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a  b  s  t  r  a  c  t

The  genus  Yersinia  contains  three  species  pathogenic  for  humans,  one  of  which  is the  enteropathogen
Yersinia pseudotuberculosis. A recent  analysis  by  Multi  Locus  Sequence  Typing  (MLST)  of  the  ‘Y.  pseudo-
tuberculosis  complex’  revealed  that  this  complex  comprises  three  distinct  populations:  the Y.  pestis/Y.
pseudotuberculosis  group,  the  recently  described  species  Yersinia  similis,  and  a third  not  yet  character-
ized  population  designated  ‘Korean  Group’,  because  most  strains  were  isolated  in  Korea.  The  aim  of
this  study  was  to  perform  an in  depth  phenotypic  and genetic  characterization  of the  three  populations
composing  the  Y.  pseudotuberculosis  complex  (excluding  Y. pestis,  which  belonged  to  the  Y.  pseudotuber-
culosis  cluster  in  the  MLST  analysis).  Using  a set  of  strains  representative  of each  group,  we found  that
the  three  populations  had close  metabolic  properties,  but  were  nonetheless  distinguishable  based  on
D-raffinose  and D-melibiose  fermentation,  and  on  pyrazinamidase  activity.  Moreover,  high-resolution
electrospray  mass  spectrometry  highlighted  protein  peaks  characteristic  of  each  population.  Their  16S
rRNA  gene  sequences  shared  high  identity  (≥99.5%),  but specific  nucleotide  signatures  for each  group
were  identified.  Multi-Locus  Sequence  Analysis  also  identified  three  genetically  closely  related  but  dis-
tinct  populations.  Finally,  an Average  Nucleotide  Identity  (ANI)  analysis  performed  after  sequencing  the
genomes  of  a subset  of strains  of  each  group  also  showed  that  intragroup  identity  (average  for  each  group
≥99%) was  higher  than  intergroup  diversity  (94.6–97.4%).  Therefore,  all  phenotypic  and  genotypic  traits
studied  concurred  with  the  initial  MLST  data  indicating  that the  Y.  pseudotuberculosis  complex  comprises

a  third  and  clearly  distinct  population  of  strains  forming  a novel  Yersinia  species  that  we propose  to
designate  Yersinia  wautersii  sp.  nov.  The  isolation  of  some  strains  from  humans,  the detection  of viru-
lence  genes  (on the  pYV  and  pVM82  plasmids,  or encoding  the superantigen  ypmA)  in some  isolates,  and
the  absence  of pyrazinamidase  activity  (a  hallmark  of  pathogenicity  in  the  genus  Yersinia)  argue  for  the
pathogenic  potential  of  Y. wautersii.
ntroduction
The genus Yersinia belongs to the Enterobacteriaceae family and
omprises 17 species. Three of them are pathogenic for humans:
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Yersinia pestis, the agent of plague, and the two  enteropathogens Y.
pseudotuberculosis and Y. enterocolitica (Carniel et al., 2006).

The two enteropathogenic species are transmitted by the
fecal–oral route, usually through the consumption of contaminated
food, and less often by direct contact with an infected animal
(Carniel et al., 2006; Fukushima et al., 1989, 1988). Human infec-

tions are characterized by diarrhea, fever and abdominal pain
that could mimic  appendicitis. Systemic infections such as sep-
ticemia are rare in children, but are frequently observed in elderly
patients with underlying disorders such as diabetes, iron overload

dx.doi.org/10.1016/j.ijmm.2014.02.002
http://www.sciencedirect.com/science/journal/14384221
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Table  1
Characteristics of the 40 Yersinia strains studied.

Species Strain number Geno-serotype Year Country Source Sequence typea

Y. pseudotuberculosis IP32953 O:1b 1990 France Human 42
79136  O:1b 1993 Korea Human 88
WP-931108 O:15 1993 Korea Water 6
OK5608 O:10 1990 Japan Raccoon dog 49
Ryster  O:4a 1968 Japan Monkey 62
IP30642 O:1a 1963 Tunisia Mouse 9
IP31553 O:6 1969 Japan Guinea pig 27
IP32589 O:2a 1981 New Zealand Human 14
IP32591 O:12/13 1981 France Human 41
IP32670 O:1b 1983 England Pig 43
IP32887 O:3 1988 Argentina Cattle 19
IP33098 O:2b 2000 France Hare 16
IP33178 O:1a 2001 China Rat 42
IP33185 O:3 2001 Russia Human 3
IP33250 O:3 2001 Russia Human 32
IP33278 O:5a 2001 Russia Human 2

Y.  similis Y228T O:6 UN Germany Rabbit 92b

R2091-2 O:7 1992 Japan Mole 75
R2096-1 O:9 1992 Japan Mole 79
R850  O:5b 1988 Japan Mole 75
OK6609 O:5b 1990 Japan Marten 74
R116  O:6 1986 Japan Mole 76
R253  O:6 1987 Japan Mouse 71
MW1018-2 O:6 1992 Japan Water 77
MW48  O:9 1990 Japan Water 80
R626R O:9 1988 Japan Mole 83
R2031  O:11 1991 Japan Mouse 71
R1505  O:11 1989 Japan Mole 75
MW109-2 O:11 1990 Japan Water 71
MW332-1 O:10 1991 Japan Water 81
Kuratani-2 O:1c 1988 Japan Water 75
RH805Ly O:12/13 1996 Japan Mole 71

Korean Group IP30151 O:4a 1960 Sweden Otter 23
#51  O:4a 1993 Japan Human 23
WP-930601 O:11 1993 Korea Water 20
WP-931109 O:15 1993 Korea Water 22
WP-931205 O:11 1993 Korea Water 20
12-219N1 O:15 1993 Korea Human 21
WP-931201 O:15 1993 Korea Water 21
Y428  O:4a 2002 Germany Badger 96b
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a According to Laukkanen-Ninios et al. (2011).
b Data from genome sequence. UN: unknown.

r cirrhosis (Ljungberg et al., 1995). It has been estimated that
he two enteropathogens, Y. enterocolitica and Y. pseudotubercu-
osis, diverged from a common ancestor 41–186 million years ago
Achtman et al., 1999). The third human pathogen, Y. pestis, is genet-
cally almost identical to Y. pseudotuberculosis (Chain et al., 2004),
rom which it emerged probably less than 5000 years ago (Cui et al.,
013; Morelli et al., 2010).

Our recent analysis by Multi Locus Sequence Typing (MLST) of
he Y. pseudotuberculosis population revealed that, in addition to the
. pestis/Y. pseudotuberculosis group, this ‘Y. pseudotuberculosis com-
lex’ comprises two other distinct populations (Laukkanen-Ninios
t al., 2011). One of these corresponds to the recently described
pecies Yersinia similis (Sprague et al., 2008), which was  formerly
hought to be a non-pathogenic subgroup of Y. pseudotuberculosis
Fukushima et al., 2001). Another MLST study of Y. pseudotubercu-
osis also identified a distinct population that was  called ‘cluster
’ and that actually was the Y. similis group (Ch’ng et al., 2011).
he second distinct population received the designation ‘Korean
roup’, because most of the strains composing it were isolated in
orea (Laukkanen-Ninios et al., 2011). This newly identified group
as not been studied yet.
The aim of this work was to perform an in depth phenotypic and
enetic characterization of the three distinct populations compos-
ng the Y. pseudotuberculosis complex: Y. pseudotuberculosis sensu
tricto, Y. similis and the Korean Group, to get more insights into the
characteristics of these populations. This analysis did not include
Y. pestis, as its sequence type placed it in the Y. pseudotuberculosis
cluster in the MLST analysis.

Materials and methods

Bacterial strains

The characteristics of the 40 Yersinia strains used in this study
are given in Table 1. IP strains were from the collection of the
Yersinia Research Unit and National Reference Laboratory (Insti-
tut Pasteur, Paris, France). Y. similis strain Y228T (CIP109846) was
obtained from the Collection of the Institut Pasteur. Korean Group
strain Y428 was  kindly provided by the Thüringer Landesamt für
Verbraucherschutz (TLV), Bad Langensalza, Germany. Other strains
originated from the collection of the Shimane Prefectural Insti-
tute of Public Health and Environmental Science, Matsue, Japan.
All strains were grown overnight in 10 ml Luria Bertani (LB) broth
under agitation at 28 ◦C before performing the assays.

Metabolic and other phenotypic characteristics
Metabolic tests performed on all strains included the API20E
and API50CH strips (BioMérieux, Marcy L’étoile, France) incu-
bated at 30 ◦C, pyrazinamidase (Kandolo and Wauters, 1985) and
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ween-esterase activities (Lee, 1977). Additional metabolic char-
cterization of a few strains was carried out with the Phenotypic
icroarray Biolog® (AES Chemunex, Ivry-sur-Seine, France), using

he PM1  and PM2A (carbon sources), PM3B (nitrogen sources) and
M4A (phosphorus and sulphur sources) 96-well plates. Sodium
yruvate (2 M)  was added to PM3B and PM4A. Incubation was  per-
ormed at 28 ◦C. Optical density (OD) was recorded at 590 nm and
50 nm after 24 h and 48 h. A corrected OD value (OD590–OD750)
f 0.1 was considered as positive. To validate the Biolog® results,
uxanograms were performed on a larger strain sample. Briefly,

 minimal medium containing 4.69 g NaH2PO4, 11.15 g Na2HPO4,
.65 g (NH4)2SO4, 0.075 g MgSO4, 3 g KCl, 0.2 ml  of 0.1% FeCl3,
.1 g casaminoacids, 0.02 g yeast extract in 1 l of H2O was pre-
ared. pH was adjusted to 7.2 before filtration through a 0.22 �m
ore filter. The minimal medium was then supplemented with
.1% (w/v) of the filtered-sterilized carbon source to be tested. A
ersinia colony was picked and inoculated into 5 ml  of the medium
hat was incubated at 28 ◦C under agitation. OD600 was recorded
t 24 h and 48 h. An OD value of 0.2 was considered as positive.
he geno-serotype of the strains was determined as described
n (Bogdanovich et al., 2003). Motility was assessed in Mannitol

otility semi solid medium (Bio-Rad, Marnes-la-Coquette, France)
ncubated at 25 ◦C for 48 h.

ntimicrobial susceptibility

A 2 �l loop of bacteria grown on LB agar plates at 28 ◦C for
4 h was suspended in 4.5 ml  of saline, diluted 1:100 in saline and
horoughly vortexed. Two Mueller Hinton 2 plates were inocu-
ated with 3–4 ml  of this bacterial suspension and excess liquid was
emoved. Plates were dried for 5 min  at room temperature before
eing loaded with antibiotic discs (BioRad, Marnes-la-Coquette,
rance). Plate 1 was loaded with tetracycline 30 �g, ticarcillin
5 �g, amoxicillin 25 �g, cefoxitin 30 �g, and cefalotin 30 �g discs,
nd Plate 2 with ciprofloxacin 5 �g, nalidixic acid 30 �g, ceftriaxone
0 �g, amoxicillin/clavulanate 20/10 �g, trimethoprim 5 �g and
ulphonamides 200 �g disks. Inhibition diameters were measured
fter 24 h at 28 ◦C. Antimicrobial susceptibility was  established
ccording to the criteria of the “Société Franç aise de Microbiologie”.

rotein profiling by mass spectrometry

Sample preparation was carried out using the trifluoroacetic
cid (TFA) protocol (Lasch et al., 2008). Briefly, Yersinia strains
ere grown in LB broth at 28 ◦C for 24 h and bacterial concentra-

ions were evaluated at OD600. TFA (80% final concentration) was
dded to 109 bacteria and vigorously shaken for 10 min. The cellu-
ar extract was centrifuged at 14,000 × g, 4 ◦C for 15 min, and the
upernatant was  filtered using Millipore’s Ultrafree MC  0.22 �m
lter tubes (Millipore, Billerica, MA,  USA). Protein extracts were
iluted 1:10 in 0.1% formic acid solution and injected in triplicate in
everse-phase liquid chromatography coupled to an LTQ-Orbitrap
iscovery mass spectrometer (Thermo Scientific, San Jose, CA,
SA). The source conditions were as follows: capillary tempera-

ure, 275 ◦C; sheath gas flow, 30 arbitrary units; auxiliary gas flow,
 arbitrary units; capillary voltage, 49 V; ESI spray voltage, 4.5 kV.
he MS  survey scan was performed in the positive ion mode from
/z 500 to 2000 using a resolution set at 30,000 at m/z 400 and

TMS data were collected in profile mode. The Thermo Scientific
Calibur 2.0.7 software was used to acquire data and to produce a
ass spectrum with all deconvoluted monoisotopic masses in the
ange of 5000–20,000 Da. The peak list was exported to Microsoft
xcel®. Each sample was analyzed in triplicate, and only masses
ound in at least two replicates were considered as significant and
sed to generate the final peak list fingerprint of each strain.
cal Microbiology 304 (2014) 452–463

Molecular typing methods

Comparison of 16S rRNA genes was done after PCR amplifi-
cation of the genes (Janvier and Grimont, 1995) and sequencing
(GATC Biotech, Mulhouse, France). The 16S rRNA sequences of all
the strains involved in the study have been deposited in Genbank
under accession numbers HG326151–HG326187. Alignment of the
sequences was  performed with Bionumerics 6.6 (Applied Maths,
Sint Marten Letem, Belgium) followed by the reconstruction of a
phylogenetic tree. Multi-locus sequence analysis (MLSA) was  per-
formed as described (Kotetishvili et al., 2005), on four housekeeping
genes (glnA, gyrB, recA and hsp60).  The sequences were concate-
nated and analyzed using Bionumerics 6.6. A phylogenetic tree was
reconstructed using the neighbor joining method.

Genome sequencing and Average Nucleotide Identity (ANI)
analysis

A whole genome strategy based on Illumina paired-end
sequencing was performed for five Y. similis and five Korean
Group strains. IIlumina library preparation and sequencing fol-
lowed standard protocols developed by the supplier. Insert were
sized using AMPure XP Beads (Agencourt) (±500 bp) and enriched
with 10 cycles of PCR before library quantification and validation.
Hybridization of the library to the flow cell and bridge amplification
was performed to generate clusters, and paired-end reads of 100
cycles were collected on a HiSeq 2000 (Illumina, San Diego, CA).
After sequencing was complete, image analysis, base calling, and
error estimation were performed using Illumina Analysis Pipeline
version 1.7. A de novo assembly was performed with the quality-
filtered reads using CLC Assembly CELL v4.0.1 (CLC BIO, Aarhus,
Denmark).

For the Korean Group strain Y428 the whole genome sequence
was generated using the Illumina sequencing platform (GAII instru-
ments) using standard 200–300 bp fragments and 76 cycles of
sequencing. The Illumina data were assembled using the de novo
Velvet assembler and the VELVET v0.7.03 algorithm (Zerbino and
Birney, 2008), creating multi-contig draft genome.

Average Nucleotide Identity (ANI) analyses were performed
using the jspecies package (Richter and Rossello-Mora, 2009). To
calculate the ANI between two  genomes, the query genome was
spliced in 1020 nucleotide fragments, each of them was blasted
against the subject genome, and ANI was  defined as the mean
identity of all BLASTN matches showing more than 30% sequence
identity over regions aligned on at least 70% of their length (Goris
et al., 2007).

Genome sequences are available in Genbank (acces-
sion numbers starting with CBLA) and BioProject (number
starting with PRJEB) for strains Y228 (CBLA010000001-
974 and PRJEB3982), R2091-2 (CBLB010000001-228 and
PRJEB3984), R2096-1 (CBLC010000001-273 and PRJEB3985), R116
(CBLD010000001-182 and PRJEB3986), R2031 (CBLE010000001-
231 and PRJEB3987), #51 (CBLF010000001-2423 and
PRJEB3988), WP-930601 (CBLG010000001-340 and PRJEB3989),
WP-931109 (CBLH010000001-3034 and PRJEB3990), WP-
931205 (CBLI010000001-886 and PRJEB3991), and 12-219N1
(CBLJ010000001-3382 and PRJEB3992). The Y428 sequence has
been deposited in the European Nucleotide Archive, under study
accession number ERR024901.

Amplification of virulence factors
The genomic DNA of each strain was extracted with the Pure-
Link genomic DNA mini kit (Invitrogen, Carlbad, CA, USA), and used
for PCR amplification of genes coding for superantigens (ypmA/C
and ypmB) (Fukushima et al., 2001), the high-pathogenicity island
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ybtE and irp2) (Fukushima et al., 2001; Lesic and Carniel, 2005), the
ersinia Adhesion Pathogenicity Island (api5, pilS, api24 to api26,
pi64 and api74) (Collyn et al., 2004), the pVM82 plasmid (mucAB)
Eppinger et al., 2007), the pYV plasmid (yopK) (Derbise et al., 2012),
nd the ail (attachment invasion locus) gene (491 bp). The PCR
rimers used are listed in Table S1.

esults

To perform an in depth phenotypic and genetic comparison
f the three populations forming the Y. pseudotuberculosis com-
lex, we selected a subset of strains (Table 1) among those that
ere recently subjected to MLST (Laukkanen-Ninios et al., 2011).

he 16 Y. pseudotuberculosis strains selected represented a vari-
ty of geographical origins, years of isolation, and sources. Because
he availability of Y. similis isolates was limited, the 16 isolates
elected were much less diverse. For the Korean Group, we  used all
even isolates previously characterized by MLST plus an additional
train (Y428) isolated in Germany, which clustered with the Korean
roup, but had a unique ST type (ST96) (Table 1). As the Korean
roup strain IP30151 could not be grown again, no new phenotypic
nalyses could be performed. Nonetheless, the remaining DNA from
his strain allowed us to perform a few genetic tests.

henotypic comparison of the three populations

We  first subjected the three populations of strains to 60
etabolic tests available in the API20E and API50CH strips, plus

ween esterase and pyrazinamidase activities. An overall high
etabolic homogeneity was observed among the three groups,

espite a few characters that were strain-dependent within each
roup (Fig. S1).

Nonetheless, the 16 Y. similis strains studied could be differenti-
ted from both Y. pseudotuberculosis and the Korean Group by two
etabolic tests. All Y. similis strains analyzed had a positive pyrazi-

amidase activity, while both Y. pseudotuberculosis and the Korean
roup were pyrazinamidase-negative (Fig. S1). This contrasts with

he results of Sprague et al. (Sprague et al., 2008) that defined
he Y. similis species as being pyrazinamidase-negative. The sec-
nd Y. similis-specific trait was an inability to ferment D-melibiose,
s previously observed (Laukkanen-Ninios et al., 2011; Sprague
t al., 2008). To further determine whether the inability to fer-
ent D-melibiose was a reliable test to distinguish Y. similis from Y.

seudotuberculosis, the database of the Yersinia National Reference
aboratory (Institut Pasteur) that contains the metabolic charac-
eristics of 3049 Y. pseudotuberculosis strains isolated since 1930
as investigated and 33 isolates unable to ferment D-melibiose
ere identified. They were isolated from animals and humans and
ere all of serotype O:3 except one strain of serotype O:1. All

3 strains were pyrazinamidase-negative. An MLST analysis per-
ormed in a previous study for 11 of them (Laukkanen-Ninios et al.,
011) and in this study for the 22 other strains confirmed that they
ll belong to the species Y. pseudotuberculosis despite their lack of
-melibiose fermentation. Sprague et al. also reported that Y. sim-

lis strains were negative for the �-galactosidase activity (Sprague
t al., 2008). However, we found in this study that 14 out of the 16 Y.
imilis strains studied were �-galactosidase-positive, including the
228T type strain (Fig. S1). Furthermore, we found that all Y. pseu-
otuberculosis and Korean Group strains analyzed also exhibited a
-galactosidase activity (Fig. S1), indicating that this test cannot be
sed for the differentiation of the 3 populations.
The eight isolates from the Korean Group had also some
etabolic properties that differentiated them from the two other

roups. While none of the Y. pseudotuberculosis and Y. similis strains
ested fermented D-tagatose, most Korean Group strains (5/7) were
cal Microbiology 304 (2014) 452–463 455

able to do so (Fig. S1). Furthermore, all Korean Group strains fer-
mented D-raffinose, but none of the Y. pseudotuberculosis and Y.
similis strains tested did so. A search in the Y. pseudotuberculosis
database identified only one D-raffinose-positive strain, but since
this strain was no longer viable, it was not possible to determine
whether it belonged to the species Y. pseudotuberculosis or Y. similis.

To further identify metabolic properties that could differenti-
ate the Korean Group from Y. pseudotuberculosis and Y. similis,  one
strain each of Y. pseudotuberculosis (IP32953), Y. similis (Y228T)
and the Korean Group (WP-931109) was subjected to in depth
metabolic characterization, using phenotypic microarrays (Biolog
system) assessing utilization of various carbon, nitrogen, phos-
phorus and sulphur sources. Several additional metabolic tests
distinguished Y. similis strain Y228T and Korean Group WP-931109
from each other and from Y. pseudotuberculosis,  however, when
auxanograms were performed on a larger number of isolates, these
differing metabolic properties appeared to be strain-specific and
not group-specific (data not shown).

The genus Yersinia is characterized by a temperature-dependent
motility: bacteria are known to be motile at temperatures between
25 ◦C and 30 ◦C (except Y. pestis), but they are all non-motile at 37 ◦C
(Bejot et al., 1975). Using the mannitol-motility test, we observed
that most of the Y. pseudotuberculosis strains (10/16) were not
motile at 28 ◦C. This lack of motility is actually not uncommon in
the Y. pseudotuberculosis strain collection of the French Reference
Laboratory (personal communication). Similarly, only 10/16 Y. sim-
ilis strains were motile. The Korean Group was  characterized by a
complete absence of motility of the 7 strains studied at 28 ◦C (Fig.
S1).

Antimicrobial susceptibility

The susceptibility of the 39 strains to 11 antibiotics com-
monly used to treat Gram-negative infections (tetracycline,
ticarcillin, amoxicillin, amoxicillin/clavulanate, cefoxitin, cefalotin,
ciprofloxacin, nalidixic acid, ceftriaxone, trimethoprim and
sulphonamides) was determined. All 16 Y. pseudotuberculosis, 16 Y.
similis and 7 Korean Group strains analyzed were susceptible to the
11 antibiotics tested, indicating the absence of intrinsic resistance
to antibiotics in these three populations.

Comparison of the three populations by mass spectrometry

Protein profiling by mass spectrometry (MALDI-TOF MS) has
been previously applied to species differentiation within the genus
Yersinia (Ayyadurai et al., 2010; Lasch et al., 2010). However, when
a subset of strains from each group (5 Y. pseudotuberculosis,  3 Y.
similis and 4 Korean Group) was  subjected to MALDI-TOF MS,  no
spectral fingerprints typical of each population were obtained (data
not shown). To improve peak discrimination we then used high-
resolution electrospray mass spectrometry with LTQ-Orbitrap on
the 39 strains from the three populations. Between 50 and 70
significant peaks were observed per mass spectrum fingerprint.
Protein profiling confirmed the high similarity between the three
populations, as illustrated on Fig. 1 which shows mass spectra
representative of each population obtained after peak deconvo-
lution. For instance, all strains shared peaks at 7282, 9262, 9655,
and 15,176 Da. However, some peaks were group-specific: peak ˛
(9625 Da) for the Korean group (7/7 strains) and peak  ̌ (13,278 Da)
for Y. similis (16/16 strains) (Fig. 1). Peak � (9639 Da) was unique
to Y. pseudotuberculosis,  but was observed in only 14 of the 16

strains studied. Protein profiling by high-resolution electrospray
mass spectrometry thus allowed an unambiguous differentiation
of the three populations forming the Y. pseudotuberculosis com-
plex.
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omparison of the 16S rRNA gene sequences of three populations

To compare the three populations at the genetic level, the
equences of the 16S rRNA genes were determined for the 40
trains. As expected, the 16S rRNA genes were highly conserved
average nt identity >99.5%) among all strains of the Y. pseudotu-
erculosis complex (Table 2). However, 16S rRNA gene sequences
pecifying each population were identified. As previously reported
Sprague et al., 2008), differences in the 16S rRNA sequences of
. similis and Y. pseudotuberculosis were observed. For instance a
CTT” stretch at position 1003–1005 in the sequence of Y. similis
orresponded to “TAA” in Y. pseudotuberculosis and to either “TAA”
r “TGA” in the Korean Group (Fig. S2), indicating that 1003-CTT-
005 typifies Y. similis.  This “CTT” stretch may  partly destabilize the

6S rRNA secondary structure of this species, as it is located in a
egion that forms a stem in Y. pseudotuberculosis and Korean Group
trains, and is not compensated by complementary mutations. Of

able 2
ucleotide identity of the 16S rRNA genes of the 40 strains studied.

Y. pseudotuberculosis Y. similis Korean Group

Y. pseudotuberculosis 99.94 (±0.09)
Y. similis 99.63 (±0.06) 99.99 (±0.04)
Korean Group 99.75 (±0.21) 99.56 (±0.14) 99.74 (±0.25)

ndicated are the average percentages of nucleotide identity between or within each
roup. Numbers into brackets correspond to standard deviations.
in the Y. pseudotuberculosis complex. Spectra deconvolution was performed with
y spectra. Asterisks indicate peaks shared by the three groups.

note, within the Korean Group, the “TAA” stretch characterized
strains isolated in Korea, whereas the isolates of other geographi-
cal origins had the “TGA” stretch (Fig. S2). Furthermore, the Korean
Group had a specific signature at position 189, which was  a “C” in
these strains instead of an “A” in Y. similis and Y. pseudotuberculo-
sis (Fig. S2). Since this nucleotide substitution is within a hairpin
loop, it should not affect the stability of the 16S rRNA secondary
structure.

Multi Locus Sequence Analysis (MLSA) of the three populations

The 40 selected strains were then subjected to Multi Locus
Sequence Analysis (MLSA) (Kotetishvili et al., 2005). The phyloge-
netic tree obtained from the concatenated sequences of the four
housekeeping genes (glnA, gyrB, recA and hsp60)  displayed three
main branches, each corresponding to one of the three populations
(Fig. 2). The Y. similis group was  the most distant (bootstrap value at
the node of 100), while the Y. pseudotuberculosis and Korean Group
branches were closer to each other (bootstrap at the node of 89).
Within the Korean Group branch, the three strains of non-Korean
origin clustered together (Fig. 2).

Comparison of the three populations at the genomic level
To refine further the genetic comparison of these three popu-
lations, the genomes of five Y. similis (Y228T, R2091-2, R2096-1,
R116 and R2031) and six Korean Group strains (#51, WP-930601,
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Table 3
Average Nucleotide Identity among 15 strains of the three populations.

Spe cies

Y. ps eudot uberc ulosis Y.  simi lis Korea n Gr oup

Strains IP31758 IP32953 PB1 YPIII R2091-2 R2096-1 R116 R2031 Y228T WP-
930601

WP-
93110 9

WP-
93120 5

12-
219N1

#51 Y42 8

Y. pst

IP3175 8 -- -

IP3295 3 99 .03 -- -

PB1 98 .95 99 .62 -- -

YPII I 99 .05 99 .15 99 .18 -- -

Y.  sim

R2091-2 94 .71 94 .53 94 .55 94 .45 -- -

R2096-1 94 .70 94 .52 94 .46 94 .42 99 .53 -- -

R11 6 94 .75 94 .56 94 .58 94 .51 99 .44 99 .53 -- -

R203 1 94 .89 94 .61 94 .63 94 .61 99 .27 99 .36 99 .26 -- -

Y22 8T 94.60 94 .54 94 .53 94 .45 99 .40 99 .39 99 .35 99 .27 -- -

KG

WP-93060 1 97 .60 97 .53 97 .55 97 .48 94 .73 94 .72 94 .74 94 .84 94 .69 -- -

WP-93110 9 97 .56 97 .28 97 .54 97 .45 94 .61 94 .67 94 .62 94 .80 94 .72 99 .53 -- -

WP-93120 5 97 .50 97 .48 97 .36 97 .54 94 .69 94 .72 94 .79 94 .79 94 .68 99 .33 99 .07 -- -

12-219 N1 97 .44 97 .46 97 .39 97 .37 94 .56 94 .68 94 .74 94 .78 94 .76 99 .53 99 .25 99 .14 -- -

#51 97 .36 97 .36 97 .31 97 .16 94 .74 94 .88 94 .87 94 .89 94 .77 98 .96 99 .00 98 .89 98 .76 -- -

Y42 8 97 .41 97 .47 97 .47 97 .37 95.20 95 .09 95 .16 95 .28 95.10 98 .65 98 .62 98 .69 98 .68 98 .96 ---

Y. pst: Y. pseudotuberculosis; Y. sim: Y. similis; KG: Korean Group. Results are expressed as percentages. Gray shadings indicate intra-group ANI.
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Fig. 2. Neighbor-joining tree obtained by multilocus sequence analysis of 40 strains from the three populations forming the Y. pseudotuberculosis complex. Concatenated
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equences of four genes (≈2000 bp) were compared using the method based on Ju
he  nodes. The tree was  rooted using Yersinia ruckeri (DSM8506T). Bar represent 1%

P-931109, WP-931205, 12-219N1 and Y428) were sequenced
nd compared to four Y. pseudotuberculosis genome sequences
vailable in the databases (IP32953 (NC 006155.1), YPIII
NC 010465.1), PB1 (NC 010634.1) and IP31758 (NC 009708.1)).
air wise Average Nucleotide Identity (ANI) was calculated for
he 15 strains. Within each population, the ANI value was  always
98.6% (Table 3), with an average identity >99%, demonstrating
he genomic homogeneity of these populations. The Korean
roup was the most heterogeneous, with an intra-group identity
f 99%. Inter-group ANIs were always lower than intra-group
NIs (Table 3), with an average of 94.8% for Y. similis/Korean
roup, 94.6% for Y. similis/Y. pseudotuberculosis,  and 97.4% for Y.
seudotuberculosis/Korean Group.

resence of virulence factors in the three populations
The pYV virulence plasmid is a requisite for the virulence of
uman pathogenic Yersinia species (Gemski et al., 1980). The pres-
nce of this plasmid was analyzed by PCR in the 40 strains belonging
ntor distance matrix. Bootstrap values obtained after 1000 replicates are given at
nce divergence. NA: not applicable.

to the three populations. The pYV was  detected in 9/16 Y. pseudo-
tuberculosis strains (Table 4). Its absence in the 7 remaining strain
was not unexpected as it is well established that this replicon
is easily lost upon subculture in vitro (Fredriksson-Ahomaa and
Korkeala, 2003). None of the 16 Y. similis strains harbored the pYV,
in agreement with a prior report indicating that this species is
non-pathogenic (Sprague et al., 2008), Among the 8 Korean Group
strains analyzed, one (WP-931109) gave a positive PCR reaction.
However, the amplified yopK fragment was weak, and when the
strain was cultured again, no more PCR fragment was detected,
suggesting that the plasmid was present in a small proportion of
the bacterial population and was rapidly lost upon subculture.

The chromosomal ail (attachment invasion locus) gene is a vir-
ulence marker found predominantly in pathogenic Yersinia, and
commonly used as a PCR target for the detection of pathogenic

strains (Ho et al., 2012; Lambertz et al., 2008). PCR amplification
of this gene was positive for all Y. pseudotuberculosis and Korean
Group strains tested, and negative for all Y. similis strains (Table 4)
(Sprague et al., 2008).
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Table  4
Presence of virulence genes in the three populations.

Species Strain Serotype pYV ail pVM82 HPI YAPI Superantigen

yopK mucAB irp2 ybtE api5 pilS api24-26 api64 api74 ypmA/C ypmB

Y. pst IP32953 O:1b + + − + + − − − − − − −
79136  O:1b − + − + + + + + + + + −
WP-931108 O:15 + + − − − + + + − − + −
OK5608  O:10 + + − − − + + + − − + −
Ryster  O:4a + + − + + + + + − − − −
IP30642 O:1a − + − + + − − − − − − −
IP31553  O:6 − + + − − + + + − − + −
IP32589  O:2a − + − − − − − − − − − −
IP32591  O:12/13 + + − + + − − − − − − −
IP32670 O:1b + + − + + + + + + + − −
IP32887  O:3 − + − − − + + + − − + −
IP33098 O:2b + + − − − − − − − − − −
IP33178  O:1a − + − + + − − − − − − −
IP33185  O:3 − + − − − − − − − − + −
IP33250 O:3 + + − − − + + + − − + −
IP33278  O:5a + + − − − + + + − − + −

Y.  sim Y228T O:6 − − − − − + + − − − − +
R2091-2 O:7 − − − − − − + − − − − +
R2096-1 O:9 − − − − − + + + − − − +
R850  O:5b − − − − − + + + − − − +
OK6609  O:5b − − − − − − + + − − − +
R116  O:6 − − − − − − − − − − − +
R253  O:6 − − − − − − + + − − − +
MW1018-2 O:6 – − − − − + + + − − − +
MW48  O:9 − − − − − − + + − − − +
R626R  O:9 − − − − − − + + − − − +
R2031  O:11 − − − − − + + − − − – +
R1505  O:11 − − − − − − + + − − − +
MW109-2 O:11 − − − − − + + − − − − +
MW332-1 O:10 − − − − − − + + − − − +
Kuratani-2 O:1c − − − − − + + + − − − −(+)a

RH805Ly O:12/13 − − − − − − + + − − − +
KG WP-930601 O:11 − + − − − + + + − − − −

WP-931205 O:11 − + − − − − − − − − − −
12-219N1 O:15 − + − − − + + + − − − −
WP-931201 O:15 − + − − − − − − − − − −
WP-931109 O:15 ± + − − − − − − − − ± −
IP30151 O:4a − ND +b − − ND ND ND ND ND + −
#51  O:4a − + − − − + + + − − − −
Y428  O:4a − + − − − − − − − − − −

Y. pst, Y. pseudotuberculosis; Y. sim, Y. similis; KG, Korean Group. +, PCR fragment at the expected size; −, no PCR fragment; ±, faint PCR fragment, inconsistently detected.
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a Gene not detected by PCR, but present in a truncated form.
b According to Eppinger et al. (2007). ND: not done due to a lack of DNA.

Another plasmid (pVM82) has been reported to play a role in the
irulence of certain strains of Y. pseudotuberculosis causing an infec-
ion known as Far East Scarlet-Like Fever (FESLF) (Cornelis et al.,
998; Gintsburg et al., 1988) and characterized by specific clinical
anifestations (rash, skin desquamation, exanthema, hyperhemic

ongue, diarrhea, fever and toxic shock syndrome) (Carniel et al.,
006; Dubrovina et al., 1999; Eppinger et al., 2007; Gintsburg et al.,
988). pVM82 (amplifications of mucAB)  was detected in one Y.
seudotuberculosis strain (IP31553) isolated in Japan, and in one
orean Group strain (IP30151), but in none of the 16 Y. similis strains
nalyzed (Table 4).

Two chromosomal mobile elements that carry virulence deter-
inants, the High Pathogenicity Island (HPI) (Carniel, 1999), and

he Yersinia Adhesion Pathogenicity Island (YAPI) (Collyn et al.,
004) are also found in a subset of Y. pseudotuberculosis strains.
he presence of these two genomic islands was  investigated in
he 40 strains. The HPI was present in 7/16 Y. pseudotuberculo-
is isolates, and was absent from all Y. similis and Korean Group
trains. A complete YAPI (i.e. possessing the 5 fragments amplified
y PCR) was detected in only 2 Y. pseudotuberculosis strains (79136

nd IP32670). The right-end part of YAPI, encompassing api64 to
pi74 was absent from all 37 other strains belonging to the three
opulations, while portions of the left-end part (api5 to api26) were
frequently detected in Y. pseudotuberculosis,  Y. similis and Korean
Group strains (Table 4).

Finally, another virulence determinant whose presence is
strain-dependent in Y. pseudotuberculosis is the superantigen
YPM (Fukushima et al., 2001). Three superantigen genes have
been described in Y. pseudotuberculosis (Fukushima et al., 2001;
Uchiyama et al., 1993): ypmA and ypmC differ by a single nucleotide
(Fukushima et al., 2001). The virulence-associated ypmA/C locus
(Carnoy et al., 2000), was  detected in 9/16 Y. pseudotuberculosis
and 2/8 Korean Group strains, but in none of the 16 Y. similis
strains (Table 4), as previously reported (Fukushima et al., 2001;
Sprague et al., 2008). In contrast, the ypmB locus, which encodes
another superantigen not associated with virulence (Fukushima
et al., 2001), was absent from all Y. pseudotuberculosis and Korean
Group strains and was  present in all but one (Kuratani-2) Y. similis
isolates (Table 4). Amplification and sequencing of the chromo-
somal region encompassing the ypm locus in strain Kuratani-2
revealed that a portion of the ypmB gene is missing in this strain
(data not shown), thus preventing the amplification of the gene
with the primers used. The presence of a ypmB locus thus specifies

the species Y. similis within the Y. pseudotuberculosis complex.

Altogether, our results confirm the presence of virulence
genes in the pathogenic Y. pseudotuberculosis species, and in
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greement with prior reports, that these genes are absent from
he non-pathogenic Y. similis species (Sprague et al., 2008). Five
eterminants (pYV, ail,  YAPI, pVM82 and ypmA) that encode vir-
lence factors in Y. pseudotuberculosis were also detected in some

solates of the Korean Group, arguing for a pathogenic potential of
his population of strains.

iscussion

The aim of this study was to perform an in depth characteriza-
ion of the three populations recently shown to form distinct MLST
ranches in the Y. pseudotuberculosis complex (Laukkanen-Ninios
t al., 2011). Two of these populations, Y. pseudotuberculosis and Y.
imilis, were already identified as distinct species, but limited infor-
ation was available for the recently identified Y. similis species.

he third population, referred to as Korean Group (because most
trains composing it originated from Korea), was not yet character-
zed. As expected from their clustering into a single complex, we
ound that these three populations displayed a high level of pheno-
ypic and genetic homogeneity. However, whatever the method
sed, each population displayed unique phenotypic and genetic
arkers that distinguished them from the other two.
The recently described species Y. similis was reported to be

yrazinamidase-negative (Sprague et al., 2008). However, we
ound here that all 16 Y. similis strains studied exhibited a pyraz-
namidase activity. This discrepancy could not be attributed to
ndividual strain variations as we also tested the Y. similis type strain
228T, previously used by Sprague et al. to define the species, and

ound that it was also pyrazinamidase-positive. Since the inten-
ity of the pyrazinamidase reaction is variable, it is possible that

 positive but faint activity in Y. similis isolates was not detected
n the original study. The second Y. similis-specific trait identified
y Sprague et al. in four strains was an inability to ferment D-
elibiose (Sprague et al., 2008). Our previous MLST analysis of

3 Y. similis strains and this study, which used a subset of these
trains plus the type strain, confirm that this species does not fer-
ent this sugar. However, lack of D-melibiose fermentation is not

 Y. similis-specific trait, as some Y. pseudotuberculosis strains are
lso D-melibiose-negative (Laukkanen-Ninios et al., 2011). Indeed,
ukushima et al. found that ≈11% of the Y. pseudotuberculosis strains
nalyzed (after exclusion of the genetic group G4, now known to
e Y. similis)  did not ferment D-melibiose (Fukushima et al., 2001).
e also identified 1% D-melibiose-negative Y. pseudotuberculosis

trains in the collection of the French Reference Laboratory for
ersinia. However, 267 of the 268 D-melibiose-negative Y. pseu-
otuberculosis strains (235 from the Fukushima’s study, and 33
rom the French Reference Laboratory), were of serotype O:3, while
one of the Y. similis strains analyzed had this serotype (Fukushima
t al., 2001; Sprague et al., 2008). Therefore, an inability to ferment
-melibiose associated with a serotype other than O:3 strongly ori-
nts toward the species Y. similis.  This species was also defined as
nable to hydrolyze o-nitrophenyl-�-D-galactopyranoside (ONPG
eaction indicative of a �-galactosidase activity), while the major-
ty of the Y. pseudotuberculosis tested (75% of the 36 strains) were
eported to have this activity (Sprague et al., 2008). Here we found
hat all 16 Y. pseudotuberculosis,  all 8 Korean Group, and 14/16 Y.
imilis strains tested were able to hydrolyze ONPG, and therefore
hat this test could not be used to identify Y. similis.  Therefore, the
pecies Y. similis can be differentiated phenotypically from Y. pseu-
otuberculosis and the Korean Group by its positive pyrazinamidase
ctivity and its inability to ferment D-melibiose associated with a

on-O:3 serotype.

MALDI-TOF, which is a technique now often used for species
dentification (Sauer et al., 2008), was not resolutive enough to dis-
riminate the three populations within the Y. pseudotuberculosis
cal Microbiology 304 (2014) 452–463

complex. However, protein fingerprint obtained by high-resolution
electrospray mass spectrometry allowed to unambiguously differ-
entiate Y. similis from Y. pseudotuberculosis and the Korean Group.
Although this method is not commonly used for routine identifica-
tion, it further demonstrates that Y. similis has additional specific
phenotypic markers.

From a genetic point of view, Y. similis is known to have 16S rRNA
sequences and MLST profiles that distinguish it from Y. pseudotuber-
culosis (Ch’ng et al., 2011; Laukkanen-Ninios et al., 2011; Sprague
et al., 2008). Our analysis of the 16S rRNA sequence performed on
additional Y. similis strains, and our MLSA further demonstrate that
this species forms a distinct genetic cluster in the Y. pseudotubercu-
losis complex, and that simple genotypic methods can also be used
to identify Y. similis strains. At the whole genome level, the five
Y. similis strains sequenced displayed a high genetic homogeneity
(average ANI value ≥99.4%), as expected for strains belonging to
the same species. The ANI values between Y. similis and Y. pseu-
dotuberculosis (average of 94.6%) and between Y. similis and the
Korean Group (average of 94.8%) were lower, but still high, con-
firming that this species forms a distinct group genetically close to
Y. pseudotuberculosis and the Korean Group.

As the Korean Group was only recently defined, very little
information was  available concerning this population (Laukkanen-
Ninios et al., 2011). These strains were classified as Y. pseudotuber-
culosis based on their biochemical profile. Our extensive analysis
of their metabolic properties confirmed that the Korean Group has
numerous biochemical reactions similar to those of Y. pseudotu-
berculosis. However, some differences specific for this population
were observed. D-raffinose fermentation was  systematically posi-
tive in the Korean Group and negative in both Y. pseudotuberculosis
and Y. similis. D-raffinose fermentation is due to an �-galactosidase
(Schmid and Schmitt, 1976) enzyme that catalyzes the transfor-
mation of D-raffinose into D-galactose and sucrose (Schmid and
Schmitt, 1976). An analysis of the genome sequences of the three
populations generated in this study showed that Y. similis strains
lack this gene, thus explaining their absence of D-raffinose fermen-
tation. However, the �-galactosidase-encoding gene was  present in
the Y. pseudotuberculosis genomes, did not display any frameshift,
and shared ≥99% nucleotide identity with the Korean Group gene.
One possible explanation for the absence of �-galactosidase activ-
ity in Y. pseudotuberculosis might be a difference in gene regulation.
Most Korean Group strains fermented D-tagatose (5/7), while none
of the Y. pseudotuberculosis and Y. similis strains tested were able to
do so. The use of D-tagatose as a carbon source is mediated by two
transporters and a kinase in Klebsiella oxytoca (Van der Heiden et al.,
2013). However, none of these K. oxytoca genes were detected in the
Korean Group genomes, suggesting that these strains use another
pathway to ferment D-tagatose. Korean Group strains were sys-
tematically non-motile whereas 6/16 Y. pseudotuberculosis strains
and 10/16 Y. similis were motile. Motility is mediated by one or sev-
eral flagella whose various components are encoded by 22 fli genes
(Carniel and Hinnebusch, 2004). Comparison of these 22 genes in
Y. pseudotuberculosis and the Korean Group identified three diver-
gent genes: (i) the predicted products of fliD had the same size, but
they shared only 80% amino acid (aa) identity; (ii) the fliC product
was larger in the Korean Group (569 aa) than in Y. pseudotubercu-
losis (369 aa), due to a large insertion in the coding sequence that
did not change the reading frame; and (iii) the fliK of the Korean
Group had an 18 bp insertion (HHELIS protein motif), a 6 bp inser-
tion (KT motif), and a 3 bp deletion (S) that did not modify the
reading frame. These differences in fliC,  fliD,  and fliK between Y.
pseudotuberculosis and the Korean Group were found in all genome

sequences, indicating that they were population-specific. They may
be responsible for the lack of motility of the Korean Group, but
additional experiments would be necessary to demonstrate it. The
Korean Group could also be differentiated phenotypically from
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Table 5
Description of Yersinia wautersii sp. nov.

Name Yersinia wautersii (wau.ter.si’i, N.L. gen. masc. n.
wautersii.
Named in honor of Professor George Wauters,
Belgian yersiniologist to whom we owe in depth
characterization of the genus Yersinia, including
the biotyping scheme of Y. enterocolitica.

Morphology Cells are Gram-negative and coccoid rods.
Small Colonies appear on TSA agar after 24 h of
growth at 28 ◦C or 37 ◦C.

Positive metabolic
properties

�-Galactosidase, urease, glycerol, L-arabinose,
D-xylose, D-galactose, D-glucose, D-fructose,
D-mannose, L-rhamnose, D-mannitol,
N-acetylglucosamine, arbutin, esculin, D-maltose,
D-trehalose, D-raffinose and D-arabitol.

Negative metabolic
properties

Arginin decarboxylase, lysin decarboxylase,
ornithin decarboxylase, tryptophan deaminase,
H2S production, indole production,
Voges-Proskauer, gelatinase, pyrazinamidase,
erythritol, D-arabinose, L-xylose,
methyl-�-D-xylopyranoside, L-sorbose, dulcitol,
inositol, D-sorbitol,
methyl-�-D-mannopyranoside,
methyl-�-D-glucopyranoside and amygdalin.

Species description Based on seven strains.
Type strain 12-219N1T (=CIP110607T = DSM27350T)

Serotype O:15.
Isolated from human stools in Korea in 1993.
C. Savin et al. / International Journal o

. pseudotuberculosis and Y. similis by its specific high-resolution
lectrospray mass spectrometry protein profile. Finally, in addition
o these unique phenotypic properties, the Korean Group displayed

 specific 16S rRNA signature that can also be used to differentiate
t from the two other populations.

Our previous MLST analysis identified the Korean Group
s a distinct cluster within the Y. pseudotuberculosis complex
Laukkanen-Ninios et al., 2011): the seven Korean Group isolates
ad nine unique alleles in adk, glnA, trpE, thrA and aroA. Further-
ore, the pairwise distance between the concatenated sequences

f individual STs ranged from 0.08% to 0.5% within the Korean
roup, while this distance was systematically higher in pairwise
omparisons with Y. pseudotuberculosis (0.8–1.8%) and with Y. sim-
lis (4.2–4.5%) isolates. These results also indicated that the Korean
roup is genetically closer to Y. pseudotuberculosis than to Y. sim-

lis. This is confirmed by our MLSA study: the resulting neighbor
oining tree formed three distinct branches, with the Y. pseudotu-
erculosis and Korean Group branches being closer to each other
han to the Y. similis branch. This contrasts with the previous phy-
ogenetic tree based on the 1436 bp fragment of 16S RNA genes
f various Yersinia species in which the only Korean Group strain
tudied clustered with Y. similis (Laukkanen-Ninios et al., 2011). Our
hole genome analysis confirms that the Korean Group is genet-

cally closer to Y. pseudotuberculosis than to Y. similis.  Indeed, the
NI between Y. pseudotuberculosis and the Korean Group (average
f 97.4%) was higher than the ANI between Y. similis and the Korean
roup (average of 94.8%). Despite its closer genetic relatedness to
. pseudotuberculosis,  the Korean Group formed a homogeneous
luster (average intra-group ANI of 99%), distinct from the Y. pseu-
otuberculosis cluster.

These results therefore confirm that the three populations first
dentified by MLST correspond to three genetically and phenotypi-
ally distinct groups. The definition of species was previously based
n percentages of DNA–DNA hybridization, but this technique was
ot very easy to apply and showed limits that led to the use of
ore convenient approaches such as 16S rRNA gene sequence com-

arisons (DeLong and Pace, 2001). However, this technique is not
uitable to define species within the genus Yersinia, as all species
ave 16S rRNA sequence identities superior to the 97% cut-off value
roposed for species delineation (Hurst et al., 2011; Merhej et al.,
008; Murros-Kontiainen et al., 2011). An ANI value ≥95% has
lso been proposed to define bacterial species (Goris et al., 2007).
ollowing this criterion, the Korean Group would not represent

 species distinct from Y. pseudotuberculosis.  However, using this
riterion Burkholderia pseudomallei and Burkholderia mallei should
lso be a single species, as their genomes share 98.7% ANI (Holden
t al., 2004; Nierman et al., 2004), thus demonstrating that the use
f strict cut-off values do not reflect the more complex concept
f species. Our observation that intra-group ANIs for the Korean
roup were always superior to inter-group ANIs argued for a genet-

cally close but distinct group. Furthermore, the MLST study of the
. pseudotuberculosis complex demonstrated high specific fixation

ndex values (FST = 0.93, p < 0.01) and high pairwise genetic dis-
ances between populations (0.79–0.97) (Laukkanen-Ninios et al.,
011). The MLSA approach has been increasingly used to establish
he phylogenetic position of new species (Hanage et al., 2006). The
eighbor-joining tree generated from our MLSA analysis of the Y.
seudotuberculosis complex formed three defined and independent
ranches corresponding to each population. It was  previously sug-
ested that the Korean Group might be in the process of speciation
Laukkanen-Ninios et al., 2011). The unequivocal genetic distinc-
ion of the Korean Group from Y. pseudotuberculosis and Y. similis,

lus the existence of specific phenotypic markers, thus strengthen
he premise th at the Korean Group is a new Yersinia species for
hich we propose the name Yersinia wautersii sp. nov. (Table 5).

train 12-219N1 was chosen as the type strain because it was
G  + C content 46.6 mol%.
16S rRNA sequence Accession number HG326166 in Genbank.

isolated in Korea, from a human case, and its genome sequence
is available and deposited in public databases.

From a medical perspective, our study shows that the
three closely related species composing the Y. pseudotuberculosis
complex can be readily distinguished with simple phenotypic (D-
melibiose, D-raffinose, and pyrazinamidase), and genotypic (MLSA
and 16S rRNA sequencing) methods (Table S2), easily applicable in
clinical pathology laboratories. In contrast, although MALDI-TOF
MS is becoming a frequently used method for bacterial iden-
tification (Sauer et al., 2008) and has been applied to species
differentiation within the genus Yersinia (Ayyadurai et al., 2010;
Lasch et al., 2010), this approach is not applicable to the distinc-
tion of the three species within the Y. pseudotuberculosis complex.
This is not unexpected as the strains composing this complex are
phylogenetically much closer to each other than to other Yersinia
species. From a therapeutic point of view, our results also indicate
that while Y. enterocolitica is resistant to beta-lactams, and first and
second-generation cephalosporins (Pham et al., 1995, 1991, 2000),
all species within the Y. pseudotuberculosis complex are naturally
susceptible to these molecules and to other antibiotics commonly
used to treat Gram-negative infections.

While Y. pseudotuberculosis is known to be pathogenic for
humans (Carniel et al., 2006; Mair, 1965; Tsubokura et al., 1989),
Y. similis has only been isolated from environmental and ani-
mal  reservoirs and is considered to be a non-pathogenic species
(Fukushima et al., 2001; Sprague et al., 2008). In agreement with
this, we  found that none of the virulence regions that character-
ize the different pathotypes of Y. pseudotuberculosis were present
in the Y. similis strains studied. In contrast, all Y. similis iso-
lates harbored the non-virulence associated ypmB locus, which
was absent from Y. pseudotuberculosis and Y. wautersii, and could
thus be used as an additional genetic marker for Y. similis iden-
tification. It has previously been shown that there is an almost
perfect association between pyrazinamidase activity and path-

ogenicity in the genus Yersinia: non-pathogenic species are all
pyrazinamidase-positive, and pathogenic Yersinia are systemat-
ically pyrazinamidase-negative (Kandolo and Wauters, 1985). A
positive pyrazinamidase activity, and the absence of virulence
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arkers and clinical cases thus confirm that Y. similis is a non-
athogenic species for humans.

In contrast to Y. similis,  some Y. wautersii strains were iso-
ated from human stools, arguing for their pathogenic potential.
owever, since no data regarding the clinical symptoms of these
. wautersii-infected individuals are available, this observation is
ot sufficient to reach conclusions about the pathogenicity of
his species. Further arguing for a pathogenic potential was the
resence of virulence genes in some Y. wautersii isolates. The
YV virulence plasmid, which is a hallmark of human pathogenic
ersinia strains (Cornelis et al., 1998; Gemski et al., 1980), was
etected in only one Y. wautersii isolate but, this plasmid is
nown to be easily lost upon subculture in vitro (Fredriksson-
homaa and Korkeala, 2003). This is further exemplified by the

act that the pYV-positive Y. wautersii strain rapidly lost its plas-
id  during this study, and that 7 of the 16 Y. pseudotuberculosis

trains studied were also pYV-negative, although several of them
ere isolated from humans with clinical symptoms, including

ne (IP32589), which was isolated from a human lymph node.
herefore, the observation that one Y. wautersii strain harbored
he pYV, even if transiently, is an argument for the pathogen-
city of this species. Because of the absence/loss of the pYV,

e were unable to test its virulence in the mouse experimen-
al model of infection. Isolation of Y. wautersii strains from deep
rgans in humans or carrying the pYV would definitively demon-
trate the pathogenicity of this species. Its pathogenic potential is
onetheless further supported by the detection of the virulence-
ssociated ail gene in all Y. wautersii strains tested and of the
pmA/C gene in two strains, one of which (IP30151) also harbored
he mucAB locus located on the pVM82 plasmid. The presence
f both the super antigen-encoding gene and the pVM82 plas-
id  would classify this strain in the pathotype causing Far-East

carlet-Like Fever (Eppinger et al., 2007). Finally, the absence
f pyrazinamidase activity, a hallmark of pathogenicity in other
ersinia species, further argues for the potential pathogenicity
f Y. wautersii. Therefore, our observations are compatible with
his newly described species being the fourth Yersinia species
athogenic for humans.

Although most Y. wautersii strains came from Korea, the iso-
ation of three strains in other countries (Japan, Germany and
weden) indicates the geographic spread of this species. It is possi-
le that other Y. wautersii have already been isolated elsewhere,
ut have been misidentified as Y. pseudotuberculosis. This study
rovides the tools for their proper identification.
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