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The genus Yersinia has been used as a model system to study path-
ogen evolution. Using whole-genome sequencing of all Yersinia spe-
cies, we delineate the gene complement of the whole genus and
define patterns of virulence evolution. Multiple distinct ecological
specializations appear to have split pathogenic strains from environ-
mental, nonpathogenic lineages. This split demonstrates that con-
trary to hypotheses that all pathogenic Yersinia species share
a recent common pathogenic ancestor, they have evolved indepen-
dently but followed parallel evolutionary paths in acquiring the
same virulence determinants as well as becoming progressively
more limited metabolically. Shared virulence determinants are lim-
ited to the virulence plasmid pYV and the attachment invasion locus
ail. These acquisitions, together with genomic variations in meta-
bolic pathways, have resulted in the parallel emergence of related
pathogens displaying an increasingly specialized lifestyle with a
spectrum of virulence potential, an emerging theme in the evolution
of other important human pathogens.
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Bacterial species are defined on the basis of phenotypic char-
acteristics, such as cellular morphology and biochemical char-

acteristics, as well as DNA-DNA hybridization and 16S rRNA
comparison. Using high-throughput whole-genome approaches we
can now move beyond classic methods and develop population
frameworks to reconstruct accurate inter- and intraspecies rela-
tionships and gain insights into the complex patterns of gene flux
that define different taxonomic groups.

Bacterial whole-genome sequencing has revealed enormous
heterogeneity in gene content, even between members of the
same species. From a bacterial perspective the acquisition of new
genes provides the flexibility to adapt and exploit novel niches
and opportunities. From a human perspective, integration of
genes by bacteria has been directly linked to the emergence of
new pathogenic clones, often from formerly harmless lineages (1,
2). In addition to gene gain, gene loss is also strongly associated
with host restriction in acutely pathogenic bacterial species, such
as Yersinia pestisand Salmonella entericaserovars, includingSal-
monella Typhi (3–5), where gene loss can remove functions un-
necessary in the new niche (6). These specialist pathogens show
a much higher frequency of functional gene loss than closely

related host generalist pathogens, such asYersinia pseudotuber-
culosis(7).

Previous Yersiniagenome studies (8, 9) have examined the
evolution of pathogenicity by comparing strains from a selection
of species or species subtypes within the genus, limiting our
understanding of the evolutionary context of individual species.
The majority of the Yersiniaspecies are found in the environ-
ment and do not cause disease in mammals. Three species are
known as human pathogens: the plague bacillusY. pestisand the
enteropathogensYersinia enterocoliticaand Y. pseudotuberculosis.

Significance

Our past understanding of pathogen evolution has been frag-
mented because of tendencies to s tudy human clinical isolates. To
understand the evolutionary trends of pathogenic bacteria
though, we need the context of their nonpathogenic relatives.
Our unique and detailed dataset allows description of the parallel
evolution of two key human pathogens: the causative agents of
plague and Yersinia diarrhea. The analysis reveals an emerging
pattern where few virulence-related functions are found in all
pathogenic lineages, representing key “ foothold ” moments that
mark the emergence of these pathogens. Functional gene loss
and metabolic streamlining are equally complementing the evo-
lution of Yersinia across the pathogenic spectrum.
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Only Y. pestisand Y. pseudotuberculosishave been studied ex-
tensively in a phylogenetic context (7, 9, 10). In our study, we
present a global analysis of diversity in multiple isolates repre-
senting all current species of theYersiniagenus to examine the
evolution of bacterial pathogens in the context of the entire
genus, encompassing both genomic features and metabolic sig-
natures. It has been previously suggested that the pathogenic
Y. pestis, Y. pseudotuberculosis, andY. enterocoliticashare a recent
common ancestor to the exclusion of the nonpathogenic species
(11–13). Contrary to this, we show conclusively that the human
pathogenic Yersinialineages have evolved independently. Early
ecological separation is likely to have split the most acutely
pathogenic Yersiniastrains from the environmental species and
nonpathogenic Y. enterocolitica. In human pathogenic lineages
this was then followed by a common pattern of acquisition of
similar pathogenicity determinants, namely the virulence plasmid
pYV and the invasin ail, followed by the acquisition of further
determinants within lineages along with functional gene loss and
reduced metabolic flexibility. This parallel evolution in distinct
pathogenic Yersinia species may represent a paradigm of the
emergence of important human pathogens from nonpathogenic
bacterial species.

Results
Defining the Structure of the Genus Yersinia. To investigate the
evolution of pathogenicity within the genusYersiniawe selected
a representative sample of strains composed ofY. pseudotuber-
culosisand Y. pestis, as well as the understudiedY. enterocolitica.
In addition, a diverse set of 94 isolates representing all of the
other 15 Yersiniaspecies were also sequenced. In total, 241
Yersiniastrains were analyzed, all of which had been typed by
traditional biochemical and serological methods (Table S1).

Because high diversity within the population precluded the use
of a read mapping-based approach, we used a set of core genes
common to all strains to produce a genus-wide phylogeny. The
resulting phylogenetic tree (Fig. 1 andFig. S1) shows a wide
diversity of clearly defined lineages within the genus, with clus-
tering of isolates at the tips of long branches signifying very an-
cient common ancestry. To subdivide the population by patterns
of shared sequence similarity we used the program Bayesian
Analysis of Population Structure (BAPS) (14). BAPS resolved the
genus into 14 species clusters (SC) (Fig. 1). RoutineYersinia
species identification is largely based on limited biochemical data.
Superimposing this information onto the phylogenetic tree
revealed the lack of resolution provided by biochemical tests,
and emphasized the need to use modern molecular methods in
classifying bacterial species.Yersinia frederikseniiis known to be
heterogeneous andYersinia massiliensiswas recently subspeciated
from “atypical” Y. frederiksenii(15). As can be seen in Fig. 1,
isolates described traditionally asY. frederikseniican be found in
species complexes SC8, SC9, and SC14, with the latter also
containing both Yersinia intermediaand Y. massiliensisisolates.
On the other hand, the three speciesYersinia aleksiciae, Yersinia
bercovieri, and Yersinia mollaretiiform a single, heterogeneous
species complex SC13 (Fig. 1). In line with previous findings, the
pathogenic lineages ofY. pestisand Y. pseudotuberculosisform a
tight group (16), with the nonpathogenicYersinia similisappear-
ing basal to these species on the tree (17) (Fig. 1). The other
human pathogenic species,Y. enterocolitica, forms a pair of dis-
tinct complexes in the tree, SC6 composed of the pathogenic
biotype (BT) 1B and the nonpathogenic BT 1A, and SC7 com-
posed of the other pathogenic BTs 2–5 (Fig. 1).

The remaining species occupy intermediate branching posi-
tions between theY. pseudotuberculosisand Y. enterocoliticaSCs
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