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Abstract Transmission by fleabite is a relatively recent evolutionary adaptation of
Yersinia pestis, the bacterial agent of bubonic plague. To produce a transmissible
infection, Y. pestis grows as an attached biofilm in the foregut of the flea vector.
Biofilm formation both in the flea foregut and in vitro is dependent on an extracel-
lular matrix (ECM) synthesized by the Yersinia hms gene products. The hms genes
are similar to the pga and ica genes of Escherichia coli and Staphylococcus
epidermidis, respectively, that act to synthesize a poly-B-1,6-N-acetyl-d-glucosamine
ECM required for biofilm formation. As with extracellular polysaccharide produc-
tion in many other bacteria, synthesis of the Hms-dependent ECM is controlled by
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intracellular levels of cyclic-di-GMP. Yersinia pseudotuberculosis, the food- and
water-borne enteric pathogen from which Y. pestis evolved recently, possesses
identical hms genes and can form biofilm in vitro but not in the flea. The genetic
changes in Y. pestis that resulted in adapting biofilm-forming capability to the flea
gut environment, a critical step in the evolution of vector-borne transmission, have
yet to be identified. During a flea bite, Y. pestis is regurgitated into the dermis in a
unique biofilm phenotype, and this has implications for the initial interaction with
the mammalian innate immune response.

1 The Evolution of Arthropod-Borne Transmission
of Yersinia pestis

1.1 Introduction

The genus Yersinia comprises eleven species in the family Enterobacteriaceae of the
Gammaproteobacteria. Three of them, Y. pestis, Y. pseudotuberculosis, and Yersinia
enterocolitica, are important pathogens of humans and other mammals; one, Yersinia
ruckeri, is the agent of red mouth disease in rainbow trout and the others are non-
pathogens that live in water and soil (Bottone et al. 2005). Y. pestis, the causative
agent of plague, differs conspicuously from its fellow Yersinia species. It is much
more invasive and virulent than Y. pseudotuberculosis or Y. enterocolitica, which
cause relatively benign enteric diseases transmitted via contaminated food and
water. With a lethal dose to susceptible mammals from an intradermal inoculation
site of less than ten cells, Y. pestis is one of the most virulent of all microbes and
plague one of the most feared diseases of human history (Perry and Fetherston
1997). A second, no less remarkable difference is that Y. pestis, uniquely among the
enteric group of Gram-negative bacteria, has evolved an arthropod-borne route of
transmission. Y. pestis is primarily a parasite of rodents that is transmitted by fleas.
Permanent enzootic foci exist throughout the world, and plague transmission cycles
involve many species of wild rodents and their fleas, making the ecology and
epizootiology of plague quite complex (Gage and Kosoy 2005; Pollitzer 1954).

1.2 Y. pestis, a Recently Emerged Clone of Y. pseudotuberculosis

Given the radical differences in ecology and natural history between Y. pestis and
Y. pseudotuberculosis, it is surprising that they are in fact very closely related
subspecies (Bercovier et al. 1980; Ibrahim et al. 1993). Population genetics analy-
ses indicate that fully virulent Y. pestis strains worldwide constitute a clonal group
with eight genomic branches separated by minor sequence differences (Achtman et al.
2004). Based on these analyses, it was estimated that Y. pestis diverged from its
Y. pseudotuberculosis ancestor only within the last 10,000-20,000 years (Achtman



Yersinia pestis Biofilm in the Flea Vector and Its Role in the Transmission of Plague 231

et al. 1999, 2004). Further comparative genomics analyses confirmed a high degree
of genomic identity between the two species (Chain et al. 2004; Hinchliffe et al.
2003; Zhou et al. 2004). The close phylogenetic relationship of Y. pseudotuberculosis
and Y. pestis implies that the change from a comparatively benign food- and water-
borne enteric pathogen to a highly virulent, arthropod-borne systemic pathogen
occurred quite recently in evolutionary terms and is based on relatively few genetic
differences (Hinnebusch 1997; Lorange et al. 2005).

1.3 Arthropod-Borne Transmission Factors of Y. pestis

The most obvious genetic difference between Y. pestis and Y. pseudotuberculosis is
the presence of two Y. pestis-unique plasmids (Ferber and Brubaker 1981), presum-
ably acquired sequentially by the Y. pestis-progenitor strain via horizontal transfer
(Carniel 2003). Each of the two plasmids contains a gene important for transmission
by fleas. The 100-kb pFra plasmid encodes Yersinia murine toxin (Ymt), a phos-
pholipase D that greatly enhances survival of Y. pestis in the flea midgut (Hinnebusch
et al. 2002b). The 9.5-kb pPla plasmid encodes the Y. pestis plasminogen activator
(Pla) McDonough and Falkow 1989; Sodeinde and Goguen 1988). Although Pla is
not required to produce a transmissible infection in the flea or to cause the low-incidence
primary septicemic form of plague following flea-bite transmission, it is required for
systemic dissemination and the development of bubonic plague following intrader-
mal injection of Y. pestis by fleabite or by needle (Brubaker et al. 1965; Hinnebusch
et al. 1998; Sebbane et al. 2006; Sodeinde et al. 1992).

As will become evident in the following sections, additional genetic differences
between Y. pestis and Y. pseudotuberculosis that are pertinent to the evolution of
arthropod-borne transmission remain to be discovered. Although their chromosomes
are nearly identical, Y. pestis contains 32 chromosomal genes that so far have not
been found in any Y. pseudotuberculosis isolate; conversely, 317 genes on the chro-
mosome of Y. pseudotuberculosis strain IP32953 were not detected in a panel of
Y. pestis isolates (Chain et al. 2004). In addition, Y. pestis contains many pseu-
dogenes that are intact in Y. pseudotuberculosis, most of them metabolic genes that
are presumably not needed for a mammal-flea, eukaryotic host-associated life cycle
(Chain et al. 2004; Parkhill et al. 2001). It is possible that instances of specific gene
loss or change of function as well as gene gain contributed to the evolution of
arthropod-borne transmission.

2 Plague Transmission Models

Transmission of Y. pestis by fleas can occur by at least three different mechanisms,
which may be more or less important among the many different species of flea
vectors and at different epizootiologic stages. The first is simple mechanical
transmission, which can occur if a flea feeds on a new host shortly after taking a
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blood meal from a highly septicemic host. Mechanical transmission is akin to
dirty-needle transmission, in which the inoculum derives from a residue on the flea
mouthparts that remains from a prior infected blood meal (Burroughs 1947).
Biological transmission, in contrast, is dependent on bacterial multiplication in the
flea midgut and subsequent regurgitation into the bite site. The general mechanism
of biological transmission was described by the English medical entomologist
A. W. Bacot in two classic papers (Bacot and Martin 1914; Bacot 1915). Bacot
observed that Y. pestis grew in the form of large aggregates in the midgut of
infected fleas and that in some fleas bacterial aggregates also developed in the
lumen of the proventriculus, a valve connecting the esophagus and midgut that
opens and closes rhythmically during blood feeding. Colonization of the proven-
triculus was found to be critical for efficient transmission. As the Y. pestis aggre-
gates grew in the proventriculus, they interfered with its valvular function,
permitting regurgitation of blood, carrying bacteria from the midgut or the proven-
triculus along with it, back into the bite site. In some fleas, consolidation of the
Y. pestis aggregate filled the entire lumen of the proventriculus and completely
blocked the passage of blood (Fig. 1). However, complete blockage is not essential
for efficient transmission; Bacot thought that incompletely blocked fleas might
actually be better transmitters (Bacot 1915). This is often overlooked due to the
emphasis on blocked fleas, but is an important component of the classic Bacot
model because complete proventricular blockage may not develop regularly in all
flea vector species (Bacot 1915; Burroughs 1947; Pollitzer 1954). An alternative

Fig. 1 Y. pestis biofilm in the flea. Digestive tract dissected from an X. cheopis flea blocked with
a dense biofilm consisting of dark masses of Y. pestis embedded in a paler, viscous ECM (arrows).
The contiguous biofilm fills the proventriculus (PV) and extends posteriorly into the lumen of the
midgut (MG). E, esophagus
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type of regurgitative transmission that may not involve bacterial interference of
proventricular function was recently described for the squirrel flea Oropsylla mon-
tana, which likely contributes to the vector competence of fleas in which proven-
tricular blockage is infrequently observed (Eisen et al. 2006; Webb et al. 2006).
Whether this newly described mechanism depends on biofilm formation or is closer
to simple mechanical transmission remains to be determined.

2.1 The Coagulase Model of Proventricular Infection

For many years, bacterial aggregation in the flea midgut and proventricular blockage
was attributed to a coagulase activity of the pPla-encoded Y. pestis plasminogen
activator (Pla). Although Pla acts to rapidly degrade fibrin clots at 37°C by activat-
ing plasminogen, at lower temperatures typical of the flea gut environment an
opposite clot-forming or coagulase activity was observed. According to the coagu-
lase model (Cavanaugh 1971), which is still often cited in textbooks, Y. pestis is
enveloped and multiplies within a fibrin clot formed from the flea’s blood meal by
the coagulase activity of Pla. Proventricular colonization and blockage was
hypothesized to result from bacteria-laden clots lodging among the proventricular
spines. This hypothesis was compelling because it could also explain the decrease
in proventricular blockage and flea-borne transmission during hot weather
(Cavanaugh and Marshall 1972). The fibrin-dissolving activity of Pla that pre-
dominates at higher temperatures was invoked to explain that phenomenon
(Cavanaugh 1971). McDonough et al. (1993) subsequently reported that a Y. pestis
pla mutant caused less mortality to fleas than the isogenic Pla* parent strain, and
suggested that this might be due to a decreased ability to cause blockage. However,
the mortality was measured at 4 days after infection, before blockage would be
expected to occur.

Several lines of investigation contradict the coagulase model, however. The
coagulase activity of Pla is weak and has been observed only with rabbit plasma,
and not with rodent or human plasma (Beesley et al. 1967; Jawetz and Meyer
1944; Sodeinde et al. 1992). Pla-negative Y. pestis strains are able to block the rat
flea Xenopsylla cheopis as well as wild type strains, with the same inverse rela-
tionship between blockage rate and ambient temperature, refuting both predic-
tions of the coagulase model (Hinnebusch et al. 1998). The matrix of the Y. pestis
aggregates that form in the flea digestive tract is also unaffected by treatment
with proteases, including plasmin (Jarrett et al. 2004). More recent work indicates
that instead of a role in producing a transmissible infection in the flea vector, the
true biological role of Pla occurs after transmission. Plasminogen activation and
other proteolytic activities of Pla are required for the development of bubonic
plague, because they facilitate dissemination of Y. pestis from the skin and lym-
phatic system (Brubaker et al. 1965; Korhonen et al. 2004; Sebbane et al. 2006;
Sodeinde et al. 1992).
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2.2 The Biofilm Model of Proventricular Infection

The current model for the autoaggregative growth phenotype first observed by
Bacot is that Y. pestis grows as a biofilm in the flea digestive tract (Jarrett et al.
2004). According to this model, the decrease in temperature experienced by the
bacteria upon leaving the warm-blooded mammal triggers Y. pestis to synthesize a
stable extracellular biofilm matrix. This extracellular matrix (ECM) surrounds the
dense microcolony of Y. pestis as they grow and also potentiates bacterial aggrega-
tion on the surface of the proventricular spines that leads to transmission. The
same general strategy is used by two other arthropod-borne microbial pathogens
that are transmitted regurgitatively. The phytopathogen Xylella fastidiosa forms a
biofilm of polarly attached cells in the foregut of its vectors, which are sap-feeding
insects in the leathopper family (Newman et al. 2004; Purcell et al. 1979); and
transmission of Leishmania depends on blockage of the anterior midgut of the
sandfly vector by parasites embedded in a polysaccharide-containing secretory gel
(Rogers et al. 2002; Stierhof et al. 1999). The body of evidence that has accumu-
lated in support of the biofilm model of plague transmission is presented in the
following sections.

3 Genetic and Molecular Mechanisms
of Yersinia Biofilm ECM Synthesis

3.1 The Y. pestis Pigmentation Phenotype, Hms Locus,
and Biofilm ECM

One of the first of the many temperature-dependent phenotypes described for Y. pestis
was the formation of darkly pigmented colonies after growth at 28°C or less, but not
after growth at 37°C, on agar plates containing hemin or the structurally analogous
dye Congo red (Jackson and Burrows 1956; Surgalla and Beesley 1969). This pheno-
type was termed pigmentation, and is due to avid binding of the chromogens to the
outer surface of the bacterial cells (Perry et al. 1993). It was also noted that the
pigmentation phenotype correlated with cohesive colonies that came off the agar sur-
face in densely packed masses and with pellicle formation on the surface of glass
culture vessels (Jackson and Burrows 1956; Surgalla and Beesley 1969). In retrospect,
these findings were the first evidence of Yersinia biofilm formation- pellicle growth
and Congo red binding to a polysaccharide ECM are now recognized as typical traits
of many bacterial biofilms (Heilmann and G6tz 1998; Weiner et al. 1999).

Perry et al. (1990) identified a Y. pestis chromosomal region required for pig-
mentation, termed the hemin storage (hms) locus; and a four-gene operon in this
locus, hmsHFRS, was later implicated (Lillard et al. 1997; Pendrak and Perry 1993)
(Table 1). Amino acid sequence and domain similarities between the Hms proteins
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Table 1 Yersinia hms gene products and their predicted functions

Similar genes

Location of  Identified protein Predicted in other

Gene protein® domains® function® bacteria®

Hms locus:

hmsH OM - ECM synthesis pgaA (E. coli)

hmsF OM polysaccharide ECM synthesis pgaB (E. coli)
deacetylase, icaB (Staph)

COG1649

hmsR M glycosyl ECM synthesis pgaC (E. coli)
transferase icaA (Staph)

hmsS M - ECM synthesis pgaD (E. coli)

Unlinked genes:

hmsT M GGDEF Diguanylate cyclase

hmsP M GGDEF, Cyclic-di-GMP yhjK (E. coli)
EAL phosphodiesterase

20OM, outer membrane; /M, inner membrane
®See text for references

and the Pga and Ica proteins of E. coli and staphylococci that synthesize a poly-
B-1,6-N-acetyl-d-glucosamine ECM required for biofilm formation suggested a
link between pigmentation and biofilm phenotypes; and complementation of non-
pigmented Y. pestis hmsR and hmsS mutants with the respective E. coli pga
homologs restores the pigmentation phenotype (Darby et al. 2002; Heilmann et al.
1996; Jones et al. 1999; Lillard et al. 1997; Mack et al. 1996; Wang et al. 2004).

The ECM of S. epidermidis and Staphylococcus aureus, called PIA (polysac-
charide intercellular adhesin), enables biofilm formation on catheters and other
indwelling medical devices, making these bacteria one of the most common causes
of nosocomial infections (Vadyvaloo and Otto 2005). A model for PIA biosynthesis
by the ica (intercellular adhesin) gene products has been developed, based on sev-
eral genetic and biochemical studies (reviewed in Go6tz 2002). The glycosyl trans-
ferase activity of IcaA, in conjunction with IcaD, first forms intracellular oligomers
of 10-20 B-1,6-linked N-acetylglucosamine residues (Gerke et al. 1998). The oli-
gomers are then further polymerized and transported through the cell membrane via
IcaC, where the polymer is partially deacylated by the polysaccharide deacetylase
activity of the cell-surface protein IcaB (Vuong et al. 2004a). Given the membrane
localization and similar domains of the Ica, Pga, and Hms gene products, ECM
biosynthesis in E. coli and Yersinia species probably proceeds by an analogous
mechanism. Notably, all four of the Y. pestis hmsHFRS gene products are required
for pigmentation and biofilm phenotype, and site-directed mutagenesis of the
periplasmic, deacetylase, and glycosyl transferase domains of HmsH, F, and R,
respectively, severely diminished Congo red binding and in vitro biofilm formation
(Forman et al. 20006).
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Fig. 2 ECM surrounding Hms* (a) but not Hms™ (b) Y. pestis grown on agar plates at 21°C. Scale
bar, 1 pm

The ECM structures of staphylococcal and E. coli biofilms are biochemically
similar, if not identical; both are composed of poly-B-1,6-N-acetylglucosamine
(Mack et al. 1996; Wang et al. 2004). The Yersinia ECM structure has not been
determined yet. However, Hms-dependent extracellular material has been observed
by electron microscopy techniques specifically designed to preserve relatively
labile polysaccharide (Fig. 2), and Y. pestis cells expressing the hms genes cross-
react with anti-PIA antibody (Erickson and Hinnebusch, unpublished data).
Furthermore, dispersin B, a B-hexosaminidase from Actinobacillus actinomycetem-
comitans that disrupts biofilms in that organism (Kaplan et al. 2003), degrades
poly-B-1,6-N-acetylglucosamine and prevents biofilm formation of S. epider-
midis, E. coli, Y. pestis, and other bacteria containing Ica, Pga, and Hms homologs
(Itoh et al. 2005). Whereas dispersin B treatment also dispersed preformed E. coli and
S. epidermidis biofilms, however, preformed Y. pestis biofilms were unaffected
(Itoh et al. 2005). This suggests that the Y. pestis ECM is inaccessible to the enzyme
or is further modified during maturation of the biofilm, or that other non-ECM
components act to stabilize the Y. pestis biofilm.

Thus, although it remains to be verified biochemically, there is considerable
evidence to support the hypothesis that the Yersinia HmsHFRS proteins synthesize
a polysaccharide ECM that is structurally related to the Pga- and Ica-dependent
ECMs of E. coli and staphylococcal biofilms. As in other bacteria, the Hms-
dependent ECM is required for Congo red binding (pigmentation), the binding of
other ligands with polysaccharide affinity such as calcofluor (Kirillina et al. 2004)
and certain lectins (Tan and Darby 2004), as well as for Yersinia biofilm formation
(Darby et al. 2002; Forman et al. 2006; Jarrett et al. 2004; Joshua et al. 2003).

3.2 Role of the Hms Proteins in Producing In Vitro and In Vivo
Biofilms

An essential role for the AmsHFRS genes in Yersinia biofilm formation has been
amply demonstrated using a variety of experimental systems. The hms locus is
required for Y. pestis and Y. pseudotuberculosis biofilm growth in 96-well polystyrene
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b

Fig. 3 Biofilm produced on the glass surface of a flow cell after 48 h at 21°C by Hms"* (a) but not
Hms™ (b) Y. pestis

microtiter plates and on the surface of glass continuous-flow (flowcell) chambers
(Fig. 3) (Erickson et al. 2006; Forman et al. 2006; Jarrett et al. 2004; Kirillina et al.
2004). Key evidence for the biofilm model of plague transmission came from in
vivo studies using the rat flea X. cheopis as an infection model, in which the Y. pestis
hms genes were shown to be required to produce a transmissible infection in the
flea proventriculus (Hinnebusch et al. 1996; Jarrett et al. 2004). The first explicit
statement of the plague biofilm transmission hypothesis, however, was based on
the ability of Y. pestis and Y. pseudotuberculosis to form Hms-dependent biofilm on
the surface of Caenorhabditis elegans nematodes, a model that may incorporate
aspects of both in vitro and in vivo biofilm formation (Darby et al. 2002; Joshua
et al. 2003). In this model, Yersinia biofilm aggregates on the mouthparts and
blocks the feeding of the nematodes as they crawl across a preformed lawn of
ECM-producing bacteria. The in vitro and C. elegans models have proven to be
useful surrogates to identify genes in addition to Ams that are important for flea-
borne transmission (Darby et al. 2005); however, in vitro, C. elegans and flea
biofilm phenotypes do not always correlate (Erickson et al. 2006).

3.3 Regulation of Hms-Dependent Biofilm Formation

Proximal regulation of Hms-dependent ECM synthesis in Y. pestis appears to
depend primarily on intracellular levels of the bacterial second messenger cyclic-
di-GMP. hmsT and hmsP, two recently identified chromosomal genes that are
unlinked to the hmsHFRS locus and to each other, encode a GGDEF-domain protein
with ¢-di-GMP synthesizing diguanylate cyclase activity and an EAL-domain
protein with phosphodiesterase activity, respectively (Bobrov et al. 2005; Hare and
McDonough 1999; Jones et al. 1999; Kirillina et al. 2004; Simm et al. 2005). HmsT
and HmsP are hypothesized to control Hms-dependent ECM biosynthesis via their
opposing c-di-GMP forming and degrading activities. In keeping with this regulatory
scheme, copy number of AmsT is directly related to c-di-GMP levels and biofilm
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thickness in Y. pestis; conversely, deletion of AmsT or disruption of its GGDEF-
encoding region result in poor biofilm formation (Kirillina et al. 2004; Simm et al.
2005). As also predicted by the model, elimination of HmsP or its EAL domain
result in thicker biofilm (Kirillina et al. 2004). Accordingly, the Yersinia Hms sys-
tem joins a list of systems in several other Gram-negative bacteria, including
Salmonella, Gluconacetobacter, Rhizobium, Pseudomonas, and Vibrio, in which
GGDEF- and EAL-protein control of c-di-GMP concentration is involved in the
regulation of extracellular polysaccharide and biofilm ECM synthesis (D’ Argenio
and Miller 2004; Romling and Amikam 2006).

GGDEF and EAL domain proteins are two of the largest superfamilies in
eubacteria, with multiple members present in most species (Romling and Amikam
2006). This redundancy suggests that c-di-GMP flux may be influenced by a com-
plex composite of different GGDEF and EAL family member pairs that come into
play under different environmental conditions. For example, different GGDEF-
domain proteins have been demonstrated to participate in a hierarchical fashion in
control of the rdar biofilm phenotype in Salmonella (Kader et al. 2006). In addition
to hmsT and hmsP, Y. pestis contains seven additional genes that are predicted to
encode GGDEF- and EAL-domain proteins (Parkhill et al. 2001) (Table 2). Their
role, if any, in Yersinia Hms or biofilm regulation is unknown. Interestingly, how-
ever, one (YPO3988) is highly similar to E. coli yhjH, which inhibits biofilm for-
mation in Pseudomonas putida (Gjermansen et al. 2006). Another (YPOO0998) is
highly similar to yhdA, which regulates the Csr small regulatory RNA system
known to control the E. coli Pga-dependent biofilm ECM (Jackson et al. 2002;
Wang et al. 2005).

Many questions remain about the regulation of the Hms system in Yersinia. The
low-temperature dependence of the Hms phenotype known since the original descrip-
tion (Jackson and Burrows 1956) can be attributed to degradation of HmsT, H, and
R at 37°C (Perry et al. 2004), but details of this posttranslational regulation are
unknown. The molecular mechanism of c-di-GMP enhancement of biosynthetic Hms
protein activity has not been determined. The hmsT promoter region contains a binding
site for the iron-response regulator protein Fur, suggesting a link between the Hms
and low iron response systems that has yet to be fully explored (Jones et al. 1999;
Staggs et al. 1994). Answers to these and other questions will provide important

Table 2 Predicted GGDEF- and EAL-domain proteins in Yersinia pestis CO92

GGDEF Both GGDEF and EAL

domain EAL domain domains

Gene no. Gene name Gene no. Gene name Gene no. Gene name
(homolog) (homolog) (homolog)

YPOO0425 hmsT YPO1274¢ rtn YPO3996° hmsP (yhjK)

YPO0449* - YPO2779 - YPO3664* (yhdA)

YPO1752> - YPO3988 (yhjH) YPO0998* -

#Predicted membrane protein
"Pseudogene in CO92 but intact in Y. pestis KIM
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insight into the biology and evolution of the Yersinia. For example, strains of Y. pestis
and Y. pseudotuberculosis that have identical hmsHFRS, hmsT, and hmsP genes differ
in their biofilm phenotype in different in vitro conditions (Chain et al. 2004; Darby
et al. 2002; Deng et al. 2002; Joshua et al. 2003; Parkhill et al. 2001). Of greatest
biological significance, Y. pseudotuberculosis can infect the flea midgut but never
forms a biofilm in that environment (Erickson et al. 2006). Conversely, Y. pseudotu-
berculosis typically forms thicker biofilms in the C. elegans model system than does
Y. pestis (Tan and Darby 2004).

4 Other Factors Implicated in Yersinia Biofilm Formation

4.1 Bacterial Factors

The biofilm growth state is recognized as a complex developmental cycle,
involving initial adherence, ECM production, maturation, and eventual disper-
sion (Stoodley et al. 2002). Initial attachment to a surface can rely on relatively
weak and nonspecific physicochemical and electrostatic interactions that are
influenced by characteristics of the bacterial outer membrane, the surrounding
medium, and the substrate (Beloin et al. 2005). The ECM itself may also pro-
mote attachment.

Lipopolysaccharide (LPS), the major component of the Gram-negative outer
membrane, has been shown to affect Yersinia biofilm. Mutation of waaA, yrbH,
and gmhA, which encode enzymes required for the addition of the LPS inner
core sugars Kdo (3-deoxy-D-manno-octulosonic acid) and heptose to lipid A,
all result in decreased biofilm in Y. pestis (Darby et al. 2005; Tan and Darby
2004, 2006). Of these, only the heptose-less Y. pestis gmhA mutant has been
evaluated in the flea, where it was severely deficient in ability to produce prov-
entricular blockage even though it colonized the flea gut normally (Darby et al.
2005). Deficient biofilm formation of the Y. pestis waa and yrbH mutant strains
(which produce LPS consisting solely of lipid A) on C. elegans may be related
to their reduced growth rate (Tan and Darby 2005, 2006); alternatively, LPS
inner core alteration could conceivably affect initial attachment, or export or
stability of the ECM on the outer surface. An unidentified separate activity of
YrbH, in addition to its known role in KDO biosynthesis, was also implicated
in biofilm formation (Tan and Darby 2006). Y. pestis, unlike Y. pseudotubercu-
losis, produces a rough form of LPS lacking O-polysaccharide at temperatures
at which the Hms-dependent ECM is made. Loss of O-polysaccharide does not
markedly affect the in vitro biofilm forming ability of Y. pseudotuberculosis,
however (Erickson et al. 2006).

In many bacteria, specific cell-surface adhesins such as certain types of fimbriae
or outer membrane proteins are important for initial attachment to the substrate on
which a biofilm forms (reviewed in Beloin et al. 2005). The Y. pestis genome contains
at least ten genetic loci predicted to encode surface fimbriae or adhesins (Parkhill
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et al. 2001). Two of them, responsible for the F1 protein fibrillar capsule and the
pH6 antigen, have known roles in the pathogenesis of plague (Brubaker 1991;
Lindler et al. 1990), but functions have not been attributed to the others.

The complex bacterial physiology involved in biofilm development and maturation
is indicated by the number of environmental sensing and gene regulatory systems
that have been implicated in these processes (reviewed in Beloin et al. 2005;
Stoodley et al. 2002). Among them are specific bacterial two-component regulatory
systems as well as global regulators of central metabolism. The role of bacterial
quorum sensing, a means of intercellular signaling within a community, in biofilm
maturation has attracted particular attention (Davies et al. 1998; Parsek and
Greenberg 2005; Vuong et al. 2003; Zhu and Mekalanos 2003). Interestingly, a
connection between quorum sensing and c-di-GMP regulatory systems has been
proposed (Camilli and Bassler 2006). The environmental sensing and subsequent
redirection of gene expression pathways that lead to biofilm formation in Yersinia
remain to be discovered. We have found that a Y. pestis strain deleted of all three
known quorum-sensing systems is able to form a normal biofilm in the flea (Jarrett
et al. 2004). Nevertheless, it is possible that Y. pestis quorum-sensing signaling is
required for the final step in the biofilm developmental cycle, dispersal of individ-
ual cells from the biofilm, which might affect regurgitative transmission from a
proventricular biofilm.

Patel et al. recently discovered that the polyamines spermidine and putrescine
are important for ECM production and biofilm formation in Y. pestis, and sug-
gested possible roles for these cationic molecules in Hms-related signaling path-
ways or as biosynthetic intermediates or components of ECM (Patel et al. 2006).
In Agrobacterium tumefasciens and Vibrio cholerae, homologs of polyamine
transport (Pot) membrane proteins are important for surface attachment (Karatan
et al. 2005; Matthysse et al. 1996). Although the Y. pestis polyamine transport
genes are highly induced in the flea, mutational loss of this system did not affect
biofilm formation in the flea, ruling out an essential role for these proteins in
adherence, but the polyamine biosynthesis genes of this pot mutant were intact
(Vadyvaloo et al. 2007).

4.2 Environmental Factors

Besides the many bacterial factors that have been implicated, the biophysical
properties of the substrate and surrounding medium can also greatly influence
bacterial biofilm formation (Heydorn et al. 2000; Prouty and Gunn 2003). For
example, C. elegans mutants with an altered surface cuticle do not accumulate
Yersinia biofilm (Ho6flich et al. 2004; Joshua et al. 2003). Thus, initiation and
development of the biofilm growth phenotype can be multifactorial and environ-
ment-specific. Accordingly, for reasons that have yet to be defined but that are
likely to be complex, the biofilm growth phenotypes of Y. pestis and Y. pseudotu-
berculosis in different in vitro and in vivo environments do not always correlate,
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and Y. pseudotuberculosis never forms biofilm in the digestive tract of X. cheopis
fleas (Erickson et al. 2006).

5 Characteristics of the Y. pestis Transmissible Biofilm
Produced in the Flea

During septicemic plague, Y. pestis occurs in peripheral blood as individual cells.
Immediately after being ingested into the midgut of an X. cheopis flea, however, it
begins to form multicellular aggregates with evidence of an ECM. Usually, these
aggregates are free-floating in the lumen of the midgut, unattached to a substrate.
Y. pestis does not adhere to or invade the midgut epithelium, putting it at risk of
being eliminated in the feces because fleas feed and defecate frequently. In fact, up
to half of X. cheopis rapidly clear themselves of infection in this way even after
feeding on blood containing more than 108 Y. pestis per milliliter (Engelthaler et al.
2000; Lorange et al. 2005; Pollitzer 1954). Thus, the formation of multicellular
aggregates that are too large to pass in the feces may be important to produce a
stable infection. For efficient transmission, however, adherence and consolidation
of a biofilm to the spines in the proventriculus is required. This usually occurs sec-
ondary to the formation of midgut aggregates, although biofilm can occur
simultaneously at both sites (Pollitzer 1954). Complete blockage does not usually
occur until at least 1-2 weeks after an infectious blood meal, and proventricular
colonization does not occur in all fleas with stable midgut infections.

Hms-negative Y. pestis strains are able to stably infect the flea midgut in the form
of multicellular aggregates, but never colonize the proventriculus (Hinnebusch et al.
1996; Jarrett et al. 2004). This indicates that other bacterial factors besides the
ECM are involved in the autoaggregative growth phenotype in the midgut, but that
the ECM is essential for attachment and development of a biofilm on the surface of
the proventricular spines. The outer coating of the spines is similar or identical to
cuticle, the hard, hydrophobic, acellular material that makes up the flea exoskele-
ton. The Hms-dependent ECM of a Y. pestis biofilm may promote aggregation on
that surface, in the same way that the biochemically similar Ica-dependent ECM of
staphylococcal biofilms promotes aggregation to the hydrophobic, abiotic surface
of catheters and other indwelling medical devices (Rupp et al. 1999).

In vivo biofilms of Y. pestis in the flea differ in some respects from in vitro
biofilms. They are a dark brown color, most likely due to adsorption of hemin
derived from red blood cell digestion in the flea midgut; in other words, they exhibit
the pigmentation phenotype (Jarrett et al. 2004). The ECM of Y. pestis biofilm in
the flea gut also appears to be heterogenous and more complex than is observed
in vitro. Notably, it has a viscous appearance (Fig. 1) and, unlike in vitro Y. pestis
biofilm, avidly takes up lipid stains (Jarrett et al. 2004). This suggests that the in
vivo ECM consists not only of bacterial exopolysaccharide, but also exogenous
material incorporated from the flea gut environment, such as lipid derived from the
flea blood meal.
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6 Implications of the Biofilm Transmission Phenotype
at the Flea-Y. pestis-Host Interface

The ability to form an in vivo biofilm is now recognized as an integral part of the
infection and disease process of many microbial pathogens (reviewed in Costerton
et al. 1999; Parsek and Singh 2003). For Y. pestis, an in vivo biofilm type of infec-
tion occurs in the invertebrate vector, where it is important for efficient transmis-
sion, and not in the vertebrate host. The Y. pestis Hms-dependent ECM is not
synthesized at mammalian body temperature and is not required for bubonic plague
pathogenesis (Lillard et al. 1999). However, Y. pestis enters the mammal directly
from an infectious biofilm in the flea, and this has implications for the initial inter-
action with the mammalian innate immune system at the dermal flea bite site.

The ECM that surrounds bacteria in a biofilm has been shown in some cases to
protect against phagocytosis and/or intracellular killing, cationic antimicrobial pep-
tides, and antibiotics (Costerton et al. 1999; Jesaitis et al. 2003; Vuong et al. 2004b).
It is likely that the infectious inoculum delivered by a flea consists of small clumps
of Y. pestis that are associated with a complex ECM (Fig. 4) (Jarrett et al. 2004;
Lorange et al. 2005). The Y. pestis virulence factors known to protect against innate
immunity, such as the antiphagocytic F1 capsule and the Type III secretion system
that delivers cytotoxic Yop proteins into innate immune cells, are not synthesized in
the flea. Thus, it is possible that the ECM may protect Y. pestis during the initial
encounter with innate immune effector cells immediately after transmission, before
the synthesis of specific virulence factors is induced. In addition, if the biofilm ECM
made in the flea gut contains lipids derived from mammalian blood, these self com-
ponents may mask bacterial antigens and avert initial recognition by the immune
system. In an initial experiment, we found that both Hms* and Hms Y. pestis recov-
ered from flea guts were significantly more resistant to uptake by human polymor-
phonuclear leukocytes than the same bacteria grown in culture (Jarrett et al. 2004).

Fig. 4 Y. pestis biofilm (arrowheads) expelled through the esophagus (E) by application of a
cover slip to the digestive tract dissected from a blocked X. cheopis flea. The array of spines that
line the interior of the proventriculus (PV) is visible
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Y. pestis containing conjugative plasmids that encode high-level resistance to
multiple antibiotics have been isolated from human patients in Madagascar
(Galimand et al. 1997; Guiyoule et al. 2001). The source of these newly acquired
plasmids is unknown, but conjugative plasmid transfer among bacteria can occur at
high frequency within a dense, multicellular biofilm (Hausner and Wuertz 1999;
Molin and Tolker-Nielsen 2003). High-frequency conjugative transfer to Y. pestis
within a mixed biofilm in the flea gut has been demonstrated, suggesting that gene
transfer from commensal microbial flora in the flea gut that become incorporated
into a Y. pestis biofilm may be a source of multiple-drug resistant strains (Hinnebusch
et al. 2002a).

7 Summary

The genetic changes in Y. pestis since it diverged from Y. pseudotuberculosis that
enabled biofilm development and growth in the digestive tract of the flea was
clearly of fundamental importance in the evolution of the new arthropod-borne
route of transmission. Because the hms genes and the ability to produce environ-
mental biofilm appear to predate this recent divergence, probably relatively few
changes were needed; perhaps involving only fine-tuning of environmental sensing
and regulatory pathways that induce the Hms system (Erickson et al. 2006).
Bacterial biofilm development is multifactorial, however, and much remains to be
learned about it in the genus Yersinia. Adaptation of biofilm-forming potential to
the flea gut environment, along with other discrete changes such as acquisition of
two new plasmids, made possible the abrupt (in evolutionary terms) change to flea-
borne transmission. Application of the biofilm developmental state to enable
arthropod-borne transmission represents a novel function that illustrates the utility
of multicellular, adherent growth.
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