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Yersinia pestis, the agent of plague, is usually transmitted by fleas. To produce a transmissible infection, Y. pestis
colonizes the flea midgut and forms a biofilm in the proventricular valve, which blocks normal blood feeding. The
enteropathogen Yersinia pseudotuberculosis, from which Y. pestis recently evolved, is not transmitted by fleas. How-
ever, both Y. pestis and Y. pseudotuberculosis form biofilms that adhere to the external mouthparts and block feeding
of Caenorhabditis elegans nematodes, which has been proposed as a model of Y. pestis-flea interactions. We compared
the ability of Y. pestis and Y. pseudotuberculosis to infect the rat flea Xenopsylla cheopis and to produce biofilms in the
flea and in vitro. Five of 18 Y. pseudotuberculosis strains, encompassing seven serotypes, including all three serotype
O3 strains tested, were unable to stably colonize the flea midgut. The other strains persisted in the flea midgut for
4 weeks but did not increase in numbers, and none of the 18 strains colonized the proventriculus or produced a
biofilm in the flea. Y. pseudotuberculosis strains also varied greatly in their ability to produce biofilms in vitro, but
there was no correlation between biofilm phenotype in vitro or on the surface of C. elegans and the ability to colonize
or block fleas. Our results support a model in which a genetic change in the Y. pseudotuberculosis progenitor of Y.
pestis extended its pre-existing ex vivo biofilm-forming ability to the flea gut environment, thus enabling proven-

tricular blockage and efficient flea-borne transmission.

Flea-borne transmission of Yersinia pestis is a relatively re-
cent adaptation that occurred within the past 20,000 years, the
estimated time frame during which Y. pestis diverged from its
Yersinia pseudotuberculosis ancestor (1). Y. pseudotuberculosis
is an enteric pathogen transmitted primarily through contam-
inated food and water, whereas Y. pestis causes plague and is
transmitted primarily by fleas. The two species are indistin-
guishable based on 16S rRNA sequences (40). More-recent
comparative genomic studies show that there are relatively few
genes unique to each species, and most of their orthologous
genes are =97% identical at the nucleotide level (9, 20). This
close phylogenetic relationship implies that it may be possible
to trace the evolution of flea-borne transmission by determin-
ing the effect of Y. pestis- or Y. pseudotuberculosis-unique genes
on phenotypes relevant to flea infection.

Flea-borne transmission depends on a characteristic devel-
opment of Y. pestis infection in the vector with several key
stages. When a flea takes a blood meal from a mammal with
plague, the bacteria must survive and replicate within the in-
hospitable environment of the flea midgut and avoid being
eliminated in the feces. Initial survival in the midgut depends
on the Yersinia murine toxin (Ymt), a phospholipase D en-
coded on the Y. pestis-specific pFra plasmid, which protects the
bacteria from lysis in the flea midgut by an as-yet-unidentified
mechanism (23). Within 1 week, the bacteria begin to form
dense aggregates in the midgut that are enclosed in a brown
extracellular matrix (27). This bacterial biofilm can adhere to
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the cuticle covering the spines that line the interior of the
proventriculus, a valve-like structure between the midgut and
the esophagus. In 25 to 50% of infected Xenopsylla cheopis
fleas, the adherent biofilm grows to fill the spaces between the
proventricular spines and blocks the flea’s digestive tract. Star-
vation induced by proventricular blockage promotes increased
feeding attempts, during which bacteria from the periphery of
the biofilm can be dislodged and become the inoculum for the
next infection (27).

The ability of Y. pestis to block fleas correlates with the
ability to form biofilm in glass flow cells at 21°C (27). Both
abilities require the hemin storage (hms) gene products lo-
cated in the imsHFRS operon (22, 27). The hms genes are also
required for the Y. pestis pigmentation (Pgm) phenotype, the
ability when grown at temperatures <28°C to adsorb hemin or
the structurally analogous dye Congo red and form densely
pigmented colonies (30). Orthologues of the Aims genes in
Staphylococcus aureus, Staphylococcus epidermidis, and Esche-
richia coli synthesize an extracellular B-1,6-N-acetyl-D-glu-
cosamine polymer that is required for biofilm formation (11,
18, 41, 42). An extracellular hms-dependent matrix is also
produced by Y. pestis (27). The structure of the hms-dependent
matrix has not been determined, although an enzyme that
hydrolyzes polymeric 3-1,6-N-acetyl-D-glucosamine prevents
Y. pestis biofilm formation (26). Although Y. pseudotuberculosis
also possesses the hms genes (9), indicating that they were
acquired before the divergence of Y. pestis, most Y. pseudo-
tuberculosis strains form nonpigmented colonies on Congo red
agar (7).

Studying flea infection and blockage in the laboratory is
labor intensive, not easily amenable to high-throughput inves-
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TABLE 1. Percentage of X. cheopis fleas that remained infected and the CFU per infected flea at different time points after infection with different Y. pseudotuberculosis and one Y. pestis strain
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“ Results are for 20 fleas except where noted [e.g., (13/24)].
> Results are expressed as means = standard deviations.

¢ Only a single flea in the sample was infected.

4 ND, not determined.
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tigations, and requires dedicated facilities for rearing and
maintaining fleas. The nematode Caenorhabditis elegans has
recently been proposed as an attractive surrogate for identify-
ing both host and bacterial factors required for flea transmis-
sion of Y. pestis (10, 13, 25, 29, 39). This is based on the
observation that a Y. pestis biofilm accumulates on the cuticle
of the head and mouthparts of worms moving through a bac-
terial lawn (13). This phenotype, which prevents the worms
from feeding, is also dependent on the Ams genes (13). Al-
though there is considerable variation, many Y. pseudotubercu-
losis strains are unable to colonize worms, but some bind avidly
and form larger biofilms than Y. pestis strains under the same
conditions (13, 29). Like hms-negative strains of Y. pestis, Y.
pseudotuberculosis strains lacking AmsF (29) or hmsT (13) are
unable to colonize the surfaces of worms, suggesting a molec-
ular as well as functional similarity between Yersinia interac-
tions with worms and fleas.

The ability of Y. pseudotuberculosis to infect fleas has not
been well characterized. Previous experiments demonstrated
that a serotype O1b strain of Y. pseudotuberculosis could sur-
vive over a 4-week period after being taken up in a blood meal
(23). Blanc and Balthazard (5) also found, using a single Y.
pseudotuberculosis strain, that fleas could maintain an infection
up to 35 days after feeding on septicemic guinea pigs, but these
fleas did not transmit the Y. pseudotuberculosis infection. Y.
pseudotuberculosis strains have been assigned to 21 different
O-antigen serotypes (37) and are more genetically variable
than those of Y. pestis (20). We show here that most Y. pseudo-
tuberculosis strains are able to persist in the flea digestive tract,
but that none form biofilm in the flea or cause proventricular
blockage, even those that are able to form cohesive biofilms in
vitro or on C. elegans. These results suggest that a Y. pestis
progenitor strain with an ability to survive in fleas adapted its
pre-existing biofilm-forming ability specifically to the flea di-
gestive tract, thus enabling flea-borne transmission of plague.

MATERIALS AND METHODS

Bacterial strains and plasmids. The Y. pseudotuberculosis strains used are
listed in Table 1. Strains designated K were from the London School of Hygiene
and Tropical Medicine and were previously described in reference 29; other
strains were obtained from Elizabeth Carniel (Institute Pasteur; strains desig-
nated IP), J.-A. Bengoechea and Mikael Skurnik (University of Helsinki); strain
PBI1 [8] and its O-antigen-negative AddhD-wzz (derivative), and Creg Darby
(University of Alabama—Birmingham; strain YPIII (16). All K strains lacked the
pYV virulence plasmid except K199, which contains the plasmid, and K163,
which contained a mixture of bacteria with and without pYV (29). All other Y.
pseudotuberculosis strains contained pYV. As with Y. pestis, the presence or
absence of the pYV virulence plasmid does not affect the flea infectivity of Y.
pseudotuberculosis (21, 22; B. J. Hinnebusch, unpublished data). Y. pestis KIM6™
and KIM6, the pigmentation-negative (Pgm™) KIM6™" derivative that lacks the
chromosomal locus containing imsHFRS (35), and plasmid pHMS1.2, which
contains the 4imsHFRS genes in pBR322 (34), were provided by Robert Perry
(University of Kentucky). Plasmid pCH16 contains the ymt gene from the Y.
pestis plasmid pMT1 cloned into pACYC177 (24). Y. pseudotuberculosis strains
PB1 and PB1 AddhD-wzz were transformed by electroporation with pGFP (Clon-
tech; Mountain View, Calif.), which contains the gene for green fluorescent
protein.

Flea infections. X. cheopis fleas were infected with either Y. pseudotuberculosis
or Y. pestis by allowing them to feed on heparanized mouse blood containing 1 X
10% to 5 X 10® CFU/ml in an artificial feeding system (21, 22). Bacteria for flea
infections were grown in 100 ml Brain Heart Infusion broth (Difco) at 37°C for
24 h, counted using a Petroff-Hauser chamber, and resuspended in phosphate
buffered saline (PBS) before being added to the blood meal. Fleas (50 males and
50 females) that took an infected blood meal were collected, kept at 21°C and
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FIG. 1. The number of Y. pseudotuberculosis in infected fleas de-
creases over time. The change (n-fold) in CFU/flea (mean CFU/flea
on day 28 divided by mean CFU/flea immediately after infection)
was determined separately for Y. pseudotuberculosis strains K163,
K174, and K177 (A) and 1P32953, PB1, PB1 AddhD-wzz, PB1 AddhD-
wzz(pHMS1.2), IP32951, K170, K175, K177, K186, and K199 (B) and
for Y. pestis KIM6™ (C). The mean and standard error of the mean of
the change (n-fold) in CFU are shown for each group; the mean
CFU/flea for each time point was determined from samples of 20 fleas
per strain except where noted in Table 1.

75% relative humidity, and fed twice weekly on normal mice for 28 days. Fleas
were monitored for proventricular blockage during the 28 days, as previously
described (22). To determine infection rates, additional samples of 20 female
fleas were collected immediately after infection, and at 7 and 28 days after
infection, were individually triturated in glass-sand slurry in PBS, diluted, and
plated on Yersinia-selective agar base (Difco). The plates were incubated at 37°C
for Y. pseudotuberculosis or 28°C for Y. pestis for 48 h, and the CFU were counted
to determine the bacterial load per infected flea. To assess biofilm formation in
the flea, midguts were dissected 1 to 3 weeks after infection and examined by
light microscopy for the presence of dark clumps of bacteria. Bacteria expressing
green fluorescent protein were visualized using fluorescence microscopy. Alter-
natively, indirect fluorescent antibody assays were performed on dissected flea
midgut contents as previously described (27), using rabbit anti-Y. pestis poly-
clonal antiserum as the primary antibody, followed by goat anti-rabbit immuno-
globulin G labeled with fluorescein. The anti-Y. pestis antibody cross reacted with
Y. pseudotuberculosis strains in vitro.

Flow cell biofilm assays. Bacteria grown for 48 h at room temperature in N
minimal media (15) containing 0.1% Casamino Acids, 38 mM glycerol, and 1
mM MgCl, were counted and then diluted in fresh media to a concentration of
1 % 107 cells/ml. The bacterial suspension (0.4 ml) was injected into one channel
of a flow cell (Stovall; Greensboro, N.C.) that was connected to a reservoir of
sterile media via a peristaltic pump at the influent end and to a discard reservoir
at the effluent end. After a 20-min period to allow bacteria to attach to the glass
surface (designated t = 0), sterile medium was pumped through the flow cell at
0.3 ml/min. After 24 or 48 h, the media flow was stopped and 0.4 ml of 5 mM Syto
9 stain (Molecular Probes; Eugene, Oreg.) was injected into the flow cell. After
a 20-min staining period, media flow was resumed for 5 min to remove unbound
dye. Biofilm attached to the borosilicate glass surface of the flow cell was visu-
alized with a Zeiss LSM 510 scanning confocal laser microscope. Stacks of
z-section images, approximately 1-pm thick, acquired from each flow cell were
used to create three-dimensional representations of the biofilms, using the Zeiss
LSM 510 software package. Biofilms were classified as heavy (>50-pm thick,
with dense and nearly total surface coverage), moderate (<50-um thick with less
dense but nearly total surface coverage), or weak (small adherent microcolonies
or scattered individual cells).

Microtiter plate biofilm assays. Bacteria grown in TMH medium (38) for 48 h
at room temperature were diluted in fresh media to 10° bacteria/ml, and 100 pl
was added to four replicate wells in a 96-well polystyrene microtiter plate, which
was then incubated at room temperature with shaking at 200 rpm. After 48 h, the
media and planktonic cells were removed, and the wells were washed four times
with 200 pl of water. The adherent bacteria were stained with 200 pl of a 0.05%
safranine solution in water for 10 min. The staining solution was removed, and
the wells were washed four times with water and air dried. Bound dye was
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FIG. 2. Effect of the Y. pestis ymt gene on the ability of serotype O3
Y. pseudotuberculosis strains to persist in the flea digestive tract. Per-
centages of fleas that remained infected during a 4-week period fol-
lowing a single infectious blood meal containing the YPIII (OJ), K171
(2), YPIII(pCH16) (M), or K171(pCH16) (A) strain of serotype O3.
The average and standard deviation of the results of three independent
infection experiments for each strain are shown.

solubilized with 200 wl of 30% acetic acid, and the absorbance at 450 nm was
measured for each well, using a microtiter plate reader. Background staining
was corrected by subtracting the safranine binding to uninoculated control
wells. The ratio of the 4,5, reading for each strain relative to that of Y. pestis
KIM6* was calculated.

RESULTS

Effect of serotype on survival of Y. pseudotuberculosis in the
flea digestive tract. To test the ability of Y. pseudotuberculosis
to colonize the digestive tract of fleas, we infected X. cheopis
fleas with 18 different Y. pseudotuberculosis strains represent-
ing 11 O-antigen serotypes (Table 1). Different Y. pseudo-
tuberculosis serotypes varied greatly in their ability to produce
a chronic infection. All serotype O1b, 02, OS5, and O9 strains
tested maintained the infection throughout the entire 28-day
period. In contrast, all three serotype O3 strains, one of three
serotype O4 strains, and the single serotype O6 strain tested
were not recovered from any fleas 28 days after infection.
Serotype O3, O4, and O6 strains that failed to stably colonize
persisted in only 5 to 10% of fleas at 7 days and were com-
pletely eliminated from all fleas by day 28.

The average number of Y. pseudotuberculosis CFU per in-
fected flea was also determined (Table 1). Numbers of both Y.
pseudotuberculosis and Y. pestis in fleas decreased during the
first 24 h. Following this initial decrease, most of the strains
maintained fairly constant infection levels of about 10° to 10*
CFU/flea over the 28 days. Other strains (K163, K174, and
1P32821) decreased in numbers so that at day 28 there were
only 60 to 550 CFU per flea. Thus, most Y. pseudotuberculosis
strains persisted in the flea digestive tract, but their numbers
decreased 1- to 10-fold over 4 weeks from the initial infectious
dose of 10* bacteria/flea, and the decrease was not serotype
dependent (Fig. 1). In contrast, the average number of Y. pestis
increased 10-fold over 28 days.

Effect of the Y. pestis ymt gene on survival and replication of
Y. pseudotuberculosis serotype O3 in fleas. Notably, all three of
the serotype O3 strains tested failed to establish a chronic



1116 ERICKSON ET AL.

FIG. 3. Y. pseudotuberculosis does not form a biofilm in the flea
digestive tract. The digestive tracts of fleas infected with Y. pestis
KIM6™" (pGFP) (A) or Y. pseudotuberculosis PB1 (B) were dissected,
and the bacteria were visualized with fluorescence microscopy, either
directly (Y. pestis) or after indirect fluorescent antibody (Y. pseudo-
tuberculosis). The bar corresponds to 100 pwm.

infection in X. cheopis fleas (Table 1), similar to Aymt strains of
Y. pestis (23). To determine whether the Y. pestis ymt gene is
sufficient to allow serotype O3 strains to survive in fleas, strains
K171 and YPIII were provided a copy of the ymt gene on
plasmid pCH16. The presence of the Y. pestis ymt gene greatly
increased the infectivity of Y. pseudotuberculosis O3 strains for
fleas. Between 40 and 60% of fleas infected with the ymt-
transformed strains remained infected at days 7 and 28 (Fig. 2),
with an average bacterial load of 1 X 10* to 2 X 10* CFU per
infected flea (Table 1).

Y. pseudotuberculosis does not form a biofilm or cause pro-
ventricular blockage in fleas. Y. pestis forms dense, biofilm-like
aggregates in the flea midgut composed of bacteria surrounded
by an extracellular matrix (27). Y. pestis also colonizes the
proventriculus, where the aggregates may become lodged and
lead to blockage. Since most Y. pseudotuberculosis strains were
able to colonize the flea digestive tract, we examined midguts
dissected from infected fleas for evidence of biofilm-like
growth. Rather than forming clumps in the midgut, however, Y.
pseudotuberculosis bacteria occurred only as individual cells

J. BACTERIOL.

(Fig. 3). Furthermore, colonization by Y. pseudotuberculosis
was restricted to the midgut; bacteria were never observed in
the proventriculus.

To verify this, we monitored fleas infected with Y. pseudo-
tuberculosis for development of foregut blockage (Table 2).
None of the fleas infected with any Y. pseudotuberculosis strain
ever developed foregut blockage during the 28-day observation
period, including strain PB1 AddhD-wzz(pHMS1.2), which, like Y.
pestis, lacks O antigen and is strongly pigmented on Congo red
agar. In contrast, between 25 and 50% of fleas infected with Y.
pestis became blocked during the 28-day period.

In vitro biofilm formation by Y. pseudotuberculosis. The abil-
ity of Y. pestis to block the proventriculus of fleas correlates
with hims-dependent pigmentation on Congo red agar (22) and
biofilm formation in vitro at 21°C (27, 35). We tested the ability
of nine Y. pseudotuberculosis strains, none of which was pig-
mented on Congo red agar, to form biofilms on two different
substrates in vitro. In glass flow cells, the nine strains varied
considerably in their patterns of biofilm formation, with no obvi-
ous correlation to serotype. Similar to Y. pestis, some of the strains
showed evidence of the formation of microcolonies and thin bio-
films after 24 h of growth. By 48 h, Y. pseudotuberculosis strains
YPIII, K163, K171, K177, and K186 appeared as scattered mi-
crocolonies or very thin biofilms, while strains K170, K174, K175,
and K199 had formed more-substantial, thicker biofilms (Fig. 4).
Although thick biofilms were produced by some Y. pseudotuber-
culosis strains, they had a greater tendency to slough off the glass
surface than biofilms produced by Y. pestis.

The amount of biofilm formed in polystyrene microtiter
plates by the different Y. pseudotuberculosis strains relative to
that of Y. pestis was quantified by means of a safranine-binding
assay. More biofilm was formed by some of the Y. pseudo-
tuberculosis strains in this system than was produced by Y. pestis
(Table 2). The growth rates of the strains in the liquid medium

TABLE 2. Comparison of biofilm formation by Y. pseudotuberculosis and Y. pestis in different in vitro and in vivo environments

Biofilm formation

Species Strain Serotype Pgm a In vitro [nvivo
phenotype
Microtiter Flow C. elegans X. cheopis
well? cell® nematodes? fleas®
Y. pseudotuberculosis K163 O1b - 0.20 = .03 Moderate None -
K170 O2c - 1.11 = .12 Heavy Intermediate -
K171 (OX) - 0.59 = .10 Weak Severe -
YPIII(KT) 03 - 0.49 = .03 Moderate Severe -
K174 O4a — 0.27 = .03 Heavy Weak -
K175 0O4b - 0.25 = .05 Heavy None -
K177 O5a - 0.17 = .04 Weak Intermediate -
K186 09 - 0.34 .07 Moderate None -
K199 Unknown — 0.09 = .05 Heavy Weak -
PB1 AddhD-wzz Rough - 1.16 = .06 Moderate ND# -
PB1 AddhD-wzz(pHMS1.2) Rough + 1.37 £ .10 Heavy ND# -
Y. pestis KIM6* Rough + 1.00 Heavy ND# +
KIM6 Rough - 0.01 = .01 Weak ND# +/—f

“ Shows pigmentation on Congo red agar.

® Means * standard deviations of the results of three safranine-binding assays expressed relative to the results for Y. pestis KIM6™.
¢ Biofilms were classed as heavy, moderate, or weak based on surface area coverage and depth as explained in Materials and Methods.
@ Scoring for infection of C. elegans was based on accumulation of bacterial biofilm on the mouthparts of the nematodes and the effect on feeding and movement (data are

from reference 29).

¢ +, has the ability to form aggregates in the digestive tract and block fleas; —, does not have the ability to form aggregates in the digestive tract and block fleas.

/Forms aggregates in the midgut but does not block fleas (22).
£ ND, not determined.
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FIG. 4. Y. pseudotuberculosis biofilms in glass flow cells. Confocal
scanning laser microscopy images of biofilms produced after 48 h at
21°C for Y. pseudotuberculosis serotype O3 strain YPIII (A), serotype
O1b strain K163 (B), serotype O2c strain K170 (C), serotype O3 strain
K171 (D), serotype O4a strain K174 (E), serotype O4b strain K175 (F),
serotype O5a strain K177 (G), serotype O9 strain K186 (H), and strain
K199 (serotype unknown) (I). The right side and top of each panel are

reconstructed vertical cross sections of the biofilm. The bar corre-
sponds to 100 pm.

were equivalent, and thus did not account for the differences in
biofilm formation.

We also tested the effect of the loss of O polysaccharide and
hms-dependent pigmentation on Y. pseudotuberculosis by com-
paring the biofilms formed by a Y. pseudotuberculosis O1b
rough mutant (PB1 AddhD-wzz), which, like Y. pestis, produces
lipopolysaccharide that lacks O antigen (S. Kiljunen, E. Pinta,
J.-A. Bengoechea, O. Holst, and M. Skurnik, submitted for
publication) and PB1 AddhD-wzz transformed with pHMS1.2,
a recombinant plasmid that contains the Y. pestis hmsHFRS
operon (34). The presence of this plasmid resulted in a strongly
pigmented colony phenotype (Pgm™) on Congo red agar and
the formation of a thicker biofilm (Fig. 5). However, this bio-
film was less dense than a Y. pestis biofilm produced under the
same conditions, and transformation with pHMS1.2 did not
affect the tendency of the biofilm to slough off the surface. The
O-antigen-negative Pgm™ Y. pseudotuberculosis strain also
failed to colonize or block the proventriculus of fleas (Table 2).

DISCUSSION

Comparison of Y. pseudotuberculosis and Y. pestis flea infec-
tion phenotypes. During the evolution of Y. pestis from Y.
pseudotuberculosis in the relatively recent past, Y. pestis
adopted a dramatically different lifestyle, which relies on trans-
mission by rodent fleas. As a starting point in identifying the
evolutionary steps that led to arthropod-borne transmission of
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FIG. 5. The Pgm™ phenotype correlates with enhanced biofilm for-
mation by Y. pseudotuberculosis in vitro. Confocal scanning laser mi-
croscopy images of 48-h, 21°C biofilms produced by the Hms™ strain Y.
pseudotuberculosis PB1 AddhD-wzz (A), the Hms™ strain PB1 AddhD-
wzz(pHMS1.2) (B), and the Hms™ strain Y. pestis KIM6* (C). The bar
corresponds to 100 pm.

plague, we compared the ability of Y. pseudotuberculosis and Y.
pestis to infect the rat flea X. cheopis.

Both species were able to survive for long periods of time in the
flea digestive tract. Two marked differences were observed, how-
ever. Unlike Y. pestis, Y. pseudotuberculosis did not increase in
numbers during the 28-day observation period (Fig. 1), and the
ability of Y. pseudotuberculosis to establish a chronic infection was
serotype dependent (Table 1). All three serotype O3 strains and
one serotype O4 and O6 strain were quickly eliminated from the
flea midgut, whereas other serotypes maintained a steady infec-
tion over 28 days (Table 1). Interestingly, transformation of Y.
pseudotuberculosis with the Y. pestis ymt gene could eliminate both
differences. For example, serotype O3 strains that were normally
unable to infect fleas achieved 40 to 60% infection rates when
transformed with ymt (Fig. 2). Additionally, for Y. pseudotubercu-
losis strains such as PB1 that are able to infect fleas, the number
of bacteria per infected flea is significantly increased by the pres-
ence of ymt (23).

Survival of Y. pestis in the flea midgut depends on the phos-
pholipase D activity encoded by ymt, which is present on a Y.
pestis-specific plasmid. Ymt™ Y. pestis experience outer mem-
brane perturbation in the flea midgut and are almost entirely
eliminated from the flea within 24 h (23). Even though Y.
pseudotuberculosis does not possess a ymt homolog, most
strains could persist in the flea midgut for weeks, suggesting
that they are innately more resistant to membrane-perturbing
agents in the flea gut. Although it is possible that Y. pseudo-
tuberculosis serotypes able to persist in fleas encode an alter-
native phospholipase D, the genome sequence of the serotype
O1 Y. pseudotuberculosis strain 1P32953 does not suggest this
(9). Instead, Y. pseudotuberculosis serotypes appear to be dif-
ferentially susceptible to antibacterial factors in the flea gut,
and transformation with ymt is able to eliminate these differ-
ences. The differential susceptibility might be related to the
serotype-specific O antigen itself. However, the O antigen of
serotype 3 strains, which were rapidly eliminated from fleas, is
structurally most similar to those of serotype O1b, O2c, O4a,
O5a and O7 strains (37), which were able to survive in fleas.
Furthermore, an O-antigen-negative (rough) mutant of Y.
pseudotuberculosis O1b did not have reduced ability to colonize
fleas (Table 1). Most of the genomic differences among Y.
pseudotuberculosis serotypes can be attributed to genes unre-
lated to O-antigen structure (9, 20), and these may be more
important for the observed relationship between serotype and
flea colonization. The phoP gene of Y. pseudotuberculosis O3
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YPIII strains is known to be nonfunctional, and other O3
strains have a 9-kb deletion in the high-pathogenicity island
(14, 17). Although a defect in phoP could conceivably reduce Y.
pseudotuberculosis survival in the flea midgut because phoP
affects resistance to cationic antimicrobial peptides commonly
produced by insects (31), neither phoP nor the high-pathoge-
nicity island affects the survival of Y. pestis in fleas (22; B. J.
Hinnebusch, unpublished data).

Y. pseudotuberculosis biofilm formation in vitro or on the
mouthparts of C. elegans is not predictive of flea infection or
blockage. The most striking difference between Y. pestis and Y.
pseudotuberculosis flea infections is that Y. pseudotuberculosis is
unable to cause the characteristic foregut blockage typical of Y.
pestis that is required for efficient transmission (2, 3). Fundamen-
tally, flea blockage is a bacterial biofilm phenomenon. Y. pestis
and Y. pseudotuberculosis can accumulate as biofilms on the ex-
ternal head and mouthparts and prevent feeding of C. elegans
nematodes, suggesting the possibility that this invertebrate might
be a useful surrogate model to identify both host and bacterial
factors required for flea infection and blockage (10, 13, 25, 29,
39). To assess the correlation between the various models, we
systematically compared the in vitro biofilm and flea infection
phenotypes of 9 Y. pseudotuberculosis strains for which C. elegans
infection phenotypes had previously been reported (29). There
was little correlation between biofilm-forming characteristics in
the two in vitro systems and on the surface of C. elegans. None of
the Y. pseudotuberculosis strains caused blockage in fleas, regard-
less of the ability to form biofilms in vitro or on C. elegans.
Furthermore, there was no correlation between worm infection
phenotype and survival in the flea digestive tract (Table 2). In-
terestingly, some strains that failed to form biofilms in polystyrene
microtiter plates formed thick biofilms in glass flow cells, and vice
versa (Table 2). Thus, the ability of Y. pseudotuberculosis to form
biofilms in fleas and on nematodes and in microtiter dishes and in
flow cells may not be predictive of one another and may depend
on specific factors unique to each environment. Therefore, al-
though biofilm formation in vitro or on C. elegans are relevant
models of proventricular blockage in fleas, proposed roles for
genes identified in these artificial systems should be tested with
fleas before extrapolating results from one system to another (12).

Y. pestis Pgm "~ strains with reduced biofilm-forming capabilities
in vitro are unable to block fleas (27). Consistent with this model,
we found that Y. pseudotuberculosis biofilms under flow are typi-
cally weaker and more easily disrupted than Y. pestis, which cor-
relates with their inability to block fleas (Fig. 4, 5). Thus far, few
factors have been identified that influence Yersinia biofilms in any
environment. Changes to the lipopolysaccharide (LPS) core affect
Y. pseudotuberculosis biofilms on C. elegans (29). In contrast, the
O-antigen portion of LPS did not have any consistent effect on
biofilm formation either in microtiter wells or on C. elegans (29).
In flow cells, both of the serotype O4 strains tested formed rela-
tively thick biofilms, while both serotype O3 strains formed poor
biofilms (Fig. 4). However, more strains must be tested before any
relationship between serotype and biofilm in flow cells can be
determined.

We have shown here that a Y. pseudotuberuculosis Pgm™
phenotype enhances biofilm formation on glass flow cells (Fig.
5). This is also true in microtiter wells and on C. elegans worms
(29). However, even a Y. pseudotuberculosis strain with a
strong, constitutive Pgm™ phenotype on Congo red agar forms
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a weaker in vitro biofilm than Y. pestis and is unable to block
fleas (Fig. 5; Table 2). It is likely that even if Y. pseudotuber-
culosis initially colonizes the surface of the proventricular
spines, it does not form a biofilm that is cohesive enough to
withstand the rapid contractions of the proventricular valve
and hydrodynamic forces generated when the flea feeds. Con-
sequently, the bacteria are washed back into the midgut. Y.
pseudotuberculosis is unlikely to face such forces on the head
and mouthparts of C. elegans, and this could explain why it is
able to prevent nematode feeding but is unable to block fleas.

The lack of any correlation between Y. pseudotuberculosis
biofilm formation in the flea and on C. elegans could also be
due to differences in surface characteristics. The flea proven-
triculus and C. elegans are covered with cuticle, but insect and
nematode cuticles differ substantially in composition and ul-
trastructure. Nematode cuticle is composed primarily of colla-
gen (33). The external surface coat of C. elegans is a thin (5- to
20-nm), negatively charged, carbohydrate-rich layer that can
bind lectins and can be sloughed off (6). In contrast, the cuticle
lining of the flea proventriculus is composed primarily of chitin
filaments embedded in a complex, highly sclerotized protein
matrix (19, 28). The nature of this protein matrix has not been
determined for fleas, but the cuticle lining the proventriculus
of bees contains abundant cysteine-rich proteins that confer an
overall acidic character (32).

The Y. pseudotuberculosis genome (9) contains all of the
identified hms genes, which are >99% identical to the Y. pestis
homologues, yet most Y. pseudotuberculosis strains have a
Pgm™ phenotype on Congo red agar (7). Such differences in
the structure or composition of cell envelope or extracellular
structures, as well as the substrate of the biofilm and its sur-
rounding medium, can have profound effects on biofilm for-
mation. For example, mutations in Salmonella enterica that
result in either incomplete (rough) LPS structure or loss of
cellulose production abolish biofilm development on glass, but
not on gallstones (36). The effects of changes in regulatory
functions on biofilm development are also unique to different
environments and perhaps even more difficult to predict (re-
viewed in reference 4). Thus, the molecular mechanisms that
explain how Y. pestis evolved from Y. pseudotuberculosis to
block fleas may be complex and due to subtle genetic differ-
ences that have yet to be identified. Our results imply that one
or more genetic changes occurred in the Y. pseudotuberculosis
progenitor of Y. pestis that increased the production or stability
of the hms-dependent extracellular matrix in the flea gut en-
vironment, enhancing biofilm formation in the proventriculus
and resulting in efficient arthropod-borne transmission.
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