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Yersinia pseudotuberculosis is an enteropathogen that has an animal reservoir and causes human infections, mostly in temperate
and cold countries. Most of the methods previously used to subdivide Y. pseudotuberculosis were performed on small numbers
of isolates from a specific geographical area. One aim of this study was to evaluate the typing efficiency of restriction fragment
length polymorphism of insertion sequence hybridization patterns (IS-RFLP) compared to other typing methods, such as sero-
typing, ribotyping, and multilocus sequence typing (MLST), on the same set of 80 strains of Y. pseudotuberculosis of global ori-
gin. We found that IS100 was not adequate for IS-RFLP but that both 1S285 and IS1541 efficiently subtyped Y. pseudotuberculo-
sis. The discriminatory index (DI) of IS1541-RFLP (0.980) was superior to those of IS285-RFLP (0.939), ribotyping (0.944), MLST
(0.861), and serotyping (0.857). The combination of the two IS (2IS-RFLP) further increased the DI to 0.998. Thus, IS-RFLP is a
powerful tool for the molecular typing of Y. pseudotuberculosis and has the advantage of exhibiting well-resolved banding pat-
terns that allow for a reliable comparison of strains of worldwide origin. The other aim of this study was to assess the clustering
power of IS-RFLP. We found that 2IS-RFLP had a remarkable capacity to group strains with similar genotypic and phenotypic
markers, thus identifying robust populations within Y. pseudotuberculosis. Our study thus demonstrates that 2IS- and even
1S1541-RFLP alone might be valuable tools for the molecular typing of global isolates of Y. pseudotuberculosis and for the analy-

sis of the population structure of this species.

ersinia pseudotuberculosis is an enteropathogenic species be-

longing to the genus Yersinia. This species is transmitted by
the fecal-oral route and has a wide range of animal reservoirs (1).
In humans, the main clinical manifestations of pseudotuberculo-
sis are abdominal pain (mimicking appendicitis), fever, and some-
times diarrhea (2). Dissemination to deeper tissues and the blood-
stream are frequent in older patients with underlying conditions
(3). In some specific areas (e.g., Russia and Japan), Y. pseudotu-
berculosis may also cause a specific disease known as Far East scar-
let-like fever (4-6), characterized by a strong inflammatory syn-
drome accompanying intestinal disorders. Although human Y.
pseudotuberculosis infections are less frequent than those caused
by Yersinia enterocolitica worldwide, human pseudotuberculosis
outbreaks are reported in various parts of the world, such as Japan
(7, 8), Russia (9, 10), France (3, 11), and Scandinavia (12-15).

Phenotypically, Y. pseudotuberculosis is subdivided into 15 se-
rotypes and several subserotypes (16). The most common sero-
typesare O:1 to O:5, while the others are restricted to geographical
areas in Asia. Because most strains isolated from human cases are
of the major serotypes O:1 and O:3, the discriminatory power of
serotyping is limited. However, since Y. pseudotuberculosis exhib-
its a certain degree of genetic polymorphisms (17), molecular
techniques represent valuable alternatives for subtyping this spe-
cies. One of the most commonly used molecular typing methods is
the analysis of the genomic restriction fragment length poly-
morphism (RFLP) obtained by pulsed-field gel electrophoresis
(PFGE) (18-21). This technique is valuable for investigating an
outbreak to find a common source of contamination. Typing of Y.
pseudotuberculosis by multilocus enzyme electrophoresis (22-24),
RFLP of the pYV virulence plasmid (25), or multilocus variable-
number tandem-repeat analysis (MLVA) (26) have also been de-

1978 jcm.asm.org

Journal of Clinical Microbiology p. 1978-1989

scribed. These techniques have been applied to a small number of
Y. pseudotuberculosis strains or to isolates from a given geograph-
ical area during outbreaks. Recently, larger sets of Y. pseudotuber-
culosis strains of global origin have been subjected to other typing
methods. Ribotyping of 80 Y. pseudotuberculosis strains isolated
from various countries and different hosts demonstrated that this
technique allowed the subdivision of the strains into 27 ribotypes
(27). However, the small number of hybridizing bands and the
poor resolution of some profiles led to the conclusion that this
technique has some intrinsic limitations (27). The analysis of mul-
tilocus sequence typing (MLST) was also recently used to study
the diversity of Y. pseudotuberculosis. In one work, 79 strains from
various countries were analyzed (28), of which 11 were subse-
quently found to be Yersinia similis and 68 were true Y. pseudotu-
berculosis. Among these 68 Y. pseudotuberculosis isolates, 54 se-
quence types (STs) were identified. In another work involving
MLST, 417 strains belonging to the Y. pseudotuberculosis complex
and isolated from all continents were typed (29). The 386 true Y.
pseudotuberculosis strains were divided into 76 STs. The perfor-
mance of IS-RFLP for typing Y. pseudotuberculosis strains has also
been investigated in two studies. In one of them, 1S1541-RFLP
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typing of 20 Y. pseudotuberculosis isolates indicated that its dis-
criminatory power was similar to that of PFGE (21). In another
study, ISI00- and 1S285-RFLP typing of 27 isolates showed that
IS-RFLP distinguished 24 IS types (30). Therefore, different dis-
criminatory powers were observed for different methods and dif-
ferent sets of strains.

An analysis of the genetic polymorphisms of a species may also
be used to study subpopulations within this species and some-
times to identify epidemiological links between geographical ori-
gins or sources and specific genetic clusters. MLST analysis of a
large set of Y. pseudotuberculosis strains of global origins did not
identify strong patterns of specificity for geographical origin, host
type, or serotype (29). IS-RFLP typing using two or three different
insertion sequences (1S100, IS285, and 1S1541) has been success-
fully applied to the molecular analysis of a collection of diverse
strains of Yersinia pestis (31) and recently to the epidemiological
study of a plague outbreak (32). The 3IS-RFLP dendrogram dem-
onstrated a clear clustering of Y. pestis strains, not only according
to their biovars but also according to their geographical origin.
Whether IS-RFLP can efficiently identify genetic subgroups of Y.
pseudotuberculosis has never been determined.

The aims of this study were to evaluate the discriminatory
power of IS-RFLP compared to those of serotyping, ribotyping,
and MLST on the same set of strains of global origin and to esti-
mate the potential for IS-RFLP to delineate populations within the
species Y. pseudotuberculosis.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The 80 Y. pseudotuberculosis
strains used in this study were taken from the strain collection of the
Yersinia Research Unit and the National Reference Laboratory at the In-
stitut Pasteur. Their main characteristics are described in Table 1. The
serotypes of the strains were determined by genoserotyping according to
Bogdanovich et al. (33), with one modification: the O:8 genoserotype was
redefined as O:4c since the strains agglutinated with the anti-O:4 antise-
rum and their PCR profile were a combination of the O:4a and O:4b
banding patterns. The ribotypes were determined in a previous study (27).
The STs were already established for 66 strains (29). We determined the
STs of the remaining strains, except for strain IP32921, which had lost its
viability. Bacterial suspensions were prepared from stock cultures kept at
—80°C and streaked onto Luria-Bertani agar plates or grown in peptone
broth with shaking for 24 h to 48 h at 28°C.

DNA extraction, restriction, and transfer to nylon membranes. The
extraction of genomic DNA from each Y. pseudotuberculosis strain was
performed as described previously (34). Five micrograms of each sample
was digested overnight at 37°C with EcoRI or EcoRV before being loaded
onto 0.8% agarose gels and subjected to electrophoresis (50 V in 1X
Tris-borate-EDTA buffer) for 24 h. The DNA of Y. pestis strain IP304 was
systematically loaded on each gel to serve in intergel normalization. DNA
bands were stained with ethidium bromide. Alkaline denaturation, neu-
tralization, and transfer of total DNA onto nylon filters (Hybond-N;
Amersham, England) with a VacuGene apparatus (Pharmacia LKB Bio-
technology, Uppsala, Sweden) were performed as previously described
(35).

Preparation of the IS probes and hybridization. The primer pairs
used to amplify a portion of the insertions sequences were IS100-F (5'-A
AAACGTTCGAAGAGTATGA-3") and IS100-R (5'-GATGAGCAGGCG
GGGGGCCA-3") (255 bp), IS1541-F (5'-AAAGCTTTCAGCTTTGGGT
C-3) and IS1541-R (5'-TCTTTCCCTTCAGGTACCCC-3") (319 bp),
and IS285-F (5'-AGCTTACCGAACACCTCGGG-3') and IS285-R (5'-G
TTGATGCCCAGCGCTAGGA-3") (406 bp) (31). PCR amplification re-
actions were performed on the genomic DNA of Y. pestis strain CO92 as a
template, as previously described (31). The IS probes were peroxidase
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labeled with the enhanced chemiluminescence (ECL) direct nucleic acid
labeling and detection system (Amersham). Hybridization was performed
overnight at 42°C.

Bioinformatic analysis of the IS-RFLP patterns. The hybridization
patterns obtained with each IS were scanned, and the computerized data
were analyzed using the BioNumerics software version 6.6 (Applied
Maths, Kortrijk, Belgium). Bands automatically assigned by the computer
were checked by eyes and corrected manually when necessary. A position
tolerance of 1.8 was selected for each IS. Cluster analysis of the individual
or combined IS-RFLP patterns was done by the unweighted-pair group
method using average linkages (UPGMA), using the Dice coefficient to
analyze the similarities of the banding patterns. The discriminatory power
of each IS-RFLP was determined by calculating the discrimination index
(DI) based on the Simpson’s index of diversity (36). The DI depends on
the number of types defined by the test method and the relative frequen-
cies of these types, using the equation DI = 1 — {[1/(N X [N — 1])] X
(Snj [nj — 1])}, where N is the total number of unrelated isolates and nj is
the number of strains that belong to the jth type. An algorithm minimal
spanning tree (MST) based on serotype, ribotype, ST, and 2IS type of each
strain was constructed using BioNumerics version 6.6.

RESULTS

Setup of the IS-RFLP conditions. The 80 Y. pseudotuberculosis
strains used to evaluate the IS-RFLP method were chosen based on
their variety of geographical origins, sources, serotypes (O:1 to
0:6), and on the fact that their ribotypes (27) and STs (29) were
already determined for most of them, thus allowing for a compar-
ison of the three molecular typing methods on the same set of
diverse strains.

The IS100 element was previously reported to be either missing
or in low copy numbers (=5) in various Y. pseudotuberculosis
strains (30, 37-39). Using a set of 11 strains of various serotypes,
no IS100 hybridizing fragments were detected in seven of them,
and only one or two fragments were detected in three other strains
(data not shown). Therefore, because of the low discriminatory
power of ISI00-RFLP, we decided not to use this IS further for
IS-RFLP typing of Y. pseudotuberculosis. In contrast, IS1541 and
1S285 were reported to be systematically present and in several
copies in the genome of Y. pseudotuberculosis isolates previously
tested (4, 21, 30, 40). We therefore decided to estimate the perfor-
mance of a typing method for Y. pseudotuberculosis based on the
polymorphisms of individual and combined 1S1541 and 1S285
fingerprints.

To optimize the resolution of the banding patterns, the
genomic DNA of a few strains of Y. pseudotuberculosis was di-
gested with different restriction enzymes and hybridized with the
IS1541 and IS285 probes. The hybridization profiles that gave the
best resolution were obtained after EcoRI digestion for IS285 and
after EcoRV digestion for IS1541. An example of the banding pat-
terns is provided in Fig. 1. These two enzymes were therefore
selected for further use.

To ensure that the hybridization profiles were correct, we also
compared the sizes and numbers of fragments expected from the
genome analysis of the sequenced strain IP32953 with those visu-
alized after digestion of the DNA of this strain and IS1541 or IS285
hybridization. Bands with the expected sizes were obtained. We
also noted the absence of IS1541 or IS285 copies on the IP32953
pYV virulence plasmid, indicating that the loss of this replicon
would not change the hybridization profile of the strain.

1S285-RFLP patterns. Upon hybridization with the 1S285
probe of the DNA of the 80 Y. pseudotuberculosis strains, the num-
ber of bands detected varied from 1 to 11 (Fig. 2), with 60% of the
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TABLE 1 Characteristics of the 80 strains of Y. pseudotuberculosis used for IS-RFLP typing

Country of Isolation yr of 15285 1S1541 2IS

Strain Serotype isolation source isolation Ribotype ST pattern pattern type
1P32953 O:1b France Human 1990 2 42 26 1 1
1P32790 O:la Italy Pig 1986 4 42 40 4 2
1P32954 O:la France Human 1990 9 9 18 18 3
1P32637 O:1b France Unknown 1983 11 43 17 26 4
1P32950 O:1b France Human 1990 19 14 24 6 5
1P33109 O:1b France Human 2000 19 14 24 6 5
1P32949 O:1b France Human 1990 11 43 3 27 6
1P32777 O:1b France Human 1986 11 43 3 27 6
1P30284 O:la Italy Pigeon 1961 6 42 33 4 7
1P30437 O:1b Canada Beaver 1961 8 42 4 61 8
1P30642 O:la Tunisia Mouse 1963 9 9 20 56 9
1P31878 O:la Tunisia Rodent 1970 8 42 19 4 10
1P32533 O:1b New Zealand Deer 1978 11 43 12 60 11
1P32665 O:la Yugoslavia Hare 1983 8 42 6 4 12
1P32939 O:la Romania Soil 1989 12 42 23 4 13
1P33005 O:la Germany Monkey 1993 6 42 34 4 14
1P33038 O:1b Australia Marsupial 1995 11 43 43 23 15
1P33291 O:la France Hare 2001 8 42 13 4 16
1P32709 O:1b England Bird 1984 8 10 16 17 17
1P32670 O:1b England Pig 1983 11 43 27 24 18
1P33285 O:1b France Human 2001 11 43 28 3 19
1P31524 O:la Czechoslovakia Human 1968 9 9 20 22 20
1P32651 O:1b Yugoslavia Hare 1983 6 42 29 21 21
1P32745 O:la Italy Human 1985 4 42 37 4 22
1P32590 O:la Switzerland Human 1981 4 42 15 4 23
1P32614 O:la Yugoslavia Hare 1982 21 42 9 4 24
1P32879 O:1b Switzerland Bird 1988 1 14 1 25 25
1P32524 O:1b Holland Human 1978 11 43 14 26 26
1P32929 0:2b France Hare 1989 17 16 30 46 27
1P32934 0:2b France Monkey 1989 17 16 30 44 28
1P32951 0:2a France Human 1990 24 14 1 31 29
1P32921 0:2b France Hare 1989 20 ND“ 30 45 30
1P32881 0:2b Switzerland Monkey 1988 20 16 30 45 30
1P30215 0:2b Denmark Guinea pig 1960 16 16 7 20 31
1P30911 0:2b Holland Hare 1967 13 16 8 19 32
1P32323 0:2" Norway Water 1973 8 42 21 4 33
1P32581 0:2a Belgium Human 1981 14 14 1 2 34
1P32721 0:2a Italy Hare 1984 10 14 1 10 35
1P33293 0O:2a France Human 2001 14 14 1 48 36
1P32584 0:2a Spain Pig 1981 14 14 1 49 37
1P32585 0O:2a France Antelope 1981 14 14 1 50 38
1P33012 0O:2a Germany Monkey 1994 14 14 1 33 39
1P33023 0:2a Switzerland Monkey 1994 14 14 1 32 40
1P33054 0O:2a Spain Human 1993 14 14 1 34 41
1P33098 0:2b France Hare 2000 17 16 10 44 42
1P33088 0O:2a France Human 2000 15 14 1 43 43
1P32589 0O:2a New Zealand Human 1981 14 14 1 47 44
1P32887 0:3 Argentina Cattle 1988 18 19 22 5 45
1P32564 0:3 Belgium Human 1980 18 19 22 5 45
1P32666 0:3 Spain Human 1983 25 14 35 8 46
1P32544 0:3 South Africa Pig 1979 18 19 22 55 47
1P31829 0:3 England Ovine fetus 1969 22 50 22 41 48
1P32938 0:3 Argentina Cattle 1989 18 19 22 7 49
1P32889 0:3 Spain Unknown 1988 25 14 2 35 50
1P32802 0:3 Italy Pig 1986 18 19 22 28 51
1P32984 0:3 Spain Human 1992 25 14 25 36 52
1P32992 0:3 Australia Cattle 1992 18 19 22 37 53
1P33097 0:3 Argentina Deer 1999 18 19 22 38 54
1P33051 0:3 France Goat 1996 18 19 22 38 54
1P33105 0:3 Argentina Cattle 2000 18 19 22 39 55

(Continued on following page)
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TABLE 1 (Continued)

IS-RFLP Typing of Y. pseudotuberculosis

Country of Isolation yr of 15285 1S1541 2IS
Strain Serotype isolation source isolation Ribotype ST pattern pattern type
1P33108 0:3 Bulgaria Human 1999 18 19 22 40 56
1P31411 O:4c Denmark Hare 1961 7 48 36 9 57
1P31833 O:4c England Sheep 1969 3 48 11 29 58
1P30151 O:4a Sweden Otter 1960 23 23 39 42 59
1P31830 O:4c England Human 1969 25 14 42 54 60
1P32687 O:4c France Wild species 1983 26 14 5 11 61
1P32817 0:5b Japan Hare 1986 19 73 38 52 62
1P32821 O:5a France Human 1986 17 16 30 14 63
1P32816 O:5b Japan Hare 1986 19 7 32 51 64
1P32952 O:5a France Human 1990 17 16 10 30 65
1P32463 O:5a Switzerland Guinea pig 1977 17 16 30 13 66
1P33061 O:5a Germany Monkey 1997 17 16 30 12 67
1P32699 O:5a France Wild species 1983 17 16 30 53 68
1P31553 0:6 Japan Guinea pig 1969 5 27 31 16 69
1P31554 0:6 Japan Guinea pig 1969 5 27 31 15 70
1P33156 O:1b Russia Human 2000 27 2 1 58 71
1P33157 O:1b Russia Human 2000 27 2 1 59 72
1P33158 O:1b Russia Human 2000 27 2 1 59 72
1P33162 O:1b Ukraine Human 1999 9 42 41 57 73
1P33161 O:1b Ukraine Rodent 1999 9 42 41 57 73

“ND, not determined because the strain was no longer viable.

b 0:2: this strain agglutinated with the O:2 antiserum but had an unclassifiable genoserotype, different from O:2.
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FIG 1 Examples of IS-RFLP profiles obtained after EcoRI or EcoRV digestion
of the genomic DNA of various Y. pseudotuberculosis strains and hybridization
with the IS285 and IS1541 probes, respectively. Lane 1, IP32879; lane 2,
1P30911; lane 3, IP32614; lane 4, IP32938; lane 5, IP32984; lane 6, IP31554;
lane 7, IP32953; lane 8, IP32581; lane 9, IP31411; lane 10, IP32721; lane 11,
IP33051; lane 12, IP32817. The tick marks between the two panels indicate the
size of the molecular mass markers (lambda DNA-HindIII digest) in kb.

June 2014 Volume 52 Number 6

strains displaying one to four copies of IS285. No hybridizing frag-
ments common to all patterns were observed, but a band of ~20.5
kb was found in 64 strains (80%), and another one of ~7 kb was
found in 41 strains (51%) (Fig. 2).

The 80 strains were separated into 43 distinct 1S285 profiles,
while serotyping subdivided them into 10 groups, ribotyping into
27 groups, and MLST into 14 groups (Table 1). The dominant
1S285 profiles were: 1S285 profile/pattern 1 (285#1) (15 strains),
285#22 (11 strains), and 285#30 (8 strains). Together they repre-
sented almost half of the strains (42.5%). Six profiles (285#3,
285#10, 285#20, 285#24, 285#31, and 285#41) were shared by two
strains, and 34 profiles were unique. The discrimination index
(DI) for IS285-RFLP was 0.939, compared to 0.857 for serotyping,
0.944 for ribotyping, and 0.861 for MLST. Therefore, IS285-RFLP
had a discriminatory power higher than those of serotyping and
MLST but lower than that of ribotyping.

We then examined whether a correlation could be observed
between some epidemiological, phenotypic, or genotypic charac-
teristics of the strains and their IS285 types. The 15285 profiles
were not associated with specific geographical origins or sources,
butitis worth noting that all four strains from Argentina belonged
to 285#22, and all three strains from Russia belonged to 285#1
(Table 1). Furthermore, the majority of the 285#22 strains (9/11)
were isolated from animal sources.

No strict association between serotypes and 15285 profiles was
observed; nevertheless, the major 1S285 profiles were associated
with a limited number of serotypes: 285#1 with serotypes O:1b
and O:2a, 285#22 with serotype O:3, and 285#30 with serotypes
0:2b and O:5a (Table 1). Similarly, some ribotypes correlated
with specific IS285 profiles: all eight ribotype 14 (R14) and all
three R27 strains were 285#1, the eight R17 strains were 285#10 or
285#30, and all 10 R18 strains were 285#22. Associations between
the ST and [S285 profiles were also noted in some instances: all 15
285#1 strains were from ST14 or ST2, 10 of the 11 285#22 strains
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FIG 2 Dendrogram generated from the IS285-RFLP patterns of the 80 Y. pseudotuberculosis strains studied, using the UPGMA clustering analysis with the
BioNumerics software. A position tolerance of 1.8% was chosen. Stars indicate hybridizing fragments of ca. 20.5 kb and 7 kb that were present in the majority of
strains. Rectangles indicate clusters of strains of interest.
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were from ST19, and seven 285#30 strains were from ST16 (Table
1). Therefore, a certain degree of association between some geno-
types and 1S285 profiles was observed.

To further delineate the IS285 genetic groups and their associ-
ation with other phenotypic and genetic traits, a clustering analy-
sis of the 1S285 profiles was performed. The resulting UPGMA
dendrogram displayed two main branches (A and B) and one
more distant branch corresponding to a single strain (IP30151,
Fig. 2). The strains in branch A exhibited multiple 1S285-hybrid-
izing fragments (Fig. 2). Most of these strains had a unique 1S285
profile (10 among 12 strains), but they were all of serotype O:1b or
O:4c, and they also belonged to a small number of MLST types
(ST14, ST42, and ST43) and ribotypes (R9, R11, R25, and R26).
Within branch B, at least four subclusters (B1 to B4) were delin-
eated (Fig. 2). Subbranch B1, like branch A, contained strains with
high copy numbers of IS285 and with mostly unique 1S285 pro-
files. There was, however, a strong association with ST42 (14/21
strains), and to a lesser extent with R9, R8, and R4 (12/21 strains).
Most of them were of serotype O:1a or O:1b (17/21). Subbranches
B2, B3, and B4 had lower 1S285 copy numbers (Fig. 2). All strains
in B2 had the same 285#1 profile, which was associated with sero-
types O:1b and O:2a, ST14 (12/15 strains), and to a lesser extent
with R14 (8/15 strains). B3 comprised strains exhibiting five dif-
ferent 1S285 profiles with a predominance of 285#30 (8/13
strains). Most strains in this cluster were of serotypes O:2b and
O:5a (12/13 strains), ST16 (11/13 strains), and R17 (8/13 strains).
B4 was composed of strains having the 285#22 profile, which was
characterized by a single hybridizing fragment corresponding to
the most conserved ~20.5-kb band (Fig. 2). All strains in this
cluster were of serotype O:3, and all but one were ST19 and R18.
The clustering of Y. pseudotuberculosis strains based on their 1S285
profiles thus showed a good, although not perfect, association
with other phenotypic and genotypic traits.

1S1541-RFLP patterns. The polymorphisms of the IS1541 pro-
files were greater than that of 1S285, with 61 different RFLP pat-
terns among 80 Y. pseudotuberculosis strains (Table 1). This higher
number of profiles might be linked to an overall higher copy num-
ber of IS1541, which varied from one to 33 copies per strain (Fig.
3). The most frequent IS1541 copy number was two (13 strains),
followed by seven (10 strains). No band common to all profiles
was observed; however, a ~8.5-kb hybridizing fragment was pres-
ent in 40 strains (50%), and a ~4.7-kb band was present in 44
strains (55%) (Fig. 3).

The most frequent IS1541 profile was 1541#4, which was found
in 11 strains (Table 1). The strains with this pattern were not those
that had the most common IS285 profiles. Of note, all but one
strain with the 1541#4 pattern were of serotype O:1a, and all were
of ST42. However, they had five different ribotypes, indicating
that in that case, ribotyping was more discriminatory than IS1541-
RFLP. Except for 1541#4, no more than two strains shared a sim-
ilar IS1541 profile, and 51 of them had a unique IS1541 profile.
The discrimination index for IS1541-RFLP was 0.98 and therefore
higher than those of all other compared methods (serotyping,
MLST, ribotyping, and 1S285-RFLP).

Because of this high degree of diversity, it was hardly possible to
establish a link between individual IS1541 profiles and specific
countries of origin, serotypes, ribotypes, or STs. However, this
relationship was examined in the UPGMA dendrogram generated
by the clustering analysis. Similarly to 1S285, the IS1541 dendro-
grams displayed two main branches (A and B) and an additional

June 2014 Volume 52 Number 6

IS-RFLP Typing of Y. pseudotuberculosis

branch that, like in the IS285 dendrogram, corresponded to strain
IP30151 (Fig. 3). Branch A was characterized by a low number of
IS1541 copies and branch B by intermediate to high numbers of
IS1541 copies (Fig. 3). Branch A contained all strains with the
1541#4 pattern (10/11 of serotype O:1a) plus four other strains
with distinct patterns, but all from serotype O:1b. There was a
strong association with ST42 (14/15 strains) and to a lesser extent
with R8, R6, and R4 (12/15 strains). Branch B was divided into six
subbranches (B1 to B6) in which a robust association with specific
serotypes, STs, and ribotypes was observed (Fig. 3). All strains in
B1 were from O:2a and ST14, and most of them (4/6 strains) were
R14. All 10 strains in B2 were O:3, ST19, and R18. This subbranch
contained a large number of strains (6/10) of non-European ori-
gin (from Argentina, Australia, and South Africa) that were iso-
lated from animals (8/10 strains). Subbranch B3 was slightly more
heterogeneous, with two serotypes (O:3 and O:4c¢), but all strains
were ST14, and most of them (4/5) were R25. Most strains (5/6) in
B4 were O:2a, all were ST14, and a majority (4/6) were R14. All 8
strains in B5 were O:1b, ST43, and R11. Finally, subbranch B6 was
composed of strains of serotype O:2b or O:5a that all belonged to
ST16 and most of which (8/12) belonged to R17. This subbranch
was composed of European strains only, and most of them (10/12)
had an animal source.

Additional strains that were not included in the above clusters
were nevertheless grouped according to their epidemiological and
genotypic characteristics (Fig. 3). Group 1 (G1) contained two
strains isolated from hares in Japan that were both serotype O:5b
and R19. G2 contained three strains that were O:1a, R9, and ST9.
In G3, the two strains were from O:4c and ST48. Finally, within
groups G4 to G7, the strains had identical serotypes, ribotypes,
and STs, as well as the same geographical origin and sometimes the
same source (guinea pigs in Japan, humans in France, and humans
in Russia). Therefore, almost all strains that were grouped by
IS1541-RFLP shared several common phenotypic and genotypic
traits and sometimes even geographical origins or sources.

2IS-RFLP typing. We then wondered whether combining the
IS1541 and IS285 profiles would increase the discriminatory
power and clustering potential of IS-RFLP. This combination
yielded 73 different patterns (designated 21IS types), with no more
than two strains sharing the same 2IS type (Table 1). The discrim-
inatory power of 2IS typing (DI = 0.998) was thus higher than that
of IS1541-RFLP alone.

Remarkably, the seven pairs of strains that had the same 2IS
type also had the same serotype, ribotype, and ST (Table 1), sug-
gestive of a clonal origin of the strains composing each pair. Four
of these pairs contained isolates from the same country: 2IS#5 and
2IS#6 from France, 21S#72 from Russia, and 21S#73 from Ukraine.
This might indicate the local spread of a specific strain. However,
strains from France that had the same 21S type were isolated from
distant regions, with a time interval of 4 years (2IS#6) or 10 years
(2IS#5), indicating a geographical and temporal spread. Three
other pairs were composed of strains isolated from different coun-
tries (2IS#30 from France and Switzerland), and even from differ-
ent continents (2IS#45 from Belgium and Argentina and 21S#54
from France and Argentina), further demonstrating the geo-
graphical spread of Y. pseudotuberculosis clones, not only locally
but also globally.

The 2IS-RFLP clustering analysis also identified two main
branches (A and B) and, not unexpectedly, an outgroup branch
corresponding to strain IP30151 (Fig. 4). Five clusters (B1 to B5)
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% similarity § 5 Strain Country Source  Seroype Riboype ST 1S1541
2 0 @ @ * * type patemn
[ TTTTT TI [TT 1T [T [ [ 1P33088  Fance Hurman 2a 15 14 43
[ N [ | | | 1P33293  France Huren 2a 14 14 48
[ AR | [l | IP33012 Gemany Monkey 2a 14 14 33
B1 L Y A A A Il 1] 1P32585  France Antelope 2a 14 14 50
[ | O U A R N T [ | | P32584  Spain Pig 2a 14 14 49
l | | | || || l | | | H l | IP32951 France Hurran 2a 24 14 31
[ TTT T 1T I IP31829 __ England Ovinefostus___ 3 2 50 41
[ [T TT T I [T IT IP33051 France Goat 3 18 19 38
| (I | | [ [ IP33097 Amgentina Deer 3 18 19 38
| [T I [ [ IP33108  Bulgaia Hurren 3 18 19 40
1 | ERIEE [ || | IP33105 Amgentina Cattle 3 18 19 39
| (I (A 11 [l IP32092  Austalia Cate 3 18 19 37
| [T |1 [ 11 Il | IP32564 Belgium Human 3 18 19 5
| 0 1 O B I - IP32887  Agentina Catte 3 18 19 5
B2 | [ L [ A A o P32938  Amgentina Catte 3 18 19 7
| | et r M IP32802  faly Pig 3 18 19 28
1 | | L | IP32544  South Afica Pig 3 18 19 55
[ 1T T | I [ [ [ IP32817  Japan Hare 5b 19 73 52 :| a1
! [ | | IP32816  Japan Hare 5b 19 7 51
[ [ [l | | IP30642  Tunisia Mouse 1a 9 9 56
_'E | [ I | | IP32954  France Hurren 1a 9 9 18 :| G2
| I [| | | [ I IP31524  Czechoslovakia ~Humren 1a 9 9 2
e | | | [ 1] (I IP31833  England Sheep 4 3 48 29
| I 11 [ IP31411  Denmak Hare 4 7 48 9:|G3
e | 111 | [ [ [ 1P31554 Japan Guinea pig 6 5 27 15 :| G4
I N R |l [l 1 IP31553  Japan Guinea pig 6 5 27 16
T 1 Th I [ | IP32666  Spain Hurren 3 25 14 8
B3 [ | | [ . | IP32687  Fance Wik species  4c % 14 11
| [ [l | IP31830  England Hurren 4c 25 14 54
Il Il 1 1 | IP32889  Spain Unknown 3 25 14 35
Il || [ | | IP32984  Spain Hurman 3 ) 14 36
[ I [ [ P32950  Frmnce Hurren 1o 19 14 67 a5
| | | | | IP33109  France Hurran 1b 19 14 6 :l
M | | | | | IP33157  Russia Huran 1b 27 2 59
| | | | | IP33158  Russia Hurren 1b 27 2 59 iI G6
| | | | | IP33156  Russia Hurren 1b 7 2 58
[T Ll [ T T 1 P32879  Swizefand Bid 1b 1 14 25
|| [l [ I | P32721  faly Hare 2a 10 14 10
[ [l [ P32581  Belgium Hurren 2a 14 14 2
B4 [ [ [0 | | 1P32589  NewZealand Hurren 2a 14 14 47
[ | | [ Il | 1P33023 Switzetand Monkey 2a 14 14 32
1 | (I | [l 1P33054 Spain Hurran 2a 14 14 34
| I ITT [ 1P32670 England Pig 1b 1 43 24
B | | [ | IP33038  Austalia Marsupial 1b 1 43 23
e | | | | | | IP32533  NewZealand Deer 1b 1 43 60
B5 | | | | | | IP32777  Frnce Hurman 1b 11 43 27
| | | [ | | 1P32949 France Huren 1b 11 43 27
| | | | IP32524  Holland Hurren 1b 1 43 2%
| 4[| | | | IP32637  Frnce Unknown 1b 11 43 2
| | IP33285  France Huran 1b 11 43 3
[ [ 1P33161 Ukrine Rodent 1b 9 42 57 7 G7
| | IP33162  Ukmine Hurren 1b 9 2 57
T T P30215  Denrraik Guinea pig 2 16 16 20
| | | | IP32929  France Hare 2b 17 16 46
| | 1P32921 France Hare 2b 20 nd 45
L | | IP32881  Swizefand Monkey 2 20 16 45
| l 1P32934 France Monkey 2b 17 16 44
| | IP33098  Frnce Hare 2b 17 16 44
| | | 1P33061 Gemany NMbnkey Sa 17 16 12
] | | | 1P32821 France Hurmen Sa 17 16 14
| | | |l | IP32463  Switzefand Guinea pig 5a 17 16 13
I | | | | IP32952  France Hurren 5a 17 16 30
B6 | [ | | 1P32699 France Wid species 5a 17 16 53
[ | | [ | [ | | IP30911____Holland Hare 2 13 16 19
_: P32651 Yugoslavia Hare b 6 42 21
| [ 1P32953 France Hurren 1b 2 42 1
| IP32665 Y ugoslavia Hare 1a 8 42 4
| IP33005  Gemany Monkey 1a 6 42 4
| 1P33201 France Hare 1a 8 42 4
| IP32590  Swizetand Hurren 1a 4 42 4
| IP32039  Romania Soil 1a 12 42 4
| P32790 Iy Pig 1a 4 2 4
| P32745  laly Hurren 1a 4 2 4
| IP32614 Yugoslavia Hare 1a 21 42 4
| IP31878  Tunisia Rodent 1a 8 42 4
A | IP30284  faly Pigeon 1a 6 2 4
{ | P32323  Nomay Water 2a 8 42 4
IP32709  England Bidd 1b 8 10 17
Il [ | IP30437  Canada Beaver 1b 8 42 61
T I P30151  Sweden Otter 4a 2] 23 42

FIG 3 Dendrogram generated from the IS1541-RFLP patterns of the 80 Y. pseudotuberculosis strains studied, using the UPGMA clustering analysis with the
BioNumerics software. A position tolerance of 1.8% was chosen. Stars indicate hybridizing fragments of ca. 8.5 kb and 4.7 kb that were present in the majority
of strains. Rectangles indicate clusters of strains of interest, and braces indicate groups of two or three strains with common characteristics.

1984 jcm.asm.org Journal of Clinical Microbiology


http://jcm.asm.org

were identified in branch B. Some similarities between the clus-
tering obtained with 2IS- and IS285-RFLP were noted, but they
were moderate. In contrast, despite having a different organiza-
tion, the 2IS and I1S1541 dendrograms displayed almost identical
clusters. Branch Al in the 2IS dendrogram corresponded to sub-
branch B5 in the IS1541 dendrogram. The 2IS subbranch B1 was
equivalent to IS1541 branch A, 2IS B2 was equivalent to IS1541
branch B6, 2IS B4 grouped with IS1541 B1 and B4, and 2IS B5
corresponded to IS1541 B3 (Fig. 3 and 4). The only minor differ-
ence was 2IS B3, which was very close to IS1541 B2 but contained
an additional strain (IP31829) that differed from all other strains
in the cluster by a different ST (ST50) and ribotype (R22). Fur-
thermore, six groups of strains outside these clusters that shared
identical characteristics in the 1S1541 dendrogram (G2 to G7)
were also identified in the 2IS dendrogram (Fig. 3 and 4).

The different branches, subbranches, and groups delineated in
the 2IS dendrogram were defined by grouping strains that ap-
peared to share some common genotypes or serotypes, but this
grouping may have been somewhat arbitrary. To evaluate the so-
lidity of this clustering, we constructed a minimal spanning tree
(MST) based on the combination of the characteristics of each
strain (serotype, ribotype, ST, and 2IS type). Remarkably, the
MST formed clusters (Fig. 5) that corresponded to the subgroups
identified in the 2IS dendrogram, demonstrating the robustness of
the 2IS-RFLP clustering. These MST populations also corre-
sponded to the IS1541 clusters. However, the IS1541 clusters Bl
and B4, which formed distinct and distant branches in the den-
drogram (Fig. 3), formed a single branch in the 2IS dendrogram
(Fig. 4) and also a single population in the MST (Fig. 5), indicating
that 2IS-RFLP is slightly more potent than 1S1541-RFLP for de-
fining Y. pseudotuberculosis populations. Overall, our data indi-
cate that IS-RFLP might be a useful and valuable tool for studying
the population structure of the species Y. pseudotuberculosis.

DISCUSSION

Different methods have been used to subtype the species Y. pseu-
dotuberculosis. One of the most classical and simple techniques is
serotyping. However, this method has a poor discriminatory
power, especially since most of the strains isolated from clinical
cases belong to the major serotypes O:1 and O:3. Another com-
monly used and more modern typing method is PFGE (18-21).
This technique has a high discriminatory power and is therefore
valuable for investigating the source of an outbreak. However,
because of the complexity of its banding patterns, this technique is
hardly applicable to the study of global isolates. A more recently
developed method that may facilitate interstrain comparison is
MLVA. This technique was recently and successfully applied to
the typing of Y. pseudotuberculosis isolates from Finland (26).
However, out of 63 strains studied from serotype O:1, 52 had the
same MLVA profile, suggesting that the power of this method to
differentiate strains within a given geographical area may be lim-
ited. Ribotyping and MLST have also been used to subtype Y.
pseudotuberculosis (27-29). Both methods exhibited a higher dis-
criminatory power than serotyping and a lower complexity than
PFGE, but which of these two methods has the higher capacity to
differentiate isolates is unknown. In this study, the comparison of
ribotypes and STs on the same set of Y. pseudotuberculosis strains
showed that ribotyping had a stronger discriminatory power
(DI = 0.944) than MLST (DI = 0.861).

Previous works suggested that IS-RFLP might be a valuable
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tool for subtyping the species Y. pseudotuberculosis (21, 30). We
thus decided to evaluate the subtyping efficiencies of individual
and combined IS-RFLP on a larger panel of strains of global origin
and to compare them with those of ribotyping and MLST. The
species Y. pestis has previously been successfully subtyped by IS-
RFLP using a combination of three IS (IS100, IS285, and IS1541)
(31). However, we found that IS100 was frequently in low copy
number or absent from the Y. pseudotuberculosis genome and
therefore that this insertion element was not usable for the iden-
tification of subgroups within this species. In contrast, 1S285 and
IS1541 proved to be systematically present, and often in several
copy numbers on the Y. pseudotuberculosis chromosome; there-
fore, they were utilizable for IS-RFLP. IS285-RFLP was slightly less
discriminatory (DI = 0.939) than ribotyping (DI = 0.944) despite
a higher number of profiles, because almost half of the strains
belonged to three main IS285 profiles. IS1541 had a much stronger
discriminatory power (DI = 0.98) and yielded 61 different [S1541
patterns among the 80 Y. pseudotuberculosis strains studied. The
higher subtyping efficiency of IS1541-RFLP over 1S285-RFLP is
most likely due to the higher copy number of IS1541 in the ge-
nome of Y. pseudotuberculosis. A combination of the two IS pro-
files further increased the discriminatory power, allowing the sub-
division of the isolates into 73 different types and yielding a
discrimination index as high as 0.998. 2IS-RFLP is thus an ex-
tremely powerful tool for the molecular typing of Y. pseudotuber-
culosis. It has the advantage over PFGE of exhibiting a better res-
olution of the banding patterns, thus permitting an easier and
more reliable comparison of strains of worldwide origin.

Despite the high number of profiles obtained with IS285- and
1S1541-RFLP, strains were nonetheless grouped based on the sim-
ilarity of their banding patterns. The 15285 and 1S1541 dendro-
grams generated were different, but several branches or sub-
branches were relatively similar (although not identical) in the
two dendrograms, suggesting that the location and copy number
of these two IS are quite stable and that they reflect the existence of
defined genetic groups within Y. pseudotuberculosis.

The clustering efficiency of IS1541-RFLP was more robust than
that of IS285-RFLP. This was illustrated, for instance, by the fact
that the two strains of serotype O:5 and ribotype R19 isolated from
hares in Japan clustered together in the IS1541 dendrogram
(group G1), while they were in different subbranches in the [S285
dendrogram. Similarly, the two strains that formed group G3 in
the IS1541 dendrogram and were from both O:4c and ST48 were
more distantly related (although both in branch A) in the 1S285
dendrogram. IS1541-RFLP also allowed a better distinction of ge-
netic clusters, as the three strains from Russia that had identical
sources, serotypes, ribotypes, and STs formed a specific cluster
(G6) in the IS1541 dendrogram, while they had an IS285 pattern
identical to that of strains with completely different epidemiolog-
ical and genotypic characteristics (branch B2 of the IS285 dendro-
gram). We then wondered whether combining the two IS would
further enhance the clustering performance of IS-RFLP. When the
IS1541 and 2IS dendrograms were compared, it appeared that
their shapes were different, but they generated almost identical
clusters and groups of strains. We noted that IS1541-RFLP was
more efficient at grouping the two strains isolated from hares in
Japan (G1) that were at distant positions in the 2IS dendrogram,
but on the other hand, 2IS-RFLP grouped in cluster B4 strains that
had several similar characteristics and that were in two distinct
clusters (B1 and B4) in the IS1541 dendrogram. Overall, our data
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% similarity

10 20 30 40 50 60 70 80 90 100 Strain Country Source Year Serotype Ribotype ST type 2IS type
IP31833 England Sheep 1969 4c 3 48 58 :I G3
IP31411 Denmark Hare 1961 4c 7 48 57
IP31524 Czechoslovakia Human 1968 1a 9 9 20 7
1P30642 Tunisia Mouse 1963 1a 9 9 9 |G2
| 1P32954 France Human 1990 1a 9 9 3
|P32816 Japan Hare 1986 5b 19 4 64
1P32651 Yugoslavia Hare 1983 1b 6 42 21
IP32709 England Bird 1984 1b 8 10 17
1P32939 Romania Soil 1989 1a 12 42 13
— IP32614 Yugoslavia Hare 1982 1a 21 42 24
1P33291 France Hare 2001 1a 8 42 16
1P32323 Norway Water 1973 22 8 42 33
|P32665 Yugoslavia Hare 1983 1a 8 42 12
IP32590 Switzerland Human 1981 1a 4 42 23
IP33005 Germany Monkey 1993 1a 6 42 14
9 1P32790 Italy Pig 1986 1a 4 42 2
B1 1P32745 Italy Human 1985 1a 4 42 2
1P31878 Tunisia Rodent 1970 1a 8 42 10
1P30284 Italy Pigeon 1961 1a 6 42 7
1P30437 Canada Beaver 1961 1b 8 42 8
_|: 1P32953 France Human 1990 1b 2 42 1
;  1P32950 France Human 1990 1b 19 14 5 G5
I 1P33109 France Human 2000 1b 19 14 5]
1P32921 France Hare 1989 2b 20 nd 30
1P32881 Switzerland Monkey 1988 2b 20 16 30
1P32934 France Monkey 1989 2b 17 16 28
1P33061 Germany Monkey 1997 5a 17 16 67
1P32821 France Human 1986 5a 17 16 63
1P32929 France Hare 1989 2b 17 16 27
1P32463 Switzerland Guinea pig 1977 5a 17 16 66
1P32699 France Wild species 1983 5a 17 16 68
1P33098 France Hare 2000 2b 17 16 42
B B£4> 1P32952 France Human 1990 5a 17 16 65
> 1P30215 Denmark Guinea pig 1960 2b 16 16 31
—————— | IP30911 Holland Hare 1967 2b 13 16 32
[ TP330571 France Goat T996 3 18 19 54
IP33097 Argentina Deer 1999 3 18 19 54
IP33108 Bulgaria Human 1999 3 18 19 56
— IP33105 Argentina Cattle 2000 3 18 19 55
1P32992 Australia Cattle 1992 3 18 19 53
IP32564 Belgium Human 1980 3 18 19 45
1P32887 Argentina Cattle 1988 3 18 19 45
1P32938 Argentina Cattle 1989 3 18 19 49
B3 1P32802 Italy Pig 1986 3 18 19 51
|P32544 South Africa Pig 1979 3 18 19 47
b | IP31829 England Ovine foetus 1969 3 22 50 48
[ TP33088 France Human 2000 2a 15 17 73
1P33293 France Human 2001 2a 14 14 36
IP33012 Germany Monkey 1994 2a 14 14 39
1P32585 France Antelope 1981 2a 14 14 38
L—— | IP32584 Spain Pig 1981 2a 14 14 37
— IP32951 France Human 1990 2a 24 14 29
1P32589 New Zealand Human 1981 2a 14 14 44
B4 1P33023 Switzerland Monkey 1994 2a 14 14 40
] IP33054 Spain Human 1993 2a 14 14 41
1P32879 Switzerland Bird 1988 1b 1 14 25
1P32721 Italy Hare 1984 2a 10 14 35
1P32581 Belgium Human 1981 2a 14 14 34
IP33157 Russia Human 2000 1b 27 2 727
IP33158 Russia Human 2000 1b 27 2 72 | G6
IP33156 Russia Human 2000 1b 27 2 71 ]
IP31554 Japan Guinea pig 1969 6 5 27 70] G4
IP31553 Japan Guinea pig 1969 6 5 27 69
1P32817 Japan Hare 1986 5b 19 73 62
1P32889 Spain Unknown 1988 3 25 14 50
IP32984 Spain Human 1992 3 25 14 52
|P32666 Spain Human 1983 3 25 14 46
B5 1P32687 France Wild species 1983 4c 26 14 61
1P31830 England Human 1969 4c 25 14 60
TP32777 F'Lrance Human 1986 1b ik 23 3
IP32949 France Human 1990 1b 1 43 6
IP32533 New Zealand Deer 1978 1b " 43 1
Al IP32670 England Pig 1983 1b 11 43 18
IP33038 Australia Marsupial 1995 1b 1 43 15
A 1P32524 Holland Human 1978 1b 11 43 26
IP32637 France Unknown 1983 1b 1 43 4
1P33285 France Human 2001 1b 11 43 19
IP33161 Ukraine Rodent 1999 1b 9 42 73] G7
/ IP33162 Ukraine Human 1999 1b 9 42 73
IP30151 Sweden Otter 1960 4a 23 23 59

FIG 4 2IS-RFLP dendrogram. This dendrogram was generated after combination of the two individual RFLP patterns (IS285 and IS1541). Rectangles indicate

clusters of strains of interest, and braces indicate groups of two or three strains with common characteristics.

1986 jcm.asm.org

Journal of Clinical Microbiology


http://jcm.asm.org

() 1P32817

) IP32816

) G5

<

G2

IS-RFLP Typing of Y. pseudotuberculosis

1P30151

FIG 5 Minimal spanning tree of the 80 Y. pseudotuberculosis strains colored to delineate the different branches (A1, B1 to B5) and groups (G2 to G5) identified
in the 2IS-RFLP dendrogram. The tree was constructed using the combination of the serotype, ribotype, ST, and 2IS type for each strain. The thickness of the lines
between circles reflects the closeness of the strains, with thicker lines representing a closer relationship.

indicate that IS1541-RFLP and 2IS-RFLP have similar efficiencies
for grouping genetically related strains.

We observed a remarkable association between ST and 2IS
patterns. Except for one strain in cluster B3, all six 2IS clusters and
all six 2IS groups contained a single ST. Although less robust, there
was also a clear association between serotypes and 2IS clusters,
with no more than two different serotypes per cluster of strains.
The ribotypes within each 21IS cluster were more diverse but still in
limited numbers; this is also indicative of an association between
these two genetic traits. The higher discriminatory power of 2IS-
RFLP over MLST or ribotyping reflects a higher plasticity of the
patterns, most likely due to IS-mediated chromosomal recombi-
nation. It is of interest to analyze the 2IS-RFLP patterns of Y.
pseudotuberculosis strains isolated during one or repeated out-
breaks in the same area to evaluate the rate of 2IS-type modifica-
tion under natural conditions. Although we did not have such
isolates in this study, it is still possible that in several instances,
strains isolated the same year from the same sources in a specific
country clustered together, as exemplified by those forming G4,
G6, and G7. In Y. pestis, which contains a very high IS copy num-
ber (>100), IS-RFLP still robustly clustered strains according to
their phylogenetic group and geographical origin (31). Since the
IS copy number is 10 times lower in the chromosome of Y. pseu-
dotuberculosis, the rate of IS recombination is expected to be lower
than in Y. pestis, and therefore, the IS patterns are expected to be
even more stable.

Our previous MLST study suggested a lack of clear population
structure in Y. pseudotuberculosis due to mutations and intraspe-
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cific recombination events leading to diffuse groups of sequence
types (29). In contrast, this IS-RFLP analysis demonstrates the
existence of clusters of strains that share identical or nearly iden-
tical characteristics. The robustness of these clusters was con-
firmed when a minimal spanning tree that incorporated the geno-
type and serotype of each strain was constructed. Discrete
populations that matched well with the 2IS clusters were identified
in the MST. Since the characteristics analyzed correspond to com-
pletely different markers (position and number of IS elements in
the genome, sequences of different housekeeping genes, restric-
tion sites flanking the rRNA genes, and composition of the O
antigen), the fact that they were tightly associated within each
cluster strongly argues for the existence of solid genetic groups in
the species Y. pseudotuberculosis.

One of these clusters (subbranch B3 in the 2IS dendrogram)
was also identified as forming a monophyletic group by MLST and
being composed of melibiose nonfermenting strains (29). This
cluster contains all four strains from Argentina as well as isolates
from Europe, Australia, and South Africa. This and the fact that
these strains were isolated mostly from farming animals suggest
that this clade spread globally via livestock transportation.
Strengthening this hypothesis is the previous observation that
these isolates do not circulate among wild animals (41). We also
noted that some 2IS clusters (B2, B4, and B5) exclusively con-
tained strains from Europe, suggesting a regional spread of these
groups of strains. However, since strains of European origin pre-
dominated in our samples (65/80), this may be due to a geograph-
ical bias. Similarly, some clusters (B1 to B3) contained mostly
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strains of animal origin, suggesting a predominant circulation of
these strains in their animal reservoirs, but then again, most of the
studied strains were of animal origin, with only 28/80 being hu-
man strains. Therefore, a much larger number of strains of diverse
geographical origins and sources are needed to establish solid ep-
idemiological links with 2IS clusters.

One strain (IP30151) had a unique serotype, ribotype, and ST
and formed an outgroup in both the IS285 and IS1541 dendro-
grams, as it carried the lowest number of IS copies in its genome
(one copy of IS285 and two copies of IS1541). Likewise, this strain
was previously found to form an outgroup in the ribotype den-
drogram (27). The MLST analysis also placed it in a specific cluster
designated the Korean group, which was distinct from the Y. pseu-
dotuberculosis clusters (29). Although this strain has been isolated
in Sweden, it was shown to carry several genes found in Russian
isolates that cause a specific and severe disease known as Far East
scarlet-like fever (4). We initially thought that this strain was a Y.
pseudotuberculosis isolate; however, recent phenotypic and genetic
characterization of Korean group strains indicate that this group
forms a new and potentially pathogenic species of Yersinia named
Yersinia wautersii (42). Our results thus suggest that IS-RFLP
might also have the power to differentiate closely related but dis-
tinct species within the Y. pseudotuberculosis complex. An analysis
of additional strains belonging to other species (Y. wautersiiand Y.
similis) within this complex is necessary to confirm this observa-
tion.

In conclusion, we show here that 2IS-RFLP is a powerful tool
for the molecular typing of Y. pseudotuberculosis. The superior
resolution of the banding patterns, compared to PFGE or ribotyp-
ing, should facilitate intra- and interlaboratory comparisons of
isolates. 2IS-RFLP is also a useful means to delineate and study the
structures of Y. pseudotuberculosis populations. To simplify the
method, it is also possible to use [S1541-RFLP alone, with a min-
imal loss in sensitivity and grouping efficiency. Since IS-RFLP
allows an efficient and reliable analysis of Y. pseudotuberculosis
isolates of diverse geographical origins, sources, and times of iso-
lation, the incorporation of a large number of new strains in the
existing database might help uncover epidemiological links that
were not known until now.
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