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The Yersinia pestis Rcs Phosphorelay Inhibits Biofilm Formation by
Repressing Transcription of the Diguanylate Cyclase Gene hmsT
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Yersinia pestis, which causes bubonic plague, forms biofilms in fleas, its insect vectors, as a means to enhance transmission. Bio-
film development is positively regulated by hmnsT, encoding a diguanylate cyclase that synthesizes the bacterial second messenger
cyclic-di-GMP. Biofilm development is negatively regulated by the Rcs phosphorelay signal transduction system. In this study,
we show that Rcs-negative regulation is accomplished by repressing transcription of hmnsT.

Yersim'a pestis, the agent of bubonic plague, infects fleas, its
vectors, by producing bacterial biofilms that can colonize the
insect foregut (19). Growth of the biofilm interferes with blood
feeding by the infected fleas and potentiates regurgitative trans-
mission. Complete blockage of the foregut by the bacterial biofilm
can occur, and blocked fleas bite mammals repeatedly in futile
feeding attempts, further enhancing transmission. Y. pestis bio-
films, in which bacteria are surrounded by a self-synthesized po-
lysaccharide-rich matrix, appear to be made only when the bacte-
ria colonize fleas. Several proteins required for Y. pestis biofilms
are proteolytically degraded at mammalian body temperatures
(25), in vitro biofilms are greatly diminished at 37°C, and a Y. pestis
strain defective for biofilm genes was nevertheless highly virulent
in a mouse infection (3, 22, 32).

Y. pestis biofilms are positively regulated by cyclic-di-GMP (c-
di-GMP), which is synthesized by diguanylate cyclase (DGC) en-
zymes. The Y. pestis genome encodes several putative DGCs, but
only two of them, HmsT and Y3730, are related to biofilm forma-
tion (3, 8, 22, 32). Yersinia pseudotuberculosis, a bacterium closely
related to Y. pestis, also makes biofilms that are regulated by hmsT
(10). The biofilm-promoting activity of c-di-GMP has not been
determined, but in other systems, c-di-GMP has been shown to be
an allosteric activator of glycosyltransferases (27, 28).

Y. pestis and Y. pseudotuberculosis biofilms are negatively regu-
lated by the Rcs phosphorelay system (33). Res consists of two
membrane-bound proteins, ResC and ResD, a DNA-binding re-
sponse regulator, RcsB, and an accessory protein, ResA. In phos-
phorelays of this type, outputs can be dependent on RcsB alone,
acting in homodimers, or on heterodimers of ResB and ResA (23).
Genetic investigation showed that in Y. pestis, rcsA is a nonfunc-
tional pseudogene, while in Y. pseudotuberculosis, rcsA is func-
tional and represses biofilms (33). Although rcsD has a frameshift
in Y.pestis, it is still functional and may dephosphorylate RcsB to
derepress biofilms (33).

The factors determining hmsT transcription have not been ex-
amined. In the present study, we show that in Y. pestis and Y.
pseudotuberculosis, Rcs represses hmsT transcription.

MATERIALS AND METHODS

Bacterial strains and plasmids. The strains and plasmids used are shown
in Table 1. CDY497 was made by a method to insert PCR products into the
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chromosome using the Red recombination system (11, 33). For strains
containing AlacZ::Cm, the same method was used, after which reporter
constructs containing hmsP::lacZ and hmsH::lacZ fusions were inserted
by a modification of the Red method (17). In strains that are AlacZ
but without chloramphenicol resistance (CDY622, CDY635, CDY636,
CDY637, CDY638, and CDY639), the chloramphenicol resistance gene
was cured (11). The RcsAB box mutation strains CDY983 and CDY984
were made by two-step allelic replacement (9, 12). A 1.5-kb PCR product
containing the RcsAB box of hmsT was amplified from Y. pestis KIM6+
and cloned into pUC18. Using the resulting plasmid as the template, the
CC dinucleotide was mutated to AG using a mutagenic PCR primer, and
the product was substituted into the Y. pestis chromosome by allelic re-
placement (12). The oligonucleotide primers used are shown in Table S1
in the supplemental material. All strains were verified by PCR, DNA se-
quencing, or plasmid complementation, as appropriate.

In vitro biofilms. Microtiter plate biofilm assays were carried out as
previously described (32). Briefly, bacteria were grown in LB broth sup-
plemented with 4 mM CalCl, and 4 mM MgCl, overnight at room tem-
perature, diluted to an optical density at 600 nm (ODy,) 0f 0.02, and then
aliquoted to 96-well polystyrene plates, which were incubated with shak-
ing at 250 rpm for 24 h at room temperature. Media and planktonic cells
were removed; the wells were washed, and the adherent biofilm was
stained with crystal violet, which was subsequently solubilized with 80%
ethanol-20% acetone before the A, was measured. Background absor-
bance for uninoculated control wells was subtracted. Results from three
independent experiments with five replicates per experiment were ana-
lyzed by one-way analysis of variance (ANOVA) with Dunnett’s posttest
to compare the wild type to the other strains.

Caenorhabditis elegans biofilms. Biofilms were assayed for their abil-
ity to inhibit nematode growth as described previously (33). Briefly, adult
C. elegans adults were allowed to lay eggs on lawns of bacteria for 2 to 4 h.
After the adults were removed, the plates were incubated for 2 days at
20°C, and the worm development to the fourth larval (L4) stage was
scored. Three independent experiments were carried out with at least
1,200 worms per sample.
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TABLE 1 Strains and plasmids used in this study

Reference
Strain or plasmid Genotype and/or description or source
Strains
Y. pestis
KIM6+ Wild type (pCD1-) 14
CDY319 AresD::kan 33
CDY325 ArcsB resD::kan 33
CDY326 ArcsB::kan 33
CDY330 ArcsAzresAypsrs 33
CDY377 AresD::kan (pCBD190) 33
CDY421 ArcsB::kan ArcsAzrcsAypgry 33
CDY475 KIM6+ (pCBD209) This study
CDY497 AhmsT::cat This study
CDY567 AlacZ::cat hmsH::lacZ This study
CDY568 AlacZ::cat hmsH::lacZ ArcsAz:resAypgrs - This study
CDY614 AlacZ::cat hmsP::lacZ This study
CDY615 AlacZ::cat hmsP:lacZ ArcsAzresAypgrs  This study
CDY622 AlacZ This study
CDY635 AlacZ hmsT:lacZ This study
CDY636 AlacZ hmsT:lacZ (pCBD209) This study
CDY637 AlacZ hmsT::lacZ (pBAD/Myc-His) This study
CDY638 AlacZ hmsT:lacZ (pCBD178) This study
CDY639 AlacZ hmsT:lacZ (pCBD179) This study
CDY641 KIM6+ (pCBD253) This study
CDY642 KIM6+ (pCBD254) This study
CDY981 AhmsT::cat (pCBD26) 32
CDY982 ArcsAzresAypgrs (PCBD26) This study
CDY983 ResAB* This study
CDY984 ArcsAziresAypgr ResAB* This study
CDY1071 ArcsAzresAypgrs AlacZ hmsT::lacZ This study
SY743 KIM6+ (pYC219) This study
SY744 KIM6+ (pYC220) This study
Y. pseudotuberculosis
1P32953 Wild type; serogroup O1 7
CDY564 ArcsAzresAypg 33
CDY985 1P32953(pCBD26) This study
Plasmids
pBAD/Myc-His Expression vector Invitrogen
pCBD26 hmsT in pCR2.1-TOPO 31
pCBD178 resAypp in pUCIL8 33
pCBD179 rcsAypgrp iIn pUCLS 33
pCBD190 resDypgpp in PET32a 33
pCBD209 resB in pBAD/Myc-His This study
pCBD253 rcsAypsyp in pMal-4x This study
pCBD254 resAypp in pMal-4x This study
pCR2.1-TOPO Cloning vector for PCR products Invitrogen
pUCI18 Cloning vector 35
pMal-c4x Expression vector NEB
pYC219 resAypp-Hisg in pUCL8 This study
pYC220 rcsAypsrp-Hisg in pUCI8 This study

B-Galactosidase assays. Lysates were prepared from cells with chro-
mosomal hmsT::lacZ, hmsH::lacZ, or hmsP::lacZ (Table 1). B-Galactosi-
dase activities were measured spectrophotometrically following cleavage
of ONPG (4-nitrophenyl-B-p-galactopyranoside) at 37°C and are ex-
pressed in Miller units (24). Results from at least two independent exper-
iments done in triplicate were analyzed by two-tailed Student’s ¢ test.

qRT-PCR. Quantitative real-time reverse transcription-PCR (qRT-
PCR) was carried out as previously described (32). Briefly, cells were
grown in LB broth overnight, diluted to an OD, 0f 0.05, and grown in LB
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broth at room temperature to OD,, of about 0.8. Total RNA was isolated
from cells with the RNeasy minikit (Qiagen). Residual DNA was removed
by treatment with ribosomal DNase I (rDNase I) (Ambion) and con-
firmed by PCR. cDNA was synthesized from the RNA and used for quan-
titative PCR on an ABI Prism 7900 sequence detection system (TaqMan;
Applied Biosystems). The quantity of mRNA was normalized relative to
the quantity of the reference gene crr (y1485), whose expression level was
not affected by in vivo or in vitro growth conditions (29). The ratio of the
normalized quantity of hmsT mRNA in different strains to the normalized
quantity in the wild-type samples was calculated. The primers and probe
sets used are listed in Table S1 in the supplemental material. Results from
three independent experiments done in triplicate were analyzed by one-
way ANOVA with Bonferroni’s test.

Western blotting. Procedures for Western blotting were performed
essentially as described previously (31). For HmsT detection, proteins
were separated on a 12% Bis-Tris polyacrylamide gel (Invitrogen) and
blotted onto nitrocellulose. The immunoblots were probed with HmsT
rabbit antibody (25). Following incubation of horseradish peroxidase
(HRP)-conjugated goat anti-rabbit secondary antibody (Invitrogen), the
immunoreactive proteins were detected with Immobilon Western HRP
substrate (Millipore). For ResA-His, detection, proteins were treated with
8 M urea and separated on a 15% SDS-PAGE gel and blotted onto poly-
vinylidene difluoride (PVDF) membrane. The immunoblots were further
detected by anti-His antibody (Invitrogen) following the same protocol
described above.

Transcription start site of hmsT. The transcription start site of the
hmsT gene was determined by using the FirstChoice RLM-RACE (ran-
dom amplification of cDNA ends) kit (Ambion) according to the manu-
facturer’s instructions. Primer sequences are listed in Table S1 in the sup-
plemental material.

Protein purification. The ResB-Hisg expression plasmid pCBD209 was
constructed by inserting a PCR-amplified resB fragment into pBAD/Myc-His
vector (Invitrogen). Expression plasmids for rcsAypgrs (PCBD253) and
resAypp (PCBD254) were made by PCR amplification from Y. pseudotubercu-
losis and Y. pestis, respectively, and cloning the products into pMal-c4x. ResB
with a C-terminal His, tag was purified by growing strain CDY475 at 26°C in
LB medium with 100 mg/liter ampicillin to an ODg,, of ~0.6. Arabinose
(0.2%) was added to the culture, and growth was continued for 4 h before cells
were harvested by centrifugation and stored at —80°C. Frozen cells were
thawed, resuspended in buffer, and disrupted by sonication. The protein was
then purified by using a Ni-nitrilotriacetic acid (NTA) His - Bind purification
kit (Novagen), as recommended by the manufacturer. This single step pro-
vided ResB-His, with greater than 80% purity, as assessed by SDS-polyacryl-
amide gel electrophoresis with Coomassie blue staining. MalE-RcsAy pgry fu-
sion and MalE-RcsAypy: fusion proteins were purified from strains carrying
the expression plasmid pCBD253 or pCBD254, using the pMal purification
system (New England BioLabs) following the manufacturer’s protocols.

EMSA. For the electrophoretic mobility shift assay (EMSA), a 117-bp
PCR product containing the RcsAB box or mutated RcsAB box of the
hmsT promoter region was amplified using the primers shown in Table S1
in the supplemental material. Purified recombinant protein was added to
DNA binding reaction mixtures containing 50 mM Tris-HCl (pH 7.5),
100 mM NaCl, 10 mM dithiothreitol (DTT), 500 wg/ml bovine serum
albumin (BSA), and 35 ng PCR product. The binding assays were per-
formed in a volume of 16 pl at room temperature for 30 min. After incu-
bation, 4 ul of loading buffer (40% sucrose, 0.01% bromophenol blue, in
binding buffer) was added, and the samples were electrophoresed at 70 V
for 1 h in 6% DNA retardation gels (Invitrogen). The gels were stained
with ethidium bromide.

RESULTS

The Y. pestis rcsAypgyp biofilm defect is rescued by hmnsT over-
expression. In a previous study, we reported evidence that in Y.
pestis, rcsA is a nonfunctional pseudogene, which we designated
resAype (33). We showed that replacing resAypy with the func-
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FIG 1 HmsT overexpression suppresses the biofilm defect of ResAy pgyy; expression. (A) Y. pestis biofilms produced in polystyrene culture dishes and quantified
by crystal violet staining (Materials and Methods). The mean and standard deviation (SD) are indicated; all of the strains except for the rcsAypgr ResAB* and
ResAB” strains differed significantly from the wild type (P < 0.05). (B) Biofilms adhering to the head of C. elegans were assayed for the ability to inhibit nematode
growth by blocking feeding. Nematode eggs were deposited on Y. pestis lawns, and the fraction (mean * SD) of animals developing to the fourth larval (L4) stage

was scored (Materials and Methods).

tional Y. pseudotuberculosis allele (rcsAypgr) resulted in strong
loss of biofilms. In the reciprocal experiment, replacing the Y.
pseudotuberculosis gene with the pseudogene allele, Y. pseudotu-
berculosis biofilm development was derepressed.

A hypothesis consistent with these results is that RcsAypgry
represses transcription of the diguanylate cyclase gene hmsT, a
known positive regulator of biofilms (4, 20, 32). If the hypothesis
is correct, overexpressing hmsT in the Y. pestis ArcsA ypp:rcsAypsrg
(resAyps) background could be expected to restore biofilm pro-
duction. We tested this with both in vitro and in vivo biofilm as-
says. In the in vitro assay, bacteria in growth medium are incu-
bated in polystyrene dishes for approximately 24 h. After washing
to remove planktonic bacteria, the adherent biofilm is stained
with crystal violet, which is then solubilized and quantified. No
biofilm was detectable in the Y. pestis rcsAypgrs background (Fig.
1A). When the rcsAypgrg strain was transformed with a high-copy
hmsT plasmid, biofilms were restored, and in fact exceeded the
wild-type level by about 4-fold. Essentially the same overproduc-
tion was observed when a biofilm-defective hmsT mutant was
transformed with the hmsT overexpression plasmid.

Deleting rcsB in the rcsAypgrg background also caused biofilm
overproduction (Fig. 1A). This indicates that RcsAy pgrg-mediated
repression requires RcsB, consistent with the known functioning
of Res phosphorelays (23) and our previous results (33). It also
indicates that although rcsA is a pseudogene in Y. pestis, other
genes encoding proteins of the Res phosphorelay are functional.
In particular, the response regulator RcsB is capable of ResA-in-
dependent repression.

In the in vivo assay, biofilms form on the nematode C. elegans
and block the animal’s feeding and development. Beginning with
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eggs at time zero, C. elegans normally develops to the fourth larval
stage (L4) in 2 days at 20°C. Wild-type Y. pestis makes biofilms that
prevent almost all worms from becoming L4s. An hmsT mutant
had a strong, although somewhat variable, defect; plasmid over-
expression restored growth inhibition to the wild-type level (Fig.
1B). In the same experiments, a strain with functional rcsAypgr5
substituted for the resAyp; pseudogene had a complete biofilm
defect (i.e., all nematodes developed normally). Plasmid overex-
pression of hmnsT fully rescued this defect. (If biofilm overproduc-
tion occurred it would not have been detected with this in vivo
assay because wild-type Y. pestis completely inhibits nematode
growth.)

The in vitro and in vivo experiments together suggest that hmsT
is downstream of the Rcs phosphorelay and repressed by func-
tional RcsA in an ResB-dependent manner.

Rcs negatively regulates Y. pestis hmsT transcription. To fur-
ther examine Rcs control of hmsT, we first deleted an endogenous
Y. pestis lacZ gene (5) and then constructed transcriptional fusions
using E. coli lacZ as the reporter. All fusions were integrated into
the chromosome at their native locus.

We first compared two isogenic strains: one with the wild-type
resAypp pseudogene and the other with the resAypgpp functional
allele. Cells were grown in broth to mid-exponential, early station-
ary, and late stationary phases and were also grown overnight on
agar and assayed for B-galactosidase activity. Under each growth
condition, hmsT:lacZ transcription was strongly reduced in the
resAypgrg background (Table 2).

We next used the hmsT::lacZ reporter to determine the effects
of overexpression of RcsB, ResAypgrp, and ResAypp. Overexpres-
sion of ResB produced moderate decreases in hmsT transcription
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TABLE 2 ResB and ResA-PSTB repression of hmsT transcription in Y. pestis

Yersinia pestis Rcs Represses hmsT Transcription

B-Galactosidase activity (Miller units) under growth condition”:

Y. pestis strain Description” EP ES LS Agar
CDY632 hmsT:lacZ 53+ 14 59+ 0.9 83 * 1.6 9.5* 1.6
CDY1071 resAypsrg hmsT::lacZ 1.3 £0.2° 1.4 = 0.2° 1.7 £ 0.3° 2.2+ 04°
CDY636 hmsT:lacZ (empty vector) 6.0+ 1.4 7.1+1.2 9.6 + 1.9 9.8 + 1.1
CDY637 hmsT:lacZ (p-resB) 42+ 1.1 41 %124 4.0 = 1.3¢ 41119
CDY640 hmsT:lacZ (empty vector) 54+ 14 7.0 £ 1.4 6.1 £ 1.1 9.0 £ 1.6
CDY639 hmsT:lacZ (p-resAypsrs) 1.3+ 0.3¢ 1.4 % 0.2° 0.9 +0.2° 1.4+ 0.1°
CDY638 hmsT:lacZ (p-resAypg) 6.7+ 1.1 56+ 1.1 6.8+ 1.1 8.8+ 1.1
CDY567 hmsH::lacZ 105 1.6 11.0x 1.5 9.8 £ 2.5 111+ 1.8
CDY568 resAypsyp hmsH::lacZ 8.6 14 88+23 9.4+ 1.6 95+ 1.7
CDY614 hmsP::lacZ 1.8 £ 0.2 1.6 £ 0.1 1.8 £ 0.1 1.8 £ 0.1
CDY615 resAypsys hmsPilacZ 1.7 0.1 1.7 £ 0.6 1.7 0.4 1.8 0.1
CDY622 AlacZ 0.1 £0.1 0.2*0.1 0.3 0.1 0.2 £ 0.0

@ All strains had deletion of the chromosomal lacZ. See Table 1 for further description of the plasmids.
Y EP, exponential phase; ES, early stationary phase; LS, late stationary phase, 26°C, LB cultures; agar, colonies from LB agar plate incubated at 26°C for 24 h. Statistically significant

differences are highlighted in boldface.
¢P < 0.01 compared to CDY632.
4P < 0.05 compared to CDY636.
¢P < 0.01 compared to CDY640.

under all conditions tested (Table 2); this is consistent with our
previous study showing that RcsB overexpression reduces in vitro
biofilms (33). Overexpression of functional RcsAypgrg greatly
decreased hmsT transcription, while the pseudogene-encoded
RcsAypg resulted in weak effects in both decreasing and increasing
directions, suggestive of experimental noise.

To confirm the results of lacZ reporter assays, we used quanti-
tative reverse transcription-PCR (qRT-PCR). Transcription of
hmsT was strongly decreased when functional rcsAypgrz was sub-
stituted for pseudogene rcsAypp (Fig. 2). Deletion of resB in a strain
with the pseudogene rcsAypp produced a substantial increase in
hmsT transcription over the wild-type level, suggesting that RcsB
represses hmsT to some extent in the absence of functional RcsA.
Deletion of resD repressed hmsT transcription, while double dele-
tion of resB and resD produced an increase in transcription of
hmsT (Fig. 2). This indicates that rcsD is functional and dere-
presses hmsT transcription through resB, consistent with the bio-
film assays (Fig. 1A) (33).

We also examined HmsT expression by Western blotting. In Y.
pestis with functional rcsAypgrs, HmsT was reduced to a nearly
undetectable level (Fig. 3). When rcsB was deleted in the resAypgrp

FIG 2 Effect of Res on hmsT transcription in Y. pestis. hmsT mRNA levels were
determined by quantitative real-time PCR (Materials and Methods) and nor-
malized to wild type. The means and standard deviations from three indepen-
dent experiments with three replicates are indicated. *, P < 0.05.
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background, expression was restored, further confirming that
ResA function requires ResB. Consistent with the result that hmsT
transcription was increased in an resB deletion strain (Fig. 2),
HmsT expression also appeared to be slightly greater in the rcsB
deletion strain (Fig. 3).

We used lacZ reporters to examine two other possible targets of
ResAypgry regulation. The operon hmsHFRS directs exopolysac-
charide synthesis and is essential for Y. pestis and Y. pseudotuber-
culosis biofilms (10, 14, 15, 19). We assayed hmsH::lacZ transcrip-
tional fusions to determine whether RcsA negatively regulates
hmsHFRS (Table 2). Under all conditions tested, B-galactosidase
was somewhat reduced in the rcsAy g background, but this dif-
ference was not statistically significant, suggesting that Rcs has
little direct effect on hmsHFRS expression. We also examined
transcription of hmsP, encoding a c-di-GMP phosphodiesterase
that negatively regulates biofilms. Transcription of an hmsP::lacZ
fusion was unchanged in the rcsAypgr background, and plasmid
overexpression of rcsB also did not affect hmsP transcription (Ta-
ble 2). We conclude that hmsP is not an Res regulatory target.

RcsA represses hmsT in Y. pseudotuberculosis. We showed
previously that Y. pseudotuberculosis strain IP32953 does not make
biofilms in the C. elegans model, but will do so if its functional
resAypsrs 1S replaced by the Y. pestis pseudogene rcsAypg (33). This
suggested that, in Y. pseudotuberculosis as in Y. pestis, Rcs regulates
hmsT transcription. We tested this with qPCR assays and Western
blotting of the wild-type IP32953 strain and an isogenic

ArcsB
AhmsT wild type ArcsB  rcsA-PSTB rcsA-PSTB

FIG 3 HmsT expression in Y. pestis. Western blots of total protein-matched
lysates prepared from stationary-phase room temperature LB cultures and
probed with polyclonal anti-HmsT antibody. The strain designations (Table 1)
are as follows: AhmsT, CDY497; wild type, KIM6+; ArcsB, CDY326; rcsA-
PSTB (resAypsrg), CDY330; and ArcsB rcsA-PSTB (resAypsrg), CDY421.
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FIG 4 Effect of pseudogene rcsAyp; on hmsT expression in Y. pseudotubercu-
losis. Shown are relative amounts of hmsT mRNA (A) and HmsT protein (B)
made by the wild type (IP32953) with a functional rcsA allele (resAypgyp) and
the isogenic strain (CDY564) with the pseudogene (rcsAypz) replacement. The
transcript level was determined by qRT-PCR as described in the legend to Fig.
2, and the protein level was determined by Western blotting as described in the
legend to Fig. 3. The p-hmsT strain (CDY985) was included in panel B to allow
the HmsT band to be distinguished from an unidentified cross-reacting pro-
tein.

ArcsAypgrpiresAypg (resAypg) substitution strain. Transcription of
hmsT was increased 5-fold when the wild-type rcsA,pp; allele was
replaced by pseudogene rcsAypg (Fig. 4A). In Western blotting,
HmsT was undetectable in the wild type but was detected with the
resAypg substitution (Fig. 4B).

An RcsAB box in the Y. pestis himsT promoter mediates
downregulation. Using a PCR-based method (Materials and
Methods), we determined the hmsT transcriptional start site to be
128 bp upstream of the initial ATG. The hmsT transcriptional start
site is located in a palindromic RcsAB box that matches the con-
sensus sequence at 12 of 14 nucleotides, including all 6 of the most
conserved (34). The box is found at approximately the same po-
sition upstream of hmsT in all sequenced Yersinia spp. (see Table
S2 in the supplemental material).

To determine whether Res transcriptional regulation acts on
the RcsAB box, we mutated the box on the chromosome of wild-
type and rcsAypgr Y. pestis strains by changing the CC dinucle-
otide to AG (designated RcsAB*). The mutation rescued the in
vitro biofilm defect of the strain carrying functional rcsA yps 5 (Fig.
1A), and it restored hmsT transcription to the wild-type level (Fig.
2). These findings suggest that the mutation reduced or abolished
binding by ResB-ResAypgrg-

hmsT promoter binding by RcsB alone and by RcsB with
functional RcsA. We directly assayed RcsB and ResA binding to
the RcsAB box using an electrophoretic mobility shift assay
(EMSA). The DNA probe was a 117-bp promoter sequence com-
prising the RcsAB box and 38 bp 5" and 65 bp 3’ of the box. RcsB
was purified with a C-terminal His Tag, and RcsA was purified
with an N-terminal MalE fusion. The promoter DNA was electro-
phoresed alone or after incubation with purified proteins (see Ma-
terials and Methods).

Purified ResB retarded migration of the hmsT promoter in a
concentration-dependent manner (Fig. 5A), indicating that RcsB
binds the DNA without an accessory protein. This is consistent
with genetic results (Fig. 2) suggesting that RcsB downregulates
hmsT transcription.
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FIG 5 RcsB and ResB-ResAypgry bind the hmsT promoter. (A) Electropho-
retic mobility shift assays (EMSAs) of hmsT promoter DNA incubated with
increasing concentrations of ResB. Lanes 1 and 12, hmsT probe alone; lanes 2
to 11, hmsT probe with 100, 200, 400, 600, 800, 1,000, 1,500, 2,000, 3,000, or
5,000 ng of ResB in the 16-ul reaction mixture. (B) Supershift of hmsT pro-
moter by ResAypgrp but not ResAypg. Lane 1, hmsT probe alone; lanes 2 to 12,
hmsT probe with 250 ng ResB and with 250, 500, 1,000, 1,500, or 2,000 ng of
ResAypgrp (lanes 3 to 7) or ResAypy (lanes 8 to 12).(C) ResAB box mutation
alters protein binding to the hmsT promoter. hmsT promoters with wild-type
ResAB box (top) or with the mutated RcsAB* box (bottom) were tested with
identical protein combinations. Lanes 1 and 2, free hmsT probe in the absence
or presence of bovine serum albumin (BSA); lanes 3 to 12 also contained BSA.
Lanes 3 to 6 and 9 to 12 contained ResB at 250, 500, 800, or 1,200 ng per
reaction mixture; lanes 7 to 12 contained RcsAypgrg at 2,000 ng (lane 7) or
3,000 ng (lanes 8 to 12) per reaction mixture.

ResAypgrg and ResAypy were used in the EMSA together with a
fixed concentration of ResB that produced a mobility shift. ResAypgrg
with ResB produced a concentration-dependent supershift of the
promoter (Fig. 5B). ResAypg, with ResB did not supershift even at the
maximum concentration tested (2,000 ng per 16-ul reaction). In fact,
at high ResAypy concentrations the ResB shift was almost undetect-
able (Fig. 5B, lanes 10 to 12). This suggests that the aberrant RcsAypg
accessory protein binds ResB in a manner that prevents ResB pro-
moter binding.

In the absence of RcsB, ResAypsr had no effect on mobility
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FIG 6 RcsAypg does not have a biofilm-related regulatory function in Y. pestis.
(A) Relative amounts of adherent biofilm made by Y. pestis KIM6+ deriva-
tives. The mean and standard deviation from at least three independent exper-
iments with three replicates are indicated. (B) Western blots of total protein-
matched lysates prepared from stationary-phase room temperature LB
cultures and probed with polyclonal anti-His antibody. As predicted from
genome sequence data, ResAypg is 1 kDa bigger than ResAypgrp because of a
10-amino-acid internal duplication. Strain designations (Table 1) are as fol-
lows: ArcsA, CDY327; rcsA-PE (resAypr) SY743; and rcsA-PSTB (resApsrg)s
SY744.

even at very high concentrations (Fig. 5C, lanes 7 and 8). This is
consistent with results for E. coli RcsA, which does not bind DNA
in the absence of E. coli RcsB (23).

To examine binding specifically to the RcsAB box, we per-
formed EMSA on both the wild-type and mutated boxes. With the
wild-type box, 250 ng of ResB was sufficient to produce a strong
mobility shift, and at 500 ng, the free probe was almost undetect-
able (Fig. 5C, lanes 3 and 4). In contrast, with the mutated box, it
required 800 ng of ResB to produce a strong shift, and 1,200 ng for
essentially complete shifting (Fig. 5C, lanes 5 and 6). The muta-
tions also affected RcsB-ResAypgr binding, which was assayed
using a fixed amount (2,000 ng) of ResAypgyp and increasing con-
centrations of ResB. With the wild-type ResAB box, 800 ng of ResB
was sufficient to render the free probe undetectable (Fig. 5C, lane
11); with the mutated box, the free probe was still detectable even
with 1,200 ng of ResB (Fig. 5C, lane 12).

rcsA is not a biofilm-related gene in Y. pestis. The above
EMSA results showed ResAypg prevents ResB binding to hmsT
promoter (Fig. 5B). However, deletion or overexpression of
resAypg did not affect biofilm formation or hmsT transcription in
Y. pestis (Fig. 1A, 2, and 6A and Table 2), indicating that rcsAypg is
a nonfunctional pseudogene. One explanation for the apparent
discrepancy is that ResAypg is not expressed in vivo. To test this
and due to the absence of an RcsA antibody, plasmids expressing
ResAypgrp-Hisg and ResAypp-Hisg were constructed. Addition of
a His, tag on the C terminus of RcsA did not affect the role of
ResAypgrp OF ResAypg (data not shown). Expression of ResAypg
and RecsAypgry was further analyzed by immunoblotting. As
shown in Fig. 6B, both ResAypi and ResAypg g proteins were de-
tected. Taken together, these results suggested RcsAypp can be
expressed in vivo, but it does not function to downregulate hmsT.

DISCUSSION

Y. pestis and Y. pseudotuberculosis diverged from a common an-
cestor within the past 20,000 years (1, 2). Despite many genetic
and genomic similarities, the two have markedly different life cy-
cles (6, 21, 26, 30). Y. pestis exists enzootically, shuttling between
rodents and their fleas, and because of multiple auxotrophies is
apparently an obligate parasite. Y. pseudotuberculosis is a pro-
totroph capable of life outside a host, and is often found in asso-
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ciation with warm-blooded animals. As a pathogen, Y. pseudotu-
berculosis is infectious orally; it has no known invertebrate vector
and was unable to block fleas in extensive tests (13).

We previously obtained evidence suggesting that, during the
evolution of Y. pestis, Y. pestis rcsA mutated from a functional
allele (rcsAypsr) to a pseudogene (resAypg) was the product of
natural selection and not genetic drift (33). The mutation appar-
ently was required for Y. pestis to colonize its flea vector with a
biofilm, because Y. pestis in which rcsAypgrp was substituted for
resAypp were strongly defective for flea blockage (33).

In the present study, we show that a target of Rcs regulation is
hmsT, encoding a DGC that regulates biofilms. Several lines of
evidence support this conclusion. First, in both in vivo and in vitro
assays, hmsT overexpression restores biofilms to Y. pestis express-
ing rcsAypgrg (Fig. 1). Second, hmsT transcription is reduced when
resAypsrs 1s present in the cells (Table 2 and Fig. 2), and HmsT
protein levels are also reduced (Fig. 3). Consistent with the Y.
pestis results, when pseudogene rcsA ypp was placed in Y. pseudotu-
berculosis, hmsT transcription was markedly increased, and HmsT
protein became detectable (Fig. 4); the same substitution con-
ferred biofilm competence in the C. elegans assay to a Y. pseudo-
tuberculosis strain that did not otherwise form detectable biofilms
in that system (33). Third, hmsT transcription is reduced in an
resD deletion strain, while hmsT transcription is increased in an
resB and resD double deletion strain (Fig. 2). Finally, we showed
that ResB alone, or ResB combined with ResAypgrg, binds the
hmsT promoter, while RcsAypgrg alone does not (Fig. 5).

ResAypg prevents ResB binding to hmsT promoter in vitro (Fig.
5B) and can be expressed in Y. pestis (Fig. 6B), but it did not have
a biofilm-related function under our tested conditions (Fig. 1A, 2,
and 6B and Table 2), indicating rcsAy g is a pseudogene rather
than a functional mutant allele. However, we cannot preclude the
possibility that ResAypg plays a role under a specific environmen-
tal condition or in other Res-regulated phenotypes.

It has been reported that Rcs system negatively regulates fThDC
transcription in Escherichia coli (16). An RcsAB box is present at 4
bp downstream of the transcription start site of the fliDC gene,
and RcsAB heterodimer binding to the box might prevent the
RNA polymerase from binding to the promoter (16). In Yersinia
spp., the hmsT transcription start site is located in the RcsAB box;
thus, the Rcs system might use a similar mechanism to repress
hmsT transcription in Y. pestis.

A previous report on Y. pseudotuberculosis Rcs by Hinchliffe et
al. produced evidence that Rcs positively regulates biofilms in vitro
(18). This appears to contradict our findings, both in the present
study (Fig. 1) and in previous results (33), that Rcs negatively
regulates biofilms. The reasons for this discrepancy are uncertain,
but it is significant that the study by Hinchliffe et al. reported
robust biofilm formation at 37°C (18). In both Y. pestis (20) and Y.
pseudotuberculosis (C. Darby, unpublished data), biofilms that re-
quire the hmsHFRS exopolysaccharide operon and hmsT biofilms
have been shown to be downregulated at 37°C. The study by
Hinchliffe et al. did not report whether the biofilms observed were
dependent on either hmsT or hmsHFRS. It is possible then, that
the observed Recs-dependent biofilms are not hmsT or himsHFRS
dependent, i.e., that Y. pseudotuberculosis has multiple means of
making biofilms under different environmental conditions.

Y. pestis hmsT mutation and Y. pestis rcsAypgrp strains have
similar biofilm phenotypes in vitro but different biofilm pheno-
types in vivo. Y. pestis rcsAypsr forms almost no biofilm on the
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head of C. elegans or in the digestive tract of fleas, whereas the Y.
pestis hmsT mutant forms intermediate levels of biofilm on the
head of C. elegans and in the digestive tract of the flea (Fig. 1B)
(32). Thus, repressing hmsT is not the only mechanism by which
Res negatively regulates biofilms. Res may regulate other target
genes to repress Yersinia biofilm formation.

Our data support a model of multilevel control of hmsT and
thus of biofilms. In the presence of ResB and functional ResA, as is
found in Y. pseudotuberculosis, hmsT transcription is tightly re-
pressed. Presumably Y. pseudotuberculosis has mechanisms to re-
lieve this repression under appropriate conditions, but the place of
biofilms in the Y. pseudotuberculosis life cycle is not known. This
tight repression apparently was partially relieved during Y. pestis
evolution by the conversion of rcsA to a pseudogene (33). There
remains a residual repression mediated by Rcs, as indicated by the
fact that Y. pestis rcsB deletion strains overproduce biofilms and
the resD deletion strain produces decreased biofilms. The reason
for the apparent continuing need for Rcs is uncertain. It is possible
that the biofilm overproduction that occurs when rcsB is deleted
reaches an extent that the insects would no longer perform as well
as vectors, implying selection to maintain rcsB. Furthermore, de-
letion of either rcsC or resD in Y. pseudotuberculosis resulted in
defects in adhesion to, and invasion of, a human epithelial cell line
(18), suggesting that the Rcs phosphorelay also functions during
mammalian infection. If also true in Y. pestis, this would preclude
mutation of resB as an adaptive step in Y. pestis evolution. In sum-
mary, then, it appears that Y. pestis evolved to occupy the flea niche
in part by derepressing hmsT, thereby derepressing biofilms.
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