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Plague, caused by the bacterium Yersinia pestis, is a mammalian vector-borne disease, transmitted
by fleas that serve as the vector between rodent hosts. For many pathogens, including Y. pestis,
there are strong evolutionary pressures that lead to a reduction in ‘useless genes’, with only those
retained that reflect function in the specific environment inhabited by the pathogen. Genetic traits
critical for survival and transmission between two environments, the rodent and the flea, are
conserved in epizootic/epidemic plague strains. However, there are genes that remain conserved for
which no function in the flea–rodent cycle has yet been observed, indicating an additional
environment may exist in the transmission cycle of plague. Here, we present evidence for highly
conserved genes that suggests a role in the persistence of Y. pestis after death of its host.
Furthermore, maintenance of these genes points to Y. pestis traversing a post-mortem path
between, and possibly within, epizootic periods and offering insight into mechanisms that may allow
Y. pestis an alternative route of transmission in the natural environment.
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Introduction

The bacterium, Yersinia pestis, the etiological agent
responsible for the Black Death (Haensch et al.,
2010) and two other plague pandemics has become
essentially global in its endemicity (Stenseth et al.,
2008). Typically, epizootic waves of the disease
occur, whereby plague sweeps through a region
during a 1- or 2-year period, after which it
perceptibly disappears from the landscape for years,
only to re-emerge once again (Stenseth et al., 2006;
Eisen and Gage, 2009). Similar re-emergence
patterns were observed following the initial spread
of the Black Death in Europe (Cohn, 2008). The
driving force behind this dynamic is assumed to
depend on the disease re-emerging in local rodent
populations and their fleas passing the disease to
humans. The observed periods of quiescence have
prompted speculation, and investigations have
aimed at determining where Y. pestis sequesters

itself between epizootics. There is debate about the
significance of anecdotal evidence, and much dis-
cussion of the role of the quiescent period in the life
history and persistence of Y. pestis. Yet, because of
the rarity of detecting Y. pestis in the environment
during quiescence, it has been difficult to demon-
strate a reservoir responsible for re-emergence. Here,
we review information within an evolutionary
context, which suggests Y. pestis may be able to
affect persistence after its host has died.

Y. pestis has been intensely studied with respect
to molecular mechanisms responsible for virulence
and survival in the host–flea cycle. The results of
research show trends in the evolution of Y. pestis
and its epizootic ecology. In fact, many bacterial
pathogens follow a similar evolutionary trend as
that of Y. pestis (Wren, 2003), such as selection
favoring functional gene reduction (Moran, 2002)
and gene rearrangement (Levin and Bull, 1994;
Wren, 2003). Along with this information concerning
evolutionary trends, there are genetic mechanisms
that enable a complete flea–rodent transmission cycle
during an epizootic, namely specific genes involved
in host virulence, flea colonization or core cellular
function (Hinnebusch et al., 1998, 2002; Anisimov
et al., 2004; Motin et al., 2004).
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The trend of genome reduction appears to be
associated with Y. pestis transitioning into the new
environments of the host and flea, as has occurred in
the evolution from Yersinia pseudotuberculosis.
Adaptation allowed the pathogen to shed genes that
function in the mammalian gut, serving no purpose in
the mammalian blood stream (systemic infection) or
the flea gut. For instance, the ability to ferment
melibiose, a sugar found in the mammalian diet is
converted by the gut microbiota, including most
species of the genus Yersinia, into glucose and
galactose before being absorbed by the body into the
blood stream. However, this function has been lost in
pandemic strains of Y. pestis, as the latter evolved
from its enteric ancestor, Y. pseudotuberculosis
(Achtman et al., 2004). The loss of genes coding for
this function and of other genes reflects the super-
fluous nature of these genes for fitness of Y. pestis
outside the mammal gut environment. Indeed, much
of the genome of Y. pestis is funneled toward
functionality within two environments, represented
by the flea and the mammalian blood stream. If
Y. pestis were obligate to both host and flea, a paradox
arises with respect to certain conserved genes and
their function, because they seem superfluous in both
of these environments. A logical additional step in the
evolution and ecology of Y. pestis can be argued,
however, that conserved genes serve a function in yet
a third environment, the post-mortem host.

Microbial evolution

Addition of genes for an altered ecology
Acquisition of novel traits via mobile genetic
elements, is a mechanism employed by bacteria
allowing relative leaps in adaptation and evolution
(Frost et al., 2005). Many mobile genetic elements
are readily shared among microorganisms through
horizontal gene transfer, quickly becoming an
intrinsic part of the recipient’s expression reper-
toire. These genetic additions persist if they impart a
selective advantage and/or facilitate survival in a
novel environment (Frost et al., 2005).

Evolution of Y. pestis from the enteric Y. pseudo-
tuberculosis involved stepwise addition of two
plasmids, pMT1 and pPCP1, respectively (Sebbane
et al., 2006), within recent history, that is, 42600
years ago (Morelli et al., 2010). The pMT1 plasmid
likely was responsible for the first step in the
transition, as it is critical to colonization of the flea
and induces septicemia at low incidence in
mammals (Sebbane et al., 2006). Thus, Y. pestis
can persist as a blood-borne pathogen despite a low
transmission rate (Anisimov et al., 2004; Sebbane
et al., 2006). Acquisition of the 9.5 kb pPCP1
plasmid increases virulence and global success of
the pathogen (Figure 1). The combination of plasmids
has allowed Y. pestis to flourish in the new
environment of the flea and, more importantly, as

Figure 1 Evolution of virulence and persistence in Y. pestis. (a) Y. pseudotuberculosis, a pathogen specialized to the mammalian gut,
transmitted fecal-orally (1) first adapted into (b) flea-transmitted septicemic Y. pestis (2) (Sebbane et al., 2006), addition of pMT1 allows
colonization of the flea gut (3). (c) Addition of pPCP1 both enhanced virulence and persistence. Genes pla, pst and pim on pPCP1 are
expressed within the host at 37 1C. Pla, prevents fibrin formation at the site of the flea bite, allowing dissemination to lymph nodes and
other tissues (4), the I259T substitution within the pla gene increases fibrinolytic activity of Pla in pandemic strains, further enhancing
this virulence mechanism (Haiko et al., 2009). Pst throughout the corpse allows Y. pestis to persist longer during transmission by
preventing competitive gut flora colonization of the extra-digestive tissues. Corpse acidification during decomposition should increase
function of Pst from 20% (living host blood pH 7) to near 100% at pH B4.5 (Ferber and Brubaker, 1979) (4). Y. pestis then transmits back
into the flea–rodent cycle from the corpse or soil into the host (Drancourt et al., 2006) or flea larva (Wimsatt and Biggins, 2009) (5).
Typically invading gut bacteria begin corpse decomposition in the absence of Pst produced by Y. pestis (6).
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a mammalian pathogen (Achtman et al., 1999; Zhou
and Yang, 2009).

Genomic reduction: the race for virulence
Signatures of selection for the specific environments
occupied by obligate and semi-obligate pathogens
can be observed in their gene repertoire. Genes that
have specific roles in either core cell function, host
invasion, or host immune evasion and transmission
are maintained, since they are critical for growth
and survival, while enabling exploitation of the
host, a result central to the ecology of a pathogen.

The environments that Y. pestis passes through
during its transmission cycle create selective pres-
sure on maintaining function of those genes
required for both short-term survival and long-term
persistence and eliminating those that are not.
Pathogenic bacteria tend to lose non-functional
DNA (genes) quickly (Moran, 2002), especially
while the pathogen adapts to a new host environ-
ment. Gene inactivation is a common feature of
genes that do not contribute to fitness, yet impart
some cost in transcription and translation. Y. pestis
appears to have undergone a period of rapid genome
reduction, as the new variant of the pathogen
benefits from cessation of DNA transcription and
translation, both functions no longer serving a
purpose in its new environment (Straley and Perry,
1995; Hinnebusch et al., 1998; Wren, 2003). This
reduction is evidenced by loss of function in 13% of
the genes of Y. pestis, compared with its direct
ancestor, Y. pseudotuberculosis (Achtman et al.,
2004; Bearden and Brubaker, 2010).

With genome reduction potentially resulting in a
higher division rate, these types of mutation would
create enhanced virulence (faster exploitation of
host resources) in Y. pestis, resulting in a shorter
lived host. In this case, within-host intraspecific
competition selects for those bacteria with the
highest division rate, which translates into en-
hanced virulence, despite potential self-destruction
beyond the immediate host (Levin and Bull, 1994;
Ebert, 1998). However, this outcome is balanced
against continuous culling of Y. pestis during the
transmission phase. Bacterial strains that undergo
optimal selection for existence within a host or vector
will be stymied if a function for the next step of the
transmission cycle is lost or significantly weakened.
This tension between selection for increased viru-
lence and for higher probability of transmission is
created by the time limit on transmission, imposed by
the death of the host (or vector), if the pathogen does
not have an alternative route of transmission. A
highly virulent pathogen, therefore, requires either
very efficient transmission or an alternative path, in
the event the host dies before it has moved on to the
next host, especially if abundance of the host is too
low for effective flea-borne transmission (Davis et al.,
2004). Improved survival between transmission
events thus becomes imperative.

Pst and Pim: without function in the flea or in the
living host
After initial infection via flea bite, genes critical for
virulence in Y. pestis are upregulated. This includes
the upregulation of pla at 37 1C. Pla activates host
plasminogen that degrades host fibrin, likely pre-
venting the walling off of the infection, allowing the
bacteria to disseminate throughout the host. During
the course of an infection with Y. pestis, cells
proliferate to bacteremic levels throughout the body.
Lysis of Y. pestis bacterial cells during infection
contributes to septic shock and subsequent death of
the host (Guarner et al., 2005). Pla, pesticin (pst) and
pesticin immunity protein (pim) located on the
pPCP1 plasmid are all transcribed at the host core
body temperature of 37 1C (Straley and Perry, 1995;
Motin et al., 2004), but only Pla has been shown to
have a key role in pathogenesis (Sebbane et al.,
2006; Haiko et al., 2009). As expression of pst and
pim are also upregulated at the host temperature, it
is not surprising that the genes on this plasmid are
not required for Y. pestis to colonize and block the
flea (Hinnebusch et al., 1998; Bearden and Brubaker,
2010). It should also be noted that strains lacking the
pPCD1 are still found in populations of Microtus
spp. in Eurasia as they are able to colonize the flea
and infect rodents (Anisimov, 2002). Considering
the two environments of flea and rodent comprising
the epizootic cycle of plague, it would appear that
Y. pestis maintains, pst and pim, despite their
apparent superfluous nature. It can be hypothesized,
therefore, that these genes have a role in a third
environment, the post-mortem host.

Taphonomy (post-mortem decay of the host)
Decay of the host is progressive and is similar among
mammals, given comparable conditions. Following
death, initial decay begins with cellular autolysis
from accumulation of carbon dioxide that also
increases acidity that, in turn, denatures and
coagulates proteins (Parkinson et al., 2009). This
process causes a drop in pH and in the temperature
to ambient and begins a cascade effect, whereby
further acidification ensues, as a result of the
breakdown of organic compounds. During decom-
position, bacteria from the gut invade tissues where
fermentation of carbohydrates drives the pH even
lower (Gill-King, 1997).

After death of the host there are many nutrient
resources available to Y. pestis and other micro-
organisms. Given that the plague bacilli are abun-
dant as decomposition begins, they are in an
advantageous position to monopolize and exploit
the resources of the dead host. Y. pestis survives and
grows optimally in environments similar to the
post-mortem host under acidic conditions, for
example, pH 4.0 (Feodorova and Devdariani,
2001). During decomposition and acidification of
the corpse, the enzymatic activity of Pst, which is
most likely abundant at the time of death, increases,
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since Pst has been demonstrated to be most active
at ca pH 4.8 (Ferber and Brubaker, 1979) and
calculated by Rakin et al. (1996) to be most active at
pH 5.56 (Figure 1). The only other environment that
Y. pestis inhabits during its life cycle that has a
similar range of pH is within the host macrophage,
where the entire pPCP1 plasmid has no measurable
effect on survival (Agar et al., 2009).

The decomposing corpse is, therefore, a habitat
low in pH and profuse with Pst (produced while the
host was alive), creating an unfavorable environ-
ment for other bacteria (Parkinson et al., 2009). In
conjunction with the chemical nature of this
environment, structured habitats, like soil or a
corpse are more favorable for survival of colicino-
genic bacteria, because colicins (antimicrobials),
like Pst, function to create an effective barrier
against competitive bacteria (Chao and Levin,
1981). It is likely that pesticin functions to reduce
or prevent its competitors from invading the corpse
from the gut (Figure 1).

Plasmid PCP1 to kill and cope
The plasmid pPCP1, is 9.5 kb in size and contains
three well-defined genes, which together serve two
functions: ‘to kill competing cells and to support the
high invasion potential of the Y. pestis population’
(Rakin et al., 1996). The pst gene encodes pesticin,
which causes bacterial cell wall degradation by
breaking down the glycan backbone of murein and,
thereby, causing susceptible bacteria to become
spheroplasts, leading to cell death. Pesticin is a
unique bacteriocin with mureinidase activity (Vollmer
et al., 1997) degrading murein of many
Gram-negative bacteria in vivo and murein of
Gram-positive bacteria in vitro (Ferber and Brubaker,
1979). The pim gene encodes the Pim protein that
confers self-immunity against pesticin. A third gene
on pPCP1 is pla, the product prevents the host from
walling off the infection at 37 1C and allows
systemic dissemination of Y. pestis from the flea
bite. The LD50 of Y. pestis is only a few cells, but on
loss of the pPCP1 plasmid or the pla gene, Y. pestis
is significantly attenuated, as has been shown when
it is administered subcutaneously, intradermally or
(at least partially) intranasaly in mice, inducing no
change in LD50 intraperitoneally or intravenously.
The effect of loss of pPCP1 on aerosol transmission
is not known, but may prove to be strain dependent
(Anisimov et al., 2004; Agar et al., 2009).

A high level of virulence is required to produce
sufficient bacteremia to transmit back into the flea.
However, increasing virulence enhances the prob-
ability of killing the host (Engelthaler et al., 2000;
Eisen et al., 2006; Bearden and Brubaker, 2010).
Increased virulence in Y. pestis shortens the time
frame during which the pathogen can be transmitted
to uninfected fleas. Pst may aid Y. pestis in
colonizing the flea as it is a regular step in the
transmission cycle, although strains lacking this

plasmid do not show a discernable reduction in
their ability to colonize fleas (Hinnebusch et al.
1998). It is most probably not coincidental that
acquisition of pPCP1 contributes to global spread of
plague by simultaneously inducing increased viru-
lence (Sebbane et al., 2006; Agar et al., 2009; Zhou
and Yang, 2009; Haensch et al., 2010) and producing
pesticin, the latter being useful for environmental
persistence and, thereby, transmission after death of
the host. While the accepted view for decades has
been that Y. pestis epidemiology is a host–flea–host
cycle, dominated by rodents and fleas, with aerosol
transmission sporadic and local, at best, it can be
argued that combined genetic and ecological
evidence suggest a significant role for additional
stages that include the dead host and proximate
natural environment. The seemingly puzzling con-
servation of pesticin genes (pst and pim) is clarified
if pesticin is understood as being dedicated to
survival of Y. pestis between its recognized direct
transmission cycles to persistence within the corpse
of the host and/or the natural environment. Effecting
this stage of its life cycle, by preventing invasion of
competitive bacteria in the gut from migrating into
tissues and fluids (Rakin et al., 1996). The recent
demonstration of a viable but nonculturable stage of
Y. pestis (Pawlowski et al., 2011) offers further
evidence for a dormant stage of Y. pestis in the
natural environment. Direct detection of Y. pestis in
the natural environment employing molecular
genetic methods is in progress.

Concluding perspectives

Persistence of Y. pestis during inter-epizootic periods
remains enigmatic. Much of this is due to the rarity of
Y. pestis in the environment between epizootics. This
persistence may likely be through a series of rare
infections and longevity of some fleas. For instance,
various species of fleas infected with Y. pestis survive
well over a year (Gage and Kosoy, 2005). Here, we
connect relationships between maintained genes and
habitat, which may help enable this pathogen to
persist during sub-optimal conditions of low host
populations (Davis et al., 2004). Pst and pim are
considered most likely maintained because of a
selective advantage imparted to Y. pestis strains,
including those Y. pestis strains responsible for two
of the most recent pandemics (Haensch et al., 2010).
Before host death, expression of pst ensures an
environment diffused with the antimicrobial Pst,
providing Y. pestis with a survival advantage.
Extended persistence between host transmission is
essential and advantageous when the host population
density is low and Pst/Pim increases persistence
fitness creating an advantage by persisting longer
between infections (Handel and Bennett, 2008).

The viable but nonculturable state has been
reported for Y. pestis exposed to soil and tap water
in microcosms (Suchkov et al., 1997) providing
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evidence that Y. pestis is capable of surviving for
long periods of time outside a viable host. The viable
but nonculturable (dormant) state has been demon-
strated in many bacteria and proposed as a response
to stress, including low temperature, limited
nutrient availability, osmotic stress and altered pH
of the surrounding environment. The antibacterial,
pesticin, serves to protect Y. pestis from competition
and facilitates long-term persistence post mortem.
Subsequent introduction of viable cells into the
flea–rodent cycle from the post-mortem host, there-
by, allowing resuscitation of the viable but non-
culturable cells via passage in the host or flea should
result in replication of the bacteria.

Evolution of Y. pestis, if deduced only from the
known ecology of the flea–rodent cycle, creates a
paradox in which PIM and PST have no, as yet,
described function in either the host or the flea, yet
despite having the selective advantages of genome
reduction within the host, the gene pair is main-
tained. Logically, the paired genes would impart a
selective advantage(s) to Y. pestis, if not in the flea
then in the live host. Yet this is not the case, so far as
current knowledge attests. A third environment
offers the most credible explanation.

That Y. pestis survives post mortem from the host
has been demonstrated (Eisen et al., 2008). Such
post-mortem persistence may have a role in the
transmission cycle, but this type of transmission has
not yet been demonstrated to occur in the natural
environment. It has proven difficult to demonstrate
prime infection in an outbreak as having arisen
from an environmental source, given the geo-
graphic range of plague outbreaks. Y. pestis
has been shown to remain infectious outside
both the flea and mammal host under artificial
(Ayyadurai et al., 2008) and natural conditions
(Drancourt et al., 2006; Eisen et al., 2008). Drancourt
discusses the finding of Karimi (1963) (in French)
that Y. pestis remains infectious from sealed burial
chambers of burrowing rodents after 10 months and
11 months. These observations render plausible the
existence of yet another stage in the natural
environment.

Telluric plague, that is, plague emanating from
soil is not a new concept. In 2006, Drancourt et al.
renewed research on Y. pestis as a telluric bacter-
ium, presenting possible mechanisms for reinfection
of its host. The Russian research literature also
explores telluric persistence of Y. pestis and me-
chanisms are offered for reintroduction into the
plague cycle (Anisimov, 2002). Plague is infectious
via the oral route and through abrasions, with the
implication that transmission can occur via canni-
balism (Anisimov, 2002). Wimsatt and Biggins
(2009) present a plausible mechanism for Y. pestis
to be transmitted from soil or a carcass into the flea–
rodent cycle, whereby the flea–rodent cycle begins
on infection of the larval flea, which remains
infected to the adult stage, thereafter sparking a
new epizootic (Wimsatt and Biggins, 2009).

In conclusion, it is necessary to understand those
environments that create selective pressures shap-
ing pathogen genomes as this allows prediction of
possible environments and strategies supporting
persistence. Obviously predictions for Y. pestis need
to be tested and, in this context, the post-mortem
environment and taphonomy of rodent corpses will
prove instructive.
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