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REVIEWS

‘Add, stir and reduce’: Yersinia spp. as
model bacteria for pathogen evolution

The ever-expanding number of sequenced microbial
genomes, combined with an increased understanding of
the pathogenesis and ecology of bacterial pathogens, is
illuminating the dynamics that have shaped the evolution
of mammalian pathogenesis in these organisms. Many
bacterial pathogens infect humans only incidentally and
often produce virulence factors that are effective against
non-mammalian organisms as diverse as insects, proto-
zoa, nematodes, predatory bacteria and phages'~. These
natural hosts provide a considerable driving force for the
evolution of bacterial pathogens that also infect humans,
enabling us to re-evaluate human-pathogen inter-
actions in the light of the eco-evo perspective; that is, a
perspective of bacterial ecology and evolution in which
organisms are evaluated broadly in the light of evolution
and ecology, rather than the narrow constraints of their
behaviour during human infection. When viewed from
the eco-evo perspective, it is not surprising that genes
encoding factors that promote virulence in mammalian
infections are also found in bacteria that infect or colonize
non-mammalian hosts**. Conversely, as bacteria evolve to
inhabit new hosts, or new niches within the same host,
genomics can reveal remnants of genes and gene clusters
that may have provided an adaptive advantage in the past,
but are no longer selected for and so have been degraded
into non-functional pseudogenes.

Therefore, many bacteria seem to be ‘pre-armed’ with
virulence factors as they enter new environments and
niches, and their evolution is not solely shaped by the
pathogenic interactions with human, or mammalian,
hosts®”. The eco—evo perspective is highly pertinent for
the evolution of the Yersinia genus, as it includes both
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Abstract | Pathogenic species in the Yersinia genus have historically been targets for research
aimed at understanding how bacteria evolve into mammalian pathogens. The advent of
large-scale population genomic studies has greatly accelerated the progress in this field, and
Yersinia pestis, Yersinia pseudotuberculosis and Yersinia enterocolitica have once again acted as
model organisms to help shape our understanding of the evolutionary processes involved in
pathogenesis. In this Review, we highlight the gene gain, gene loss and genome rearrangement
events that have been identified by genomic studies in pathogenic Yersinia species, and we
discuss how these findings are changing our understanding of pathogen evolution. Finally, as
these traits are also found in the genomes of other species in the Enterobacteriaceae, we suggest
that they provide a blueprint for the evolution of enteropathogenic bacteria.

non-pathogenic and pathogenic species with diverse
phenotypes. Furthermore, all 18 species in the genus
have recently been fully sequenced and metabolically
phenotyped, which has enabled comparative analyses to
be carried out between pathogenic and non-pathogenic
species®. As such, Yersinia spp. represent a key model for
understanding the forces that shape the evolution of patho-
genic bacteria. Our current understanding of the genus
encompasses both long-term evolution — how pathogenic
species with a broad host range, such as Yersinia enteroco-
litica, evolve over millions of years from a non-pathogenic
ancestor’ — and short-term evolution — how recent
evolutionary bottlenecks have led to the rapid emergence
of highly pathogenic clones, such as the emergence of
Yersinia pestis from Yersinia pseudotuberculosis'.

The evolution of pathogenic Yersinia species shows
remarkable similarities to the evolution of species in
the Salmonella genus. Similarly to the Yersinia genus,
serovars in the Salmonella genus vary in host restric-
tion and have varying degrees of pathogenic potential.
These include Salmonella enterica subsp. enterica sero-
var Typhimurium, which has a broad host range and
causes self-limiting diarrhoea, and the human-restricted
Salmonella enterica subsp. enterica serovar Typhi,
which can cause acute invasive disease. These similar-
ities made pathogenic Yersinia species the organisms
of choice for much of the pioneering work that used
classical genetics to investigate mechanisms of bacterial
pathogenesis. For example, studies using Y. enterocolitica
spearheaded research into bacterial invasion of host epi-
thelial cells", studies using Y. enterocolitica and Y. pestis
advanced our understanding of the role of plasmids in
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Type Il secretion systems
(T3SSs). Needle-like protein
complexes used by some
bacteria to export proteins.
T3SSs are often responsible for
the translocation of bacterial
effector proteins from
pathogenic or symbiotic
bacteria directly into the
cytoplasm of a host cell.

Salmonids

Fish from the Salmonidae
family, which includes salmon
and trout.

Phylogenomic analysis

The analysis of evolutionary
trees created from whole-
genome sequences. In contrast
to the analysis of single-gene
phylogenetic markers, such

as the ribosomal 16S gene,
phylogenomic analysis can
infer high-resolution
evolutionary patterns.

Integrons

Cassettes of genes incorporated
into loci encoding a site-specific
recombinase, a recombination
recognition site and a promoter.
Integrons are often found

in conjunction with other

genes, such as antibiotic
resistance genes.

Genomic islands

Large genetic regions, acquired
by horizontal gene transfer, that
encode one or more functional
groups of genes. They are
frequently associated with
tRNA genes, are flanked by
repeat structures and contain
mobility genes encoding
integrases or transposases that
are required for chromosomal
integration and excision.

Horizontal gene transfer
The transfer of DNA,
frequently cassettes of genes,
between organisms.

Transduction

The phage-mediated transfer
of DNA, frequently cassettes of
genes, between organisms.

Natural transformation
The direct uptake of DNA
from the environment and the
incorporation of this genetic
material into the chromosome
by competent cells.

Conjugation

The transfer of DNA — usually
plasmids — between organisms
through direct cell-to-cell
contact or through a bridge that
forms between cells.

bacterial virulence'>", and Y. pseudotuberculosis was
used to identify and characterize type Il secretion systems
(T3SSs) and the role of these systems in host subversion'.
These findings have led to advances in our understanding
of how bacteria evade host responses during infection'>™"".

In this Review, we examine how the eco-evo perspec-
tive, informed by whole-genome sequencing and pop-
ulation genomic and ecological studies, has challenged
previous hypotheses on the evolution of mammalian
pathogenesis in the Yersinia genus. Furthermore, we con-
sider how these studies are revealing common principles
in the emergence of pathogenesis in other species in the
Enterobacteriaceae. Finally, we show why including all
members of a genus in population genomic studies, rather
than pathogenic species alone, can provide greater insight
into, and resolution for, understanding the evolution of
mammalian pathogenesis.

The Yersinia genus

Yersinia is a genus in the Enterobacteriaceae family of
Gram-negative bacteria. The nomenclature of the genus
is based on classical systematics and biochemical species-
classification methods, which resulted in the description of
the genus as being a highly diverse group of bacteria with
18 defined species'®-*. The best characterized of these are
the three species that cause disease in mammals (includ-
ing humans), Y. enterocolitica, Y. pseudotuberculosis and
Y. pestis. Both Y. enterocolitica and Y. pseudotuberculosis
are zoonotic pathogens that cause self-limiting gastro-
enteritis in humans, whereas Y. pestis, the causative agent
of plague, is a pathogen in rodents and fleas that is occa-
sionally transmitted to humans®. The remaining 15 known
species of the genus are commonly found in soil and
aquatic environments and are generally non-pathogenic
in mammals (although some are pathogenic in other hosts,
as Yersinia ruckeri causes red mouth disease in salmonids™
and Yersinia entomophaga has insecticidal activity)*.
Recent phylogenomic analysis of the entire Yersinia genus
has enabled an accurate, whole-genome single-nucleotide-
polymorphism (SNP)-based assessment of its population
structure®, which has shown that the genus contains 14
distinct species clusters. This robust sequenced-based tax-
onomy differed from the standing taxonomic description
of the genus, which was largely formulated on the basis of
biochemical differences and 16S ribosomal gene phy-
logeny (BOX 1). It also showed that the mammalian patho-
gens Y. enterocolitica and the Y. pseudotuberculosis-Y. pestis
species complex, which belongs to a species cluster that
also comprises the non-pathogenic Yersinia similis and
Yersinia wautersii, form separate branches at opposite
ends of the Yersinia evolutionary tree and do not branch
together as was previously thought®.

Early microbial population genetics studies suggested
that Y. pestis is a recently emerged clone of Y. pseudo-
tuberculosis, even though it has a markedly different
lifestyle to Y. pseudotuberculosis and causes a much more
acute disease’®?. These studies inferred a history for
Y. pestis in which it evolved from Y. pseudotuberculosis in
an evolutionary ‘blink of an eye] estimated to be between
2,000-10,000 years ago®®*, through a combination of
gene gains, gene losses and genome rearrangements.

The evolutionary events that led to pathogenesis were
further explored in early microbial comparative genomics
studies that used the first available sequenced genomes.
These revealed that Y. pestis had emerged from Y. pseudo-
tuberculosis through a mixture of gene gain events — in
the form of the acquisition of species-specific plasmids,
bacteriophage, integrons and genomic islands — and gene
loss events, in which the loss of complete or partial genes
led to a reduction in genomic flexibility and metabolic
streamlining. These gains and losses of genomic features
are associated with a change in lifestyle and, ultimately,
niche restriction'®*'-%, The relationship between Y. entero-
colitica and the Y. pseudotuberculosis-Y. pestis species
complex was until recently poorly defined. In 2006, a
comparison of the available genomes from all three spe-
cies suggested that they shared a distant but common
pathogenic ancestor that had acquired key determinants
of pathogenicity before splitting into distinct lineages®”’.
These determinants of pathogenicity included the essen-
tial virulence plasmid pY'V, which encodes the Ysc T3SS
(BOX 2). However, the availability of just a single Y. entero-
colitica genome sequence at this time, and a lack of
genome sequences for non-pathogenic Yersinia species,
limited the interpretations that could be made from com-
parative genomic analyses. Further genomes were sub-
sequently published for Y. enterocolitica, in 2011 and 2013
(REFS 34-37), as well as single genomes for type strains of
environmental Yersinia species, in 2010 (REF. 38). However,
our understanding of the evolution of the genus as a
whole, and the evolutionary position of Y. enterocolitica
within it, was still limited by the lack of comprehensive
whole-genome data. Nonetheless, even with this limited
genomic data, a combination of gene gain and gene loss
in the lineages of the three human pathogenic Yersinia
species was evident and highlighted the complexity of the
evolution of mammalian pathogenicity in these bacteria,
which showed that pathogens can evolve by a process of
‘add DNA, stir, and reduce’ (REF. 27).

The study of the evolution of pathogenesis in the
Yersinia genus has also suggested an inexorable relation-
ship between the loss of metabolic function by genome
decay, a reduction in ecological flexibility, and the evolu-
tion towards niche-restricted highly pathogenic lineages™.
As population genomic studies have become an estab-
lished tool in microbiology, the level of resolution at which
we can study these evolutionary events has improved con-
siderably. By sequencing the genomes of entire bacterial
genera, it is possible to determine the key gene acquisition
and loss events in the evolution of bacterial pathogens,
thereby shedding light on the evolutionary forces and
patterns that underpin these processes, and identify the
common features of this evolution in diverse lineages.

The role of gene gain

The evolutionary path from environmental or com-
mensal bacterium to human pathogen has long been
associated with the gain of mobile genetic elements
by horizontal gene transfer, which occurs through phage
transduction, plasmid uptake, natural transformation or
DNA conjugation. The most important of these gene gain
events in Yersinia spp. seems to have been the acquisition
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of the family of pYV virulence plasmids that encode the
Ysc T3SS#1212% The Ysc T3SS delivers Yersinia outer
proteins (Yops) directly into host cells on contact,
a process termed the ‘Yersinia deadly kiss’ (REF. 40).
Delivery of Yops into host immune cells inhibits actin
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polymerization, thereby preventing phagocytosis of bac-
terial cells, and suppresses the transcription of genes of
the innate immune response. The downregulation of the
production of pro-inflammatory cytokines enables
the proliferation of the infection**-*,

Box 1| Phylogenomics of Yersinia species: approaches and main findings

Traditionally, bacterial species are identified using limited biochemical
tests that are based on the phenotypic expression or non-expression of
a trait. However, the formulation of standardized methods to measure
phenotypes is often problematic, and bacteria can be incorrectly
identified when a mutation arises that alters the phenotype. Genomic
information is less ambiguous than biochemical tests as a basis for
species identification, and variations within genes under neutral
selection can be used to infer evolutionary relationships, which provide a
robust framework that is independent of phenotypic variation. For the
genus Yersinia, 84 identified housekeeping genes show between 10-25%
divergence in single-nucleotide polymorphisms (SNPs) between

Yersinia pestis and Yersinia enterocolitica®. This level of SNP divergence
meets the criteria used for the design of multi-locus sequence typing
(MLST)**?, and the application of MLST can survey the accumulation of
variation in the genus to determine its evolutionary history and to
estimate a maximum likelihood phylogeny. Furthermore, Bayesian
statistical analysis of the population structure can be used to identify and
define species clusters® (see the figure). In this analysis, statistical
probabilities are calculated to describe the sequence variation present
within the population and the set of housekeeping genes are not only
considered as a whole but also as separate gene entities. Some of the
species clusters that have been identified by Bayesian statistical analysis
contain several strains that conventional techniques had previously
defined as separate species, such as species cluster 13 and species
cluster 14. In other cases, strains that were previously defined as a single

species are distributed over several species clusters; for example,
Yersinia frederiksenii strains are found in species cluster 8, species
cluster 9 and species cluster 14. These incongruities between

species classifications using conventional techniques and the species
clusters defined by Bayesian analyses highlight the limitations of
biochemical tests that fail to accurately reflect the relationships between
different species. Bayesian analysis positions Y. enterocolitica at the
diametrically opposite end of the tree to the other two human
pathogenic Yersinia species, Yersinia pseudotuberculosis and Y. pestis.
The separated positions of the Y. pseudotuberculosis-Y. pestis species
complex and Y. enterocolitica support the hypothesis that pathogenic
potential has evolved independently at least twice in the Yersinia genus.

However, it must be noted that purely genomic evidence might not
always be sufficient to define species boundaries, as Y. pestis and
Y. pseudotuberculosis are highly similar on a genomic level but exhibit
markedly different mechanisms of disease as well as niche preference
and lifestyle.

Phylogenomics has also helped to clarify the position of the fish
pathogen Yersinia ruckeri, which forms an outlying species cluster
(species cluster 2). Even though no classical root of the tree is given,

Y. ruckeri might be considered an outgroup. Indeed, it has been debated
whether Y. ruckeri is truly part of the Yersinia genus?; however, the
identification of the newly classified lineages Yersinia nurmii and
Yersinia entomophaga (which together form species cluster 3)
strengthens the case for including Y. ruckeri in the Yersinia genus.

Species cluster 14

Species cluster 13
@ Yersinia mollaretii
O Yersinia bercovieri
2 OpYersinia aleksiciae

/

Species cluster 1
@ Yersinia pekkanenii ‘\
Species cluster 11 €D
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\
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Human pathogens

Species cluster 2
@ Yersinia ruckeri
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© Yersinia nurmii
@ Yersinia entomophaga
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~6,000 SNPs
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Yersinia outer proteins
(Yops). A set of effector
proteins secreted by the Ysc
type Il secretion system
(T3SS). Yops are injected into
phagocytic cells, in which
they inhibit the production

of pro-inflammatory cytokines
and induce apoptosis of

the infected cell.

Multi-locus sequence typing
(MLST). A strain typing
technique based on the

allele profiling of seven
housekeeping genes

conserved in a given species.

and deeply (that is, many isolates) within each spe-
cies is that the origins and distribution of each gene
described as a Yersinia spp. virulence factor, or indeed

any Yersinia spp. gene, can be ascertained®. Such an
analysis confirmed that pYV was one of only two
virulence-associated genetic loci present in all three
Yersinia spp. lineages that are commonly associated with

The advantage of sequencing broadly across a genus

Box 2 | Mechanisms of pathogenesis in Yersinia spp.

The three species of Yersinia that are pathogenic in humans — Yersinia pestis, Yersinia pseudotuberculosis and Yersinia
enterocolitica— share a large virulence plasmid, designated pYV (plasmid of Yersinia virulence), that is key to their ability
to cause disease. Although commonly thought of as a single entity, pYV is highly variable between species and strains of
species, containing different origins of replication and having variable genetic architecture®!2. However, the large genetic
locus encoding the Ysc type Il secretion system (T3SS) is present in pYV in all pathogenic strains. The Ysc T3SS, which was
the first T3SS to be fully characterized, mediates the targeted delivery of Yersinia outer protein (Yop) effector proteins
into host cells. Yops are the key virulence factors in all three pathogenic species; on contact with host macrophages,

the injection of Yops results in the silencing of the pro-inflammatory cytokine response and in apoptotic death of the
infected macrophages*.

Y. enterocolitica and Y. pseudotuberculosis are zoonotic infectious pathogens that cause inflammatory intestinal disease
following the ingestion of undercooked or contaminated pork products and vegetables'®. The bacterial cells enter the
smallintestine, where they attach to the intestinal epithelium. Numerous virulence factors have been implicated in this
process, including fimbriae, flagellal proteins and adhesins (YadA and attachment invasion locus protein (Ail))'®. The
invasin protein then triggers the internalization of the bacteria, which translocate across the epithelium*’. Bacterial cells
that are replicating in the intestinal tract can also disseminate to lymphatic tissues through infection and silencing of
phagocytic immune cells'*. As a result, this infection is often diagnosed as pseudoappendicitis and can lead to
septicaemia’® (see the figure).

Unlike Y. enterocolitica and Y. pseudotuberculosis, Y. pestis does not have an intestinal phase in its infection cycle. Instead,
Y. pestis forms a biofilm in the foregut of the rodent flea vector®. When the flea next takes a blood meal, the biofilm is
regurgitated into the host. If injected into the bloodstream, the bacterial cells immediately encounter phagocytes from
the host immune system, triggering the activation of the Ysc T3SS and the silencing of host defence pathways. This leads
to septicaemic plague'*®, which is a rare but potentially lethal form of the disease. If injected into the extravascular part of
the dermis, the bacterial cells travel to the lymph nodes, where an acute infection is established, leading to the formation
of painful swellings at the lymph nodes, known as buboes'. This is known as bubonic plague (see the figure). If untreated,
the infection will re-enter the bloodstream, enabling bacteria to travel to the lungs, where pneumonic plague is
established (see the figure). Y. pestis has acquired additional plasmids, pPla and pFra, which have pivotal roles in the insect
and systemic phases of infection, respectively****!*".
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Accessory gene pool

The set of genes that have
been shown to be differentially
present in individual genomes
within a species or genus.

Yersinia murine toxin
(Ymt). First characterized as
a determinant of lethality in
mice but now known to have
a crucial role in the ability
of Yersinia pestis to survive
in fleas.

F1 capsular protein

Protein antigen found on the
surface of pathogenic Yersinia
spp. that is thought to
modulate the targeting of
bacteria to sites of infection.

Pla

A protease found in

Yersinia pestis that is

encoded on a Y. pestis-specific
plasmid. Pla is required for
pneumonic infection.

Integrative and conjugative
element

(ICE). A class of bacterial
mobile elements that uses
self-encoded integrase and
excision factors for excision
and transfer to a donor cell.

Extraintestinal pathogenic
Escherichia coli

(EXPEC). Strains of

Escherichia coli that can
asymptomatically colonize the
mammalian intestinal tract but
cause disease in sites such as
the urinary tract, blood stream
or meninges.

mammalian disease, but not in Yersinia species that are
not mammalian pathogens. The second locus was the
chromosomally encoded attachment and invasion locus
(ail), which has roles in the attachment to, and invasion
of, mammalian epithelial cells and in resistance to kill-
ing by the host complement system*~**. The pivotal role
of pYV in the emergence of mammalian pathogenesis
is highlighted by the revelation from genomics studies
that closely related versions of pYV were acquired inde-
pendently on at least three occasions in the Yersinia
genus: twice in the Y. enterocolitica lineage and once in
the Y. pseudotuberculosis-Y. pestis lineage®. This is con-
trary to the previously favoured hypothesis that all three
pathogenic species were descended from a common
ancestor that had already acquired this plasmid®*"*.
Genomics studies also showed that Y. enterocolitica does
not share a common pathogenic ancestor with Y. pseudo-
tuberculosis as previously thought®. Instead, several
independent ail and pYV acquisitions were key gene
gain events that marked the parallel independent evo-
lution of mammalian pathogenesis in the Yersinia genus.
This repeated gain of just two genetic loci is surprising if
one considers the numerous virulence-associated genes
that have been reported in Yersinia spp. using conven-
tional bacterial genetics experiments. Some of these
genes encode key virulence factors, such as invasin®,
the Fes/Fep iron acquisition system®, the type IVb pilus
encoded by the tad locus®, Myf fimbriae* and the heat
stable toxin Yst®', that are widely distributed across
pathogenic and non-pathogenic members of the genus.
From the eco-evo perspective of pathogen evolution,
this discrepancy could be explained by environmental
Yersinia species acquiring and maintaining virulence
factors to combat predatory protozoa, nematodes, bac-
teria and phages, or even to colonize plants. As such,
the role of the accessory gene pool in pathogenic bacteria
and pathogenesis may be better understood when stud-
ied in the wider context of non-pathogenic members of
the genus, a strategy that has yet to be widely applied
to other enteric pathogens. One benefit of studying the
role of virulence genes in non-pathogenic isolates may
be that, through an improved understanding of the ecol-
ogy of these bacterial species, we will be better able to
evaluate the hypothesis that pathogen evolution should
be viewed from an eco-evo perspective.

In addition to the crucial gains of the virulence plas-
mid pYV and the ail locus in the lineages of all three
human pathogenic Yersinia species, several other loci
have been acquired and maintained by clonal expansion
in individual Yersinia lineages. Perhaps the most form-
ative of these is the acquisition by Y. pestis of the pFra
(also known as pMT1) plasmid, which encodes Yersinia
murine toxin (Ymt) and the F1 capsular protein, and the
pPla (also known as pPCP1) plasmid, which encodes
the plasminogen activator protein Pla. The acquisition
of these two plasmids is a significant event as Ymt is
required for the flea-borne transmission of Y. pestis*> and
Pla has recently been shown to be a key virulence fac-
tor responsible for the fulminant lung infection associ-
ated with Y. pestis but not with other Yersinia species®.
Other acquired elements specific to individual lineages

REVIEWS

of the Yersinia genus include the high pathogenicity
island (HPI), which is a large integrative and conjugative
element (ICE)** that is found in several bacterial gen-
era, including extraintestinal pathogenic Escherichia coli
(ExPEC)*. The HPI encodes the siderophore yersinia-
bactin, which sequesters iron from the host*>*, imports
zinc into bacterial cells*” and limits the respiratory oxi-
dative burst response of immune cells*. In the Yersinia
genus, HPI elements that contain a fully functioning
yersiniabactin are only found in strains belonging to the
Y. pseudotuberculosis-Y. pestis species complex, in which
the presence of yersiniabactin is isolate-dependent, and
in the highly virulent phylogroup 2 lineage of Y. entero-
colitica, in which yersiniabactin is uniformly present.
The key remaining gene gain events in the evolution of
pathogenesis in the Yersinia genus are the acquisition
of the locus encoding the Ysa T3SS by phylogroup 2 of
Y. enterocolitica and the acquisition of the haemin stor-
age (hms) locus by the Y. pseudotuberculosis-Y. pestis
species complex. The locus encoding the Ysa T3SS is
located in a region of the genome known as the plasticity
zone™; first identified in the archetypal phylogroup 2
strain 8081 (REF. 9), the plasticity zone seems to have been
the site of several independent and phylogroup-specific
acquisitions and deletions’. The Ysa T3SS has been
shown to secrete numerous chromosomally encoded
T3SS effector proteins®, as well as the Yop effector pro-
teins of the Ysc T3SS that are encoded by the virulence
plasmid pYV®. Although mutagenesis studies have
suggested that the Ysa T3SS has only a minor role in
mammalian pathogenesis®, ysa deletion mutants were
shown to be attenuated in their ability to survive inside
cultured Drosophila melanogaster cells, which suggests
that the Ysa T3SS acquired by phylogroup 2 of Y. entero-
colitica is more important for survival in insect vectors
than for mammalian pathogenesis®. This is consistent
with the eco—evo perspective, as the virulence factor
is present in a mammalian pathogen but acquired for
survival in an environment outside of the mammalian
host. The hms locus is located on the chromosome and
encodes a haemin storage system that is unique to the
Y. pseudotuberculosis-Y. pestis species complex and is
responsible for the formation of pigmented colonies on
Congo-red agar®. This locus is an important factor in
Y. pestis pathogenesis as it is required for the formation
of biofilms that block the flea foregut, which results
in reflux of blood from the infected feeding flea back
onto the bite site, thereby facilitating transmission to a
mammalian host®.

Regulatory control

In addition to their acquisition, the stable maintenance
of mobile genetic elements has been a key process in
the emergence of pathogenesis in the Yersinia genus.
A newly acquired locus is more likely to be stably main-
tained in a population if only a minimal fitness cost is
associated with integration into the genome of the host
bacterium and/or the genetic determinant encoded by
the locus is under a high selective pressure. To achieve
this, many acquired elements fall under strict tran-
scriptional and/or translational control to minimize the
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Regulons

Sets of genes in which each
set is under the control of a
common regulatory system.

MarR/SIyA

A family of transcriptional
regulators found in bacteria.
Most of these regulators
activate transcription by
alleviating histone-like
nucleoid structuring protein

(H-NS)-mediated repression.

Promiscuous regulatory
system

A set of promiscuous
regulators and cognate
regulon; these promiscuous
regulators assume
transcriptional control of
numerous genes that do not
come under fine-scale
environmental control.

fitness costs associated with their acquisition. For exam-
ple, many acquired genetic elements in the genomes
of Enterobacteriaceae are regulated by the histone-like
nucleoid structuring protein (H-NS), which binds
to AT-rich regions of DNA to silence transcriptional
activity®. Once under the strict negative control of H-NS,
the acquired elements are integrated into existing regulons
in which transcription is activated by a positive regula-
tor that functions antagonistically with H-NS to tightly
control the expression of the new genes. In the Yersinia
genus, the regulator of virulence protein A (RovA),
which is a member of the MarR/SIyA family of global
transcriptional regulators®, is present in all species® and
has been suggested to fulfil the role of a positive regula-
tor that antagonizes H-NS**. Indeed, RovA antagonizes
H-NS silencing of the gene encoding invasin, which is
involved in the early stages of Yersinia spp. attachment
to cells and internalization during infection, by binding
to the promoter region to mask the H-NS binding site,
relieving transcriptional suppression”. Genes in the

Transcriptional activation

—

e

Y. enterocolitica

ampD, cutC, flgN,
hem, hreP, myfF, pilM,
pqaA, ugpQ, virk;

26 hypothetical genes

*

nv
csp, ftpA, grcA, '
IbpA, Ipp, IspA, . clpB, cysM, eloB,
mgtB, psqE, uppA, ail  yreC, urek;
yhbY, yhhL, ypsL, Psa 37 hypothetical genes

24 hypothetical genes

Y. pseudotuberculosis Y. pestis

RovA regulon are silenced by H-NS and a co-repressor,
YmoA; together, rovA and ymoA are thought to encode
an ancestral promiscuous regulatory system with a regu-
lon that has acquired distinct sets of genes in different
lineages (FIC. 1). This promiscuity probably explains why
RovA and YmoA regulate different genes in Y. enteroco-
litica and the Y. pseudotuberculosis-Y. pestis species com-
plex®%; indeed, almost all genes controlled by RovA and
YmoA in Yersinia spp. are lineage-specific. These lineage
specific genes include genes that encode virulence fac-
tors, as well as prophage genes and metabolic genes®. The
RovA—YmoA regulon also includes IcrF, which encodes
a transcriptional activator of virulence genes; this further
highlights the importance of the RovA—YmoA regulon as
a global regulator of virulence.

The regulation of gene expression by YmoA and LcrF
responds to the mammalian environment, as the YmoA
protein and the IcrF transcript are thermosensitive
switches. The virulence factors regulated by LcrF, such as
Yop proteins, are encoded on the virulence plasmid pYV.

Transcriptional repression

— =

Y. enterocolitica

ace, afuA, cdd, deo,
glyA, groEL, impC, lon,
lysS, nupC, rpoA, sucC,
thi, tsgA, udp, yhcN

.

lerF

asnA, flgk, ggt, ansB, dinl, msgA, pPla,
gln, glt, mdaB, mtr, ompF recA,stf, sulA,
ompW, oppD, tar, ttrB zwf

Y. pseudotuberculosis Y. pestis

Figure 1| Comparison of the RovA-YmoA regulons of Yersinia enterocolitica, Yersinia pseudotuberculosis and
Yersinia pestis. An analysis of gene regulation by the regulator of virulence protein A (RovA) in Yersinia enterocolitica,
Yersinia pseudotuberculosis and Yersinia pestis shows that the key acquired virulence plasmid pYV (represented by lcrF) is
the only locus for which repression by RovA is conserved in all three species. The activation of inv (known as invA in

Y. enterocolitica; the gene encodes an invasin protein that mediates host cell invasion) by RovA is also shown as conserved
in all three species; however, the asterix indicates that inv is a pseudogene in Y. pestis. Aside from the conserved activation
of the psalocus in Y. pseudotuberculosis and Y. pestis and myfF (the functional orthologue of psaF) in Y. enterocolitica,

the RovA-YmoA regulons of the three species otherwise lack common activated and repressed genes, which

highlights the key roles RovA and YmoA have in controlling the expression of lineage-specific loci. ail, attachment and
invasion locus; ampD, N-acetyl-anhydromuramyl-L-alanine amidase; ansA, asparaginase; cdd, cytidine deaminase; csp,
cold shock protein; cysM, cysteine synthase; ggt, y-glutamyltranspeptidase; gln, glutamine ABC transporter locus; glt,
sodium/glutamate symport carrier protein; glyA, serine hydroxymethyltransferase; hreP, subtilisin/kexin-like protease;
Ipp, major outer membrane lipoprotein; lysS, lysine-tRNA ligase; mdaB, modulator of drug activity B; mgtB, Mg?* transport
ATPase protein B; msgA, macrophage survival gene A; mtr, tryptophan-specific transport protein; myfF, mucoid Yersinia
factor F; ompF, outer membrane protein F; oppD, oligopeptide ABC transporter ATP-binding protein; psa, pH 6 antigen;
rpoA, DNA-directed RNA polymerase subunit a; stf, bacteriophage tail fibre protein; sucC, succinyl-CoA synthetase
subunit B; tar, methyl-accepting chemotaxis protein; ttrB, tetrathionate reductase subunit B; udp, uridine phosphorylase;
ugpQ, glycerophosphodiester phosphodiesterase; ureC, urease subunit «; zwf, glucose-6-phosphate 1-dehydrogenase.
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Repression of these genes occurs through the silencing
of lcrF, which is itself also located on the pYV plasmid,
by YmoA and H-NS. The mechanism of the thermo-
sensing switch at low temperatures is a tandem pro-
cess that relies on the binding of YmoA directly to the
promoter region of the IcrF locus and the formation of
a double stem loop in an intergenic region in the lcrF
transcript. The stem loop conceals the ribosome binding
site in the transcript from the ribosome®. As a result of
this combined transcriptional and post-transcriptional
regulatory mechanism, lcrF transcription and trans-
lation are repressed at low temperatures®. RovA is also
a thermosensitive switch that binds to promoters at low
temperatures™. As a result of YmoA and LcrF thermo-
sensitivity, the virulence factors that are encoded by pYV
are not expressed at temperatures below 37 °C but are
instead only expressed after a shift to mammalian body
temperatures®. By contrast, the RovA regulon, which
includes genes encoding virulence factors such as Ail
and invasin, is activated by RovA at temperatures below
37°C but not at mammalian body temperatures™.
Overall, the importance of thermosensitive gene reg-
ulation by RovA and YmoA for the evolution of patho-
genesis in the Yersinia genus is evident from studies
describing their regulons. However, independent of
temperature, the genes involved in the biosynthesis
of flagella are expressed at high levels in Y. enterocolitica
and Y. pseudotuberculosis, and insect transmission loci,
such as hms, are expressed at high levels in Y. pestis™"2,
which suggests the involvement of additional regula-
tory factors. Aside from temperature, other environ-
mental triggers known to influence the regulation of
virulence factors in pathogenic Yersinia species include
low levels of calcium” or magnesium’ divalent cat-
ions. Depletion of Mg** is sensed by the PhoPQ two-
component regulatory system”, which regulates the level
of RovA and, as such, is fundamental to virulence
phenotypes in all three human pathogenic species of
Yersinia through the control of the RovA regulon”™7”’.
The presence of an ancestral promiscuous regulatory
system that controls the expression of acquired viru-
lence factors shows remarkable similarity to the regula-
tion of the acquired Salmonella pathogenicity island 1
(SPI-1) by Salmonella spp. This pathogenicity island
encodes a T3SS and its cognate secreted effector pro-
teins, which remodel the actin cytoskeleton of infected
cells to promote the uptake of attached bacteria into
endocytic vacuoles”™. As with the virulence plasmid
pYV, the acquisition of SPI-1 was a landmark event in
the evolution of the Salmonella genus, and it is present
in both species that have been described in the genus,
S. enterica and Salmonella bongori’®. Furthermore, as
with the virulence factors that are regulated by RovA
and YmoA in Yersnia spp., SPI-1 is under negative
transcriptional control by H-NS. The H-NS-mediated
repression of SPI-1 is alleviated by PhoPQ and several
transcriptional regulators, including the HilD and HilA
regulatory cascade and the RovA orthologue SIlyA”.
Recent work in S. Typhimurium showed that SPI-1 was
readily lost from the genomes of H-NS null mutants,
suggesting that H-NS silencing of SPI-1 has been an
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essential step in the fixation of SPI-1 in all Salmonella
species, and therefore for the evolution of pathogenesis
in this genus®.

The shared features of acquired virulence factor
regulation in Yersinia spp. and Salmonella spp. suggests
that an emerging theme in the evolution of pathogenesis
in enteric bacteria is not only the acquisition of one or
two key genetic loci, but also the coordinated transcrip-
tional control of these acquired loci by H-NS and other
promiscuous species-specific global regulators.

The role of gene loss
Although the importance of gene gain in the evolution
of bacterial pathogenicity is perhaps more intuitive and
has been better documented, gene loss has also been
shown to have a central role in the emergence of bacte-
rial pathogens, notably in host adaptation®'. Most stud-
ies examining the evolution of pathogenesis in Yersinia
spp. have focused on the evolutionary events that led to
the emergence of Y. pestis from Y. pseudotuberculosis®.
Although there were important gene gain events in this
evolutionary pathway, the most remarkable observation
of early comparative genomic analyses between the two
species was the functional loss of approximately 10%
of the genome in Y. pestis, including numerous genes
associated with virulence and metabolism in Y. psuedo-
tuberculosis™. This is a considerably larger proportion of
the genome than has been acquired by gene gain events
in the Y. pestis lineage. The high level of gene attrition
was largely attributable to the expansion of four major
classes of insertion sequence element (IS1541, 1S100,
1S285 and IS1661), leading to gene inactivation at the
sites of insertion. Other processes of functional gene
loss include the deletion of genes or larger genetic loci
and SNP-based pseudogene formation*****%. Many of
the genes that were functionally lost encode virulence
factors, such as invasin and YadA, metabolic loci, such
as those responsible for dicarboxylic amino acid metabo-
lism and uracil transport, or loci involved in motility'®*
(FIG. 2). Y. pseudotuberculosis requires these functions for
the successful colonization of the mammalian gastro-
intestinal tract, which is a niche that was no longer
frequently inhabited by Y. pestis as it adapted to coloniza-
tion of the midgut of fleas and, in mammals, to become
a systemic pathogen that invades the lymphatic system?.
The importance of gene loss in the evolution of
Y. pestis has recently been further demonstrated in the
identification of mutations associated with adaptation to
flea-borne transmission. Using a combination of com-
parative genomics and conventional bacterial genetics,
three key loss-of-function mutations were identified
that had become fixed in the Y. pestis population, all of
which increased cyclic di-GMP-dependent biofilm for-
mation in the flea foregut® (FIC. 2). In each case, loss of
function was caused by a SNP that replaced a functional
gene with a pseudogene. Of the three mutated genes,
two encoded EAL-domain phosphodiesterases (PDEs)
and one encoded the RcsA component of the Res signal
transduction system. PDEs repress the transcription of
the hms operon by degrading the bacterial signalling
molecule cyclic di-GMP, whereas RcsA forms a dimer
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Figure 2 | Gene loss in the emergence of Yersinia pestis from Yersinia pseudotuberculosis. A comparison of the genome
of Yersinia pestis with that of Yersinia pseudotuberculosis reveals deletion events in genes — encoding motility factors and
components of metabolic pathways — that enable Yersinia pseudotuberculosis to colonize the mammalian intestinal tract.
These deletions in the ancestral Y. pseudotuberculosis genome would have occurred as a result of a shift away from a niche in
the mammalian gut environment towards an insect-vector phase of the life cycle during the emergence of Y. pestis. As a
result, the functional loss of insect toxins was selected for; in Y. pseudotuberculosis, the function of urease, which has high
toxicity in fleas, requires urease accessory protein (encoded by ureD) but in Y. pestis a phase-variable mutation has reversibly
inactivated ureD. Furthermore, for transmission from the flea to the mammalian host to occur, Y. pestis must form biofilms in
the flea foregut. Accordingly, three single-nucleotide polymorphisms (SNPs) have become fixed in Y. pestis that have
inactivated three genes to pseudogenes to promote biofilm formation through the loss of gene function. First, the loss of
function of rcsA alleviates transcriptional repression of the haemin storage (hms) operon, which encodes factors required
for biofilm formation, by the RcsA—RcsB dimer. Second, SNPs have inactivated two genes (rtn and y3389) that encode
phosphodiesterases (PDEs), which are enzymes that degrade cyclic di-GMP (c-di-GMP), a molecule that acts as a
transcriptional activator of hms and thus biofilm formation. inv, invasin encoding gene.

with the response regulator ResB to transcriptionally
represses the hms operon through DNA binding®. As the
hms operon promotes biofilm formation, the functional
loss of the PDE enzymes and RcsA in the Y. pestis lineage
led to an enhanced ability to form biofilms in the foregut
of fleas, which enabled a shift in pathogenic lifestyle®.
The observation that these SNP-based pseudogenes
have become fixed in the Y. pestis population but that
the genes have not yet been fully degraded®** is con-
sistent with the relatively recent emergence of Y. pestis*
from a Y. pseudotuberculosis ancestor. A fourth loss-of-
function mutation that has been identified in the Y. pestis
lineage is a phase-variable mutation in the gene encoding
the urease accessory protein (ureD). As this protein is
required for urease function, the mutation also leads to
the functional loss of urease. In Y. pseudotuberculosis, it
has been shown that functional ureD is associated with
significant oral toxicity in the flea®; therefore, the muta-
/ _ tion in ureD may have contributed to the emergence of
Areversible mutation thatcan pestis®®® (FIC. 2). However, as a phase-variable muta-
switch from wild-type to
mutant, or from mutant to tion, loss of function is reversible by spontaneous rever-
wild-type, in cell progeny. sion. Therefore, ureD may be a contingency gene that

Phase-variable mutation

provides Y. pestis with the flexibility of retaining urease
expression as and when it is required, perhaps in the
soil-dwelling stage of its life cycle®.

Genomic analysis of Y. enterocolitica showed that, as
with Y. pestis, gene loss and metabolic restriction also
mark the evolution of certain subtypes of this species®
(FIC. 3). In addition to the highly pathogenic phylogroup 2
described above, Y. enterocolitica can be subdivided into
the non-pathogenic phylogroup 1, which is an ances-
tral lineage, and phylogroups 3-5, which show limited
pathogenicity in mouse models but are the most suc-
cessful lineages in terms of the prevalence of disease
and are the most common isolates in livestock and
human clinical samples®. Phylogroup 6 is a rare lineage
that has only ever been isolated from wild hares®*.
Similarly to the emergence of Y. pestis, the divergence
of the host-restricted phylogroup 6 from the broad host
range lineage of phylogroups 3-5 was accompanied by
the expansion of a single insertion sequence element,
IS1667, which drove the functional loss of numer-
ous metabolic genes. The functional loss of metabolic
loci is particularly pronounced in phylogroup 6 and
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Figure 3 | Gene gain and gene loss in Yersinia enterocolitica. Isolates of Yersinia enterocolitica can be organized into
phylogenetically distinct phylogroups. Although these groupings are classified according to their genomic relatedness
they also reflect distinct serotypes (determined by lipopolysaccharide (LPS) structures), owing to the acquisition of
specific LPS operons in each of the pathogenic phylogroups (such as the LPS O:8 antigen acquired by phylogroup 2,
which is also present in Yersinia pestis). Phylogroup 1 is most similar to ancestral Y. enterocolitica and is non-pathogenic.
Comparative genomic analyses suggest that the emergence of pathogenicity in this species was marked by the
independent acquisition of the virulence plasmid pYV, which encodes the Ysc type Ill secretion system (T3SS), by

the lineages of phylogroup 2 and phylogroups 3-5, and that the emergence of the enhanced pathogenicity of
phylogroup 2 was the result of the acquisition of the high pathogenicity island (HPI). As opposed to the acquired Ysc and
YsaT3SSs, the Ygt T3SS is ancestral to the Yersinia genus; however, Ygt is lost from all the pathogenic phylogroups of

Y. enterocolitica. Phylogroup 3 has become the dominant isolate found in pig reservoirs and cases of human disease; this
phylogroup has a deletion in the Flag 2 locus, which encodes secondary flagellum genes, as well as an insertion in the
promoter of the gene encoding invasin, which increases the transcription of this key virulence factor.

is thought to reflect its extreme niche restriction to
hares. Interestingly, the metabolic pathways that are
inactivated in phylogroup 6 overlap, in part, with the
metabolic pathways lost in Y. pestis, as in both cases
loss-of-function mutations have arisen in the operons
for cobalamin biosynthesis, tetrathionate respiration and
the pyruvate dehydrogenase complex, which is responsi-
ble for the use of molecular hydrogen in anaerobic resp-
iration (see below). The metabolic predictions made
from these genetic observations are directly supported
by high-throughput metabolic phenotyping®.

Of the functions that were lost as different lineages
of Y. enterocolitica diverged and adapted to new niches,
one of the earliest events is likely to have been the decay
of the Ygt T3SS, which is a T3SS ancestral to the Yersinia
genus and distinct from the Ysc and Ysa T3SSs acquired
in pathogenic lineages. Ygt has not yet been fully charac-
terized but it shares a high level of sequence identity with
the T3SS encoded on the SPI-2 genomic island, which is
required for intracellular survival of S. enterica cells®. In
Y. enterocolitica phylogroup 1, which is non-pathogenic,
the Ygt T3SS seems to include the full complement of
effector proteins encoded by the SPI-2 locus®, whereas
in Y. enterocolitica phylogroups 3-6, which have low
pathogenic potential, the Ygt T3SS seems to have been

inactivated either by SNPs or gene deletions. Almost all
genomic traces of the Ygt T3SS have been lost from iso-
lates of Y. enterocolitica phylogroup 2, which are highly
pathogenic?, but these isolates have acquired the Ysa
T3SS, which may offset the loss of Ygt, providing an
example of how dynamic the evolution of pathogenesis
can be through gene gain and gene loss®. A compre-
hensive functional characterization of the Ygt T3SS is
required to determine whether the selective mainte-
nance of the Ygt T3SS in Y. enterocolitica phylogroup 1 is
a classic example of the eco—evo principle, in which there
is selection for a protective benefit in a non-mammalian
host environment.

Gene inactivation mediated by insertion sequence
elements is evident in Y. enterocolitica phylogroup 3,
which comprises strains of low pathogenicity tradition-
ally classified as serotype O:3 strains®*®'. However, the
insertion of these elements does not always result in gene
inactivation, as molecular analysis showed that insertion
of an IS1667 element into the promoter of invA created
an additional RovA binding site that increased expres-
sion of the gene®. Comparative analysis between the
other low-pathogenicity phylogroups of Y. enterocolitica
suggests that this insertion is the primary event that led
to the enhanced virulence observed in isolates from
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phylogroup 3 compared with isolates from phylogroup 4
and phylogroup 5 (REF. 93). The upregulation of invasin
enables isolates from phylogroup 3 to colonize porcine
tissues more effectively than other phylogroups and, as a
result, isolates from this phylogroup are the predominant
isolates identified in human clinical samples in Europe
during the past 10 years and in contemporary veterinary
epidemiological surveys®, reflecting the origin of most
human infections in the consumption of pork products.

Gene loss in other Enterobacteriaceae

Functional gene loss in metabolic loci has been a key
event in the transition of Yersinia species from a broad
host range to a niche-restricted and host-adapted patho-
gen on at least two occasions: in Y. enterocolitica and in
the Y. pseudotuberculosis-Y. pestis species complex. As
with the acquisition of virulence genes and their incorp-
oration into regulatory systems, the loss of metabolic loci
has also been observed in the emergence of pathogenesis
in Salmonella serovars. In particular, S. Typhi®* has many
similarities with Y. pestis, as it is niche-restricted (to the
human host) and causes an acute systemic disease known
as typhoid, as opposed to S. Typhimurium, which has a
broad host range and causes an inflammatory infection
of the intestine in mammals® (and is therefore more
akin to Y. pseudotuberculosis and Y. enterocolitica than
to Y. pestis). As with S. Typhi, isolates from the serovars
Salmonella enterica subsp. enterica serovar Gallinarum
and Salmonella enterica subsp. enterica serovar Pullorum

Cobalamin 1,2-propanediol
metabolism
- increases
{:] o Sinencoded competitive
{ﬁ Reduced diguth

enzyme

. tetrathionate
=—Tetrathionate

Commensal
Production of microbiota )
tetrathionate Outcompete

Figure 4 | Enteropathogenic Enterobacteriaceae use the cob, pdu and ttr operons
to outcompete the normal intestinal microbiota during mammalian infection.
The cob, pdu and ttr operons are maintained specifically in the enteropathogenic
Salmonella serovars (such as Salmonella enterica subsp. enterica serovar Typhimurium)
and are also present in Yersinia enterocolitica. These enteropathogens cause
inflammation during infection, which leads to the overproduction of tetrathionate by the
intestinal epithelium. In this environment, the cob, pdu and ttr operons together enable

Y. enterocolitica and S. Typhimurium to metabolize 1,2-propanediol (a carbon source
present in the gut) and thus provide a metabolic advantage to these species when
competing with the normal intestinal microbiota in the inflamed gut. The cob operon
encodes factors that are required for cobalamin (also known as vitamin B, ) biosynthesis.
Cobalamin activates enzymes that degrade 1,2-propanediol, and these enzymes are
encoded by the pdu operon. The degradation of 1,2-propanediol also requires the use of
reduced tetrathionate as a terminal electron acceptor during anaerobic respiration, and
the reduction of tetrathionate requires factors encoded by the ttr operon. Metabolism of
1,2-propanediol by enteropathogenic Enterobacteriaceae enables them to outcompete
the normal gut microbiota and leads to overgrowth and colonization.

cause a typhoid-like disease, but these infections are
restricted to galliforme birds*. Comparative genomic ana-
lysis of these four serovars has shown that functional gene
loss in loci involved in anaerobic metabolism — more
specifically, in the cob, pdu and ttr operons — is a marker
of the transition from intestinal pathogens (such as
S. Typhimurium) to invasive pathogens (such as S. Typhi,
S. Gallinarum and S. Pullorum)®’.

In S. Typhimurium, which maintains the cob, pdu
and ttr operons, the cob operon encodes factors that are
required for the synthesis of cobalamin (also known as
vitamin B, ,), which is activated under anaerobic con-
ditions. Cobalamin is required as a cofactor for several
enzymes in the 1,2-propanediol utilization pathway,
such as propanediol dehydratase, which is encoded by
pduCDE®. 1,2-Propanediol is a byproduct of fermen-
tative growth on rhamnose and fucose®, which are
common constituents of plant cell walls and intestinal
epithelial cells that line the gut®. In addition to cobal-
amin and pdu-encoded enzymes, the anaerobic deg-
radation of 1,2-propanediol requires tetrathionate as a
terminal electron acceptor, and the products of the ttr
genes reduce tetrathionate for this purpose'®. Unlike
1,2-propanediol, tetrathionate had not historically
been described as present in the mammalian gut, but
was instead known to be present in soils. However, in
recent years it has been shown that tetrathionate is pro-
duced naturally during the inflammatory response to
infection with S. Typhimurium. Under such conditions,
the functions encoded by the cob, pdu and ttr operons
combine to provide a competitive growth advantage for
S. Typhimurium, as they enable it to outgrow the natural
and largely fermentative gut microbiota by metabolizing
1,2-propanediol, which is not readily fermented!*'*
(FIC. 4). As the invasive typhoidal Salmonella serovars
have evolved away from an intestinal lifestyle, functions
in the cob, pdu and ttr operons have been sequentially
lost. The loss of these operons represents a signature of
the change in niche and a movement away from causing
intestinal disease to a more systemic infection cycle'®.

The distribution of the cob, pdu and ttr loci in the
Yersinia genus is similar to the distribution of these
loci in the Salmonella genus. The operons are pres-
ent and intact in Y. enterocolitica and in the majority
of environmental Yersinia species'™, but absent from
the Y. pseudotuberculosis-Y. pestis species complex.
As mentioned above, tetrathionate is produced in the
vertebrate gut during the inflammatory response to
infection with S. Typhimurium. Similarly, studies on
Y. enterocolitica pathogenesis have shown that infec-
tions with this pathogen are characterized by inflamma-
tion of the gut'®. Moreover, the acquisition of virulence
factors seems to be essential for the stimulation of
inflammation by both S. Typhimurium and Y. entero-
colitica, with a requirement for the SPI-1- and SPI-2-
encoded T3SSs in S. Typhimurium infection and pYV in
Y. enterocolitica infection'®. It is possible that, similarly
to S. Typhimurium, the induction of a pYV-associated
inflammatory response during intestinal infection'?’,
combined with the expression of the cob, pdu and ttr oper-
ons, enables Y. enterocolitica to gain a metabolic advantage
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over the resident gut microbiota by using tetrathionate
and naturally occurring carbon sources to respire under
these conditions. The complete loss of the cob, pdu and
ttr loci in Y. pseudotuberculosis and Y. pestis may explain
why these pathogens are incapable of causing the inflam-
matory infection of the mammalian intestine observed in
Y. enterocolitica, despite their retention of pY'V.

Summary and concluding remarks

The study of pathogenic Yersinia species has histori-
cally been fundamental to our understanding of the
mechanisms of bacterial pathogenesis, such as the role
of T3SSs**1%, the molecular mechanisms by which path-
ogens invade the intestinal epithelium® and the impor-
tance of plasmids in conferring virulence'>*. As we
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have described in this Review, the study of the Yersinia
genus has also now — in the genomics era — become
fundamental to our understanding of the evolution of
mammalian pathogenesis, as it is the first multispecies
bacterial genus for which all species have been sequenced
and placed into phylogenomic context®. By combining a
genomics approach with high-throughput metabolic
analyses using phenotype microarrays, it has been possible
to trace the evolutionary origins of each species, com-
pare the pathogenic and non-pathogenic species and
reveal the parallel evolutionary paths of the emergence
of virulence in humans?® (FIG. 5). This combined approach
has established that the Yersinia genus has evolved from
environmental ancestors and that the human pathogens
Y. enterocolitica and the Y. pseudotuberculosis-Y. pestis
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Figure 5| Key gene gain and gene loss events in the evolution of mammalian pathogenesis in the Yersinia genus.
The formation of each pathogenic lineage in the Yersinia genus is marked by key gene gain and gene loss events. The three
mammalian pathogens of the genus (Yersinia enterocolitica, Yersinia pseudotuberculosis and Yersinia pestis) are present in
two distinct lineages. In the first, Y. enterocolitica diverged into a non-pathogenic phylogroup (phylogroup 1) and a
precursor of the pathogenic phylogroups 2-6. In the second, an ancestor of species cluster 1 diverged into the

non-pathogenic species Yersinia similis and Yersinia wautersii and the pathogen Y. pseudotuberculosis. In turn, the plague
pathogen Y. pestis emerged from Y. pseudotuberculosis — following the acquisition of Yersinia murine toxin (ymt) by the pFra
plasmid —which ultimately gave rise to flea-borne transmission and thereby the ability of modern day Y. pestis to cause
bubonic plague. The most prominent of the gene gain events during the emergence of pathogenesis in the two pathogenic
lineages is the acquisition of the pYV virulence plasmid, which encodes the Ysc type Il secretion system (T3SS). pYV was
acquired independently in each lineage, including twice in the Y. enterocolitica lineage, which shows that human
pathogenicity has emerged on at least three occasions from environmental generalists; in each case, a similar theme of
gene gain, gene loss, metabolic reduction and genome rearrangements has driven this process. For example, the acquired
chromosomally encoded attachment and invasion locus (ail) is present in all three human pathogens, whereas the gene
encoding the urease accessory protein (ureD) was lost in Y. pestis to enable its survival in an insect vector. Flag 2, secondary
flagellum gene cluster; HPI, high pathogenicity island; hms, haemin storage locus; T3SS, type Il secretion system.
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