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Summary

Multilocus sequence analysis of 417 strains of Yersinia pseudotuberculosis revealed that it is a

complex of four populations, three of which have been previously assigned species status [Y.

pseudotuberculosis sensu stricto (s.s.), Yersinia pestis and Yersinia similis] and a fourth

population, which we refer to as the Korean group, which may be in the process of speciation. We

detected clear signs of recombination within Y. pseudotuberculosis s.s. as well as imports from Y.

similis and the Korean group. The sources of genetic diversification within Y. pseudotuberculosis

s.s. were approximately equally divided between recombination and mutation, whereas

recombination has not yet been demonstrated in Y. pestis, which is also much more genetically

monomorphic than is Y. pseudotuberculosis s.s. Most Y. pseudotuberculosis s.s. belong to a

diffuse group of sequence types lacking clear population structure, although this species contains a
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melibiose-negative clade that is present globally in domesticated animals. Yersinia similis

corresponds to the previously identified Y. pseudotuberculosis genetic type G4, which is probably

not pathogenic because it lacks the virulence factors that are typical for Y. pseudotuberculosis s.s.

In contrast, Y. pseudotuberculosis s.s., the Korean group and Y. pestis can all cause disease in

humans.

Introduction

Yersinia pseudotuberculosis has a broad host range and is capable of infecting a wide

variety of animals, including humans. The disease caused by this bacterium may vary from a

mild enteritis to extra-intestinal symptoms and septicemia (de Barcellos and de Castro,

1981; Sato et al., 1983; Riet-Correa et al., 1990; Welsh and Stair, 1993; Czernomysy-

Furowicz, 1997; Hannu et al., 2003; Seimiya et al., 2005; Jalava et al., 2006; Shwimmer et

al., 2007; Vincent et al., 2007; Iwata et al., 2008; Wessels et al., 2009). The severity of

symptoms differs among strains, and Y. pseudotuberculosis has been subdivided into genetic

groups designated G1-G6, dependent on the presence of the virulence plasmid (pYV), the

high pathogenicity island (HPI), and the subtype of the Y. pseudotuberculosis-derived

mitogen (YPM) (Fukushima et al., 2001). G4 isolates cannot ferment melibiose (melibiose-

negative) and are not pathogenic: they express YPMb and lack the pYV and HPI. G5

isolates are also melibiose-negative and of low pathogenicity: they express YPMc, and

contain the pYV as well as a truncated HPI (R-HPI). G1-G3 and G6 isolates are melibiose-

positive and fully pathogenic: they contain the pYV, and variably harbour the HPI and

YPMa (Fukushima et al., 2001). Although human cases of Y. pseudotuberculosis infections

are usually sporadic (Sunahara et al., 2000; Vincent et al., 2008), several outbreaks have

recently been reported from Finland and Russia (Nuorti et al., 2004; Anonymous, 2005;

2007; 2008; Jalava et al., 2006; Rimhanen-Finne et al., 2009). Humans are not the primary

host for Y. pseudotuberculosis. These bacteria can be isolated from a wide variety of

domestic and wild animals (Fukushima et al., 2001), as well as from the environment in

Japan and occasionally in Europe (Fukushima et al., 1995). Yersinia pseudotuberculosis has

also been subdivided on the basis of variable lipopolysaccharide O-side chain into 15 O-

serotypes (O:1-O:15) and ten subtypes (O:1a-c, O:2a-c, O:4a-b and O:5a-b) (Bogdanovich et

al., 2003). Most European isolates are of serotypes O:1-O:3 whereas serotypes O:4-O:15 are

primarily found in Asia (Fukushima et al., 2001).

The description provided above is for the species Y. pseudotuberculosis defined on the basis

of classical taxonomic criteria, including pairwise DNA-DNA re-association and

biochemical tests. Isolates are routinely assigned to a species on the basis of biochemical

tests, and little information is available on the genetic diversity within the different species

of the genus Yersinia. Preliminary data indicates that the classical Yersinia species are not

necessarily genetically homogenous, and isolates assigned to Yersinia enterocolitica,

Yersinia frederiksenii, Yersinia kristensenii and Yersinia mollaretii have been found to

belong to additional, previously unrecognized groups on the basis of multilocus sequence

analysis (Kotetishvili et al., 2005). Recent updates on the taxonomy of Yersinia have

recognized a total of 17 Yersinia species, three of which were first described in 2010

(Murros-Kontiainen et al., 2010a,b; Hurst et al., 2011).
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It might be anticipated that population genetic analyses of Y. pseudotuberculosis would

reveal greater details about its relationships to the closely related species, Yersinia pestis and

Yersinia similis, or even define novel species. Yersinia pestis, the cause of plague, is a

genetically monomorphic clade that evolved from Y. pseudotuberculosis 15 000 to 20 000

years ago (Achtman et al., 1999; 2004; Morelli et al., 2010). Yersinia similis is a recently

described species (Sprague et al., 2008), which is biochemically similar to Y.

pseudotuberculosis, similar enough that they cannot be distinguished by commercial kits

which are widely used to identify Yersinia species, such as API 20E. Here we refer to these

three species and their close relatives as the Y. pseudotuberculosis complex. A second

recently described Yersinia species, Y. pekkanenii, also has similar biochemical reactions to

Y. pseudotuberculosis (Niskanen et al., 2009). However, Y. pekkanenii does not cluster

together with Y. pseudotuberculosis and Y. similis in 16S rDNA or MLSA analyses (Murros-

Kontiainen et al., 2010b), and is therefore not a member of the Y. pseudotuberculosis

complex.

Soon after multilocus sequence typing (MLST) was described as a method to study the

population genetic structure of bacteria (Maiden et al., 1998; Maiden, 2006), we applied an

MLST scheme based on five gene fragments to 36 isolates of Y. pestis and 12 isolates of Y.

pseudotuberculosis (Achtman et al., 1999). Yersinia pestis was genetically monomorphic,

and understanding its detailed evolution has required the use of diversity at the genomic

level (Achtman et al., 2004; Morelli et al., 2010). However, our results at the time also

showed that the 12 Y. pseudotuberculosis isolates fell into 11 unique combinations of alleles,

so-called sequence types (STs), which indicates that MLST is suitable for investigating the

population genetic structure of Y. pseudotuberculosis. We therefore reasoned that an

extensive analysis of the population genetic structure of Y. pseudotuberculosis was

warranted because prior subdivisions had been based predominantly on microbiological

rather than genetic criteria. Here we report the results of such an analysis based on an

extended MLST scheme and a large globally representative sample of the Y.

pseudotuberculosis complex. An independent MLST scheme has also recently been

published (Ch’ng et al., 2011), and we compare the results from both schemes.

Results

We developed a new MLST scheme for the Y. pseudotuberculosis complex that is based on

fragments of seven housekeeping genes. These include four gene fragments (glnA, thrA,

tmk, trpE) that were used in our previous analysis (Achtman et al., 1999) plus three others

(adk, argA, aroA) (Table S1). The gene fragment sequences range in length from 338-465

bp, for a total of 2627 bp for concatenated sequences. We applied this MLST scheme to a

diverse collection of 417 isolates from 29 countries and all continents (Table 1 and Table

S2) in order to characterize the molecular epidemiology, population structure and relative

importance of mutation versus recombination for the diversification of the Y.

pseudotuberculosis complex. At the time this project began, Y. similis had not yet been

defined, but two of the isolates we tested have since been assigned to Y. similis by 16S

rRNA sequencing.
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Between six and sixteen alleles were found for each of the seven gene fragments, yielding a

total of 89 STs among the 417 isolates. These data are freely available from a dedicated,

curated database (http://mlst.ucc.ie/mlst/dbs/Ypseudotuberculosis), which also supports the

entry of novel sequence information and/or alleles from additional isolates.

Clusters of genetic diversity

We investigated the genetic diversity of alleles in our sample of the Y. pseudotuberculosis

complex by a minimal spanning tree and eBURST (Figs 1 and S1). These programs gave

identical patterns of single locus links and delimited the same three major groups, which we

refer to henceforth as Y. pseudotuberculosis s.s., Y. similis, and the Korean group (which has

not been previously described). Yersinia pestis corresponds to one ST (ST90) within Y.

pseudotuberculosis s.s. Within Y. pseudotuberculosis s.s., the pairwise distance between the

concatenated sequences of individual STs ranged from 1-37 nucleotides (0.04-1.4%), with a

similar range within the Korean group (2-12 nucleotides, 0.08-0.5%), and Y. similis (1-15

nucleotides, 0.04-0.6%) (Fig. 2A-C). In pairwise comparisons, individual Y.

pseudotuberculosis s.s. isolates differed from those of the Korean group at 21-47 nucleotides

(0.8-1.8%) and from Y. similis isolates at 94-129 nucleotides (3.6-4.9%) (Fig. 2D-E). The

Korean group isolates differed from Y. similis isolates at 112-119 nucleotides (4.2-4.5%)

(Fig. 2F). These nucleotide differences are accompanied by high population specific fixation

index values (FST = 0.93, P < 0.01) and high pairwise genetic distances between populations

(0.79-0.97) (Table 2). We conclude that the Y. pseudotuberculosis complex contains three

species plus the previously unknown Korean group.

16S rRNA analysis

We equated one MLST cluster with Y. similis because it includes strains Kuratani-2 and

R1505 isolates that had previously been assigned to Y. similis by Sprague and colleagues

(2008), and seemed very coherent. To test this interpretation, we sequenced a 1440 bp

fragment of the 16S rRNA gene from one representative each of Y. pseudotuberculosis s.s.

(strain H655-36/87), the Y. similis group (strain R2091-2), and the Korean group (strain

WP-931201) (Table S3). These sequences were compared with rRNA sequences of type

strains of Yersinia spp. that were obtained from the NCBI Nucleotide database (Fig. 3). The

16S rRNA sequence of R2091-2 was identical to that of the Y. similis type strain (CCUG

52882T). It was also identical to those of seven other strains that had been assigned to Y.

similis on the basis of their 16S sequences (Kim et al., 2003; Sprague et al., 2008). Strain

WP-931201 from the Korean group clustered together with Y. pseudotuberculosis 204 (Kim

et al., 2003) in a maximum likelihood tree, between Y. similis and Y. pseudotuberculosis s.s.

(Fig. 3). Strain H655-36/87 from Y. pseudotuberculosis s.s. group clustered together with

multiple other Y. pseudotuberculosis s.s. strains and the entire Y. pseudotuberculosis

complex formed a clade with 72% bootstrap support. Similar results were obtained with a

neighbour-joining tree (data not shown).

MLST versus epidemiological associations

Two hundred and thirty-nine of the isolates subjected to MLST had previously been

assigned to genetic groups G1-G6 (Fukushima et al., 2001) (Fig. S2). Yersinia
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pseudotuberculosis s.s. included isolates in G1-G3 and G5-G6, but not G4. All but one of

the strains in the low-pathogenicity group G5 belonged to three clustered STs, ST50, ST19

and ST57, according to allelic analyses (Figs 1 and S1). The concatenated sequences of

these three STs also clustered together according to ClonalFrame (Fig. 4), which constructs

genealogies after stripping sequences of recombinational events (Didelot and Falush, 2007).

These G5 strains were isolated from humans and domesticated animals (buffalo, cattle, deer,

pigs) from all continents, belonged to serotype O:3, and did not ferment melibiose (Fig. 1

and Figs S3-S5).

We did not detect any other strong patterns of specificity for geographical origin, host type,

or O-serotypes within Y. pseudotuberculosis s.s. (Fig. 1 and Figs S3-S4). However, the

diversity found in Asia differed from that in other continents. Of the European strains, 78%

(113/145) were assigned to the six most frequent STs, whereas Asian strains were dispersed

among a larger number of rarer STs (Fig. 1). 78% (131/168) of the Asian isolates were in

STs with only 1-6 strains. Furthermore, 97% (139/144) of the European, 95% (19/20) of the

Oceanian, and all African and American isolates were assigned to STs that are also prevalent

in other continents but only 33% (56/168) of the isolates from Asia were found elsewhere

(Fig. 1) The difference between Asia and other continents was significant (X2, P < 0.001).

Altogether 31 STs containing more than one isolate were unique to Asia versus none for

Europe or other continents (X2, P < 0.001). Other STs from Asia (25), Europe (5) and

Oceania (1) were not informative because they contained only one isolate. Similar to the

case with Europe, the diversity among the isolates from Brazil and other South American

countries was also quite limited. Most South American isolates (93%; 38/41) were in ST19

and the remaining isolates were in ST42. However, the isolates from South America were

primarily from cattle and buffalo in Brazil. Both ST42 and ST19 are globally distributed and

12 other STs were also isolated in two or more continents (Fig. 1).

The Korean group consisted of five isolates in ST20, ST21 and ST22, all of which were

isolated in Korea (water: 4; human: 1). The Korean group also contains two isolates from

Sweden (otter: 1) and Japan (human: 1) within a fourth ST, ST23 (Table S2, Fig. S3). The

seven Korean group isolates belonged to genetic groups G3 and G6 and contained nine

unique alleles in adk, glnA, trpE, thrA and aroA.

Yersinia similis were isolated from small mammals (mice, moles, voles and a marten) as

well as the environment (water) (Fig. S3). All typed strains were melibiose negative and all

except one of the 23 isolates belonged to the non-pathogenic group G4 (Figs S2 and S5).

Thirteen alleles spread over all seven gene fragments were unique to Y. similis.

A wide range of O-serotypes were present among Y. similis strains and most of them were

also present among Y. pseudotuberculosis s.s. strains including O:1c, O:5a, O:5b, O:6, O:7,

O:10 and O:12 (Table S2, Fig. S4). However, serotype O:9 was unique to Y. similis and of

the five serotype O:11 isolates, three were Y. similis and two were from the Korean group.

The remaining five Korean group strains belonged to serotypes O:15, O:4 and O:4a. These

data indicate a frequent exchange of LPS O-polysaccharide biosynthetic genes between Y.

pseudotuberculosis s.s., Y. similis and the Korean group.
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Recombination in Y. pseudotuberculosis s.s

The levels of nucleotide and allelic diversity within Y. pseudotuberculosis s.s. were low.

Among the 387 Y. pseudotuberculosis s.s. strains, we only identified 4-11 alleles for each of

the seven gene fragments, and the level of pairwise nucleotide diversity (π) for individual

gene fragments ranged from 0.0008 to 0.0068 (Table 3). It is difficult to resolve true

genealogies with such low levels of diversity. Indeed, the clonal genealogy of over half of

the STs remained unresolved by ClonalFrame (Fig. 4A).

The ClonalFrame analyses estimated that mutation and recombination were approximately

equally frequent within this dataset (ρ/θ 0.95; CI95 [95% credibility interval]: 0.38-2.06) and

approximately equally important for genetic diversification (r/m = 1.34 CI95: 0.72-2.30).

Examples of the evolutionary events reconstructed by ClonalFrame are shown in Fig. 4B for

15 selected branches of the clonal genealogy. Sequence changes along branches A to E seem

to result only from mutations because the probability for recombination is very low for all

substitutions as indicated by the red line. Branches F to J demonstrate examples where

recombination is more likely (elevated red line), introducing two to three substitutions per

recombination event. This number of changes corresponds roughly to the average genetic

divergence (0.5%) between pairs of strains of Y. pseudotuberculosis s.s. (Fig. 2), which

suggests that these fragments were imported from Y. pseudotuberculosis s.s. donors.

In contrast to branches A to J, 5-12 nucleotides were introduced by each event along

branches K to O. These five atypical recombination events probably represent imports from

the Korean group or from Y. similis because we identified identical sequences within those

groups, or sequences differing by only one nucleotide. For instance, recombination events in

tmk on branches K and L introduced five and six substitutions respectively, resulting in

sequences that match sequences from the Korean group. Similarly, the import in glnA on

branch M (nine substitutions) also came from the Korean group. On the other hand, the

recombination events in adk on branch N (12 substitutions) and in glnA on branch O (11

substitutions) matched sequences within Y. similis. These examples provide evidence for

interspecies recombination within the Y. pseudotuberculosis complex.

Discussion

Comparison of MLST schemes

Since completion of this work, an independent MLST scheme has been described (Ch’ng et

al., 2011) in which 83 isolates were tested for seven housekeeping gene fragments. The two

schemes are incompatible because different gene fragments were used. For example, of the

44 isolates that were tested with both schemes, 12 were assigned to six STs according to

Ch’ng et al. and nine STs by our scheme. Conversely, 16 isolates were assigned to six STs

by our scheme but belong to 14 STs according to Ch’ng et al. Only eight isolates are

assigned to three pair-specific STs in both schemes (Table S6). Ch’ng and colleagues (2011)

described a discrete clade within Y. pseudotuberculosis containing six isolates, designated

clade B. Based on five isolates which were tested in both studies, this clade is Y. similis. The

sixth isolate (OK5608) assigned to this clade by Ch’ng et al. belongs to genetic group G3,

whereas we found that Y. similis is exclusively G4. In our hands, OK5608 is in ST49, within
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Y. pseudotuberculosis s.s. Contrary to Ch’ng et al., Y. similis (clade B) is not geographically

restricted to Japan. Ch’ng et al. also showed that recombination and mutation are equally

frequent within Y. pseudotuberculosis and that LPS O gene clusters recombine frequently

between Y. pseudotuberculosis clades.

Delineation of the Y. pseudotuberculosis complex

All isolates in this study had originally been assigned to Y. pseudotuberculosis, but MLST

revealed that they represent three distinct groups. Most of the strains are Y.

pseudotuberculosis s.s. and are closely related, but a few strains of group G4 are Y. similis,

confirming prior conclusions based on three isolates (Sprague et al., 2008) and another few

isolates belong to the Korean group, which has not been previously described (Fig. 1).

Yersinia pestis is one ST within Y. pseudotuberculosis s.s as shown before (Achtman et al.,

1999). Strains from Y. pseudotuberculosis s.s., Y. pestis, Y. similis and the Korean group,

which we designate as the Y. pseudotuberculosis complex, form a clear clade on the basis of

rRNA sequences (Fig. 3).

Although all our Y. similis strains were isolated in Japan, the Y. similis type strain was

isolated in Germany (Sprague et al., 2008), suggesting that this species has a worldwide

distribution. Yersinia similis strains were isolated from small mammals and the environment,

but not from humans. Yersinia similis is thought not to be pathogenic for humans: it lacks

the pYV (Fukushima et al., 2001) which is essential for the pathogenicity of Yersinia

(Cornelis et al., 1998), and carries YPMb, whereas Y. pseudotuberculosis s.s. isolates belong

to genetic types other than G4, are pYV-positive, possess YPMa or YPMc, and are

potentially pathogenic.

The Korean group currently contains seven isolates in four STs. Its diversity will probably

expand as additional members are identified. It is currently unclear whether the Korean

group is a distinct species or a population in the process of speciation. The seven Korean

group isolates belonged to genetic types G3 and G6, which are considered pathogenic

(Fukushima et al., 2001). Two of the seven isolates were isolated from humans, suggesting a

clinical relevance of these strains.

A wide range of O-serotypes were shared among Y. similis, Y. pseudotuberculosis s.s., and

Korean group strains, probably reflecting transfer of LPS O-polysaccharide biosynthetic

genes between species within the Y. pseudotuberculosis complex.

Y. pestis versus Y. pseudotuberculosis s.s

According to the minimal spanning tree, the closest relative to Y. pestis (ST 90) is ST43,

which differs from ST90 only at trpE. Most ST43 isolates were from Europe but four were

from Australia, New Zealand or China. ST43 was isolated from birds, mammals and

humans. Twenty-five of the isolates from ST43 belong to serotype O:1, and the 19 which

have been subtyped were all O:1b, supporting the hypothesis that Y. pestis descended from

an O:1b Y. pseudotuberculosis (Skurnik et al., 2000). One exceptional ST43 strain is O:3.

These data suggest that Y. pestis evolved from ST43. However, the minimal spanning tree

identifies founder STs with multiple isolates as the evolutionary source of rarer STs and the
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straggly nature of Y. pseudotuberculosis s.s. suggests that many of the links might be

spurious and reflect recombination between unrelated lineages (Turner et al., 2007). Among

the STs of the currently published genomes of Y. pseudotuberculosis (ST2, ST14 and ST42;

Fig. 1), the ST that is closest to ST90 is ST42, which differs from ST90 by two alleles and

includes strain IP32953 (Chain et al., 2004). Like ST43, ST42 is global in distribution. It

predominantly contains O:1 isolates, but also includes two O:13 and two O:2 strains. All of

the 30 subtyped O:1 isolates in ST42 are O:1a, except for IP32953, which is O:1b. ST42

differs from ST43 at only one nucleotide in thrA.

Recombination and population structure in the Y. pseudotuberculosis complex

The evolution of Y. pseudotuberculosis was equally affected by recombination and mutation.

Most recombination events within Y. pseudotuberculosis s.s. were intraspecific, but three

imports were from the Korean group and two from Y. similis (Fig. 4). Interspecies

recombination has also been previously observed in other species (Miller et al., 2006;

Wilson et al., 2009; de Haan et al., 2010), but is thought to be less frequent than

intraspecific recombination (Didelot and Maiden, 2010).

Recombination rates can vary substantially, even among closely related bacteria (Didelot

and Maiden, 2010). In general, highly specialized pathogens show fewer signs of

recombination than their non-specialized relatives (Achtman, 2008). For example, Y. pestis

does not recombine (Achtman et al., 1999; Morelli et al., 2010) even though it is part of Y.

pseudotuberculosis s.s., which does recombine extensively. It is possible that the lack of

recombination in Y. pestis can account for the radical difference in population structures of

the two species. Yersinia pestis shows strong geographical structuring of populations

(Morelli et al., 2010), whereas only weak associations were observed within Y.

pseudotuberculosis s.s. between geographical origin, host type, and/or O-serotype.

Weak geographical structuring in Y. pseudotuberculosis s.s

Yersinia pseudotuberculosis s.s. contains a cluster of STs consisting of ST19 plus its single

locus variants ST50 and ST57 (Fig. 1, near one o’clock; Fig. 4, branch E). These isolates are

O:3, melibiose-negative, and belong to genetic group G5. They have been isolated globally

from buffalo, cattle, deer and pigs, and may correspond to the melibiosenegative Y.

pseudotuberculosis O:3 that are common among asymptomatic domestic pigs in many

European countries (Weber and Knapp, 1981; Niskanen et al., 2002; Ortiz Martínez et al.,

2009; 2011) as well as in Japan (Tsubokura et al., 1984). It has been claimed that melibiose-

negative Y. pseudotuberculosis O:3 strains of genetic group G5 are associated with lowered

pathogenicity (Mair et al., 1979; Tsubokura et al., 1984; Nagano et al., 1997; Fukushima et

al., 2001). However, these isolates harbour the pYV and the chromosomal inv gene (Nagano

et al., 1997; Fukushima et al., 2001). They cause severe, sometimes fatal diarrhoea in cattle

(Martins et al., 1998; Warth, 2010), and have also caused abortions in cattle and sheep and

fatal enteric disease in squirrel monkeys (Mair et al., 1979; Buhles et al., 1981). They have

also been isolated from humans with enteric symptoms (Tsubokura et al., 1984; Aleksić et

al., 1995). It has been suggested that melibiose-negative Y. pseudotuberculosis O:3 evolved

in Europe and reached other regions by co-transmission with livestock (Fukushima et al.,

2001) because they do not seem to exist in wild animals.
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A second example of weak geographic structure is that Y. pseudotuberculosis s.s. isolates

from Asia belonged to STs throughout the entire minimal spanning tree whereas 97% of

European isolates belonged to a few, global STs. This geographic correlation suggests that

Y. pseudotuberculosis might have evolved in Asia, as did Y. pestis (Morelli et al., 2010).

Use of melibiose to differentiate Yersinia species

The ability to ferment melibiose has been used as a phenotypic marker of certain Yersinia

species. Yersinia entomophaga, Y. intermedia, Y. pestis, Y. pseudotuberculosis s.s and Y.

rohdei include strains that can ferment melibiose whereas other species do not (Anisimov et

al., 2004; Bottone et al., 2005; Hurst et al., 2011). Fermentation of melibiose is a key test

for differentiating Y. intermedia from Y. frederiksenii (Brenner et al., 1980; Bottone et al.,

2005). However, Y. intermedia biotype 8 is incapable of fermenting melibiose, as are two

other melibiose-negative variants (Martin et al., 2009). Within the Y. pseudotuberculosis

complex, Sprague and colleagues (2008) suggested that melibiose fermentation could be

used to differentiate Y. pseudotuberculosis from Y. similis. We confirm that the inability to

ferment melibiose is uniform throughout Y. similis and that most Y. pseudotuberculosis s.s.

isolates ferment melibiose. However, Y. pseudotuberculosis s.s. also included the

melibiosenegative Y. pseudotuberculosis serotype O:3 strains in ST19, ST50 and ST57,

rendering this phenotypic differentiation unreliable.

Conclusions

We define the Y. pseudotuberculosis complex as a superset of Y. pseudotuberculosis s.s., Y.

pestis, the Korean group, and Y. similis. Except for Y. pestis, genetic diversity within each

reflects an equal mixture of recombination and mutation, resulting in diffuse population

structure within Y. pseudotuberculosis s.s. Yersinia pestis belongs to ST90 within Y.

pseudotuberculosis s.s. Yersinia similis corresponds to a distinct clade of STs with genetic

type G4 and may not be pathogenic for larger mammals. In contrast, Y. pseudotuberculosis

s.s. includes multiple other genetic groups that are considered pathogenic for humans when

they harbour a virulence plasmid. The Korean group resembles Y. pseudotuberculosis but is

genetically somewhat distinct and may be in the process of becoming a distinct species.

Experimental procedures

Yersinia isolates

We studied a diverse collection of 417 strains that were initially thought to be Y.

pseudotuberculosis, which were isolated from humans, mammals, birds, fish or the

environment in 29 countries from all continents (Tables 1 and S2), plus one strain of Y.

pestis. This collection includes all 15 O-serotypes. Data on virulence characteristics for 239

strains were from a previous study (Fukushima et al., 2001).

Multilocus sequence typing

Oligonucleotide primers for PCR amplification (Table S1) and sequencing (Table S4) were

designed based on sequences of adk (adenylate kinase), argA (N-acetylglutamate synthase),

aroA (3-phosphoshikimate-1-carboxylvinyltransferase), glnA (glutamine synthase), thrA
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(aspartokinase I/homoserine dehydrogenase I), tmk (thymidylate kinase) and trpE

(anthranilate synthase component I) from Y. pseudotuberculosis IP32953 [Accession

number NC006155 (Chain et al., 2004)]. Sequences were trimmed to a uniform length for

each gene, which was determined from multiple alignment of all sequences. Sequences were

trimmed using Bionumerics 5.10 (Applied Maths, Sint-Martens-Latem, Belgium) and each

unique sequence was assigned a different allele number using the MLST database at

University College Cork, which is accessible at http://mlst.ucc.ie./mlst/dbs/

Ypseudotuberculosis. That MLST database provides publicly available downloads of all

currently known sequences, allele designations and ST types as well as strain information.

Genetic analysis

We used DnaSP 5.10 (Librado and Rozas, 2009) with Jukes-Cantor correction to calculate

the average numbers of nucleotide substitutions per site between paired sequences for

synonymous (πs) and non-synonymous (πa) sites as well as total nucleotide diversity (π).

The number of polymorphic sites and mismatch distributions were also calculated using

DnaSP 5.10. A graph of mismatch distribution was drawn using Origin 7.5 (OriginLab

Corporation, Northampton, MA, USA). Fixation indices (FST) were calculated using

Arlequin 3.1 (Excoffier et al., 2005). Minimal spanning trees were constructed with

Bionumerics 5.10 (Applied Maths) for the allelic characters by using a maximal crosslink

distance of zero. An eBURST population snapshot was drawn by setting the group definition

to zero of seven shared alleles (Feil et al., 2004).

16S rRNA analysis

16S rRNA genes were amplified by PCR and sequenced as described (Koort et al., 2005)

using universal amplification primers F19-38 and R1541-1522 with additional sequencing

primers F926 and R519 (Table S5). 16S rRNA was sequenced from one strain each of Y.

pseudotuberculosis (strain H655-36/87, Accession No. JF826870), Y. similis (R2091-2,

Accession No. JF826869) and the Korean group (WP-931201, Accession No. JF826868).

Additional sequences of Yersinia spp. 16S rRNA genes were retrieved from the NCBI

Nucleotide database at http://www.ncbi.nlm.nih.gov/nuccore (Table S3). Phylogenetic

analyses were performed using the maximum likelihood method with MEGA5 (Tamura et

al., 2011) and the Tamura-Nei model to estimate evolutionary distances (Tamura and Nei,

1993). Bootstraps were calculated on the basis of 1000 iterations. The tree with the highest

log likelihood (−3125.1894) was chosen.

ClonalFrame analysis

We applied ClonalFrame (Didelot and Falush, 2007) to all STs from Y. pseudotuberculosis

s.s. A total of 100 000 MCMC iterations were performed, of which the first half was

discarded as burn-in. Mixing and convergence properties were found to be satisfactory based

on comparisons of independent runs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Minimal spanning tree of the Y. pseudotuberculosis complex coloured by continent. The

asterisk marks ST90 which is specific for Y. pestis strain CO92 (Parkhill et al., 2001).

Letters a-d indicate STs containing isolates whose genomes have been sequenced: a:

IP32953 (Chain et al., 2004); b: PB1/+ (unpublished, NC_010634); c: IP31758 (Eppinger et

al., 2007); and d: YPIII (unpublished, NC_010465).
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Fig. 2.
Nucleotide mismatch distributions of the concatenated sequences for all STs within (A-C)

and between (D-F) groups.
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Fig. 3.
Phylogeny of 16S rRNA gene sequences (1436 bp) of isolates from diverse species of

Yersinia. Phylogenies were calculated using the maximum likelihood method and the

percentage of trees in which the associated taxa clustered together is shown next to the

branches. Strains from Y. pseudotuberculosis, the Korean group, and Y. similis in bold text

were sequenced in this study. The sources of other sequences are listed in Table S3.
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Fig. 4.
Clonal genealogy (A) and evolutionary events (B) reconstructed by ClonalFrame from

concatenated sequences. The designations for branches in part A (A-O) are congruent with

the designations of rows in part B. Each column in part B delineates the extent of one of

seven MLST gene fragments. The height of the red line indicates the probability of

recombination on a scale from 0 (row bottom) to 1 (row top). Each nucleotide substitution is

represented by a black cross.
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Table 1

Summary of 417 strains that were thought to be Y. pseudotuberculosis.

Number

Continent Strains STs Countries Hosts Host groups
a

O-serotypes
b

Africa 3 3 2 3 1 2

Asia 197 82 4 29 5
c

15
c,d

Europe 145 17 18 26 4
c

6
c,d

North America 6 3 2 4 2 2

Oceania 20 11 2 7 2 4

South America 41 2 2 4 1 2
c

Unknown 5 4 2
c

2
c 3

Total 417 89 29 43
c 5c 15

c,d

a
Host groups: human, mammal, environment, bird and fish.

b
Subtypes are not counted.

c
Includes strains with unknown information.

d
Also rough type strains.
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Table 2

Fixation index (FST) and pairwise genetic distances of individual and concatenated gene fragments.

Population specific FST indices Population pairwise genetic distances

Gene Y. pstb Y. similis Korean group Y. pstb–Y. similis Y. pstb–Korean Y. similis–Korean

adk 0.954 0.955 0.955 0.963 0.795 0.987

argA 0.931 0.934 0.934 0.941 0.825 0.992

aroA 0.983 0.982 0.980 0.986 0.973 0.955

glnA 0.846 0.843 0.847 0.848 0.840 0.800

thrA 0.867 0.871 0.867 0.890 0.595 0.952

tmk 0.867 0.872 0.872 0.888 0.574 1.000

trpE 0.975 0.976 0.975 0.981 0.611 0.991

Concatenated sequences 0.927 0.929 0.928 0.939 0.794 0.964

Y. pstb, Y. pseudotuberculosis s.s.
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Table 3

Nucleotide diversity of individual genes and concatenated sequences of Yersinia pseudotuberculosis s.s.

strains (n = 387).

Gene (size)
No. of
alleles π s π a πa/πs θa/θs π S

adk (389 bp) 4 0.0037 0.0005 0.1386 0.0622 0.0012 12

argA (361 bp) 4 0.0037 0.0009 0.2493 0.1049 0.0016 4

aroA (357 bp) 7 0.0028 0.0001 0.2837 0.1648 0.0008 6

glnA (338 bp) 11 0.0164 0.0008 0.0513 0.0735 0.0044 21

thrA (342 bp) 11 0.0211 0.0001 0.0047 0.1838 0.0049 8

tmk (375 bp) 9 0.0270 0.0000 0.0015 n.a. 0.0068 10

trpE (465 bp) 7 0.0064 0.0000 0.0016 0.0450 0.0015 8

Concatenated sequences (2627 bp) 76 0.0112 0.0003 0.0304 n.a. 0.0029 69

n.a., could not be calculated due to a complex codon.
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