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YfbA, a Yersinia pestis Regulator Required for Colonization and
Biofilm Formation in the Gut of Cat Fleas
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For transmission to new hosts, Yersinia pestis, the causative agent of plague, replicates as biofilm in the foregut of fleas that feed
on plague-infected animals or humans. Y. pestis biofilm formation has been studied in the rat flea; however, little is known about
the cat flea, a species that may bridge zoonotic and anthroponotic plague cycles. Here, we show that Y. pestis infects and repli-
cates as a biofilm in the foregut of cat fleas in a manner requiring hmsFR, two determinants for extracellular biofilm matrix. Ex-
amining a library of transposon insertion mutants, we identified the LysR-type transcriptional regulator YfbA, which is essential

for Y. pestis colonization and biofilm formation in cat fleas.

ersinia pestis is the causative agent of plague (1), a frequently

lethal disease that affects many mammalian species, including
humans (2). Plague is transmitted by fleas, which are infected
during blood meals and may be colonized via a gastrointestinal
biofilm (3, 4). Transmission of Y. pestis occurs when newly in-
fected (early-phase transmission) or colonized (regurgitative
transmission) insects feed on new hosts (5, 6). Several different
rodents are enzootic reservoir hosts for the plague pathogen (2).
Historically, epizootic outbreaks in certain rodent species have
triggered flea-borne transmission of plague into human popula-
tions with devastating consequences (7). Examples are the Justin-
ian plague (541 to 767), the Black Death (1346 to the 18th cen-
tury), and the Asian pandemics (1850 to 1935) (8).

Genetic analysis revealed that Y. pestis is a monomorphic clone
of its more diverse parental species, the human gastrointestinal
pathogen Yersinia pseudotuberculosis (9). Evolution of Y. pestis
occurred >2,600 years ago in the rodent population of China;
here, Y. pestis isolates are still scattered over four phylogenetic
branches, biovars Orientalis, Medievalis, Antiqua, and Pestoides
(10, 11). The Y. pestis genome encompasses 4,012 chromosomal
genes, including 149 pseudogenes and three plasmids (12). The
pCD1 plasmid encodes the type III secretion machine for delivery
of effector proteins (Yops) from the bacterium into immune cells
of mammalian hosts (13, 14). pFra harbors genes for the expres-
sion and assembly of capsular fraction antigen F1, a surface (pilus)
organelle, and the murine toxin (Ymt), which contribute to regur-
gitative transmission and Y. pestis persistence in the flea vector
(15, 16). pPCP1 encodes the Pla surface protease, which is dis-
pensable for Y. pestis survival in the flea but contributes to its
escape from mammalian innate immune responses (17, 18). Al-
though the functions of many genes on the three virulence plas-
mids have been revealed, little is known about chromosomal de-
terminants for the unique life cycle of Y. pestis (19).

The relevance of the oriental rat flea, Xenopsylla cheopis, to the
transmission of plague is well established (6). After feeding on
infected blood, the flea digestive tract is eventually blocked by
massive Y. pestis replication at the proventriculus and midgut (4).
Since X. cheopis and several other flea species (for example, Cteno-
cephalides felis) are intermittent feeders, starvation causes these
species to increase their feeding behavior, which is associated with
transmission of Y. pestis to new hosts (6). The Y. pestis hmslocus is
required for rat flea colonization, biofilm formation, intestinal
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blockade, and regurgitative transmission (6); the locus comprises
a four-gene operon (hmsHFRS) for the synthesis of poly-(31-6)-
N-acetylglucosamine (PNAG), an extracellular matrix polymer of
Y. pestis biofilms (20, 21). Acquisition of the hms locus predates
the evolutionary divergence of Y. pestis from Y. pseudotuberculosis
(22). However, Y. pseudotuberculosis, but not Y. pestis, expresses
nghA, which encodes a PNAG hydrolase that is thought to inter-
fere with biofilm formation in the flea gut (21, 23). Of note, Y.
pseudotuberculosis infection of fleas triggers intestinal toxicity and
diarrhea in X. cheopis (24). Further, the rcsA gene, which encodes
anegative regulator for the diguanylate cyclase (HmsT) of Y. pseu-
dotuberculosis, contains a 30-bp internal duplication in Y. pestis,
rendering rcsA nonfunctional (25, 26). Nevertheless, the signaling
molecule cyclic di-GMP is required for Y. pestis PNAG synthesis
and biofilm formation in the flea foregut, but not for the patho-
genesis of plague in mammalian hosts (27, 28). A positive tran-
scriptional regulator for Y. pestis flea colonization and biofilm
formation in the foregut has thus far not been identified (6).

C. felis, the cat flea, has been investigated as a vector for plague
transmission in Africa, China, and the United States (7, 29). The
host range of C. felis encompasses domesticated animals, house-
hold pets, squirrels, rats, and mice, as well as humans (30). This
flea species has been studied for the attribute of bridging zoonotic
and anthroponotic plague cycles (30, 31). C. felis is a common
infestation of dogs, which are infected by Y. pestis and seroconvert
to produce F1-specific antibodies but rarely develop fatal disease
(32, 33). Dog infestation with infected C. felis is associated with
flea contamination of human dwellings and transmission, as doc-
umented in Uganda, China, and the United States (34-36). Earlier
work revealed the ability of C. felis to produce early-phase trans-
mission of Y. pestis to mammalian hosts (30). This work left un-
resolved whether Y. pestis forms persistent biofilms in C. felis and
by what mechanism such colonization may occur.
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MATERIALS AND METHODS

Bacterial strains and growth conditions. Y. pestis CO92(ApCD1) and its
mutants were grown on heart infusion agar (HIA) at 26°C and stored
frozen in 5% monosodium glutamate-5% bovine serum albumin (BSA).
When necessary, mutant strains were grown on selective medium con-
taining ampicillin (100 pg/ml), kanamycin (50 g/ml), or chloramphen-
icol (30 pg/ml). Where indicated, Y. pestis CO92(ApCD1) and its mutants
were electroporated with plasmid pEGFP (Clontech, Palo Alto, CA).

Y. pestis transposon mutagenesis. To generate mini-Tn5 transposon
mutants, 50 ml of heart infusion broth (HIB) was inoculated with Y. pestis
CO92(ApCD1) and grown at 26°C overnight. The following day, the cells
were chilled on ice, sedimented by centrifugation, washed twice with ice-
cold sterile water, and suspended at a density of 9 X 10° CFU ml™"' for
electroporation. One microliter of purified transposase complex of the
EZ-Tn5 (Kan-2) transposon kit (Epicentre, Madison, WI) was added to
100 .l bacterial suspension and pulsed at 1,800 V, 100 £), 25 wF. Y. pestis
organisms were diluted in 1 ml HIB, incubated for 4 h at 26°C, spread on
HIA with kanamycin, and finally grown at 26°C for 48 h. Individual col-
onies were picked, propagated in HIB by overnight growth, and subjected
to freezing and isolation of genomic DNA. To identify the positions of
Tn5 insertions, the genomic DNA was digested with Hhal and circular-
ized by ligation with T4 DNA ligase. Transposon insertions were PCR
amplified with primers provided with the transposon kit and submitted
for DNA sequencing. DNA sequences were BLAST analyzed against the Y.
pestis CO92 genome sequence to identify the insertion site, and gene-
specific primers were designed to confirm insertion in the open reading
frame (12, 37).

Infection of cat fleas with Y. pestis. Mixed-sex adult C. felis fleas were
obtained from the Elward I Laboratory (Soquel, CA), separated into 50 to
100 fleas per acrylic cage, and housed in an artificial feeding system at 25°C
and 75% humidity (38). The fleas were starved for 48 h prior to infection
and fed on defibrinated sheep’s blood (Hemostat, Dixon, CA) containing
Y. pestis CO92(ApCD1) or its variants for 5 h at 37°C. After the initial
infectious feeding period, the unfed fleas (identifiable by lack of fresh
blood in the midgut and corresponding increase in body size) were re-
moved and the remaining fleas were sustained on daily blood meals with
5 ml sheep’s blood for the remainder of the study.

For infection, Y. pestis strains were spread on a Congo Red-heart in-
fusion agar plate and grown at 26°C for 48 h to confirm pigmentation
status. A single colony was picked, inoculated into HIB, and grown for 12
h at 26°C. The following day, the optical density was measured and the
bacterial load was calculated using a conversion factor of 2.7 X 10® CFU
for absorbance at 600 nm (Ag,). Bacterial cultures were sedimented by
centrifugation at 17,090 X g for 10 min, suspended in 1 ml of PBS, and
added to 4 ml of prewarmed 37°C sterile sheep’s blood (1 X 10% to 1 X
10'° CFU ml™"). Control cohorts of uninfected fleas were fed on 4 ml of
sterile sheep’s blood diluted with 1 ml PBS.

Enumeration of Y. pestis organisms in infected fleas. Infected fleas
were frozen at —80°C, surface sterilized with 70% ethanol, and placed into
2-ml vials with 6 to 8 sterile 2.3-mm steel beads (Biospec Products) and
200 pl of HIB. The fleas were mechanically disrupted using agitation in a
Bead Beater (Biospec Products) for 45 s at 4.0 m/s. The vials were briefly
centrifuged, and the liquid supernatant was removed, serially diluted in
PBS, spread on HIA plates, and grown at 26°C for 48 to 72 h prior to
enumeration of colonies.

Flea dissection and microscopy. Fleas were anesthetized by chilling
at —20°C for 5 min and then placed into a drop of PBS for dissection. The
fleas were decapitated by prying the upper thorax and head off using two
U-100 insulin syringes. The digestive tract was withdrawn from the abdo-
men by gently pulling on the proventriculus with fine tweezers. For mi-
croscopic imaging of the digestive tract, the flea guts were placed on a glass
carrier with a drop of phosphate-buffered saline (PBS), and coverslips
were placed on top. Bright-field microscopic images were captured with a
charge-coupled-device (CCD) camera using an Olympus IX81 micro-
scope. Fluorescent images were acquired using a Leica SP5 Tandem Scan-
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ner Spectral 2-Photon confocal microscope. Images were acquired with
the red Texas Red (594-nm) and green green fluorescent protein (GFP)
(488-nm) fluorescence channels. Images were merged using Image]J soft-
ware (NIH).

Scanning electron microscopy. Flea digestive tracts were isolated and
fixed in 2% glutaraldehyde in PBS overnight, and then the proventriculus
was cut open using a surgical scalpel. Samples were serially dehydrated by
consecutive incubations in 25% and 50% ethanol-PBS, 75% and 90%
ethanol-water, and 100% ethanol (twice, each step for 5 min), followed by
50% ethanol-hexamethyldisilazane (HMDS) (15 min) and 100% HMDS
(20 min), which was allowed to evaporate in the final wash. After over-
night evaporation of HMDS at room temperature, the samples were
mounted onto specimen mounts (Ted Pella, Inc., Redding, CA) and
coated with 80% Pt-20% Pd to 11 nm using a Cressington 208HR Sputter
Coater at 20 mA prior to examination with a Fei Nova NanoSEM 200
scanning electron microscope (FEI Co., Hillsboro, OR) at a distance of
5 mm.

Construction of complementation plasmids. The Y. pestis CO92
(ApCD1) transposon mutants were complemented with plasmids ex-
pressing a wild-type copy of each gene. To generate pyfbA, a 1,097-bp
DNA fragment containing the 191-bp upstream and 906-bp coding re-
gions of yfbA from wild-type CO92(ApCD1) was amplified by PCR using
the specific primers 5’ AAACATATGCTCCTGATGCCATCATTAATCA
ATTGCAGTACAG and 3’"AAAGGATCCTCACCGTTCATCCAATTGG
CTGAAG. This PCR fragment was subcloned into the 5" Ndel and 3’
BamHI sites of pMCSG7 (Amp), a high-copy-number pET vector. p2458
was generated by PCR amplification of a 1,182-bp DNA fragment from
wild-type CO92(ApCD1) of ypo2458 consisting of the 201-bp upstream
and 981-bp coding regions of ypo2458 using the specific primers 5'AAA
CATATGATTTTCATCACCGGGTCCTGTGAGG and 3'AAAGGATCC
CTAAAGCACAGCCGGTAGAGGTTTG. This DNA was subcloned into
the 5" Ndel and 3’ BamHI sites of pMCSG?7.

To generate pP,-yfbA, yfbA was amplified using the specific primers
5'AAAACATATGCACGATCTCAATGATCTCTATTACTACGCAGAAGT
TGTAG and 3’AAAGGATCCTCACCGTTCATCCAATTGGCTGAAG.
This DNA fragment was cloned into the 5" Ndel and 3’ BamHI sites of a
pHSG575 derivative (39, 40) to express yfbA under the control of the tac
promoter.

Each complementing plasmid was confirmed by DNA sequencing.
pyfbA or pP,,.-yfbA was introduced into CO92(ApCD1) yfbA::Tn5 by
electroporation. CO92(ApCD1) ypo2458::Tn5 and wild-type CO92
(ApCD1) were transformed with p2458 and the pMSCG7 empty vector,
respectively, via electroporation. The presence of the complementing
plasmids in the mutant strains was confirmed by PCR.

In vitro biofilm analysis. Strains were grown overnight in HIB sup-
plemented with the relevant antibiotics, 4 mM CaCl,, and 4 mM MgCL,.
The following day, the cultures were subcultured to an A, 0f0.02, and 10
replicates of 200 pl each were plated in treated Costar polystyrene 96-well
plates in HIB supplemented with 4 mM CaCl, and 4 mM MgCl, with 1
mM IPTG (isopropyl-p-p-thiogalactopyranoside) added to the pP,, -
yfbA culture. A row of medium-only wells was used as a control for back-
ground absorbance. The plates were incubated at 26°C with shaking at 250
rpm for 24 h. Planktonic cells were removed, and the wells were washed
two times with H,O and stained for 15 min with crystal violet (0.02%).
The stain was removed, the wells were washed four times with H,O, and
the bound crystal violet was solubilized with a 80% ethanol-20% acetone
solution. Absorbance was measured at 600 nm using a Synergy HT plate
reader (Biotek), and the average absorbance from the medium-only con-
trol wells was subtracted from the recorded absorbances to obtain the final
measurements.

Fluorescence microscopy of Y. pestis biofilms. Y. pestis biofilms were
grown on 18-mm round glass coverslips pretreated with 1 pg/ml hu-
man fibronectin (Sigma) in Costar 12-well polystyrene plates. The
wells were washed two times with PBS before adding 400 .l of Y. pestis
CO92(ApCD1) or its yfbA::Tn5 variant to an A, of 0.02. The plates were
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incubated at 26°C for 24 h with shaking at 250 rpm. Glass coverslips were
washed twice with PBS and stained with 5 wM Syto9 (Invitrogen) at room
temperature for 20 min. The coverslips were washed twice and fixed with
4% formalin before washing, drying, and mounting on glass slides with 1
wl SlowFade Gold (Invitrogen). Fluorescent images of biofilms were ac-
quired in the green GFP channel (488 nm) on an Olympus IX81 micro-
scope using a 40X objective and captured with a CCD camera.

RESULTS

Y. pestis infection and colonization of C. felis. Mixed-sex adult
C. felis fleas (n = 50 to 100 fleas) were isolated in acrylic cages at
25°C and starved for 48 h prior to feeding on defibrinated sheep’s
blood mixed with 1 X 10° CFUml ™' Y. pestis CO92(ApCD1) or its
variants. Blood samples were maintained for 5 h at 37°C in a hu-
midified feeding chamber (artificial dog) during feeding (41). The
fleas were subsequently fed daily on defibrinated sheep’s blood
without added bacteria and analyzed for Y. pestis colonization. To
determine the Y. pestis load in the gut, flea homogenates were
spread on agar plates and the bacteria were enumerated. These
studies revealed that the flea guts harbored 1.47 X 10* CFU Y.
pestis CO92 1 h after the end of feeding (Fig. 1A). Between 24 h and
3 days postinfection, Y. pestis was able to replicate inside the fleas
(Fig. 1A). At day 7 after feeding, the bacterial load increased to
2.89 X 10* CFU (Fig. 1A). Increases in the bacterial load were
correlated with decreased flea survival. By day 14, more than 60%
of the infected flea population succumbed to Y. pestis infection
(Fig. 1C). Approximately half of all infected cat fleas (49%) were
not colonized by wild-type Y. pestis CO92(ApCD1) (see below).
The Y. pestis(ApCD1, AhmsF) mutant lacks the (B1-6)-N-acetyl-
glucosamine deacetylase (HmsF) required for functional assem-
bly of PNAG and biofilm formation (42). When the Y. pestis hmsF
mutant was used for infection of C. felis, 1.5 X 10> CFU were
isolated 1 h after feeding, similar to wild-type Y. pestis (Fig. 1A).
This observation indicates that both wild-type and AmsF mutant
Y. pestis CO92 infect cat fleas, in agreement with the recent report
that C. felis is capable of early-phase plague transmission between
mammalian hosts (5). Nevertheless, the hmsF mutant did not rep-
licate in the flea gut and did not affect the survival of infected C.
felis compared to mock-infected insects (Fig. 1C).

Y. pestis forms a biofilm in the proventriculus of C. felis. Y.
pestis-infected or mock-infected cat fleas were immobilized and
viewed by light microscopy (Fig. 2). While the guts of mock-in-
fected fleas could be discerned as a red (hemin-colored) contour
within the flea body, the gut of Y. pestis CO92(ApCD1) infected
fleas appeared as dark-brown-stained material (Fig. 2A and B).
The latter was difficult to discern against the pigmented chitin
bodies of the insects. To analyze the flea gut, insects were decapi-
tated, the intestines were removed, and the proventriculus and
midgut were viewed by microscopy (Fig. 2C to E). In uninfected
fleas, the esophagus and proventriculus could be discerned by
their characteristic shape and dense structure, respectively (Fig.
2C). The midgut of cat fleas presented as an amorphous, bag-like
structure connected to the proventriculus, which was filled with
granular, light-brown-pigmented material (Fig. 2C). Immediately
following Y. pestis infection, the esophagus, proventriculus, and
midgut of cat fleas were not affected compared to uninfected C.
felis. On day 3, dark-brown pigment was detected on the proven-
triculus of Y. pestis-infected fleas (Fig. 2D). By day 14, most of the
midgut was filled with the dark-brown pigmented material
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FIG 1 Y. pestis colonization of cat fleas requires the hmsF locus. (A) Cat fleas
(n = 100) were infected by one-time feeding on defibrinated sheep’s blood
inoculated with 1 X 10® CFU wild-type Y. pestis CO92(ApCD1) or its hmsE
mutant and were subsequently fed sterile blood. At various time intervals of
hours (h) or days (d), the infected fleas were homogenized and plated on HIA,
and CFU were enumerated. The box plot represents Y. pestis flea colonization
data in log CFU, where the horizontal line denotes the mean and the whiskers
indicate variability outside the upper and lower quartiles. The dashed line
identifies the limit of detection. NS, not significant. (B) Infected-flea cohorts
(n = 100) were monitored by dissection of the gut and microscopy to detect
biofilm formation. Fleas with a visible mass spreading from the proventriculus
into the midgut were scored positive. The data shown represent averages of five
independent experiments. The error bars indicate standard deviations. (C)
Survival of cat fleas (n = 100) that were either left uninfected or infected with
wild-type or hmsF mutant Y. pestis CO92(ApCD1) and monitored for survival.
The data are representative of more than five independent experiments.

(Fig. 2E). In X. cheopis, this pigmented material was previously
shown to represent Y. pestis biofilm (43).

To discern whether the dark-brown-pigmented material in the
proventriculus and midgut of cat fleas indeed represented Y. pestis
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A C. felis uninfected By pestis infected (d14)
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FIG 2 Y. pestis induced aggregates and gut blockade in cat fleas. (A and B)
Micrographs of immobilized live adult uninfected (A) and Y. pestis
CO92(ApCD1)-infected (B) cat fleas maintained in an artificial feeder for 14
days. Evidence of a recent blood meal is indicated by a red-stained midgut
(arrows in panel A). In infected fleas, the digestive tract appears smaller and is
filled with a dark mass extending from the proventriculus along the entire gut
(arrows in panel B). (C) Gut of a dissected uninfected cat flea (boxed area
magnified on the right) identifying the esophagus (blue arrow) and proven-
triculus (black arrow). (D) Gut of a dissected cat flea 3 days (d3) after infection
with Y. pestis CO92(ApCD1) (boxed area magnified on the right) identifying
dark-pigmented material deposited in the proventriculus (red arrow). (E) Gut
of a dissected cat flea 14 days after infection with Y. pestis CO92(ApCD1)
(boxed area magnified on the right) identifying large amounts of dark-pig-
mented material in the proventriculus, midgut, and hindgut (red arrows). The
images are representative of more than 50 analyzed cat fleas in each cohort.

biofilms, wild-type and hmsF mutant strains were transformed
with pEGFP, a plasmid providing for constitutive expression of
GFP. Following infection of fleas with wild-type or hmsF mutant
Y. pestis CO92(ApCD1, pEGFP), the fleas were dissected, and
their intestines were examined by fluorescence microscopy. C. felis
displayed GFP fluorescence in the proventriculus on day 3 for
wild-type- but not hmsF mutant-infected insects (Fig. 3A to E).
On day 7, GFP fluorescence had expanded into large aggregates in
the proventriculus and midgut of fleas infected with wild-type Y.
pestis (Fig. 3G to I). C. felis infected with the hmsF mutant har-
bored only weak GFP fluorescence signals in the flea midgut (Fig.
3A to Q).

To obtain further evidence for the formation of biofilms in the
proventriculus of cat fleas, we analyzed the foregut of mock- or Y.
pestis-nfected C. felis by scanning electron microscopy. Individual
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FIG 3 Y. pestis forms biofilms in the proventriculus and in the gut of
infected cat fleas. (A to C) Representative bright-field (A) and fluorescence
microscopy (B) images (the boxed area is magnified in panel C) of the
dissected digestive tracts of fleas (n = 30) 7 days (d7) after infection with
hmsF mutant Y. pestis CO92(ApCD1, pGFP). The fluorescence images were
acquired in red Texas Red (594-nm) and green GFP (488-nm) fluorescence
channels and merged, which, due to autofluorescence, reveals the contours of
the proventriculus as orange signals and GFP-expressing Y. pestis in green. (D
to F) Representative bright-field (D) and fluorescence microscopy (E) images
(the boxed area is magnified in panel F) of dissected digestive tracts of fleas
(n = 30) 3 days after infection with wild-type Y. pestis CO92(ApCD1, pGFP).
Note the areas of green fluorescence (F) derived from GFP-expressing wild-
type Y. pestis in the proventriculus. (G to I) Representative bright-field (G) and
fluorescence microscopy (H) images (the boxed area is magnified in panel I) of
dissected digestive tracts of fleas (n = 30) 7 days after infection with wild-type
Y. pestis CO92(ApCD1, pGFP). Note the massive biofilm of GFP-expressing Y.
pestisin the midgut and proventriculus. (J and K) The dissected proventriculus
of fleas infected with wild-type Y. pestis CO92(ApCD1) (J) or uninfected fleas
(K) was fixed and viewed by scanning electron microscopy (SEM). The arrows
indicate Y. pestis CO92(ApCD1) aggregates on the spines of the cat flea
proventriculus.

bacteria, as well as large clumps of bacterial masses, could be de-
tected at the tip and along the spines of the proventriculus of
infected C. felis (Fig. 3]). The spines in the proventriculus of un-
infected C. felis were not associated with bacterial deposits (Fig.
3K). Taken together, these data indicate that wild-type Y. pestis
forms a biofilm on the proventriculus and in the midgut of in-
fected C. felis. Biofilm formation likely requires the production of
PNAG, as hmsF mutant Y. pestis cannot persistently colonize cat
fleas or assemble as bacterial aggregates within an extracellular
matrix (Fig. 1B). In contrast, wild-type Y. pestis formed massive
intestinal biofilms in up to 60% of infected fleas (Fig. 1B).

The Y. pestis mutant is defective for in vitro biofilm forma-
tion. We sought to identify other genes required for Y. pestis rep-
lication in C. felis. Assuming that genes required for bacterial bio-
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FIG 4 Three LysR-type transcriptional regulators contribute to Y. pestis in
vitro biofilm formation. (A) A library of Y. pestis CO92(ApCD1) mutants
with mini-Tn5 insertional lesions was screened for in vitro biofilm defects by
incubating static cultures for 24 h at 26°C and crystal violet staining. This
approach identified variants with insertions in ypo2150 (yfbA), ypo2458, and
yp03682, each of which encodes an LTTR. As a control, a Y. pestis mutant with
an insertional lesion in hmsR was also defective for biofilm formation and
plasmids pyfbA (yfbA under the control of its native promoter) and pP,, -yfbA
(yfbA under the control of the IPTG-inducible P,,. promoter) increased bio-
film formation of the yfbA mutant. The data represent the means and standard
errors of the mean from 10 independent experimental determinations. (B and
C) Biofilm cultures of wild-type Y. pestis CO92(ApCD1) (B) and its yfbA mu-
tant (C) were stained with Syto9, and fluorescence microcopy images were
acquired (bars, 20 wm). (D and E) A Congo Red agar plate was inoculated with
Y. pestis strains and incubated at 26°C for 48 h. The microscopy images reveal
the PNAG (hms)-dependent Congo Red pigmentation phenotype of wild-type
Y. pestis CO92(ApCD1) (D) compared to the nonpigmented staining pheno-
type of the hmsR mutant (E). (F and G) Y. pestis CO92(ApCD1) yfbA (F) and
yfbA(pyfbA) (G) strains form pigmented colonies on Congo Red agar plates.

film growth in vitro may also be required for flea colonization, a
library of mutants with insertional mini-Tn5 lesions in the ge-
nome of Y. pestis(ApCD1) was generated and screened for defects
in in vitro biofilm formation. As reported earlier, Y. pestis
(ApCD1) forms biofilms during stationary growth at 26°C, which
can be detected and quantified by crystal violet staining and A,
(44). As controls, Y. pestis CO92(ApCD1) formed a robust bio-
film, whereas the hmsR::Tn5 mutant, which catalyzes the polym-
erization of poly-B(1-6)-N-acetylglucosamine in the cytoplasmic
membrane (42, 45), did not (Fig. 4A). hms mutants, such as an
hmsR::Tn5 mutant, were also detected via a nonpigmentation
phenotype when grown at 26°C on Congo Red agar plates (Fig.
4E); Congo Red staining identifies PNAG, the Y. pestis exopoly-
saccharide (44) (Fig. 4D). The Y. pestis mutant with an insertional
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lesion in yp02150, here designated yfbA (Yersinia pestis flea biofilm
regulator A), failed to form biofilms when grown as static in vitro
cultures, similar to the hmsR variant (Fig. 4A). This defect could
also be visualized with fluorescence microscopy of Syto9-stained
static cultures, comparing wild-type and yfbA mutant biofilms
(Fig. 4B and C). The biofilm defect of the yfbA mutant could be
complemented in trans with plasmid-borne expression of wild-
type yfbA(pyfbA) or IPTG-induced expression from the P,,. pro-
moter (pP,,~yfbA) (Fig. 4A). Of note, the Y. pestis yfbA::Tn5 mu-
tant formed red colonies on Congo Red agar plates, indicating that
the gene and its product are not required for the biosynthesis of
PNAG (Fig. 4E and F). Tn5 insertions in two other genes, ypo2458
and ypo3682, also caused a reduction of in vitro biofilm formation,
although the phenotype was not as pronounced as in yfbA and
hmsR mutant Y. pestis (Fig. 4A).

yfbA is required for Y. pestis colonization of C. felis. yfbA,
yp02458, and ypo3682 encode LysR-type transcriptional regula-
tors (LTTRs) (12, 46). Earlier work by Vadyvaloo and colleagues
and Sebbane and colleagues examined the expression of Y. pestis
KIM (Medievalis) genes with microarray studies using in vitro
growth at 26°C and 37°C, as well as in the gut of X. cheopis fleas or
rat bubos (47, 48). This work revealed the expression of yfbA
(y2171), ypo2458 (y1731), and ypo3682 (y0181) in the flea gut but
not in rat bubos (47). LTTRs encompass an N-terminal DNA-
binding helix-turn-helix motif and a C-terminal coinducer bind-
ing domain (49). LTRRs dimerize and bind DNA, thereby increas-
ing the affinity of RNA polymerase for specific promoters. Their
transcriptional activity can be restricted to either individual genes
or many dozens of different genes (49).

We wondered whether yfbA, ypo2458, or ypo3682 is required
for Y. pestis colonization of C. felis. Fourteen days after infection,
cat fleas were homogenized and analyzed for their bacterial loads.
Compared to fleas infected with wild-type Y. pestis, the yfbA mu-
tant displayed a reduced bacterial load (P < 0.0001) in the flea gut
(Fig. 5A). This defect was complemented by plasmid-borne ex-
pression of yfbA(pyfbA) (Fig. 5A). Whereas 51% of infected cat
fleas were colonized with wild-type Y. pestis, only 8% of infected
fleas were colonized with the yfbA mutant (Fig. 5B). This coloni-
zation defect was in part restored by the plasmid-borne expression
of yfbA(pyfbA) (Fig. 5B). As expected, the hmsR mutant was also
defective in colonizing cat fleas (Fig. 5A B). Y. pestis ypo2458 or
yp03682 encodes other members of the LTTR family of transcrip-
tional regulators (12). Similar to yfbA (ypo2150), Y. pestis ypo2458
or ypo3682 is preferentially expressed in the gut of Y. pestis KIM-
infected X. cheopis (47). Though Y. pestis ypo2458 and ypo3682
mutants showed a reduction in biofilm formation in an in vitro
assay, these mutants did not display defects in the colonization of
the intestines of infected cat fleas (Fig. 5A and B).

yfbA is required for Y. pestis biofilm formation in infected C.
felis. To examine the ability of the Y. pestis yfbA mutant to form
biofilms in the proventriculus, infected cat fleas were examined
by microscopy (Fig. 6). Compared to fleas infected with wild-
type Y. pestis CO92(ApCD1) (42% biofilm formation), only 6% of
C. felis fleas infected with the yfbA mutant harbored biofilms (Fig.
5C). This defect was in part complemented in Y. pestis yfbA(p-
yfbA) (Fig. 5C). As a control, the hmsR mutant did not form bio-
films in any of the infected fleas (Fig. 5C). Representative images
of infected flea guts and biofilm formation are shown in Fig. 6.
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FIG 5 The yfbA gene is required for Y. pestis CO92(ApCD1) cat flea coloniza-
tion and biofilm formation. (A) Y. pestis loads in the intestinal tracts of cat fleas
(n = 36) infected for 14 days with wild-type or yfbA, yfbA(pyfbA), ypo2458,
yp02458(pypo2458), ypo3682, or hmsR mutant strains. The horizontal bar in-
dicates the nonparametric mean of each data set. Significance was calculated
using the Mann-Whitney test for nonparametric distributions. (B) Percent-
ages of fleas (n = 36) producing viable CFU 14 days after infection with wild-
type or yfbA, yfA(pyfbA), ypo2458, ypo2458(pypo2458), ypo3682, or hmsR
mutant Y. pestis. Significance was calculated using the Student # test. (C) Per-
centages of fleas harboring biofilm formation, indicative of gut blockage (n =
20 to 30), 14 days after infection with wild-type or yfbA, yfbA(pyfbA), ypo2458,
yp02458(pypo2458), ypo3682, or hmsR mutant Y. pestis. The fleas were dis-
sected in PBS. The proventriculus and midgut were removed and viewed
at X20 magnification using an Olympus IX81 microscope. The data are rep-
resentative of two independent experiments. Significance was calculated with
the Student ¢ test.
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FIG 6 The yfbA gene is required for Y. pestis CO92(ApCD1) biofilm forma-
tion in cat fleas. Cat fleas (n = 30) were dissected, and their intestinal tracts
were analyzed by bright-field microscopy 14 days (d14) after infection with
either wild-type Y. pestis CO92(ApCD1) (WT) or its hmsR, yfbA, or yfbA(p-
yfbA) mutant strain. Representative images were acquired and inspected for
biofilm formation (arrows). Bars denote 0.1 mm.

DISCUSSION

Y. pestis infects many mammalian species, including humans, and
remains endemic as a zoonotic pathogen in African, North and
South American, and Asian countries (2). Although Y. pestis
causes pandemic disease outbreaks in humans and remains a pub-
lic health threat, plague is primarily a disease of rodents and their
fleas. Rodent species are highly variable in their susceptibilities,
ranging from enzootic species with high-level prolonged resis-
tance to plague, e.g., the great gerbil (Rhombomys opimus) in Ka-
zakhstan, to epizootic, highly susceptible species (black-tailed
prairie dog) (50, 51). Plague transmission cycles were modeled,
and infected off-host fleas, where Y. pestis can survive for more
than a year (52), are thought to play important roles in maintain-
ing enzootic cycles (53). Off-host questing fleas may become in-
fected and transmit plague to new hosts, which may precipitate
epizootic outbreaks from on-host fleas that transiently maintain
high infectious loads of Y. pestis through repeated infectious feeds
(53). Early-phase transmission by fleas can drive plague dynamics
at the population level; however, late-phase regurgitative trans-
mission also contributes to plague persistence and outbreaks (4, 6,
7,53, 54).

C. felis, the cat flea, is one of the most abundant and widespread
flea species (30). Cat fleas are capable of being infected with Y.
pestis and promoting early-phase transmission of plague disease
between animals and perhaps also animals and humans (30). C.
felis has been investigated as a vector for plague transmission in
Africa, China, and the United States (7, 29). Cat fleas feed on
domesticated animals, household pets, squirrels, rats, and
mice, as well as humans (30). Cat fleas can also be categorized
by their behavior in leaving their hosts after feeding and re-
maining on the floors of animal burrows or human dwellings,
where they could serve as an off-host vector for plague trans-
mission (31). Although cat fleas promote early-phase transmis-
sion of Y. pestis, a specific mechanism or gene required for cat flea
colonization or transmission of plague was heretofore not known
(30). Here, we show that Y. pestis colonizes cat fleas and forms
biofilms in its proventriculus and midgut, which may contribute
to the accelerated mortality of infected fleas. Using a library of Y.
pestis CO92(ApCD1) mutants with insertional Tn5 lesions and
screening for in vitro biofilm defects, we identified three genes
whose expression is required for efficient biofilm growth:
yp02150, ypo2458, and ypo3682. All three genes encode LTTRs,
and Y. pestis KIM5 microarray studies revealed that these genes are
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expressed in the gastrointestinal tract of infected X. cheopis fleas
(47). However, when examined for their contribution to Y. pestis
colonization and biofilm formation in the intestinal tract of cat
fleas, only ypo2150, but not ypo2458 and ypo3682, was required.
We have designated ypo2150 yfbA (Yersinia pestis flea biofilm A),
as the gene appears to contribute to efficient colonization and
biofilm formation by Y. pestis in cat fleas. It seems plausible that
yfbA may control the expression of a still unidentified biofilm or
colonization factor. Similar phenotypes have been reported for
two regulatory factors, PhoP (a two-component response regula-
tor) and Hfq (a bacterial RNA binding protein) when studying
biofilm formation in the rat flea (55, 56).

Y. pestis biofilm formation in the intestinal tract of X. cheopis is
dependent on the hmsHFRS genes and production of PNAG, an
extracellular polysaccharide (6). In some fleas, biofilm formation
leads to blockage of the gut. Blocked or partially blocked fleas
accumulate blood meals in the esophagus and may regurgitate
blood mixed with biofilm material during feeding; this may con-
tribute to the transmission of Y. pestis to new hosts (4, 6). Work
over the past 2 decades identified several genetic traits of Y. pestis
that are required for either colonization or biofilm formation and
blockage of the intestinal tract of X. cheopis, including the ymt, hfg,
gmhA, and rcs genes, as well as genes involved in the synthesis and
regulation of the second messenger cyclic di-GMP. The contribu-
tions of two diguanylate cyclase genes (hmsT and hmsD), as well as
hmsP, which encodes a cyclic di-GMP phosphodiesterase, and of
the Res phosphorelay system are to the regulation of PNAG pro-
duction (25, 27, 28, 44). However, the contributions of ymt, hfq,
and gmhA genes cannot be explained as regulators of hmsHFRS.
Hfqis a cytoplasmic protein that binds many different small RNAs
and controls their stability and regulatory attributes (57, 58). Y.
pestis hfq is expressed both in the mammalian host and in flea
intestines (47, 48); however, a specific RNA(s) that supports bac-
terial adaptation to the flea gut is not yet known (56). Y. pestis ymt
encodes cytoplasmic phospholipase D, which is not required for
laboratory growth or the pathogenesis of plague in mice (16). Y.
pestis ymt mutants are eliminated from the flea gut and assume a
spheroplast-like morphology, suggesting that phospholipase D
may be responsible for neutralizing a toxic compound in flea in-
testines (59). Finally, gmhA, encoding a phosphoheptose isomer-
ase, is thought to promote lipopolysaccharide (LPS) biosynthesis,
and a gmhA mutant cannot effectively block the proventriculus of
infected fleas (60).

Douglas and Wheeler studied the capacity of C. felis to become
infected with Y. pestis and to transmit plague from infected guinea
pigs or mice to healthy animals (61). This work suggested that cat
fleas may become infected but are not blocked following Y. pestis
infection (61). While infected C. felis fleas were capable of early-
phase transmission with mass-infected fleas, two trials with small
numbers of fleas (either 6 or 8 C. felis fleas) did not show trans-
mission of Y. pestis, suggesting that cat fleas have low transmission
potential (62). Using an artificial feeding system with de-
fribrinated sheep’s blood, we show here that about 50% of infected
C. felis fleas are colonized and eventually blocked, which was as-
sociated with diminished survival of colonized fleas. We have not
examined blocked C. felis for its ability to transmit Y. pestis to
mammalian hosts. If one considers the abundance and global dis-
tribution of C. felis and its propensity as a questing, off-host spe-
cies to feed on domesticated animals, rodents, and humans, a
more thorough investigation of cat fleas as a vector for early-phase
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and late-phase transmission of plague seems warranted. The foun-
dation for such studies is provided here, as we demonstrate both
early-phase colonization and late-phase biofilm formation in Y.
pestis-infected cat fleas.
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