1

36 1 2 6 2 2 5 2 2

37 6 1 1 2 1 4 1 2

38 2 5 10 2 4 5 3 1

39 2 5 3 2 2 5 2 2

40 2 4 1 7 4 2 3 4

41 2 2 2 2 4 2 2 1

42 2 5 3 2 2 8 2 1

Table 3 Sequence types (ST) with corresponding allele
numbers demonstrated for 165 E. rhusiopathiae and
number of each ST (Continued)

ST gpsA recA purA pta prsA galK ldhA n

43 1 1 1 1 3 1 1 2

44 1 1 1 1 2 1 1 1

45 1 3 1 1 1 1 9 1

46 1 3 13 1 1 1 1 1

47 2 4 2 8 2 6 3 2

48 2 2 2 2 5 1 2 7

49 2 2 14 2 2 2 8 2

50 2 5 2 2 4 5 2 1

51 1 2 2 1 4 10 10 1

52 5 8 1 1 1 1 9 1

53 6 2 1 1 1 9 1 1

54 7 1 1 1 1 1 1 2

55 2 2 3 2 4 2 3 4

56 1 1 1 1 6 4 1 1

57 1 2 1 1 1 2 1 1

58 1 4 1 9 1 5 1 1

59 2 1 3 2 4 4 2 1

60 2 1 3 2 2 5 11 2

61 2 5 1 2 2 11 2 1

62 2 4 9 1 1 12 2 1

63 1 9 1 1 1 4 1 1

64 2 2 6 2 2 2 3 1

65 8 3 2 1 1 1 1 2

66 1 3 13 1 4 1 1 1

67 5 1 2 1 2 1 1 1

68 1 2 6 1 2 2 2 1

69 5 2 6 1 1 4 1 1

70 9 3 3 2 2 13 2 1

71 1 1 1 1 1 2 1 2

72 2 4 3 2 4 2 2 1
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conditions: an initial denaturation step at 94 °C for 10 min
followed by 30 cycles of denaturation at 94 °C for 1 min,
annealing at 53 °C for 2 min, extension at 72 °C for 7 min,
and finally one cycle of extension at 72 °C for 10 min.
PCR products were separated by gel electrophoresis in a
1.5% agarose gel containing ethidiumbromid for 90 min at
120 V and analysed by gel documentation system (Easy
doc, Herolab, Wiesloch, Germany).

Sequencing of spaA genes
In order to distinguish the three different molecular var-
iants of the Spa protein [14] we performed restriction
length polymorphism (RFLP) analysis and single locus
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sequence typing (SLST) of the spa gene. The Spa type
variant genes spaA, spaB and spaC were PCR amplified
under standard PCR conditions (60 ng template DNA,
10 pmol each primer (Sigma Alderich, Munich, Germany),
10 × PCR buffer including 20 mM MgCl2, 5 mM dNTP
mixture, and 0.5 U Dream Green Taq DNA Polymerase
(Thermo Fisher Scientific, St. Leon-Rot, Germany), using
primers Spa-fw (5′- ATGAAAAAGAAAAAACACCTA –
3′), located at position 1–21, and Spa-rv (5′- CTATTT
TAAACTTCCATCGTT – 3′), located at position 1881–
1862 of serotype 1a reference strain Fujisawa (Acc.-No.
AP012027.1). The cycling conditions were 5 min at 94 °C,
followed by 30 cycles of 30 s at 94 °C, 30 s at 52 °C and
130 s at 72 °C. Final extension was done at 72 °C for
10 min. Alignment of primers with publicly available spaB
(Acc.-No. AB238211 - AB238215) and spaC (Acc.-No.
AB238210) gene sequences of serotype 4, 6, 11, 19, 21,
and 18 strains, respectively, revealed that they could amp-
lify all known gene variants correctly. Amplicons were
then digested with restriction enzyme HhaI overnight at
37 °C. Spa genes revealing different RFLP patterns were
double-strand sequenced using the same primers as above
and data were analyzed with RidomSeqSphere 1.0.1 [29]
and the EditSeq and MegAlign programs of the DNAStar
software package (DNASTAR Inc. Madison, Wisconsin,
USA). Alignments of nucleotide and amino acid se-
quences were performed with RidomSeqSphere.

Results
Multilocus sequence typing
Allele sizes for the genes included for MLST analysis of
165 E. rhusiopathiae strains ranged between 531 bp for
ldhA to 640 bp for recA (Table 1). The mean GC content
varied from 36.6% (pta) to 40.3% (ldhA). Among the 165
investigated isolates with the corresponding 3.995 bp of
the concatenated sequences of seven loci, 75 (1.9%) vari-
able sites were confirmed. The number of alleles ranged
from six for prsA to 14 for purA. The nucleotide diversity
within the single loci varied between four (0.7%) for prsA
and 14 (2.6%) for ldhA, the diversity index (D) for each al-
lele between 0.579 (pta) and 0.775 (recA). The dN/dS ratio
for all seven loci demonstrated to be < 1 (Table 1).
The combination of allele numbers and the corre-

sponding sequence types are shown in Table 3. A list of
all strains with their sequence types is available as add-
itional file (see Additional file 1). Of 72 sequence types
(STs) assigned to 165 E. rhusiopathiae isolates, more
than half (58.3%) were singletons. The remaining 29 STs
were represented by two or more strains. ST9 was by far
the most common sequence type, which grouped 18 iso-
lates (10.9%) from poultry (n = 12), pigs (n = 3), sheep
(n = 1), and also from a case of wound infection and a
case of endocarditis in humans together. Sequence type
4 (n = 11 poultry isolates) and ST5 (n = 10 poultry and
one pig isolate) were the second most frequent STs.
Overall, eBURST analysis based on all allelic profiles
revealed a highly divergent population structure among
the E. rhusiopathiae strains under study (Figure 1).
Only one sequence type complex, i.e. a group of

phylogenetic related strains was identified. ST complex 9
(STC9), named after its predicted founder, included 22
STs and accounted for 34.5% of the total collection of
MLST-analysed strains. As depicted in Figure 2A, 40
avian and 17 mammalian E. rhusiopathiae strains were
among the STC9 strains. In general, no host-specific or
host-restricted sequence type was observed, as isolates
from different hosts scattered around the various STs
identified (Figure 2A). In addition, different countries
shared isolates with identical STs, e.g. ST3 (isolates from
Austria, Germany, Sweden), ST9 (Austria, Germany,
USA), and ST19 (Estonia, Germany, USA), not suggest-
ing any association between certain STs with distinct
countries. However, due to a sample bias towards iso-
lates from Germany, this should be verified by including
a larger number of isolates from various countries.

Pulsed-field gel electrophoresis and comparison of
sequence types with PFGE clusters
Based on an 85% cut-off- value we identified 54 different
PFGE clusters containing one (n = 17 singletons) to 13
strains among 165 E. rhusiopathiae isolates (Additional
file 2). Identical macrorestriction profiles were only rarely
observed which is consistent with our criteria for strain
selection, i.e. exclusion of copy strains from the analysis.
In contrast to PFGE, MLST revealed 72 different sequence
types and, as expected, the grouping achieved by both
methods revealed only partial congruence. The most
homogenous macrorestriction profile was observed for
strains assigned to ST4. All eleven ST4 strains, isolated
from 1999 to 2011 from chickens and turkeys in Germany
clustered exclusively together at a similarity value of 90.9%
(Figure 3A). In contrast, strains of the most prominent se-
quence type ST9 were distributed among 12 different
PFGE clusters, including three singletons, with an overall
similarity of 64.5% (Figure 3B). These PFGE clusters fre-
quently harboured strains of other sequence types as well,
which is also the case for most of the other non-singleton
PFGE clusters.
A calculation of the Simpsons index of discriminatory

(D) with 95% confidence interval (CI95%) revealed that
the ability of MLST to discriminate E. rhusiopathiae iso-
lates (D = 0.973; CL95% [0.963 to 0.983]) was similar to
that of PFGE (D = 0.976; CL95% [0.970 to 0.982]). How-
ever, as exemplified by the dendrograms shown in
Figure 3 and in the Additional file 2, strain groups estab-
lished by the band-based method PFGE and the
sequence-based method MLST frequently differ in their
composition.



Figure 1 Population snapshot of 165 E. rhusiopathiae isolates assigned to 72 sequence types (STs). STs connected by a line share six out
of seven alleles. The dominant ST complex (STC9) which is named after its predicted founder is highlighted by a dotted circle.
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Virulence gene typing
Highly homogenous patterns of putative virulence genes
were observed among the 165 E. rhusiopathiae isolates
with 136 (82.4%) of them possessing all 16 investigated
genes (Table 2). Another 24 (14.5%) isolates differed only
by the absence of internalin gene intI. Five isolates
lacked either algI (n = 4), or dnaB (n = 1), which might
Figure 2 Minimum spanning tree based on allele profiles of 165 E. rhus
(for Groups I-V see Table 4). Sequence types (STs) are indicated by number
be associated with colonization and resistance to phago-
cytosis and with bacterial proliferation and adhesion, re-
spectively [45]. None of the 16 genes investigated were
present in the E. inopinata reference strain DSM 15511T,
whereas nanH and ewlA were detected in the E. tonsil-
larum strain DSM 14972T as well as in both field strains
of E. tonsillarum.
iopathiae isolates and distribution of (A) host and (B) SpaA type
s and sequence type complexes are highlighted by grey shade.
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Figure 3 Dendrogram for E. rhusiopathiae isolates based on PFGE banding patterns produced by SmaI restriction. Illustrated are
dendrograms for (A) 45 E. rhusiopathiae isolates of sequence type complex (STC) 9 and isolates of other STs clustering with ST9 strains and (B) 11
ST4 isolates that do not cluster with strains of other STs. Additional information on isolation year and country, host, SpaA-groups (based on amino
acid substitutions) and the number of SpaA C-terminal repeats are provided in separate rows. PFGE clusters (85% cut-off) are indicated by
random colours; singletons are left black.
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Spa typing
Sequence analysis of the amplified DNA fragments of
spa genes revealed the consistent presence of spaA and
the absence of spaB and spaC, respectively, among all
165 E. rhusiopathiae isolates. The size of spaA open
reading frames ranged from 1761 to 2181 bp (encoding
587 to 727 amino acids). The signal sequences of 29
amino acids were conserved among the Spa proteins of
164 isolates (99.4%). Only one isolate from a duck
(IMT28342; Acc.-No. KR606269) showed a mutation at
nucleotide position 27 (A to G) and at amino acid pos-
ition 10 (Lysin to Glutamic acid), respectively.
Sequences of the N-terminal hypervariable region of

the spaA gene of field isolates and of E. rhusiopathiae
serotype reference strains were compared with that of
the virulent wild-type reference Fujisawa serotype 1a
strain (see Table 4). Based on patterns of amino acid
changes at eight different positions, the field isolates
were divided into five groups as follows: (i) 87 isolates
with isoleucine at position 55 (Ile-55), Asn-70, Asp-178,
Asn-195, Ile-257 and Gln-303 classified as group I, (ii)
36 isolates with Ser-101 and Ile-257 classified as group
II, (iii) 37 isolates with Ile-257 termed group III, (iv) one
isolate with Ile-257 and Gln-303 classified as group IV,
and (v) 4 isolates with Met-203 and Ile-257 termed
group V (group I-V as specified in Table 4).
Except for serotype 2 reference strain ATCC19414T,

which revealed a unique pattern (Ile-55, Asn-70 and Ile-
257) all other reference strains included (see Table 4)
corresponded to one of the SpaA groups observed
among the field isolates. None of the SpaA groups corre-
lated with a certain host type (mixed avian and mamma-
lian). As far as serotypes were available (n = 32; serotype
1a and 1b (n = 20); serotype 2 (n = 9), serotype N (n = 3),
they also did not correlate with certain SpaA groups. In
group I, we observed both serotype 1a/b and serotype 2
strains and within group III, strains of serotypes 1a/b, 2
and N were present (data not shown).
The number of C-terminal tandem repeats of similar

20-amino-acid sequences in the SpaA proteins of field
isolates ranged from 7 to 13, corresponding to the differ-
ent spaA nucleotide sequence lengths observed. The ma-
jority of strains (89.7%) harboured a domain with 9
repeats similar to that present in strain Fujisawa and in
all SpaA-positive serotype reference strains, except for
serotype 9 strain Kaparek (Table 4). The remaining field
isolates showed either higher or lower number of repeats.
One strain from a chicken with septicaemia was truncated
by 40 amino acids at positions 502 and 534 and another
seven strains lacked a 20 amino acids repeat either at
position 534 or 558. Seven strains revealed 10 repeats and
two porcine strains even showed 11 and 13 repetitions
of similar 20-amino-acid sequences in the C-terminal
part of their SpaA protein, respectively. A host-specific
distribution of SpaA types was not observed. Portraying
the different SpaA alleles against the phylogenetic back-
ground of the strains reveals a strong linkage of group I
(amino acid changes Ile-55, Asn-70, Asp-178, Asn-195,
Ile-257 and Gln-303 compared with Fujisawa strain) with
ST complex 9 (Figure 2B). Group II (Ser-101, Ile-257) and
group III isolates (Ile-257) occur in several STs which are
not related to this major ST complex. Only in one case,
different SpaA types occur in the same sequence type,
namely ST48, which is made up by porcine isolates
(Figure 2A).

Nucleotide sequence accession numbers
Nucleotide sequence of spaA genes of 165 E. rhusio-
pathiae strains have been submitted to the GenBank
database under accession nos. KR606141 – KR606305.

Discussion
Although there is an increasing notion of severe out-
breaks of Erysipelas in poultry [10,22,47], possibly re-
lated to the ban of conventional cages within EU from
2012 and the large changes of housing systems due to
welfare demands for laying hens [9,10,12], only little is
known about the molecular epidemiology of avian E.
rhusiopathiae isolates. To overcome this, we investigated
isolates of E. rhusiopathiae, mainly from poultry but also
from mammalian hosts by a newly developed species-
specific MLST scheme and in addition by more estab-
lished methods such as PFGE, virulence genotyping and
Spa typing.
The novel MLST scheme for E. rhusiopathiae is based

on the identification of nucleotide polymorphisms of in-
ternal fragments from seven housekeeping genes in-
volved in metabolic pathways of the bacterial pathogen.
The target genes were chosen with a dN/dS ratio of <1 to
guarantee a very low degree of evolutionary pressure on
the proteins and absence of a selective force on the re-
spective gene locus. This ratio was calculated for other
MLST schemes, recently developed e.g. for the bovine
pathogen Mannheimia haemolytica [48] or for Entero-
coccus faecalis, which has been associated with amyloid
arthropathy in chickens [49] as well. The lower number
of alleles in the E. rhusiopathiae MLST scheme, which
varies between 6 (pta) and 14 (purA) among 165 E. rhu-
siopathiae strains together with a diversity of index D of
0.69 (95% CI, 0.579 to 0.775), which is also lower than
that observed for other schemes [48-51] might indicate a
lower diversity as compared e.g. to the Gram negative
pathogen E. coli or to the Gram positive species Strepto-
coccus gallolyticus. However, this assumption should be
treated cautiously as the MLST databases of these two
species contain significantly more isolates, i.e. 7.500 iso-
lates in case of Escherichia coli [52] and 292 isolates in
case of Sc. gallolyticus [53]. Whether E. rhusiopathiae



Table 4 Substitutions in amino acids in the N-terminal hypervariable region of the spaA gene and number of C-terminal tandem repeats in 165 E. rhusiopathiae
field isolates and serotype reference strains compared with the corresponding sequence of E. rhusiopathiae Fujisawa strainc

E. rhusiophatiae strain or group
(no. of isolates)

Substitutions in N-terminal nucleotides (amino acid position)a,b No. of C-terminal
tandem repeatsNucleotide

(aa 55)
Nucleotide
(aa 70)

Nucleotide
(aa 101)

Nucleotide
(aa 178)

Nucleotide
(aa 195)

Nucleotide
(aa 203)

Nucleotide
(aa 257)

Nucleotide
(aa 303)

Fujisawa serotype 1a GTA (Val) AAA (Lys) AAC (Asn) GGT (Gly) GAT (Asp) ATT (Ile) CTT Leu GGG (Gly) 9

Field isolates (No.) Group I (87) ATA (Ile) AAT (Asn) GAT (Asp) AAT (Asn) ATT (Ile) GAG (Gln) 8-11, 13

Group II (36) AGC (Ser) ATT (Ile) 7-10

Group III (37) ATT (Ile) 8, 9

Group IV (1) ATT (Ile) GAG (Gln) 8

Group V (4) ATG (Met) ATT (Ile) 9

Serotype reference
strains

Serotype 1a
(Koganei) 5, 15

ATA (Ile) AAT (Asn) GAT (Asp) AAT (Asn) ATT (Ile) GAG (Gln) 9

Serotype 8, 17 AGC (Ser) ATT (Ile) 9

Serotype 1b, 9,
12, 16, N

ATT (Ile) 8, 9

Serotype 2 ATA (Ile) AAT (Asn) ATT (Ile) 9
aAsp aspartic acid; Asn asparagine; Gln glutamine; Ile isoleucine; Leu leucine; Lys lysine; Met methionine; Val valine.
bUnderlined character, nucleotide different from those at the same position; empty fields indicate absence of amino acid substitutions compared with the Fujisawa strain.
cNucleotide sequences of spaA genes of Fujisawa strain and of E. rhusiopathiae serotype reference strains were obtained from GenBank (AB259652, strain Fujisawa, serotype 1a; AB024082, Koganei, serotype 1a;
AB259653, 442/1E1, serotype 1b; AB259654, ATCC19414T, serotype 2; AB259655, Pècs 67, serotype 5; AB259656, Goda, serotype 8; AB290347, Kaparek, serotype 9; AB259657, Pècs 9, serotype 12; AB259658, Pècs 3597,
serotype 15; AB259659, Tanzania, serotype 16; AB259660, 545, serotype 17; AB259661, MEW22, serotype N) and translated into amino acid sequences using RidomSeqSphere. Reference strains for other serotypes were
not included as they chiefly harbor spaB genes (serotypes 4, 6, 11, 19, and 21) or a spaC gene (serotype 18), respectively [15].
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would still appear as a bacterial species with low diver-
sity after including more isolates from different sources
remains to be determined.
The distribution of the STs as presented in a minimum

spanning tree (MST) shows accumulations of E. rhusio-
pathiae strains isolated from various animals in certain
STs (Figure 2A). Even if there was a bias towards avian
isolates and towards isolates from Germany in our sam-
ple material, there was no indication for host or geo-
graphic specificity. Strains from poultry and swine
randomly scattered throughout the MSTree and com-
monly shared identical STs, such as ST9, ST8 and ST5.
This might indicate that birds and pigs may be infected
by phylogenetically similar strains either by a common
reservoir or by direct or indirect transmission from one
animal species to the other. A limited host specificity
has also been suggested in another recent study, where
marine E. rhusiopathiae isolates were shown to be cap-
able of inducing classical skin lesions in pigs in a skin in-
oculation model [54]. However, looking deeper into the
clonal nature of our strains by PFGE, those from poultry
and pigs were commonly found in same PFGE clusters,
but no identical pairs of isolates were observed between
the two species. This supports a previous finding by
Eriksson et al. who also didn’t observe a 100% band pro-
file identity among any of the pig and poultry isolates al-
beit the strains were not separated into two distinct
populations by PFGE analysis [22].
Notably, the most prominent ST observed in the

present study – ST9 - includes human and animal
strains. The grouping of porcine strain ATCC 19414T

and human strain IMT9137 in an identical sequence
type and in the same PFGE cluster (89.9% similarity in
banding pattern) indicates that these strains may be
closely related and that a zoonotic potential of animals
strains should be taken into consideration. Sporadic dis-
eases in humans have been reported and these often oc-
curred in farmers and in other persons whose work is
closely related with contaminated animals, underlining that
E. rhusiopathiae infection in humans is occupationally-
related [2,55,56].
Overall, our MLST analysis distinguished 165 isolates

into 72 sequence types (STs) and only partial congruence
was observed to the grouping of strains into 58 PFGE
clusters. MLST intends to portray the long term epi-
demiology and the evolutionary history of a bacterial
pathogen based on a representative set of the bacterial
core genome rather than to unravel disease outbreaks, at
least not without additional typing methods [26]. In con-
trast, PFGE is a suitable tool to monitor short-term local
outbreaks mainly by identifying clones [57].
In studies comparing MLST to PFGE e.g. among En-

terococcus faecalis, Staphylococcus aureus, and Vibrio
cholerae isolates, MLST has been found to have similar
or greater discriminatory ability than PFGE [58-61]. In
contrast, a study comparing MLST and PFGE data in
Escherichia coli O157:H7, found that PFGE revealed a
greater discriminatory ability than MLST did, which may
be due to the highly clonal nature of this E. coli serotype
[62]. In case of the Gram-negative pathogen Pseudomonas
aeruginosa Johnson et al. found that MLST was better
for detecting genetic relatedness, while PFGE was more
discriminatory than MLST for determining genetic differ-
ences in this bacterial species and to confirm the a patient-
to-patient transmission [63]. Nemoy et al. observed a
greater discriminatory ability and reproducibility of MLST
than PFGE for ESBL-producing E. coli [58]. They suggested
MLST is suitable to a priori define genetically related bac-
terial strains, which might be very helpful for surveillance.
Our MLST data for the first time allow determining E.

rhusiopathiae as a weakly clonal species as 165 isolates
are dispersed among 72 different sequence types. The
accumulation of a number of strains in ST complex 9 may
indicate that this group of genetically related strains repre-
sents a particularly successful subpopulation. If this holds
true after including more strains from different countries
is uncertain. Likewise, possible reasons for this success or
at least high prevalence of STC9 strains (e.g. high viru-
lence, environmental survival) also need to be studied.
Interestingly, although serotypes for only 32 of our

isolates were available (serotype 1a and 1b (n = 20); sero-
type 2 (n = 9); serotype N (n = 3)), these serotypes were
not strictly linked with a certain sequence type or ST
complex (data not shown). In addition, different sero-
types were observed in identical STs, indicating that the
O antigen encoding genetic structure may have, at least
partly, evolved independently from the phylogenetic
background of the strains, which has likewise been re-
ported for other bacterial species, such as E. coli and
Bordetella spp. [64,65]. No correlation between serotype
and PFGE pattern could also be observed in a recent
study including E. rhusiopathiae isolates from poultry,
pigs, emus, and the poultry red mite Dermanyssus galli-
nae [22]. Here, the authors found that serotypes were
randomly scattered throughout the dendrogram based
on PFGE patterns and that isolates with the same PFGE
pattern were of different serotypes in some cases. They
concluded that serotyping may be less suitable for stud-
ies on epidemiological relationships between flocks.
Concerning the putative virulence genes investigated

in our study, there was no congruence between one of
these genes with a certain sequence type or PFGE
cluster, which is primarily attributable to the frequent
detection of the genes. Almost all 16 markers selected
and putatively involved in pathogenesis, except for intI
(85.5%), the Alginate-O-acetyltransferase gene algI
(97.6%), and the attachment protein gene dnaB (99.4%)
were regularly present in our isolates. According to the
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annotation of whole genome sequenced E. rhusiopathiae
strains Fujisawa (GenBank AP012027) and SY1027 (Gen-
Bank CP005079) intI encodes an internalin-like protein.
We observed 15% intI-negative isolates that occurred in
12 different STs, mostly from poultry and two isolates
from sheep. But, as the function of this internalin-like pro-
tein has been deduced from amino acid sequence compar-
isons only, further molecular genetic studies and in vitro
assays would have to be performed to verify its putative
role in E. rhusiopathiae pathogenesis. Although most of
the other genes were regularly present in our isolates,
their expression might vary due to different body com-
partments or environmental factors. For some of these
factors, such as the neuraminidase, a correlation between
the produced amount of this enzyme, which may serve
the nutritional requirements and play a role in adherence
and antiphagocytic activity of the bacteria, and the viru-
lence of strains has been reported [2,66]. It was not unex-
pected to detect the capsule biosynthesis locus in all our
isolates. In previous studies capsule-negative mutants or
the loss of capsule in general resulted in avirulent strains
which did not resist phagocytosis by murine polymorpho-
nuclear leukocytes and lost the capability of intracellular
survival [2,40]. Thus, such strains would not have been
able to cause severe disease in the various hosts.
This study was mainly focussed on poultry isolates, as

we intended to provide a rational typing method to as-
sess the clonal relatedness of these strains, particularly
with respect to the selection of epidemiological relevant
strains to be included in future vaccines. In this respect
we also aimed to determine, whether the N-terminal
hyper-variable region of the surface protein SpaA, which
apart from SpaC, represents one of the most promising
vaccine candidates [13-15] might show a co-evolution
with the genomic backbone of E. rhusiopathiae. The ex-
clusive finding of SpaA and the absence of SpaB and
SpaC in our sample collection might be due the preva-
lence of certain serotypes among our strains. Our partial
serotype data confirm what has been reported in previ-
ous studies, namely that the spaA gene usually, but not
exclusively, occurs in strains belonging to serotype 1a,
1b, 2, 5, 8, 9, 12, 15, 16, 17 and type N, while spaB and
spaC are mainly observed in E. rhusiopathiae serotypes
4, 6, 11, 19, and 21 and in serotype 18, respectively
[3,13,14,17]. Ingebritson et al. reported that one strain
may contain more than one Spa type and that these were
not always confined to a certain serotype [3]. It is not
likely that single isolates of our study harboured differ-
ent Spa types as this would have become apparent due
to ambiguous sequencing data.
Different authors have explored the variations in the

N-terminal half of the spaA gene, particularly in the pro-
tective domain which is located at amino acid positions
30 to 413, and in the repeat domain which is located at
amino acid positions 448 to 626 (in case of 8 to 10 tan-
dem repeats) [14,67,68]. A broad collection of avian iso-
lates and their spa gene has not been investigated so far,
limiting our knowledge about the diversity of this major
antigen considerably. By sequence analysis of the spaA
gene of 165 clinical E. rhusiopathiae isolates, thereof 120
from birds, we found high sequence identity within the
signal sequence region, located at the most N-terminal
part of the Spa protein, corroborating the findings of To
and Nagai and supporting the idea that Spa proteins may
cross bacterial cell membranes and eventually be secreted
from the bacterial cell by using a secretion machinery
commonly present in E. rhusiopathiae strains [14]. Al-
though most of our isolates (89.7%) revealed nine C-
terminal tandem repeats in their SpaA protein, which is
also common to most of the serotype reference strains in-
vestigated by To and Nagai and listed in Table 4 [14], the
diversity in number was quite high with 7 to 13 tandem
repeats and has not been reported before. As this repeat
domain has been suggested to function as an anchor for
binding Spa proteins tightly to the bacterial surface it re-
mains to be determined, e.g. by in vitro adhesion experi-
ments, if this binding might perhaps be influenced by the
number of repeats [13,14,68]. Regarding the amino acid
substitutions in the N-terminal protective part of the Spa
protein we detected five different variants (group I-V) that
occurred independently of the original host species and
have been described at least in part in previous publica-
tions on porcine isolates as well. Among swine isolates
from Japan, Uchiyama et al. observed three groups, look-
ing at substitutions at amino acid positions 195, 203 and
257 [17]. These positions were also part of our investiga-
tions, while we additionally included another 6 amino acid
substitutions resulting in a finer resolution of the groups.
Thus, their group 2 resembles our groups II-IV; group 1
matches with our group V; and group 3 was not detected
among our isolates at all. In that study, more than half of
the 34 porcine strains showed the Met-203 variant in
combination with Ile-257 (group 1 according to Uchiyama
et al. [17]), corresponding to group 2 recently determined
among another collection of isolates from Japan [69]. To
et al. [68] found that 95% of their overall 80 pig isolates
carried the Met-203 variant of the spaA, while the same
variant accounted for 55.6% of the isolates included by
Uchiyama et al. [17]. Notably, we observed this variant
only very infrequently (2.4%) among our isolates. In the
present strain collection we rather detected SpaA variants
(group I, 52.7%; group II, 21.8%; group III, 22.4%) that
have been described for different serotype reference
strains before (Table 4) [14]. Of note, the distribution of
spaA variants demonstrated to be irrespective of the ori-
ginal host of the strains, i.e. avian or mammalian. Whether
the current geographic linkage of the Met-203 variant to
Japan remains after studying more isolates from different
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countries is uncertain [17,69]. Uchiyama et al. could show
that isolates with Met-203 were highly pathogenic in mice
with LD50 values between 0.45 and 1.45 CFU/mouse, but
comparative in vivo data with isolates representing other
spaA groups were not provided [17]. The same authors
showed that the commercial vaccine Koganei 65–0.15,
which lacks this amino acid substitution, was still protect-
ive against an experimental infection of pigs with a Met-
203 variant. Thus, it was concluded that the respective
protein region might not be that essential for protection
against E. rhusiopathiae infections [17].
Our analysis was based on a comparison with the Fuji-

sawa serotype 1a strain to allow for a comparison with
already published data, that also used this strain as refer-
ence [17,67,69]. As we did not have access to one of the
vaccine strains (inactivated whole cell bacteria) currently
used in the field in Germany for protection of swine
against Erysipelas, a comparison of our strain collection
with these strains still has to be done. Moreover, tar-
geted virulence assays including the most prominent se-
quence types and different spaA variants might provide
important insight into the impact of a strain’s genetic
background and its potential to cause disease.
In summary, with the development of the MLST scheme

a highly reproducible epidemiological tool to study E. rhu-
siopathiae strains has been established that allows for long-
term global studies to assess the evolutionary history and
genetic relatedness of isolates belonging to this bacterial
pathogen. Clinical isolates were found to be highly clonal
on the one hand (ST complex 9) but also scattered around
the entire population of the selected collection. Applying
this MLST technique clearly unravelled a common evolu-
tionary origin of isolates obtained both from avian and
mammalian hosts indicating an interspecies transmission
and/or common reservoir and a zoonotic potential. Com-
bined data of MLST, PFGE and SpaA typing provided a
good basis for assessing the clonal diversity and molecular
make-up of E. rhusiopathiae. This might be very advanta-
geous in several aspects, including the (i) selection of epi-
demiological relevant vaccine candidates (ii) estimation of
the pathogenic relevance of single putative virulence genes
and isolates in future in vitro and in vivo experiments, and
(iii) the assessment of the zoonotic risk of the pathogen.
Additional files

Additional file 1: Allele profiles, multilocus sequence types (STs)
and Spa types of 165 E. rhusiopathiae isolates determined in this
study. This table provides all relevant data of the 165 E. rhusiopathiae
isolates typed by multilocus sequence typing in the present study. The
data listed include allele types, sequence types (ST), ST complexes (if any),
grouping of SpaA protein sequences based on N-terminal sequences
and number of C-terminal repeats of the isolates. In addition, the year of
isolation as well as host origin and country of isolation are provided for
each of the isolate.
Additional file 2: Dendrogram for 165 field isolates from birds and
mammals and the type strain of Erysipelothrix rhusiopathiae ATCC
19414T, based on pulsed-field gel electrophoresis macrorestriction
patterns generated by digestion with SmaI restriction endonuclease.
This table provides PFGE banding patterns of 165 E. rhusiopathiae isolates
with their sequence types (STs), ST complexes (if applicable), and
epidemiological background (year, country, and host of isolation).
Abbreviations: A = Austria, CH = Switzerland, DK = Denmark, EST =
Republic of Estonia, G = Germany, NA = unknown, S = Sweden, USA =
United States of America.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
TJ, HCP, MV and CE designed the study and experimental approaches. TJ
and MK carried out the molecular genetic studies. TJ and CE analyzed the
data, performed sequence analyses and biostatistics and drafted the
manuscript. TS was involved in sequence analysis and biomathematics. HCP
and MV revised the manuscript critically for important intellectual content.
All authors read and approved the final manuscript.

Acknowledgements
We would like to give our special thanks to all colleagues from laboratories
and national institutions in Germany that provided us with E. rhusiopathiae
strain (AniCon Labor GmbH, Höltinghausen; Chemisches und
Veterinäruntersuchungsamt Stuttgart, Dr. Felgenträger und Co. - Öko.-chem.
und Pharma GmbH, Dessau-Roßlau; Friedrich-Loeffler-Institut, Greifswald;
Landesbetrieb Hessisches Landeslabor, Giessen; Landeslabor Brandenburg,
Frankfurt/Oder; Landesuntersuchungsanstalt für das Gesundheits- und
Veterinärwesen Sachsen, Dresden; Landesamt für Verbraucherschutz
Sachsen-Anhalt, Halle/Saale; RIPAC-LABOR GmbH, Potsdam; Veterinärinstitut
Oldenburg, Oldenburg; Ludwig-Maximilian Universität München, München;
Stiftung Tierärztliche Hochschule, Hannover). This work and MK was
funded by the Federal Ministry of Food, Agriculture and Consumer
Protection (BMELV) – FKZ 2813400307- and supported by the Federal Office
for Agriculture and Food (BLE) in the framework of the innovation program.

Author details
1Center for Infection Medicine, Institute of Microbiology and Epizootics, Freie
Universität Berlin, Robert-von-Ostertag-Straße 7-13, 14163 Berlin, Germany.
2RIPAC-LABOR GmbH, Am Mühlenberg 11, 14476 Potsdam, Germany.
3Lohmann Tierzucht GmbH, Cuxhaven, Germany. 4Institute of Animal
Hygiene and Environmental Health, Freie Universität Berlin,
Robert-von-Ostertag-Straße 7-13, 14163 Berlin, Germany. 5Robert Koch
Institute, Nordufer 20, 13353 Berlin, Germany. 6Boehringer Ingelheim
Veterinary Research Center GmbH & Co. KG, Bemeroder Straße 31, 30559
Hannover, Germany. 7Institute of Hygiene and Infectious Diseases of Animals,
Justus-Liebig-Universität Giessen, Frankfurter Str. 85-89, 35392 Giessen, Germany.

Received: 15 January 2015 Accepted: 16 June 2015

References
1. Wood RL, Henderson LM (2006) Diseases of swine. Blackwell Publishing,

Ames, Iowa
2. Wang Q, Chang BJ, Riley TV (2010) Erysipelothrix rhusiopathiae. Vet Microbiol

140:405–417
3. Ingebritson AL, Roth JA, Hauer PJ (2010) Erysipelothrix rhusiopathiae:

association of Spa-type with serotype and role in protective immunity.
Vaccine 28:2490–2496

4. Imada Y, Takase A, Kikuma R, Iwamaru Y, Akachi S, Hayakawa Y (2004)
Serotyping of 800 strains of Erysipelothrix isolated from pigs affected with
erysipelas and discrimination of attenuated live vaccine strain by
genotyping. J Clin Microbiol 42:2121–2126

5. Veraldi S, Girgenti V, Dassoni F, Gianotti R (2009) Erysipeloid: a review. Clin
Exp Dermatol 34:859–862

6. Brooke CJ, Riley TV (1999) Erysipelothrix rhusiopathiae: bacteriology,
epidemiology and clinical manifestations of an occupational pathogen.
J Med Microbiol 48:789–799

http://www.veterinaryresearch.org/content/supplementary/s13567-015-0216-x-s1.docx
http://www.veterinaryresearch.org/content/supplementary/s13567-015-0216-x-s2.pdf


Janßen et al. Veterinary Research  (2015) 46:84 Page 14 of 15
7. Fossum O, Jansson DS, Etterlin PE, Vagsholm I (2009) Causes of mortality in
laying hens in different housing systems in 2001 to 2004. Acta Vet Scand 51:3

8. Eriksson H, Nyman AK, Fellstrom C, Wallgren P (2013) Erysipelas in laying
hens is associated with housing system. Vet Rec 173:18

9. Hafez HM (2003) Emerging and re-emerging bacterial diseases in poultry: a
review. Wiener Tierarztliche Monatsschrift 90:174–181

10. Eriksson H, Bagge E, Baverud V, Fellstrom C, Jansson DS (2014)
Erysipelothrix rhusiopathiae contamination in the poultry house
environment during erysipelas outbreaks in organic laying hen flocks.
Avian Pathol 43:231–237

11. Kurian A, Neumann EJ, Hall WF, Marks D (2012) Serological survey of
exposure to Erysipelothrix rhusiopathiae in poultry in New Zealand.
N Z Vet J 60:106–109

12. European Commission (1999) Council Directive 1999/74/EC of 19 July 1999
laying down minimum standards for the protection of laying hens. Off J L
203:53–57

13. Makino S, Yamamoto K, Murakami S, Shirahata T, Uemura K, Sawada T,
Wakamoto H, Morita H (1998) Properties of repeat domain found in a novel
protective antigen, SpaA, of Erysipelothrix rhusiopathiae. Microb Pathog
25:101–109

14. To H, Nagai S (2007) Genetic and antigenic diversity of the surface
protective antigen proteins of Erysipelothrix rhusiopathiae. Clin Vaccine
Immunol 14:813–820

15. To H, Someno S, Nagai S, Koyama T, Nagano T (2010) Immunization with
truncated recombinant protein SpaC of Erysipelothrix rhusiopathiae strain
715 serovar 18 confers protective immunity against challenge with various
serovars. Clin Vaccine Immunol 17:1991–1997

16. Imada Y, Goji N, Ishikawa H, Kishima M, Sekizaki T (1999) Truncated surface
protective antigen (SpaA) of Erysipelothrix rhusiopathiae serotype 1a elicits
protection against challenge with serotypes 1a and 2b in pigs. Infect
Immun 67:4376–4382

17. Uchiyama M, Yamamoto K, Ochiai M, Yamamoto T, Hirano F, Imamura S,
Nagai H, Ohishi K, Horiuchi N, Kijima M (2014) Prevalence of Met-203 type
spaA variant in Erysipelothrix rhusiopathiae isolates and the efficacy of swine
erysipelas vaccines in Japan. Biologicals 42:109–113

18. Bierne H, Sabet C, Personnic N, Cossart P (2007) Internalins: a complex
family of leucine-rich repeat-containing proteins in Listeria monocytogenes.
Microbes Infect 9:1156–1166

19. Ahrne S, Stenstrom IM, Jensen NE, Pettersson B, Uhlen M, Molin G (1995)
Classification of Erysipelothrix strains on the basis of restriction fragment
length polymorphisms. Int J Syst Bacteriol 45:382–385

20. Chooromoney KN, Hampson DJ, Eamens GJ, Turner MJ (1994) Analysis of
Erysipelothrix rhusiopathiae and Erysipelothrix tonsillarum by multilocus
enzyme electrophoresis. J Clin Microbiol 32:371–376

21. Coutinho TA, Imada Y, de Barcellos DE, de Oliveira SJ, Moreno AM (2011)
Genotyping of Brazilian Erysipelothrix spp. strains by amplified fragment
length polymorphism. J Microbiol Methods 84:27–32

22. Eriksson H, Jansson DS, Johansson KE, Baverud V, Chirico J, Aspan A
(2009) Characterization of Erysipelothrix rhusiopathiae isolates from
poultry, pigs, emus, the poultry red mite and other animals. Vet
Microbiol 137:98–104

23. Okatani AT, Hayashidani H, Takahashi T, Taniguchi T, Ogawa M, Kaneko K
(2000) Randomly amplified polymorphic DNA analysis of Erysipelothrix spp.
J Clin Microbiol 38:4332–4336

24. Okatani AT, Uto T, Taniguchi T, Horisaka T, Horikita T, Kaneko K, Hayashidani
H (2001) Pulsed-field gel electrophoresis in differentiation of Erysipelothrix
species strains. J Clin Microbiol 39:4032–4036

25. Okatani TA, Ishikawa M, Yoshida S, Sekiguchi M, Tanno K, Ogawa M, Horikita T,
Horisaka T, Taniguchi T, Kato Y, Hayashidani H, Horikita T. (2004) Automated
ribotyping, a rapid typing method for analysis of Erysipelothrix spp. strains. J Vet
Med Sci 66:729–733

26. Maiden MC (2006) Multilocus sequence typing of bacteria. Annu Rev
Microbiol 60:561–588

27. Yamazaki Y (2006) A multiplex polymerase chain reaction for discriminating
Erysipelothrix rhusiopathiae from Erysipelothrix tonsillarum. J Vet Diagn Invest
18:384–387

28. Makino S, Okada Y, Maruyama T, Ishikawa K, Takahashi T, Nakamura M, Ezaki
T, Morita H (1994) Direct and rapid detection of Erysipelothrix rhusiopathiae
DNA in animals by PCR. J Clin Microbiol 32:1526–1531

29. The Ridom Seqsphere Homepage. http://www.ridom.de/seqsphere/.
Accessed 11 Apr 2015
30. The eBURST V3 Homepage. http://eburst.mlst.net/. Accessed 12 Mar 2015
31. Feil EJ, Li BC, Aanensen DM, Hanage WP, Spratt BG (2004) eBURST: inferring

patterns of evolutionary descent among clusters of related bacterial
genotypes from multilocus sequence typing data. J Bacteriol 186:1518–1530

32. The START Homepage. http://pubmlst.org/software/analysis/start2/.
Accessed 12 Feb 2015

33. Jolley KA, Feil EJ, Chan MS, Maiden MC (2001) Sequence type analysis and
recombinational tests (START). Bioinformatics 17:1230–1231

34. Kryazhimskiy S, Plotkin JB (2008) The population genetics of dN/dS. PLoS
Genet 4:e1000304

35. Curran B, Jonas D, Grundmann H, Pitt T, Dowson CG (2004) Development of
a multilocus sequence typing scheme for the opportunistic pathogen
Pseudomonas aeruginosa. J Clin Microbiol 42:5644–5649

36. Simpson EH (1949) Measurement of Diversity. Nature 163:688–688
37. Grundmann H, Hori S, Tanner G (2001) Determining confidence intervals

when measuring genetic diversity and the discriminatory abilities of typing
methods for microorganisms. J Clin Microbiol 39:4190–4192

38. Hunter PR, Gaston MA (1988) Numerical index of the discriminatory ability
of typing systems: an application of Simpson’s index of diversity. J Clin
Microbiol 26:2465–2466

39. Opriessnig T, Hoffman LJ, Harris DL, Gaul SB, Halbur PG (2004) Erysipelothrix
rhusiopathiae: genetic characterization of midwest US isolates and live
commercial vaccines using pulsed-field gel electrophoresis. J Vet Diagn
Invest 16:101–107

40. Shimoji Y, Yokomizo Y, Sekizaki T, Mori Y, Kubo M (1994) Presence of a
capsule in Erysipelothrix rhusiopathiae and its relationship to virulence for
mice. Infect Immun 62:2806–2810

41. Shimoji Y, Ogawa Y, Osaki M, Kabeya H, Maruyama S, Mikami T, Sekizaki T
(2003) Adhesive surface proteins of Erysipelothrix rhusiopathiae bind to
polystyrene, fibronectin, and type I and IV collagens. J Bacteriol 185:2739–2748

42. Makino S, Katsuta K, Shirahata T (1999) A novel protein of Erysipelothrix
rhusiopathiae that confers haemolytic activity on Escherichia coli.
Microbiology 145:1369–1374

43. Shimoji Y, Asato H, Sekizaki T, Mori Y, Yokomizo Y (2002) Hyaluronidase is
not essential for the lethality of Erysipelothrix rhusiopathiae infection in
mice. J Vet Med Sci 64:173–176

44. Abrashev I, Orozova P (2006) Erysipelothrix rhusiopathiae neuraminidase and
its role in pathogenicity. Z Naturforsch C 61:434–438

45. Ogawa Y, Ooka T, Shi F, Ogura Y, Nakayama K, Hayashi T, Shimoji Y (2011)
The genome of Erysipelothrix rhusiopathiae, the causative agent of swine
erysipelas, reveals new insights into the evolution of firmicutes and the
organism’s intracellular adaptations. J Bacteriol 193:2959–2971

46. Shimoji Y, Mori Y, Hyakutake K, Sekizaki T, Yokomizo Y (1998) Use of an
enrichment broth cultivation-PCR combination assay for rapid diagnosis of
swine erysipelas. J Clin Microbiol 36:86–89

47. Mazaheri A, Lierz M, Hafez HM (2005) Investigations on the pathogenicity of
Erysipelothrix rhusiopathiae in laying hens. Avian Dis 49:574–576

48. Petersen A, Christensen H, Kodjo A, Weiser GC, Bisgaard M (2009)
Development of a multilocus sequence typing (MLST) scheme for
Mannheimia haemolytica and assessment of the population structure of
isolates obtained from cattle and sheep. Infect Genet Evol 9:626–632

49. Petersen A, Christensen H, Philipp HC, Bisgaard M (2009) Clonality of
Enterococcus faecalis associated with amyloid arthropathy in chickens
evaluated by multilocus sequence typing (MLST). Vet Microbiol 134:392–395

50. Wirth T, Falush D, Lan R, Colles F, Mensa P, Wieler LH, Karch H, Reeves PR,
Maiden MC, Ochman H, Achtman M (2006) Sex and virulence in Escherichia
coli: an evolutionary perspective. Mol Microbiol 60:1136–1151

51. Dumke J, Hinse D, Vollmer T, Knabbe C, Dreier J (2014) Development and
application of a multilocus sequence typing scheme for Streptococcus
gallolyticus subsp. gallolyticus. J Clin Microbiol 52:2472–2478

52. The E. coli MLST Database. http://mlst.warwick.ac.uk/mlst/dbs/Ecoli.
Accessed 27 Apr 2015

53. The Streptococcus gallolyticus MLST Database. http://pubmlst.org/sgallolyticus.
Accessed 27 Apr 2015.

54. Opriessnig T, Shen HG, Bender JS, Boehm JR, Halbur PG (2013) Erysipelothrix
rhusiopathiae isolates recovered from fish, a harbour seal (Phoca vitulina)
and the marine environment are capable of inducing characteristic
cutaneous lesions in pigs. J Comp Pathol 148:365–372

55. Denes E, Camilleri Y, Fiorenza F, Martin C (2014) First case of osteomyelitis
due to Erysipelothrix rhusiopathiae: pubic osteomyelitis in a gored farmer. Int
J Infect Dis 30C:133–134

http://www.ridom.de/seqsphere/
http://eburst.mlst.net/
http://pubmlst.org/software/analysis/start2/
http://mlst.warwick.ac.uk/mlst/dbs/Ecoli
http://pubmlst.org/sgallolyticus


Janßen et al. Veterinary Research  (2015) 46:84 Page 15 of 15
56. Boo TW, Hone R, Hurley J (2003) Erysipelothrix rhusiopathiae endocarditis: a
preventable zoonosis? Ir J Med Sci 172:81–82

57. Tenover FC, Gay EA, Frye S, Eells SJ, Healy M, McGowan JE Jr (2009)
Comparison of typing results obtained for methicillin-resistant Staphylococcus
aureus isolates with the DiversiLab system and pulsed-field gel electrophoresis.
J Clin Microbiol 47:2452–2457

58. Nemoy LL, Kotetishvili M, Tigno J, Keefer-Norris A, Harris AD, Perencevich
EN, Johnson JA, Torpey D, Sulakvelidze A, Morris JG Jr, Stine OC (2005)
Multilocus sequence typing versus pulsed-field gel electrophoresis for
characterization of extended-spectrum beta-lactamase-producing Escherichia
coli isolates. J Clin Microbiol 43:1776–1781

59. Peacock SJ, de Silva GD, Justice A, Cowland A, Moore CE, Winearls CG, Day
NP (2002) Comparison of multilocus sequence typing and pulsed-field gel
electrophoresis as tools for typing Staphylococcus aureus isolates in a
microepidemiological setting. J Clin Microbiol 40:3764–3770

60. Nallapareddy SR, Duh RW, Singh KV, Murray BE (2002) Molecular typing of
selected Enterococcus faecalis isolates: pilot study using multilocus sequence
typing and pulsed-field gel electrophoresis. J Clin Microbiol 40:868–876

61. Kotetishvili M, Stine OC, Chen Y, Kreger A, Sulakvelidze A, Sozhamannan S,
Morris JG Jr (2003) Multilocus sequence typing has better discriminatory
ability for typing Vibrio cholerae than does pulsed-field gel electrophoresis
and provides a measure of phylogenetic relatedness. J Clin Microbiol
41:2191–2196

62. Noller AC, McEllistrem MC, Stine OC, Morris JG Jr, Boxrud DJ, Dixon B,
Harrison LH (2003) Multilocus sequence typing reveals a lack of diversity
among Escherichia coli O157:H7 isolates that are distinct by pulsed-field gel
electrophoresis. J Clin Microbiol 41:675–679

63. Johnson JK, Arduino SM, Stine OC, Johnson JA, Harris AD (2007) Multilocus
sequence typing compared to pulsed-field gel electrophoresis for molecular
typing of Pseudomonas aeruginosa. J Clin Microbiol 45:3707–3712

64. Tarr PI, Schoening LM, Yea YL, Ward TR, Jelacic S, Whittam TS (2000)
Acquisition of the rfb-gnd cluster in evolution of Escherichia coli O55 and
O157. J Bacteriol 182:6183–6191

65. Hester SE, Park J, Goodfield LL, Feaga HA, Preston A, Harvill ET (2013)
Horizontally acquired divergent O-antigen contributes to escape from
cross-immunity in the classical bordetellae. BMC Evol Biol 13:209

66. Shimoji Y (2000) Pathogenicity of Erysipelothrix rhusiopathiae: virulence
factors and protective immunity. Microbes Infect 2:965–972

67. Nagai S, To H, Kanda A (2008) Differentiation of Erysipelothrix rhusiopathiae
strains by nucleotide sequence analysis of a hypervariable region in the
spaA gene: discrimination of a live vaccine strain from field isolates. J Vet
Diagn Invest 20:336–342

68. Makino SI, Yamamoto K, Asakura H, Shirahata T (2000) Surface antigen,
SpaA, of Erysipelothrix rhusiopathiae binds to Gram-positive bacterial cell
surfaces. FEMS Microbiol Lett 186:313–317

69. To H, Sato H, Tazumi A, Tsutsumi N, Nagai S, Iwata A, Nagano T (2012)
Characterization of Erysipelothrix rhusiopathiae strains isolated from recent
swine erysipelas outbreaks in Japan. J Vet Med Sci 74:949–953

70. Fukai T, Ushio-Fukai M (2011) Superoxide dismutases: role in redox signaling,
vascular function, and diseases. Antioxid Redox Signal 15:1583–1606
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Introduction
	Materials and methods
	Bacterial strains and species designation
	DNA purification
	Genes for MLST and nucleotide sequencing of gene fragments
	Pulsed-field gel electrophoresis
	Detection of virulence-associated genes by Multiplex PCR
	Sequencing of spaA genes

	Results
	Multilocus sequence typing
	Pulsed-field gel electrophoresis and comparison of sequence types with PFGE clusters
	Virulence gene typing
	Spa typing
	Nucleotide sequence accession numbers

	Discussion
	Additional files
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

