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Although molecular mechanisms promoting adherence of enterohemorrhagic Escherichia coli (EHEC) O157:H7 on epithelial
cells are well characterized, regulatory mechanisms controlling biofilm formation are not fully understood. In this study, we
demonstrate that biofilm formation in EHEC O157:H7 strain 86-24 is highly repressed compared to that in an isogenic hha mu-
tant. The hha mutant produced large quantities of biofilm compared to the wild-type strain at 30°C and 37°C. Complementation
of the hha mutant reduced the level of biofilm formation to that of the wild-type strain, indicating that Hha is a negative regula-
tor of biofilm production. While swimming motility and expression of the flagellar gene fliC were significantly reduced, the ex-
pression of csgA (encoding curlin of curli fimbriae) and the ability to bind Congo red were significantly enhanced. The expres-
sion of both fliC and csgA and the phenotypes of motility and curli production affected by these two genes, respectively, were
restored to wild-type levels in the complemented hha mutant. The csgA deletion abolished biofilm formation in the hha mutant
and wild-type strain, and csgA complementation restored biofilm formation to these strains, indicating the importance of csgA
and curli in biofilm formation. The regulatory effects of Hha on flagellar and curli gene expression appear to occur via the induc-
tion and repression of FlhDC and CsgD, as demonstrated by reduced flhD and increased csgD transcription in the hha mutant,
respectively. In gel shift assays Hha interacted with flhDC and csgD promoters. In conclusion, Hha regulates biofilm formation
in EHEC O157:H7 by differential regulation of FlhDC and CsgD, the global regulators of motility and curli production,
respectively.

Escherichia coli O157:H7 (referred to herein as O157) is the most
frequent cause of sporadic and multiperson outbreaks of hem-

orrhagic colitis and hemolytic uremic syndrome (HUS) in hu-
mans (1). O157 uses diverse sets of adherence mechanisms to
colonize intestinal epithelial cells and to produce biofilms on abi-
otic and biotic surfaces (2–5). Intimate adherence of O157 to bo-
vine and human intestinal epithelial cells results in the formation
of characteristic attaching and effacing (A/E) lesions and requires
the LEE (locus of enterocyte effacement)-encoded type III secre-
tion system and adherence factors (6).

On the other hand, formation of biofilms in both pathogenic
and nonpathogenic E. coli strains requires differential and tempo-
ral expression of extracellular matrix components that facilitate a
transition from an independent planktonic state to an organized
multicellular community living within a highly structured extra-
cellular matrix (7). One prominent component of this matrix is
the adhesive fimbrial structures referred to as curli, which are thin,
coiled, highly aggregative fibers of various lengths that protrude
from the bacterial cell surface (8). Besides binding Congo red dye,
the adhesive properties of curli enable E. coli to bind various host
proteins, colonize animal tissues, activate the immune system, and
produce biofilms on inanimate surfaces (8–13). Curli fimbriae are
composed primarily of the protein curlin, encoded by the csgA
gene of the csgBAC operon (14).

In addition to curli, flagella are required for the initial stages of
biofilm formation in E. coli, as demonstrated by the inability of
motility-deficient mutants to produce biofilms (15). However,
motility is not required for biofilm formation by all E. coli strains,
such as nonflagellated enteroaggregative E. coli strains that are as
capable of producing biofilms like the flagellated wild-type strains

on glass and plastic surfaces (16). The flagellar requirement is also
bypassed in E. coli strains that overproduce curli or harbor conju-
gative F plasmids (17, 18).

In E. coli, flagellum-dependent swimming motility and curli-
mediated adherence to solid surfaces during biofilm formation are
regulated by a complex network of regulatory cascades. The csgD
gene of the csgDEFG is a FixJ/LuxR family of transcriptional reg-
ulators that along with sigma factors RpoS-RpoE forms a regula-
tory cascade for activation of curli gene expression and biofilm
production (19). The regulation of flagellar gene expression in E.
coli is controlled by the master regulator FlhDC (class I flagellar
operon) and RpoF cascade for activating the expression of class II
and III flagellar genes (20–22). FliC, which represents the major
structural protein of the E. coli flagellum, is encoded by the class III
flagellar gene fliC (21, 22).

The expression of flhDC and csgD is controlled by a variety of
physiological and environmental cues that activate or repress
transcriptional regulators of the flhDC and csgD operons (19, 23–
25). For example, flagellar genes are expressed under conditions
favoring rapid growth and expression of curli is enhanced during
slow growth or stationary phase, nutritional deprivation, low tem-
perature, low osmolarity, and oxidative stress (26–30). Tempera-
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ture was one of the first environmental cues recognized to affect
the expression of global regulatory cascades that redirect bacterial
cells to form biofilms by upregulating production of curli and
extracellular polysaccharides along with bacterial cell surface-as-
sociated proteins and nucleic acids (19, 24, 30–36). The selective
expression of desired sets of genes in response to temperature cues
is a common theme among commensal and pathogenic bacterial
species for conserving energy and ensuring their survival and per-
sistence in a specific niche as well as transmission to a new host or
locale (28, 29, 37). A recent study comparing the global gene ex-
pression profiles of E. coli K-12 grown at 37°C or 30°C showed
elevated expression of metabolic pathways, such as uptake and
utilization of amino acids, carbohydrates, and iron needed for
rapid growth at 37°C (29). On the other hand, growth of E. coli at
low temperatures (�32°C) resulted in reduced expression of
genes affecting energy metabolism and amino acid biosynthesis
and uptake, gene expression changes linked to slow growth and
biofilm formation (30, 33). A recent review summarized how bac-
terial pathogens use the mammalian host body temperature of
37°C as a cue for growth and to regulate the expression of viru-
lence genes and to cause disease in infected hosts (37).

Biofilms have been shown to enhance persistence of food-
borne bacterial pathogens, including O157, on meat-processing
equipment and surfaces in animal slaughter and meat packing
plants due to their ability to produce biofilms or be recruited into
mixed-community biofilms in mammalian intestines (38, 39).
The importance of curli as important virulence determinants in
human disease has been confirmed by reports demonstrating that
many clinical isolates of E. coli, including those isolated from sep-
sis patients showing anti-curli antibodies in their blood and from
patients who had developed HUS due to infection with nonmotile
O157, expressed curli at 28°C and 37°C and showed enhanced
adherence to epithelial cells (9, 40). However, the regulatory net-
works enabling expression of curli and production of biofilms by
O157 in response to environmental factors, such as temperature,
and host factors are not fully understood. In a recent study, we
reported that SdiA, a LuxR homologue, acts as a repressor of fla-
gellar and curli gene expression, while Hha represses curli but
induces flagellar gene expression (41). The hha mutant showed
enhanced biofilm formation relative to that of the sdiA mutant,

indicating that the reduced motility and increased curli produc-
tion are essential for biofilm formation at 30°C. Hha, originally
identified as a negative regulator of hemolysin expression in E. coli
strains, has also been demonstrated to act as a negative regulator of
LEE expression and LEE-mediated adherence of O157 to epithe-
lial cells (42–44).

Since low temperatures (�30°C) are considered the norm for
bacterial biofilm production (8, 28, 30), the major objectives of
the present study were to determine whether the hha mutant that
produces increased amounts of biofilms at 30°C (41) would do the
same at 37°C through increased transcriptional levels of csgA re-
sulting in the increased production of curli fimbriae. In addition,
we wanted to determine the importance of curli fimbriae to and
correlate relative effects of reduced motility of the hha mutant due
to reduced fliC expression (41) on biofilm formation at 37°C and
30°C. And finally, we were interested in determining if hha-medi-
ated differential regulation of csgA and fliC, which determines the
quantity of biofilm being produced, occurs through the direct
transcriptional regulation by Hha of FlhDC and CsgD, the master
regulators of fliC and csgA expression, respectively.

MATERIALS AND METHODS
Bacterial strains, culture media, and growth conditions. Table 1 lists the
bacterial strains and plasmids used in this study. Escherichia coli O157:H7
strain 86-24 (46) was used as the wild-type parent strain for constructing
isogenic mutants. All E. coli strains were cultivated in Luria-Bertani broth
(LB) or LB (Becton, Dickinson Companies, Sparks, MD) containing 1.5%
agar (Sigma-Aldrich, St. Louis, MO). LB used contained 1% NaCl. YESCA
broth (47, 48) was used for growth of bacterial strains to isolate RNA and
for biofilm assays. YESCA agar (1.5% agar) was used to assess Congo red
binding of bacterial strains. Swimming motility was determined on mo-
tility agar prepared by adding Noble agar (Becton, Dickinson) to YESCA
broth at a final concentration of 0.33%. Media were supplemented with
antibiotics at the following final concentrations: streptomycin, 100 mg
liter�1; kanamycin, 50 mg liter�1; and carbenicillin, 100 mg liter�1. The
dyes Congo red and Coomassie brilliant blue G-250 were used at 40 �g
ml�1 and 15 �g ml�1, respectively.

Determination of bacterial generation times. Bacterial strains were
grown overnight with shaking (200 rpm) at 37°C in YESCA broth con-
taining carbenicillin at 100 �g�1 ml (YESCA-Carb). The overnight cul-
tures were diluted 1:100 in YESCA-Carb, and after the addition of 300 �l
of the diluted suspension to the wells of a 120-well Honeycomb 2 plate, the

TABLE 1 Bacterial strains and plasmidsa

E. coli strain or plasmid Genotype and description Source or reference(s)

Strains
E. coli O157:H7 strain 86–24 stx2

� and streptomycin resistant 46, 77
86–24 �hha 86–24 deleted of hha 44
86–24 �csgA 86–24 deleted of csgA This study
86–24 �hha �csgA 86–24 deleted of hha csgA This study
TOP 10 F� mcrA �(mrr-hsdRMS-mcrBC) �80lacZ�M15 �lacX74 recA1 araD139 �(ara-leu)7697

galU galK rpsL (Strr) endA1 nupG �
Invitrogen

BL21 F� ompT hsdS(rB
� mB

�) gal dcm Amersham Biosciences

Plasmids
pKD46 Recombineering vector 49
pCP20 FLP recombinase vector 51
pCR2.1 Cloning vector Invitrogen
pSM197R 44
pSM569 csgA-complementing plasmid (pCR2.1 containing a cloned copy of csgBAC) This study
pSM138 Hha expression plasmid (pGEX4T-3 containing hha ORF) 44

a See Materials and Methods for a detailed description of bacterial strains and plasmids listed in this table.
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plate was incubated at 37°C or 30°C in an automated growth curve reader
programmed for continuous shaking and collecting optical density read-
ings at 600 nm (OD600) every 30 min (Growth Curves USA, Piscataway,
NJ). The optical density data were analyzed by using GraphPad Prism 6
software (GraphPad Software, Inc., La Jolla, CA). The generation times of
bacterial strains were estimated from the exponential portions of the
growth curves and equaled the time required for the doubling of the
OD600.

Recombinant DNA procedures. The construction of the hha deletion
mutant and the hha-complementing plasmid (pSM197R) has been de-
scribed previously (44). A previously reported recombineering method
was used for deleting the csgA gene in the wild-type and hha mutant strains
to construct the csgA and hha csgA deletion mutants, respectively (49).
Briefly, a 1.2-kb fragment containing the neomycin resistance gene (neo),
which was flanked at its 5= and 3= ends with 45 and 46 bases of csgA
upstream and downstream nucleotide sequences, respectively, was gener-
ated by PCR using a FailSafe PCR kit (Epicenter, Madison, WI). The
nucleotides sequences of 5= and 3= primers used in this PCR were CGTG
ACACAACGTTAATTTCCATTCGACTTTTAAATCAATCCGATAGC
TGAATGAGTGACGTGC and GTTACCAAAGCCAACCTGAGTTA
CGTTGACGGTGGAATTAGATGCATAGAGCAGTGACGTAGT
CGC, respectively. The nucleotides in bold type represent sequences com-
plementary to the nucleotide sequences located immediately at the 5= and
3= ends, respectively, of the csgA gene. The underlined nucleotides repre-
sent nucleotides complementary to the 5= and 3= ends, respectively, of the
oBBI 92/93 neo cassette containing FRT (flippase recognition target) se-
quences for enabling a FLP (flippase recombination enzyme)-catalyzed
deletion of neo (50). The PCR fragment was gel purified and electropo-
rated into the arabinose-induced competent cells of the wild-type and
isogenic hha mutant strains of O157 containing the plasmid pKD46 (49).
Kanamycin-resistant transformants were screened by PCR for the re-
placement of csgA with the neo gene. The kanamycin-resistant csgA dele-
tion mutant (csgA mutant) was transformed with plasmid pCP20 encod-
ing FLP recombinase (51) to facilitate deletion of the neo gene when the
csgA mutant was grown at 37°C. For complementation of the csgA deletion
mutation, the 1.5-kb DNA fragment containing the csgBAC operon was

isolated by PCR using primers csgBACF and csgBACR (Table 2). The PCR-
amplified DNA was resolved in a 1% agarose gel by a standard DNA gel
electrophoresis technique, and the 1.5-kb DNA fragment was excised
from the gel and purified with a gel extraction kit according to the man-
ufacturer’s recommended protocol (Qiagen Inc., Valencia, CA). The pu-
rified 1.5-kb fragment was cloned in pCR2.1 TOPO cloning system using
E. coli TOP10 electrocompetent cells and the manufacturers’ recom-
mended protocol (Invitrogen, Carlsbad, CA). The pCR2.1 plasmid carry-
ing csgBAC was named pSM569 (Table 1).

Quantitative reverse transcriptase PCR (QRT-PCR). Bacterial
strains grown overnight with shaking (200 rpm) at 37°C in LB broth
containing carbenicillin at 100 �g ml�1 (LB-Carb) were diluted 1:100 into
fresh YESCA-Carb and incubated at 30°C or 37°C until the culture A600

was 1.3 to 1.4 (5 to 5.5 h). One milliliter of bacterial culture was mixed
with 2 ml of RNA Protect solution and processed for RNA isolation using
the RNeasy minikit (Qiagen Inc., Valencia, CA). RNA was treated with
Turbo DNase for DNA removal (Applied Biosystems/Ambion, Austin,
TX). QRT-PCR was performed by adding 50 ng of RNA, 0.75 �M (each)
antisense and sense primers, 0.25 �M TaqMan probe (labeled at the 5=
and 3=ends with FAM reporter and TAMRA quencher dyes, respectively)
(Table 2) to QRT-PCR Master Mix (Agilent Technologies, Inc., Santa
Clara, CA). The reaction mixtures were incubated in a Mx3005P (Agilent
Technologies, Inc., Santa Clara, CA) for cDNA synthesis (50°C for 30
min), amplification, and real-time detection of amplified products (95°C
for 10 min; 35 cycles of 95°C for 30 s, 55°C for 60 s, 72°C for 30 s) specific
for fliC, csgA, flhD, and csgD. The expression of each of the four genes in
the mutant strain was compared to the expression of the same genes in the
wild type and the mutant strain complemented for the deleted gene using
the Mx3005 software. The expression data were normalized to endoge-
nous levels of rpoA in order to account for any minor variations in the
amounts of RNA across samples. The expression data for each target gene
in the mutant strains were plotted as relative expression by adjusting the
expression of the same gene in the wild-type calibrator strain to 1.

Quantification of biofilm formation. The bacterial cultures grown
overnight at 37°C with shaking (200 rpm) in YESCA-Carb were diluted
1:100 in fresh YESCA-Carb. To quantify total biofilm biomass, 200 �l of

TABLE 2 Primers used for PCR and QRT-PCR

Primerc Nucleotide sequencea Locationb

fliCF (RT-PCR) TTAGCTGCCACCCTTCATG 2700535–2700517
fliCR (RT-PCR) TCGTCAAGTTGCCTGCATC 2700385–2700403
fliCP (RT-PCR) TCTACGTATGCCTGGCTTCCACCG 2700405–2700428
csgAF (RT-PCR) TACTATTACCCAGCATGGTGG 1548878–1548898
csgAR (RT-PCR) CAAGAGTGGCGCTGTTACC 1548984–1548966
csgAP (RT-PCR) CCACGTTGGGTCAGATCGATTGAG 1548962–1548938
flhDCF (RT-PCR) ACAACATTAGCGGCACTGAC 2655207–2655188
flhDCR (RT-PCR) AGAGTAATCGTCTGGTGGCTG 2655107–2655124
flhDCP (RT-PCR) AAACGGAAGTGACAAACCAGCTGATTG 2655131–2655158
csgDF (RT-PCR) CGCTGGCAATTACAGGAAAATTAC 1547324–1547301
csgDR (RT-PCR) CTTTTTATCCGCTTCCATCATATCC 1547224–1547248
csgDP (RT-PCR) ATATTCAACGTTCTCTGGACGATATCTCTTCAGGCT 1547297–1547262
rpoAF (RT-PCR) GGCTTGACGATTTCGACATC 4242887–4242906
rpoAR (RT-PCR) GGTGAGAGTTCAGGGCAAAG 4242997–4242978
rpoAP (RT-PCR) TGAAGTTATTCTTACCTTGAATAAATCTGGCATTG 4242976–4242942
csgBACF AACAAAAAAAGAAAAATACAACGC 1548016–1548039
csgBACR GATCTCTAGATCTGAAGAGGGCGGCCATTG 1549511–1549492
flhDCF (promoter) GATCGTCGACGTGCGCAACATCCCATTTCG 5655748- 5655729
flhDCR (promoter) GATCAGATCTGTATGCATTATTCCCACCCAG 5655349–5655329
csgDF (promoter) GATCAGATCTTGAAACCCCGCTTTTTTTATTG 1547424–1547445
csgDR (promoter) GATCGTCGACAATGTACAACTTTTCTATCATTTC 1547694–1547671
a Nucleotide sequence of E. coli primers used in this study were selected from the published genome sequence of E. coli O157:H7 strain EDL933 with the accession number
AE005174.2.
b Location refers to the position of primer sequence in the genome of EDL933.
c Subscripts F, R, and P indicate forward primers, reverse primers, and TaqMan probes; “RT-PCR” denotes primers used in reverse transcriptase-based quantitative PCR.
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the diluted culture was added into the wells of 96-well, round-bottom
microtiter plates (Immulon, 2HB; Thermo Scientific, Milford, MA). In-
oculating four independently grown cultures into 6 wells each resulted in
a total of 24 wells being analyzed for the production of biofilms per strain.
To determine the proportion of viable cells present in biofilms, 2 ml of
1:100 diluted overnight cultures prepared in YESCA-Carb from three in-
dependently grown cultures was added to 13-ml disposable plastic tubes
with snap caps. After 48 h of incubation at 30°C or 37°C, the growth
medium was aspirated, and plates or tubes were rinsed with phosphate-
buffered saline (PBS, pH 7.3). The biofilms produced in the plates were
heat fixed (30 min at 80°C), stained with 0.1% crystal violet for 30 min at
25°C, and washed three times with PBS. The wells were filled with 200 �l
of 95% ethanol, and absorbance at 590 nm was measured to quantify the
total biofilm mass (48). The biofilms produced in 13-ml tubes were not
subjected to heat fixation and were scraped off into 1 ml of PBS with a
sterile wooden applicator, vortexed vigorously, and diluted in 10-fold
serial dilutions in PBS, and 100-�l aliquots of these dilutions were plated
on LB agar containing carbenicillin (100 �g ml�1). The agar plates were
incubated at 37°C for 24 h, and bacterial colonies produced on these plates
were enumerated.

Determination of Congo red binding by bacterial cells. Overnight
cultures of bacterial strains grown in LB-Carb were streaked on Congo red
agar plates. After incubation for 36 to 48 h at 30°C or 18 to 24 h at 37°C,
plates were photographed.

Determination of bacterial motility. For swimming motility assays,
overnight bacterial cultures grown in LB-Carb were centrifuged at 10,000 � g
for 2 min to pellet bacterial cells. The cell pellets were resuspended in
YESCA broth at one-tenth the original volume of the culture, and 2 �l of
this suspension was spotted on motility plates (YESCA broth containing
0.33% Noble agar and carbenicillin at 100 �g ml�1). The diameters of
motility halos were determined after incubation for 24 to 36 h at 30°C and
12 to 16 h at 37°C.

Gel shift assays. For gel shift assays, DNA fragments containing pro-
moter sequences for flhDC and csgD were amplified by PCR using primers
(Table 2) and an AmpliTaq Gold DNA polymerase-containing kit accord-
ing to the manufacturer’s instructions (Life Technologies, Grand Island,
NY). The PCR amplified fragments were resolved on 2% agarose gels by
electrophoresis and extracted from the gel using a Qiagen gel extraction
kit according to the manufacturer’s recommended protocol (Qiagen Inc.,
Valencia, CA). Each gel-purified fragment (100 ng) was incubated in a
20-�l reaction volume containing excess of poly(dI-dC) and 2-fold-in-
creasing amounts (0 to 4 �g) of Hha and a 1� reaction buffer (44). After
20 min at 25°C, the promoter-Hha mixtures were analyzed on a 6% non-
denaturing polyacrylamide gel (44). The gel was stained for 20 min in Sybr
green diluted to 1� per the instructions of the manufacturer (Molecular
Probes). The stained gel was visualized using a charge-coupled device
(CCD) camera equipped with a 510-nm filter to capture Sybr green fluo-
rescence.

Statistics. Statistical analysis of the data for the biofilm production,
motility zones, and gene expression was performed by using GraphPad
Prism 6 (GraphPad Software, Inc., La Jolla, CA). The statistical signifi-
cance of the differences in the sample means of the mutant and wild-type
strain was calculated by using the unpaired Student’s t test. Results were
considered significant at a P value of �0.05.

RESULTS
The generation times of mutant bacterial strains were similar to
those of the wild-type bacterial strain. Reduced bacterial growth
in response to specific environmental and nutritional factors, such
as suboptimal growth temperatures and limiting nutrients, and
due to genetic aberrations has been linked to increased biofilm
formation (23, 26, 27, 36). Although temperatures between 26°C
and 30°C are considered conducive to biofilm formation, many E.
coli and E. coli O157 strains are capable of producing biofilms at
37°C (9, 12, 40). Thus, in order to determine the molecular basis of

hha regulation of biofilm formation at 37°C (body temperature of
the human host) and 30°C, we first ascertained that wild-type
O157 and its isogenic hha, csgA, and hha csgA mutants would have
similar growth rates at 37°C and 30°C. For this, 1:100 dilutions of
overnight (37°C) bacterial cultures were cultivated in YESCA-
Carb at 37°C or 30°C for 24 h with continuous shaking in an
automated growth reader. This instrument is suitable for analyz-
ing growth kinetics of large numbers of bacterial strains and has
excellent sensitivity to detect differences in bacterial growth kinet-
ics. However, the major limitation of this growth analyzer is that
the generation times computed from the growth curves produced
by this system cannot be compared to the generation times calcu-
lated from growth curves resulting from bacterial growth in large-
volume flasks subjected to vigorous shaking. In other words, the
OD600 of bacterial cultures in the microtiter plate wells of the
growth reader increases by much smaller increments than that of
cultures grown in larger vessels with a several-times air-to-culture
volume ratio. In addition, small culture volumes that are confined
to the wells of a microtiter plate are not conducive to achieving the
high cell densities that are easily attained in large-volume contain-
ers over a shorter time (data not shown). The main purpose,
therefore, of using this instrument was to determine if there are
substantial differences in the growth kinetics of the strains that we
used in this study, and the data that we obtained clearly showed
that the generation times for each of the seven bacterial strains
were fairly similar to each other. The generation times at 37°C
ranged from 82 to 97 min and were shorter than the generation
times for these strains at 30°C (112 to 128 min) (Fig. 1). The
generation times of bacterial strains carrying the hha deletion were

FIG 1 Determination of bacterial generation times at 37°C and 30°C in
YESCA broth. Bacterial strains were grown for 24 h in YESCA broth, and
optical density at 600 nm (OD600) was recorded every 30 min. Three indepen-
dent cultures were tested in triplicate, and each point on the growth curve
represents an average of nine readings. The generation times were determined
by computing the time required for doubling of the optical density of the
bacterial culture during the exponential phase of growth.
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slightly longer at both 37°C (97 min) and 30°C (128 min) than
those of the hha-positive strains (Fig. 1).

Biofilm formation was enhanced and bacterial motility was
reduced in hha mutant strains at 37°C and 30°C, but the expres-
sion of the flagellar gene fliC decreased only at 37°C. The total
biofilm mass produced by the hha mutant was 2.5-fold higher
(P � 0.0001) than that of the wild-type strain at 37°C, as indicated
by the higher intensity of the blue color produced in the wells
inoculated with the mutant strain (Fig. 2A). The mean intensity of
the blue (0.079) color for the hha mutant complemented with a
plasmid-cloned hha (pSM197R) was equivalent to that produced
in the medium control wells, indicating that increased expression
of hha from pSM197R (a multicopy plasmid) exerts a negative
effect on biofilm formation (Fig. 2A). The proportions of viable
cells recovered from the biofilms produced by the hha mutant
were about 1.1-fold higher (P 	 0.305) than those recovered from
the biofilms produced by the wild-type strain (Fig. 2B). The num-
bers of viable bacterial cells in the biofilms produced by the hha-
complemented strain (hha�/hha mutant) were 8-fold (P �
0.0022) and 9.1-fold (P � 0.0022) lower than those of the wild-
type and hha mutant strains, respectively (Fig. 2B). On the other
hand, the largest amount of total biofilm mass was produced by
the hha mutant after 48 h of growth at 30°C, as indicated by the
development of the dark blue color in the wells inoculated with
this strain (Fig. 2C). The biofilm mass produced by the hha mu-
tant at 30°C was 3.5-fold and 6.5-fold (P � 0.0001) higher than

those of the wild-type and hha�/hha mutant strains, respectively
(Fig. 2C). The hha�/hha mutant was a faint shade of blue whose
intensity was approximately 2-fold lower (P � 0.0001) than that
of the wild-type strain (Fig. 2C). The numbers of viable cells re-
covered from the biofilms produced by the hha mutant at 30°C
were about 1.4-fold higher (P 	 0.387) than those recovered from
the wild-type strain (Fig. 2D). The hha�/hha mutant showed re-
covery of 0.7-fold (P 	 0.238) and 2-fold (P 	 0.132) fewer viable
cells than the wild-type and hha mutant strains, respectively (Fig.
2D). The medium control wells appeared white.

Bacterial motility has also been shown to be an important fac-
tor in the transition from a planktonic state to a sedentary state, as
a prerequisite for biofilm formation, and in segregation and dis-
persal of mature biofilms (15). Determination of the relative mo-
tility of bacterial strains on motility plates showed that the hha
mutant produced much smaller motility zones than the wild-type
strain, and the motility zones produced by the hha-complemented
hha�/hha strain were larger than those of the wild-type strain (Fig.
3A and C). Based on the measurements of the diameters of the
motility zones produced at 37°C, motility zones of the hha mutant
were 3.0-fold (P 	 0.0079) smaller than that of the wild-type
strain. The motility zones of the complemented hha�/hha mutant
were 1.2-fold larger than that of the wild-type strain, presumably
due to the hha dosage effect from pSM197R (Fig. 3B). The com-
plementation of the motility deficiency in the hha mutant by
pSM197R confirmed that hha is a positive regulator of motility in

FIG 2 Effect of hha on the biofilm formation and on the proportion of viable bacterial cells recovered from biofilms at 37°C and 30°C after 48 h of growth in
YESCA broth. Total biofilm masses produced by the wild type, hha mutant, and the hha-complemented mutant (hha�/hha mutant) at 37°C (A) and 30°C (C)
are given as averages 
 standard errors of the means (SEM) for 24 replicate wells from four independent cultures. Only 6 of 24 wells are shown for each strain.
Significant (P � 0.05) differences in biofilm biomass between the wild-type and the mutant were determined using an unpaired Student’s t test (Mann-Whitney
test). The proportion of viable bacterial cells recovered from biofilms are shown as bars representing average CFU ml�1 of three independent cultures of the
wild-type, hha mutant, and hha�/hha mutant grown at 37°C (B) and 30°C (D). Error bars represent the SEM. Significant differences between the wild-type and
mutant strains were calculated as described above. **, P � 0.005.
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O157 (41). The mean diameter of the motility zones produced at
30°C by the hha mutant was about 1.4-fold smaller (P 	 0.0079)
than that of zones produced by the wild-type strain (Fig. 3D). The
motility zones produced by the complemented hha�/hha mutant
were about 1.1-fold (P 	 0.0317) and 1.5-fold (P 	 0.0079) larger
in diameter than those of the wild-type and hha mutant strains,
respectively (Fig. 3D).

Since increased biofilm formation correlated with reduced
motility in the hha mutant strain at both 37°C and 30°C, and
complementation of hha mutant with pSM197R restored its mo-
tility to the wild-type levels, we examined whether the expression

of fliC was equally affected at 37°C and 30°C. The QRT-PCR anal-
ysis of RNA prepared from bacterial strains grown at 37°C showed
a 26-fold (P � 0.0001) reduction in the fliC gene expression in the
hha mutant compared to the wild-type strain (Fig. 3E). The com-
plementation with pSM197R restored the expression of fliC in the
hha mutant to the wild-type levels (P 	 0.611) (Fig. 3E). The
QRT-PCR analysis of bacterial strains grown at 30°C showed no
significant difference in the fliC gene expression between the hha
mutant and the wild-type strain (P 	 0.436) (Fig. 3F). However,
complementation with pSM197R increased fliC expression in the
hha mutant strain 4-fold compared to expression in the wild-type

FIG 3 Effect of hha on bacterial motility and flagellar gene (fliC) expression at 37°C and 30°C. (A and C) The motility of wild-type, hha mutant, and hha�/hha
mutant strains was determined by spotting 10-fold-concentrated overnight bacterial cultures on 0.33% soft agar plates. The diameter of the motility zone
produced around the point of bacterial inoculation was measured after incubation for 12 to 16 h at 37°C (A) or 24 to 36 h at 30°C (C). (B and D) Diameters of
swimming or motility zones of five independent bacterial cultures grown overnight at 37°C (B) and 30°C (D). (E and F) The expression of fliC was determined
by QRT-PCR, and DNA-free RNA was prepared from the wild-type, hha mutant, and hha�/hha mutant strains grown at 37°C (E) and 30°C (F). Bars represent
the average relative expression of fliC determined using RNA from three independent bacterial cultures. Error bars represent the SEM. Significant (P � 0.05)
differences in motility between the wild-type and mutant strains were determined using an unpaired Student’s t test (Mann-Whitney test). *, P 	 0.0317; **,
P 	 0.0079. For fliC gene expression, significant (P � 0.05) differences between the wild-type and mutant strains were determined using an unpaired Student’s
t test and Welch’s correction. **, P 	 0.0063; ****, P � 0.0001.
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strain (P 	 0.0063) (Fig. 3F). Thus, the presence of multiple copies
of hha enhanced fliC expression at 37°C and 30°C.

Increased biofilm formation by the hha mutant resulted
from increased expression of curli independent of growth tem-
perature. Among the cell surface components, curli fimbriae play
an important role in the formation of biofilms (8, 28). Although
the temperature range of 26°C to 30°C is considered optimal for
the expression of curli fibers (28), many commensal and patho-
genic strains of E. coli, including O157:H7 and O157:NM sero-
types, are capable of expressing and assembling curli fibers on
their cell surfaces at 37°C (9, 12, 40). Phenotypic expression of
curli fimbriae on bacterial cell surfaces can be inferred from the
intensity of the red color of the colonies produced on Congo red
indicator plates (47, 48). The bacterial colonies produced by the
hha mutant were dark red following 24 h of growth at 37°C (Fig.
4A) or 48 h of growth at 30°C (Fig. 4C), compared to the light red
colonies of the wild-type strain. The hha mutant complemented
with pSM197R produced colonies that had slightly weaker red
coloration than the wild-type strain at both temperatures, pre-
sumably due to the increased production of hha from pSM197R
(Fig. 4A and C). Since Congo red binding provides a qualitative
assessment of the expression of curli fimbriae at the bacterial cell
surface, we next determined by QRT-PCR whether the increased
Congo red binding by the hha mutant strain correlated with the
increased expression of csgA, the gene encoding curlin of curli

fimbriae. QRT-PCR analysis showed that in the hha mutant, the
expression of csgA increased about 5-fold when the strain was
grown at 37°C (Fig. 4B) and about 14-fold (Fig. 4D) (P 	 0.002)
when the strain was grown at 30°C, compared to expression in the
wild-type strain. The complementation of the hha mutant with
pSM197R caused significant reduction (about 8-fold) (P 	
0.0098) in csgA expression in cultures grown at 37°C (Fig. 4B). In
the hha�/hha mutant grown at 30°C, the expression of csgA was
reduced about 5-fold (P 	 0.0022) compared to that in the hha
mutant strain (Fig. 4D) but did not decrease completely to the
wild-type level (Fig. 4D).

Curli fimbriae are important for biofilm formation in O157.
Curli fimbriae are among the most important cell surface struc-
tures for biofilm formation in E. coli, and expression of curli fim-
briae is turned on in the early stationary phase (8, 23). In order to
assess whether the increased biofilm formation and Congo red
binding by the hha mutant were due to the increased production
of curli fimbriae, which are encoded by the csgA gene, we exam-
ined the effect of csgA deletion on production of biofilm and
Congo red binding in the wild type and the hha mutant at 30°C (a
temperature that promotes enhanced Congo red binding and bio-
film formation). The total biofilm mass produced by the csgA mu-
tant was 2.5-fold lower (P � 0.0001) than that produced by the
wild-type strain, and the intensity of the blue color produced by
this mutant in the plate wells was similar to that in the wells inoc-

FIG 4 Correlation between Congo red binding by and curli gene (csgA) expression in the wild-type and hha mutant at 37°C and 30°C. Congo red binding was
assessed based on the intensity of the red color of the colonies produced on YESCA agar containing Congo red after incubation for 24 h at 37°C (A) or after
incubation for 48 h at 30°C (C). Coloration of the colonies was interpreted as light red (low), dark red (intermediate), or darker red (high). The expression of csgA,
the gene encoding curlin of curli fimbriae, was determined by QRT-PCR using DNA-free RNA prepared from the wild-type, hha mutant, and hha�/hha mutant
strains grown at 37°C (B) and 30°C (D). Bars with different hatching patterns represent the average relative expression of csgA determined using RNA from three
independent bacterial cultures grown at 37°C (B) and 30°C (D). Error bars represent the SEM. Significant (P � 0.05) differences between the wild-type and
mutant strains were determined using an unpaired Student’s t test and Welch’s correction. **, P 	 0.004; ***, P � 0.0001.
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ulated with YESCA broth (medium control), indicating that the
csgA deletion compromises the ability of csgA mutant to produce
biofilms (Fig. 5A). The ability of the csgA mutant to produce bio-
film was restored to wild-type levels by complementation with a
plasmid-cloned csgA (pSM569) (Fig. 5A). The csgA mutant also
showed significantly lower recovery of viable cells from the bio-
films (1.90 � 106 CFU ml�1; P 	 0.0022) than the wild-type strain
(8.9 � 107 CFU ml�1) (Fig. 5B). The complementation of the csgA

mutant with pSM569 resulted in recovery of viable cells (1.19 �
108, P 	 0.041) that was only slightly but significantly higher than
that in the wild-type strain (8.9 � 107 CFU ml�1), indicating a
gene-dosage effect of pSM569 (Fig. 5B). Since the hha mutant
produced higher levels of biofilm than the wild-type strain, we also
determined whether csgA deletion would abolish the biofilm for-
mation in the hha mutant. The hha mutant produced total biofilm
mass that was 4.5-fold higher (P � 0.0001) than that produced by

FIG 5 Requirement of csgA (A and B) and effect of csgA expression (C and D) on biofilm formation, recovery of viable bacterial cells from biofilms, and Congo
red binding (E and F) after 48 h of growth at 30°C. Values for total biofilm mass produced are averages 
 standard errors of the means (SEM) for 24 replicate wells
(A) and 22 replicate wells (C) from four independent cultures. Only 6 of 24 wells are shown for the each strain, except for the csgA�/hha csgA mutant strain, for
which 4 of 22 wells are shown. Significant (P � 0.05) differences in biofilm biomass comparing the wild-type and mutant strains were determined using an
unpaired Student’s t test (Mann-Whitney test). (B and D) Numbers of viable bacterial cells recovered from biofilms, shown as average CFU ml�1 for three
independent cultures of the wild-type, csgA mutant, and csgA-complemented (csgA�/csgA) mutant (B) and wild-type, hha mutant, hha csgA mutant, and
csgA-complemented (csgA�/hha csgA) mutant (D). Error bars represent the SEM. Significant (P � 0.05) differences between the wild-type and mutant strains
were determined using an unpaired Student’s t test (Mann-Whitney). *, P 	 0.041; **, P 	 0.0022. (E and F) Congo red binding was assessed based on the
intensity of the red color of the colonies produced on YESCA agar containing Congo red after incubation for 48 h at 30°C. Coloration of the colonies was
interpreted as light red (low), dark red (intermediate), or darker red (high).
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the wild-type strain, but the biofilm mass produced by the hha
csgA mutant was reduced 22-fold compared to that of the hha
mutant and 6-fold compared to that of the wild-type strain (Fig.
5C). The complementation of the hha csgA mutant strain by
pSM569 increased its biofilm mass production to levels that were
about 1.2-fold higher than those of the hha mutant (Fig. 5C).
These effects of csgA and hha on biofilm production correlated
with the proportions of viable bacterial cells recovered from the
biofilms. As shown in Fig. 5D, the hha csgA mutant had 65-fold
and 48-fold fewer viable cells (1.85 � 106 CFU ml�1; P 	 0.0022)
recovered from its biofilms than the hha mutant (1.22 � 108 CFU
ml�1) and wild-type strain (8.9 � 107 CFU ml�1), respectively.
The complementation of hha csgA mutant with pSM569 restored
the level of viable bacterial cells in its biofilms (1.1 � 108 CFU
ml�1) to levels similar to those recovered from the wild type
(8.9 � 107 CFU ml�1) and the hha mutant strain (1.22 � 108 CFU
ml�1) (Fig. 5D). These results indicated that csgA is the key gene
conferring on O157 the ability to produce biofilms and that Hha is
the negative regulator of csgA expression.

The effects of the differential expression of csgA on the forma-
tion of biofilms in the wild-type, hha, and hha csgA strains with or
without complementation for csgA were also assessed in terms of
the degree of Congo red binding. The csgA mutant produced
lighter red colonies on Congo red plates after 48 h of incubation at
30°C, in contrast to the dark red colonies of the wild type and the
csgA mutant complemented with pSM569 (Fig. 5E). The hha mu-
tant produced darker red colonies in the presence of the csgA gene,
because the colonies produced by the hha csgA mutant on the
Congo red medium were a lighter red (Fig. 5F). The complemen-
tation of hha csgA mutant with pSM569 restored a dark-red col-
ony phenotype (Fig. 5F). The results of the Congo red binding
assay corroborated the data generated by quantitative biofilm and
QRT-PCR assays and demonstrated that hha regulates biofilm
formation in O157 by the negative regulation of csgA.

Reduced motility and increased Congo red binding corre-
lated with reduced flhD and increased csgD transcriptional lev-
els. We showed previously that hha deletion resulted in reduced
motility and enhanced curli expression due to reduced fliC and
increased csgA transcriptional levels, respectively (41). Since
global regulators FlhDC and CsgD control fliC and csgA expres-

sion, respectively (21, 23, 24), we examined if transcriptional lev-
els of flhD and csgD would correlate with the transcriptional levels
of fliC and csgA in the hha mutant strain. The transcriptional
analysis showed that the flhD level was reduced about 2-fold in the
hha mutant strain, and complementation of this mutant with
pSM197R restored flhD expression similar to that in the wild-type
strain at 37°C (Fig. 6A). On the other hand, expression of csgD was
increased 3-fold in the hha mutant strain, while the expression of
csgD was reduced 4-fold in the hha mutant complemented with
pSM197R compared to that in the wild-type strain at 37°C
(Fig. 6A). At 30°C, however, the expression of flhD was 2-fold and
3-fold higher in the hha and the hha�/hha mutant strains, respec-
tively (Fig. 6B). The expression of csgD at 30°C was 17-fold higher
in the hha mutant than in the wild-type strain, but the comple-
mentation of hha mutant with pSM197R reduced the expression
of csgD from 17-fold to only 2.3-fold higher than the wild-type
strain.

Purified Hha binds to flhDC and csgD promoters in gel shift
assays. Differential expression of fliC and csgA genes is essential
for E. coli to switch from the planktonic to the sedentary life style
in response to environmental cues (24). Because the expression of
flagellar and curli genes is controlled by master regulators FlhDC
and CsgD, and the expression of flhD and csgD was differentially
affected in the hha mutant, especially at 37°C, we examined
whether a purified Hha would bind to the promoter regions of
flhDC and csgDEFG operons encoding the master regulators
FlhDC and CsgD, which regulate transcription of fliC and csgA
genes, respectively. Incubation of PCR-amplified fragments con-
taining the promoter regions for flhDC (Fig. 7A) and csgD
(Fig. 7B) with increasing concentrations of Hha and in the pres-
ence of a 10-fold molar excess of nonspecific competing DNA
poly(dI-dC) showed reduction in the mobility of these fragments
in a concentration-dependent manner relative to the same frag-
ments incubated in the absence of Hha. The maximal shift in the
mobility of the two promoter fragments was achieved at Hha con-
centrations of 2 to 4 �g (Fig. 7). These results indicated that Hha
presumably regulates both flhD and csgD expression by its direct
interactions with the flhDC and csgDEFG promoter regions in
bacterial cells.

FIG 6 Differential effects of hha on flhD and csgD expression. DNA-free RNAs were subjected to real-time QRT-PCR. Relative transcriptional levels of
flhD and csgD were determined by QRT-PCR and DNA-free RNA prepared from three independent bacterial cultures of the wild-type, hha mutant, and
hha�/hha mutant at 37°C (A) and 30°C (B). Relative expressions of flhD and csgD were normalized to the transcriptional levels of the rpoA gene. Values
are expression of flhD and csgD in the mutant and complemented mutant strains relative to the expression of these genes in the wild-type strain. Error bars
represent the SEM. Significant (P � 0.05) differences between the wild-type and mutant strains were determined using an unpaired Student’s t test
(Mann-Whitney). **, P 	 0.0022.
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DISCUSSION

E. coli biofilms are complex sedentary communities, and their
morphogenesis is highly coordinated and is controlled by several
genetic factors and environmental and nutritional cues (3, 7, 15,
21, 23–25, 27, 52, 53). A critical step in transitioning from a plank-
tonic state to biofilm formation is cessation or reduction in the
expression of the flagellar system in order to reduce bacterial mo-
tility and promote expression of adhesive fimbriae, such as curli
fimbriae, and other extracellular adhesins that allow adherence of
bacterial cells to solid surfaces (8, 23). In the current study, we
have demonstrated that Hha represses biofilm formation in O157
by induction of flagellar and repression of curli gene expression.
In comparison to the wild-type and hha�/hha mutant strains, the
hha mutant showed significant reduction in bacterial motility but
enhanced binding of Congo red, the phenotype indicative of in-
creased curli production at both 37°C and 30°C (47, 48). The
differentially affected motility and curli phenotypes in the hha
mutant were restored to wild-type levels by complementation
with pSM197R, indicating that Hha is responsible for regulating
the expression of these two phenotypes. The transcriptional anal-
ysis revealed that csgA was expressed at significantly higher levels
in the hha mutant than in the wild-type and hha�/hha mutant
strains at both 37°C and 30°C. The repressor effects of Hha that we
observed with respect to curli gene expression have also been re-
ported for several other bacterial virulence genes (42, 44, 54, 55).
For example, Hha, a member of the Hha-YmoA family of small
transcriptional regulatory proteins, was initially identified as a re-
pressor of �-hemolysin expression in E. coli (42). Other virulence
factors that are negatively regulated by Hha include genes required
for adherence of pathogenic E. coli O157:H7 and Salmonella
strains to animal tissues and tissue culture cells (44, 54). A recent
study showed that Hha acts as a repressor of biofilm formation in
nonpathogenic E. coli K-12 strains through the repression of type
I fimbriae (56). Although type I fimbriae are not expressed by E.
coli O157:H7 due to the locked-on promoter configuration of this
operon (57), the negative effect of Hha on biofilm formation by
the repression of curli genes in O157 suggests a broader role for

Hha in regulation of different clusters of fimbrial genes and in the
complex regulatory scheme controlling the transition from plank-
tonic to biofilm formation.

Several studies have reported that production of flagella and
curli fimbriae promotes adherence to and colonization of epithe-
lial cells in animal models and tissue cultures (13, 40, 58, 59).
Flagella, for example, are essential for bacterial motility and for
maintaining bacterial cells in a planktonic state when conditions
are favorable for rapid growth (60, 61). On the other hand, curli
expression is increased under conditions that are less favorable for
rapid growth but conducive to adherence to solid surfaces (8, 23).
Low temperature is conducive to biofilm formation in environ-
mental and pathogenic E. coli strains (8, 62). Our quantitative
analysis of biofilm formation showed that the hha mutant pro-
duced significantly larger amounts of biofilm and contained
higher counts of viable bacterial cells in biofilms than the wild-
type and hha�/hha mutant strains at both 37°C and 30°C. Overall,
the hha mutant produced the largest amount of biofilm at 30°C
compared to that at 37°C, and these results were in agreement with
studies showing that low temperatures are conducive to biofilm
formation in environmental and pathogenic E. coli strains (8, 62).
Although the hha mutant produced larger amounts of biofilm
than the wild-type strain at 37°C, these amounts were much lower
than the amount of biofilm produced at 30°C. The differences in
the amounts of biofilms produced at these two temperatures cor-
related with the highest transcriptional levels of csgA and csgD in
the hha mutant grown at 30°C, in contrast those obtained at 37°C.
The importance of csgA in biofilm formation, as has been shown
by other studies (8, 63–66), was confirmed by demonstrating the
inability of the csgA and hha csgA mutants to produce biofilms.

Since growth rates of wild-type and isogenic hha and hha�/hha
mutant strains were higher at 37°C than at 30°C, the lower level of
biofilm production by the hha mutant at 37°C compared to at
30°C might in part be due to differences in growth physiology at
these two temperatures. For example, it is conceivable that higher
growth of the hha mutant strains at 37°C would prevent csgD
expression from reaching levels that were expressed at 30°C. Since

FIG 7 Gel shift assays for assessing the binding of Hha with promoter regions controlling transcription of flhDC and csgD. One hundred nanograms of
PCR-amplified and gel-purified DNA fragments containing promoter regions for flhDC (A) and csgD (B) were incubated in a binding buffer with or without
purified Hha protein for 20 min at room temperature. The samples were analyzed on a 6% nondenaturing polyacrylamide gel stained with SYBR green and
visualized using a filter with a bandwidth of 520 nm. The promoter fragments were incubated with 0 �g (lane 1), 0.1 �g (lane 2), 0.5 �g (lane 3), 1 �g (lane 4),
2 �g (lane 5), and 4 �g (lane 6) of Hha. The arrow indicates the unbound flhDC and csgDEFG promoter fragments.
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increased expression of CsgD is critical for increased expression of
csgA and biofilm formation (67), lower levels of CsgD would re-
duce biofilm production at 37°C compared to that at 30°C. It has
also been shown that at growth temperatures of �32°C, E. coli
exhibits a global-stress response resulting in upregulation of many
RpoS-dependent regulons, including those that are involved in
biofilm formation (30). A recent study has demonstrated that the
production of indole, which inhibits biofilm formation, is en-
hanced when cultures are shifted from 30°C to 37°C (68).

Contrary to the enhanced expression of curli as indicated by
the increased Congo red binding and biofilm formation, motility
of hha mutant was significantly reduced at 37°C and 30°C. Al-
though the motility halos produced by the hha and hha�/hha
mutants at 37°C were much bigger (presumably due to rapid cel-
lular metabolism) than those produced at 30°C, the motility of
hha mutant was reduced at both temperatures relative to the mo-
tilities of the wild-type and hha�/hha mutant strains, though the
reduction was more pronounced at 37°C than at 30°C. These re-
sults implied that a reduction in bacterial motility is essential for
increased biofilm formation by the hha mutant strains. This recip-
rocal correlation between reduced motility or lack of motility and
increased curli formation resulting in increased biofilm formation
has been observed in the nonmotile O157 strains isolated from
HUS patients (40). Although motility and transcriptional levels of
flhD and fliC in the hha mutant strain were reduced at 37°C and
reduced motility of the hha mutant was restored to levels even
higher than those of the wild-type strain at 37°C and 30°C, the
transcriptional levels of fliC were almost similar to and that of the
flhD strain about 2-fold higher than that of the wild-type strain at
30°C. The latter results are not surprising given that the motility
differences between the hha mutant and the wild-type strain were
much less substantial at 30°C, and the reduced motility of hha
mutant at 30°C could potentially be due either to the high levels of
curli expression promoting bacterial aggregation and biofilm for-
mation without affecting flagellar gene expression or to compro-
mised flagellar motor functions (15, 17).

In vitro gel shift analysis revealed positive interactions of Hha
with the promoter sequences of flhDC and csgDEFG, suggesting
that similar interactions in vivo, which could be direct or indirect,
regulate the expression of FlhDC and CsgD, two global regulators
affecting the expression of not only the flagellar and curli gene
regulons, respectively, but also many other regulons reported to
directly or indirectly influence motility and biofilm formation in
O157. Several factors, including bacterial growth rate, tempera-
ture, osmolarity, oxygen tension, and physiological stress due to
nutrient limitation, affect relative expression of FlhDC and CsgD
(23, 24, 53). Hence, diverse signal transduction mechanisms pre-
sumably work in a specific hierarchical order to respond to phys-
ical and physiological alterations in bacterial growth environ-
ments to affect and fine tune the expression of flhDC and csgD (36,
69–73). FlhDC and CsgD are considered to have hierarchical su-
periority in terms of their importance in regulation of bacterial
motility and curli expression, respectively (21, 24). For example,
FlhDC expression is regulated during the exponential and early
post-exponential growth phases, while CsgD levels become higher
during the stationary growth phase (24). In addition to FlhDC,
which activate class II and class III flagellar and chemotaxis genes,
several other transcriptional factors activate flagellar gene expres-
sion mostly by affecting the expression of flhDC (24, 52, 74). Sim-
ilarly, expression of csgD is regulated by multiple transcriptional

regulators (23, 24, 28, 75, 76). Based on the present study, which
demonstrates Hha-mediated differential regulation of flhDC and
csgD, and several other studies describing the negative regulation
by Hha of many virulence-associated genes and regulons (41, 42,
44, 54), Hha could also qualify as a global regulator having a hier-
archical superiority in the overall network of transcriptional reg-
ulators controlling bacterial motility, biofilm formation, and vir-
ulence gene expression.
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