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Curli are adhesive fimbriae of Enterobactericaeae and are involved in surface attachment, cell aggregation, and biofilm forma-
tion. We reported previously that curli-producing (C�) variants of E. coli O157:H7 (EcO157) were much more acid sensitive
than their corresponding curli-deficient (C�) variants; however, this difference was not linked to the curli fimbriae per se. Here,
we investigated the underlying molecular basis of this phenotypic divergence. We identified large deletions in the rcsB gene of
C� variants isolated from the 1993 U.S. hamburger-associated outbreak strains. rcsB encodes the response regulator of the
RcsCDB two-component signal transduction system, which regulates curli biogenesis negatively but acid resistance positively.
Further comparison of stress fitness revealed that C� variants were also significantly more sensitive to heat shock but were resis-
tant to osmotic stress and oxidative damage, similar to C� variants. Transcriptomics analysis uncovered a large number of dif-
ferentially expressed genes between the curli variants, characterized by enhanced expression in C� variants of genes related to
biofilm formation, virulence, catabolic activity, and nutrient uptake but marked decreases in transcription of genes related to
various types of stress resistance. Supplying C� variants with a functional rcsB restored resistance to heat shock and acid chal-
lenge in cells but blocked curli production, confirming that inactivation of RcsB in C� variants was the basis of fitness segrega-
tion within the EcO157 population. This study provides an example of how genome instability of EcO157 promotes intrapopula-
tion diversification, generating subpopulations carrying an array of distinct phenotypes that may confer the pathogen with
survival advantages in diverse environments.

Curli are thin aggregative fimbriae produced in many Entero-
bactericeae, including both pathogenic and nonpathogenic

Escherichia coli strains (49, 74). Curli play an important role in
surface attachment, biofilm formation, and induction of the host
inflammatory response and confer cell protection from toxic
compounds (2, 23, 31, 32, 63, 65). Biogenesis of curli requires the
function of two operons, csgBA and csgDEFG, which are tran-
scribed divergently (26). CsgA is the curli subunit protein,
whereas CsgD is a transcriptional activator of the csgBA operon.
The products of other curli genes are required for assembly of
mature curli (11, 27, 28, 53, 69). Transcription of both curli oper-
ons is regulated hierarchically by several global transcriptional
regulators and two-component signal transduction systems. For
example, the alternative sigma factor RpoS activates expression of
csgBA directly, and this positive regulation is enhanced by the
interaction of RpoS with Crl, a small regulatory protein that func-
tions as a thermal sensor for maximal expression of curli fimbriae
at low temperatures (3). RpoS also regulates the transcription of
csgD positively through the activation of mlrA (4). Other regula-
tors involved in curli gene expression are histone-like protein
(HN-S) and the integration host factor (IHF). IHF enhances csgD
expression, whereas HN-S can either activate or repress csgBA
expression, depending on the strains used in the study (22, 48).
The OmpR/EnvZ two-component system responds to low osmo-
larity and regulates csgD expression positively (68); the CpxA/R
two-component system responds to cell envelope stress and reg-
ulates expression of both curli operons negatively (14); similarly,
the RcsCDB (Rcs) two-component system responds to cell mem-
brane stress and controls the expression of both curli operons
negatively, in an RcsA-dependent manner (67). Importantly,
these transcriptional regulators interact with each other and mod-

ulate their own expression levels, resulting in a complex regulation
network that fine-tunes curli biogenesis in response to various
environmental and physiological signals (43, 44). Natural varia-
tion in curli expression has been reported for E. coli strains isolated
from diverse environments (46, 61). Increased curli production
has been linked to mutations in the ompR gene (68) or the csgD
promoter (54, 64).

Enterohemorrhagic Escherichia coli (EHEC) strains include a
diverse group of Shiga toxin-producing E. coli (STEC) that can
cause bloody diarrhea, hemorrhagic colitis, and life-threatening
hemolytic uremic syndrome (HUS). EHEC naturally resides in
ruminants, primarily cows, and is transmitted to humans mainly
through food vehicles. To cause infection, EHEC must survive in
an extremely acidic environment (pH � 3) within the host’s stom-
ach. Similar to Shigella spp., E. coli can survive at pH 2.0 for several
hours (24, 57), which is attributed to at least four well-studied acid
resistance systems: the oxidative acid resistance system (AR1) and
the glutamate-, arginine-, and lysine-dependent acid resistance
systems (AR2, AR3, and AR4, respectively) (19, 73). Additionally,
E. coli encodes various acid resistance proteins and chaperones,
such as HdeA and HdeB, known to confer protection at low pH
(pH � 3) (21, 72). Similar to curli biogenesis, expression of acid
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resistance systems and proteins is regulated hierarchically by nu-
merous global transcriptional regulators and two-component sig-
nal transduction systems. The expression of AR1 requires RpoS,
cyclic AMP (cAMP), and the cAMP receptor protein CRP (10, 51).
Among the amino acid-dependent acid resistance systems, AR2 is
thought the most effective system under an extreme acidic envi-
ronment (pH � 2.5). It requires a functional glutamate decarbox-
ylase (GadA or GadB) and an antiporter (GadC), which exchanges
external glutamate for the intracellular decarboxylation product
�-aminobutyric acid (39). The expression of AR2 is regulated by
transcriptional regulators GadE, GadX, GadW, RpoS, H-NS, and
CRP and the two-component systems EvgAS and RcsCD (34, 41,
42, 45, 55). Within this regulating network, GadE is a central
player. It activates AR2 and genes encoding acid resistance chap-
erones (HdeA and HdeB) and proteins (YhiD, Slp, and YhiF).
Transcription of gadE is positively regulated by GadW, GadX,
EvgA, and itself, and the activity of GadE is modulated by RcsB
(35). Furthermore, RpoS regulates expression of gadW and gadX
positively, and GadX activates gadA, gadBC, hdeD, hdeAB, and sip
directly. In contrast, H-NS regulates the transcription of gadE,
gadX, gadW, and rcsD negatively. Similarly, CRP regulates gadW,
gadX, and gadE expression negatively by repressing rpoS and gadA
for cells grown in rich medium (9).

We previously reported that natural curli variants of E. coli
O157:H7 displayed distinct acid resistance; however, this differ-
ence was not linked to the curli fimbriae per se (7). This character-
istic is conserved in all three groups of curli variants: group I
variants were isolated from the 2006 U.S. spinach-associated out-
break strains; group II variants were isolated from strains linked to
a 2006 U.S. iceberg lettuce-associated outbreak; group III variants
were isolated from the 1993 U.S. hamburger-associated outbreak
strain. Because there are several common transcriptional regula-
tors between curli biogenesis and acid resistance in E. coli, we
hypothesize that natural mutations in genes encoding the com-

mon regulators are the cause of the marked difference in acid
resistance between the natural curli variants of E. coli O157:H7. In
this study, we focused on curli variants isolated from the 1993 U.S.
hamburger-associated outbreak strains (group III curli variants).
We report that inactivation of the response regulator RcsB of the
two-component system RcsCDB in curli-producing (C�) variants
is the molecular basis of the observed fitness segregation within
the population of E. coli O157:H7.

MATERIALS AND METHODS
Bacterial strains, plasmids, and growth media. The E. coli strains and
mutants used in this study and their sources are listed in Table 1. Strains
were grown routinely in Luria-Bertani (LB) broth (10 g tryptone, 5 g yeast
extract, and 5 g NaCl per liter) or modified LB broth containing various
concentrations of salt: LB-full salt (LBFS) contained 10 g of NaCl per liter,
or LB-no salt (LBNS), which contained no NaCl. Antibiotics were used at
the following concentrations: ampicillin (Amp) at 100 �g ml�1; carbeni-
cillin (Cb) at 50 �g ml�1; kanamycin (Km) at 50 �g ml�1; gentamicin
(Gm) at 15 �g ml�1. The E. coli O157:H7 curli variants used in this study
were described previously (7). Variants were isolated by plating E. coli
O157:H7 on Congo red indicator (CRI) plates (LBNS plate supplemented
with 40 �g/ml of CR dye and 10 �g/ml of Coomassie brilliant blue),
followed by incubation of plates at 28°C for 2 to 3 days. Colonies with
various colors on the CRI plates were picked, and curli production of each
variant was determined by immunoblot analysis using an antibody spe-
cific to the curli subunit protein CsgA (kindly provided by M. Chapman).

DNA sequencing. Bidirectional DNA sequencing was performed on
PCR-amplified DNA fragments or plasmids. Primers used for amplifica-
tion and sequencing are listed in Table S1 of the supplemental material.
PCR products were purified by using ExoSAP-IT (U.S. Biochemical,
Cleveland, OH) and then used directly as templates for the cycle sequenc-
ing reactions using the BigDye Terminator v3.1 cycle sequencing kit (Ap-
plied Biosystems, Foster City, CA). For sequencing the cloned DNA frag-
ments, plasmids (�100 ng) were used directly as templates for dye
incorporation reactions. Following sequencing reactions, the excess dye
was removed using a BigDye XTerminator kit (Applied Biosystems), and

TABLE 1 Strains used in this study

Strain or plasmid
Antibiotic
resistancea Characteristics

Source or
reference

E. coli O157:H7 strains
RM6607 None Human isolate linked to 1993 U.S. hamburger-associated outbreak 70
RM6607R None Curli-producing (C�) variant of strain RM6607 7
RM6607W None Curli-deficient (C�) variant of strain RM6607 7
RM6608 None Meat isolate linked to 1993 U.S. hamburger-associated outbreak 70
RM6608R None Curli-producing (C�) variant of strain RM6608 7
RM6608W None Curli-deficient (C�) variant of strain RM6608 7
MQC118 Kmr csgA deletion mutant of RM6607R 7
MQC120 Kmr csgA deletion mutant of RM6607W 7
MQC143 Kmr hdeAB deletion mutant of RM6607W 8
MQC560 Gmr RM6607R transformed with pBBR1MCS-5 This study
MQC562 Gmr RM6607R transformed with pXQ30 This study

E. coli non-O157 strain
DH5� None Host strain for pBBR1MCS-5, pKD46, and pKD4 and their derivatives S. Lory

Plasmids
pKD46 Ampr � Red recombinase expression plasmid AY048746b (13)
pKD4 Kmr Template plasmid for gene deletion AY048743b (13)
pBBR1MCS-5 Gmr Expression vector for complementation analysis U25061b (33)
pXQ30 Gmr The rcsB gene along with its native promoter of RM6607W was cloned into pBBR1MCS-5 This study

a Kmr, kanamycin resistance; Ampr, ampicillin resistance; Gmr, gentamicin resistance.
b GenBank accession number.
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the purified samples were sequenced using an automated fluorescence
sequencer (ABI Prism 3730 DNA analyzer; Applied Biosystems). DNA
sequences were assembled in SeqMan (Lasergene 8; DNASTAR, Madison,
WI), and the consensus sequence was exported to MegAlign (Lasergene 8)
for comparison.

Stress fitness tests. Single colonies of curli variants on LB plates were
inoculated in LBNS broth and incubated at 28°C overnight with rotation
(150 rpm). The acid challenge was performed as described previously (7).
Briefly, 5 �l of overnight culture was added to 5 ml acidified LBNS broth
(pH 2.5; �106 CFU ml�1) and incubated at 37°C for 2 h. For heat shock
conditions, 5 �l of overnight culture was added into 5 ml potassium
phosphate (KP) buffer (10 mM; pH 7.0; �106 CFU ml�1) and incubated
at 55°C for 15 min; for osmotic challenge, 5 �l of overnight culture was
added into 5 ml of high-salt LB broth (2.5 M NaCl; �106 CFU ml�1) and
incubated at 28°C for 6 h. The time zero samples were taken immediately
before the incubation. For the oxidative stress test, 50 �l of overnight
culture was added into 5 ml of KP buffer (�107 CFU ml�1). After collec-
tion of time zero samples, 3% H2O2 was added immediately to a concen-
tration of 12.5 mM, and the cells were then incubated at 28°C for 30 min.
At the end of each stress test, cells were diluted first in KP buffer and plated
onto LB plates by using a spiral plater (Autoplate 4000; Spiral Biotech).
The stress fitness was expressed as the percentage of cells that recovered on
LB plates following each stress challenge. At least three biological repli-
cates were performed for each sample.

Swimming motility assay. LB agar (0.3%) was used to examine the
swimming motility. Individual colonies of curli variants grown on CRI
plates at 28°C for 2 days were used to inoculate the swimming agar by
using a round toothpick. The plates were incubated at 28°C for 16 to 18 h,
and the swimming motility was assessed based on the size of the swim-
ming zone (the diameter of the bacterial colony on the swimming agar
plate). At least four replicates were carried out for each variant.

Gene deletion and DNA cloning. In-frame deletion of the individual
gene or gene cluster was achieved by replacing the target gene(s) with a
Km cassette using the standard Lambda Red-mediated gene replacement
method (13). Briefly, the Km cassette was amplified directly from the
template plasmid pKD4 (Table 1) and using the gene knockout primers
described in Table S1 of the supplemental material. The PCR products
(about 1.6 kb) were agarose gel purified and transformed by electropora-
tion into E. coli strains carrying the helper plasmid pKD46 (Table 1). The
Kmr transformants were selected on LB agar plates containing 50 �g ml�1

of Km. The deletion mutants were verified by colony PCR using primers
flanking the target genes (see Table S1). Mutants were then subcultured,
incubated at 37°C, and tested for Amp sensitivity, which indicated loss of
the helper plasmid pKD46.

For complementation analysis, a DNA fragment containing the rcsB
gene was PCR amplified, digested with the restriction enzymes KpnI and
HindIII, and then cloned into the plasmid pBBR1MCS-5, resulting in
plasmid pXQ30 (Table 1). The sequence-confirmed clones were then
transformed into the target strains by electroporation, and the transfor-
mants were selected on Gm-containing plates and verified by colony PCR.

Mass spectrometry analyses of HdeA protein. The HdeA protein was
detected and identified from unfractionated bacterial cell lysates by using
matrix-assisted laser desorption ionization–tandem time of flight post-
source decay tandem mass spectrometry (MALDI-TOF/TOF-PSD-MS/
MS) and top-down proteomic analysis as previously described (16, 17).
Briefly, a 1-�l loop of bacterial cells was lysed by bead beating (BioSpec
Products, Bartlesville, OK) for 1 min in 300 �l of extraction solution
comprised of 67% high-performance liquid chromatography (HPLC)-
grade water, 33% HPLC-grade acetonitrile, and 0.2% trifluoroacetic acid.
After sample centrifugation at 16,000 	 g for 2 min, 0.5 �l of supernatant
was spotted onto a stainless steel MALDI target and allowed to dry at room
temperature, followed by spotting on top 0.5 �l of saturated solution of
MALDI matrix, �-cyano-4-hydroxycinnamic acid (CHCA) or 3,5-dime-
thoxy-4-hydroxycinnamic acid (sinapinic acid), and again allowed to dry.
Data were acquired using a 4800 Plus MALDI-TOF/TOF mass spectro-

meter (AB Sciex, Foster City, CA) as previously described (16). HdeA was
identified by top-down proteomic analysis using software developed in-
house (17).

Transcriptomics study. Single colonies of curli variants were inocu-
lated in LB broth and incubated at 28°C overnight on a shaker (150 rpm).
The cells were collected by centrifugation, washed once in LBNS broth,
and inoculated in 25 ml of LBNS broth with a concentration equivalent to
0.001 OD600 units/ml (OD600 is the optical density at 600 nm). The cul-
tures were incubated at 28°C for 24 h with aeration (150 rpm). At the end
of incubation, an ice-cold phenol-ethanol (5%:95%) solution was imme-
diately added to the culture at a final concentration of 20% (vol/vol), and
the mixture was incubated on ice for 30 min. The cells were collected by
centrifugation at 4°C, and the pellets were stored at �80°C until RNA
extraction.

RNA extraction, cDNA labeling, and microarray hybridization were
performed as described previously with slight modifications (37, 50).
Briefly, total RNA was extracted using the Promega SV total RNA kit, with
additions of 3 mg ml�1 of lysozyme (Fisherbrand) to a bacterial cell sus-
pension. The quality of RNA was assessed using an Agilent Technologies
(Santa Clara, CA) 2100 Bioanalyzer. Genomic DNA (gDNA) was used as
a common reference for the microarray-based transcriptional profiling
study as described previously (15). Two micrograms of gDNA was labeled
via incorporation of Cy3-dCTP (GE Healthcare) by using Klenow frag-
ment (New England BioLabs), whereas 40 �g of total RNA from each
sample was labeled via incorporation of Cy5-dCTP (GE Healthcare) into
a cDNA product with the Fairplay III microarray labeling kit (Stratagene).
Hybridization of Cy3-DNA and Cy5-cDNA was carried out overnight at
42°C. Arrays were scanned on a GenePix 4000B scanner (Axon Instru-
ments, Molecular Devices), and the hybridization intensities of individual
spots were analyzed with the GenePix Pro 6.0 software (Axon Instru-
ments). Spots with a reference signal lower than background plus 2 stan-
dard deviations or spots covered by an obvious blemish were excluded.
The average local background value was subtracted from all spots, and the
Cy5/Cy3 ratio was calculated. Further normalization to account for dif-
ferences in dye incorporation included data centering by setting the me-
dian natural logarithm to 0 for each group of spots in one sector (printed
by one pin).

Three biological replicates were performed for each curli variant. The
cDNA-gDNA mixtures for each biological replicate were hybridized on
three separate microarrays, providing three technical replicates. The data
from all replicates were analyzed by using an unpaired t test with unequal
variance within the Genespring 7.3 program (Agilent). The expression
level of each detected gene was compared between the curli variants de-
rived from the same strain. Genes were considered to be expressed differ-
entially if the fold change in expression level (the ratio with the normal-
ized hybridization intensity) was 
2 and the Benjamini-Hochberg false
discovery rate (FDR)-adjusted P value was �0.05.

Statistical analysis. Statistical analysis was computed using SigmaPlot
version 11.0 (Systat Software, Inc.). An unpaired t test was performed for
two-group comparisons, and an analysis of variance (ANOVA) followed
by a Bonferroni t test was performed for multiple comparisons.

Microarray data accession number. Microarray data were deposited
in the NCBI GEO omnibus database under accession number GSE39439.

Nucleotide sequence accession numbers. The sequences of the rcsB
genes were deposited in GenBank under accession numbers JX258657
(RM6607R), JX258658 (RM6607W), JX258659 (RM6608R), and
JX258660 (RM6608W).

RESULTS
C� variants of the 1993 hamburger-associated outbreak strains
are natural rcsB mutants. Curli variants isolated from two out-
break strains, RM6607 (clinical isolate) and RM6608 (meat iso-
late), were used in this study. All four curli variants had identical
multilocus variable-number tandem repeat analysis (MLVA) ge-
notypes but differed largely in curli production. Colonies of C�
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variants (RM6607R and RM6608R) were red on CRI plates, re-
gardless of incubation temperature, indicating that production of
curli in both C� variants was independent of temperature. This
conclusion was further supported by a Western blot analysis with
an anti-CsgA antibody (Fig. 1A). Colonies of C� variants were
either white or light red, depending on the growth temperature;
however, this light color appeared to be a result of nonspecific CR
binding, because there were no significant differences in the bind-
ing of CsgA-specific antibody to cells of RM6607W or its corre-
sponding curli-deficient mutant (MQC120) at either 28°C or
37°C (Fig. 1A). Therefore, in contrast to C� variants, C� variants
did not produce any detectable curli at either of the two growth
temperatures examined (Fig. 1A).

We previously reported that both C� variants were signifi-
cantly more acid sensitive than their corresponding C� variants
(7). Sigma factor RpoS, regulatory protein H-NS, and the RcsCDB
two-component signal transduction system are known to regulate
both curli biogenesis and acid resistance; therefore, we sequenced
the genes encoding the above regulatory proteins in curli variants
RM6607R and RM6607W. Both variants carried identical DNA
sequences of the rpoS, hns, rcsD, and rcsC genes; however, there
was a 49-bp deletion (�410 – 458) in the rcsB gene of RM6607R

(Fig. 1B). RcsB is the response regulator of the RcsCDB system,
which activates GadE, the central regulator of acid resistance, but
represses transcription of both curli operons. Therefore, inactiva-
tion of RcsB corresponded to increased curli production but de-
ceased acid resistance in RM6607R compared with RM6607W,
which had a functional rcsB gene.

To examine if the rcsB mutation was widespread in C� variants
of E. coli O157:H7, we examined the rcsB gene in curli variants
RM6608R and RM6608W. Interestingly, RM6608R also carried a
large deletion in rcsB (�199 –281); however, this deletion was dif-
ferent from the deletion detected in the rcsB of variant RM6607R
(Fig. 1B). Examination of rcsB genes in C� variants isolated from
2006 U.S. spinach-associated outbreak strains (group I curli vari-
ants) did not reveal any mutations in the rcsB gene of any C�

variant examined (data not shown).
Production of the acid chaperone protein HdeA was blocked

in C� variants. RcsB activates expression of hdeAB via the GadE
pathway; therefore, loss of RcsB in a C� variant would have an
impact on HdeA production but not HdeB production, since
translation of hdeB is silenced in E. coli O157:H7 due to a point
mutation at the start codon of the hdeB gene (8). A distinct HdeA
peak was detected in RM6607W, but not in RM6607R (Fig. 2A and

FIG 1 Sequence analysis of the rcsB gene in E. coli O157:H7 group III curli variants. (A) Group III E. coli O157:H7 curli variants and their corresponding
curli-deficient mutants, grown on CRI plates (upper panel), and curli production as measured by Western blotting (low panel). (B) Genomic location of the rcsB
gene. The rcsB gene encodes a response regulator, and rcsC encodes a sensor kinase, whereas rcsD encodes a phosphotransfer protein. RcsCDB are essential
components of the Rcs signal transduction system. Natural deletions identified in C� variants of E. coli O157:H7 RM6607R and RM6608R are underlined in blue.
The 49-bp DNA fragment bordered by the direct repeat tctcgcc (highlighted in green) was deleted in variant RM6607R, whereas the 83-bp DNA fragment
bordered by the direct repeat cggcgat (highlighted in yellow) was deleted in variant RM6608R. Other direct repeats with perfect matches in rcsB are presented in
Table S6 of the supplemental material. Both the start (atg) and stop (taa) codons of rcsB genes are underlined.
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B), despite both variants having an identical DNA sequence for the
hdeAB genes. Deletion of hdeAB in RM6607W resulted in loss of
the HdeA characteristic peak (Fig. 2C), similar to what was ob-
served in RM6607R; thus, RM6607R is naturally deficient in the
HdeA chaperone. A similar result was observed for RM6608R
(data not shown).

RM6607R was also more sensitive to heat stress than RM6607W.
Because RcsB regulates a wide range of cellular process, we investi-
gated if there were any differences between RM6607R and RM6607W
in addition to resistance to acid challenge. We compared the survival
between RM6607R and RM6607W following exposure of cells to heat
shock (55°C for 15 min), osmotic challenge (2.5 M NaCl for 6 h at
28°C), and oxidative stress (12.5 mM H2O2 for 30 min at 28°C).
Similar to acid resistance, the heat resistance of RM6607W was sig-
nificantly greater than that of the RM6607R (Fig. 3, heat shock [t test,
P � 0.001]). The average percentages of cells surviving heat shock
were 18.2% and 0.2% for RM6607W and RM6607R, respectively. In
contrast, there were no significant differences in survival between

RM6607R and RM6607W following either osmotic challenge or ox-
idative stress. The average percentages of cells recovered were 44.5%
and 49.4% after the osmotic challenge and 1.6% and 2.3% after the
exposure to oxidative stress for RM6607R and RM6607W, respec-
tively (Fig. 3).

Rescue of curli production, HdeA production, and stress fit-
ness in RM6607R by a functional rcsB gene. If the natural rcsB
mutation were the true cause of distinct stress fitness differences
between variants RM6607R and RM6607W, supplying RM6607R
with a functional rcsB gene would restore its resistance to heat
shock and acid stress. To test this hypothesis, we cloned the rcsB of
variant RM6607W and moved it into the variant RM6607R, re-
sulting in strain MQC562 (Table 1). In parallel, we transformed
the cloning vector pBBR1MCS-5 into the variant RM6607R, re-
sulting in the control strain MQC560. We then compared the
survival of MQC562 with that of strain MQC560 following stress
challenges. As expected, the percentage of MQC562 cells surviving
(2.3%) after heat shock was over 1,000-fold higher than that of the
control strain MQC560 (0.002%). Similarly, the acid survival of
complemented strain MQC562 was 69.3%, which was compara-
ble to that of the variant RM6607W; however, the acid survival of
the control strain MQC560 was below the detection limit (less
than 0.002%, on average) (Fig. 4A). Consistently, expression of
rcsB in variant RM6607R restored the production of acid chaper-
one HdeA, as indicated by the presence of the characteristic HdeA
peak in strain MQC562 by MS analysis, but not in the control
strain MQC560 (Fig. 4B). Furthermore, expression of rcsB in
RM6607R blocked curli production drastically, as evidenced by
loss of the red phenotype for strain MQC562 when it was grown
on the CRI plates. In contrast, the control strain MQC560 was red
on CRI plates, similar to RM6607R (Fig. 4C).

Transcriptomic signatures of RM6607 curli variants. To gain
insight into the phenotypic differentiation between natural curli vari-
ants of E. coli O157:H7, we first compared the global gene expression
profiles between the variants RM6607R and RM6607W. A total of
331 genes showed differential expression between the two curli vari-
ants, of which 166 genes were upregulated in RM6607R (ratio of
normalized hybridization intensities of RM6607R to RM6607W,

FIG 2 Detection of HdeA by mass spectrometry. The MS spectra shown are
for the extracted cell lysates of E. coli O157:H7 curli variants RM6607R (A),
RM6607W (B), and hdeAB deletion mutant strain MQC143 (C), obtained
using an �-cyano-4-hydroxycinnamic acid matrix. HdeB biomarker (m/z
�9,060) was not detected in either variant or mutant strains (8). In variant
RM6607W, a distinct HdeA biomarker (m/z 9,748) was detected by MS and
identified by MS/MS and top-down analysis, but the corresponding HdeA
biomarker was absent in variant RM6607R (A). Deletion of hdeAB in variant
RM6607W resulted in loss of the HdeA biomarker (C).

FIG 3 Distinct stress fitness between E. coli O157:H7 group III curli variants.
The percentages of curli variant cells that survived following various stress
challenge are shown. The number of CFU following each stress challenge was
compared with the corresponding CFU at the beginning of the stress challenge
to calculate the percent survival. Significant differences in stress fitness (per-
cent survival) between the curli variants RM6607R and RM6607W are indi-
cated (**, P � 0.001 by t test).
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2.0), whereas 165 genes were upregulated in RM6607W (ratio of
normalized hybridization intensities of RM6607W to RM6607R,

2.0). We then compared the functional distribution of these differ-
entially expressed genes based on COG (Clusters of Orthologous

Groups of proteins) categories after normalizing the upregulated
gene over each COG category. The 166 genes with enhanced tran-
scription in RM6607R were distributed across 16 COG categories
(Fig. 5; see also Table S2 in the supplemental material). The top three
were I (lipid transport and metabolism [8.8%]), E (amino acid trans-
port and metabolism [6.5%]), and M (cell wall and membrane bio-
genesis [4.8%]), followed by G (carbohydrate transport and metab-
olism [4.7%]), T (signal transduction mechanisms [3.9%]), and K
(transcription [3.6%]) (Fig. 5). Similarly, the 165 upregulated genes
in RM6607W were distributed in 18 COG categories (Fig. 5; see also
Table S3 in the supplemental material); however, the top functional
category was O (posttranslational modification, protein turnover,
and chaperones [9.0%]), followed by S (genes with unknown func-
tions [3.3%]). A large number of genes encoding proteins with un-
known conserved domains (no assigned COG category[NA]) were
also highly expressed in RM6607W compared with RM6607R (NA,
4.2%).

Upregulation of genes involved in curli biogenesis, biofilm
formation, and virulence in RM6607R. The difference in curli
production between variants RM6607R and RM6608W was con-
sistent with marked differences in transcriptional levels of curli
genes (Table 2). The transcription levels of csgA (encoding the
curli subunit protein) and csgB (encoding a nucleator protein) in
RM6607R were 93.4- and 97.5-fold above those in RM6607W,
respectively. csgC, the third gene in the csgBAC operon, encodes a
protein suggested to have a role in redox activity within curli bio-
gensis (62). The expression of csgC in RM6607R was about 8.0-
fold above that in RM6607W. Transcription of csgD, csgE, csgF,
and csgG in RM6607R were 13.4-, 11.2-, 15.8-, and 7.9-fold above
that in RM6607W, respectively. Furthermore, the expression of
crl, encoding the small protein Crl, which acts as a transcriptional
enhancer and thermal sensor for curli biogenesis, was also higher
in RM6607R than RM6607W (Table 2).

The O-antigen of lipopolysaccharide (LPS) is known as a vir-
ulence factor in bacterial pathogens. For example, downregula-
tion of O-antigen in Yersinia enterocolitica strain O:3 has been
shown to be required for its efficient internalization (66); Also,
downregulation of highly immunogenic EcO157 LPS may mini-
mize the interference of host antibody with colonization or other
roles of LPS (38). A slight change in expression of O-antigen genes
was observed between RM6607R and RM6607W, including wzy
(O-antigen polymerase gene), wzx (O-antigen flippase gene), per
(pserosamine synthetase gene), wbdP (glycosyl transferase gene),
gmd (GDP-mannose dehydratase gene Z3198), fcl (fucose synthe-
tase gene), wbdQ (GDP-mannose mannosyl hydrolase), manC
(mannose-1-P guanosyltransferase gene), manB (phosphoman-
nomutase), and wbdR (acetyltransferase gene) (Table 2). The only
two O-antigen genes within the operon that did not pass the cutoff
criterion of differentiation (fold change in differentiation of 
2.0
and t test P of �0.05) were wbdN (Z3204) and wbdO (Z3202), and
both encode a glycosyl transferase.

The adrA gene encodes a diguanylate cyclase that catalyzes the
conversion of 2 GTPs into cyclic di-GMP, an important molecular
messenger involved in cellulose production, biofilm formation,
and bacterial virulence. Transcription of adrA in RM6607R was
about 3.2-fold higher than in RM6607W (Table 2). Furthermore,
the transcription level of the flhCD operon was slightly higher in
RM6607R than in RM6607W (2.8-fold for flhC and 3.8-fold for
flhD) (Table 2). flhCD encode the master regulators of flagellar
biosynthesis and also regulates genes that contribute to biofilm

FIG 4 Complementation of RM6607R with a functional rcsB gene. (A) Rescue
of resistance to heat shock and acid challenge in RM6607R. The percentages of
curli variant cells that survived heat shock or acid challenge are shown. The
number of CFU following each stress challenge was compared with the corre-
sponding CFU at the beginning of the stress challenge to calculate the percent
survival. Red columns represent strain MQC560 (RM6607R transformed with
the cloning vector pBBR1MCS-5), whereas gray columns represent strain
MQC562 (carrying a functional rcsB gene). The line on the red bar indicates
that survival of MQC560 was below the value presented here. Differences in
stress fitness between the control strain MQC560 and the complemented
strain MQC562 are indicated (**, P � 0.001, t test). (B) Restoring HdeA pro-
duction in RM6607R. The HdeA biomarker (m/z at 9,740) was detected and
identified in MQC562 but not in MQC560. (C) Inhibition of curli production
in RM6607R expressing the rcsB gene of RM6607W. The colony of control
strain MQC560 appeared red on CRI plates, whereas the colony of the com-
plemented strain MQC562 appeared white with red sections at the edges.
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formation and virulence of E. coli O157:H7 (59). Examination of
the swimming motility of both curli variants further revealed that
both variants were motile at 28°C; however, the average swim-
ming zone of RM6607R (5.4 � 0.2 cm) was significantly larger
than RM6607W (4.7 � 0.2 cm; t test, P � 0.003).

Upregulation of genes related to catabolism and transport in
RM6607R. A large number of genes involved in degradation of
lipid (I), amino acids (E), and carbohydrates (G) were upregu-
lated in RM6607R compared with RM6607W, suggesting a higher
catabolic activity in C� variant RM6607R. Thus, we examined
genes in these functional groups in detail.

Enhanced fatty acid degradation in RM6607R was sup-
ported by increased expression of genes related to the fatty
acids 
-oxidation pathway, including fadL (4.4-fold increase),
fadD (5.4-fold), fadE (5.7-fold), and fadAB (4.2- and 5.9-fold)
(Table 3). The fadL gene encodes an outer membrane protein
that acts as a receptor and transporter for long-chain fatty ac-
ids. The fadD gene encodes a fatty acid acyl-CoA synthetase
that is activated by the FadL-dependent long-chain fatty acid
transport system. FadD converts fatty acids to fatty acyl-CoA,
which then enters the 
-oxidation cycle: FadE converts acyl-
CoA to enoyl-CoA, which is subsequently converted to 3-keto-
acyl-CoA by FadB. FadA then cleaves 3-ketoacyl-CoA, gener-
ating the acetyl-CoA, which enters the tricarboxylic acid cycle.
Additionally, the genes fadJ and fadI, which are involved in the
anaerobic degradation of fatty acids via the 
-oxidation path-
way, were also upregulated in RM6607R (Table 3). FadJ is a
multifunctional enoyl-CoA hydratase/3-hydroxyacyl-CoA de-
hydrogenase/3-hydroxybutyryl-CoA epimerase that catalyzes
the formation of hydroxyacyl-CoA, whereas FadI is a 3-keto-
acyl-CoA thiolase. Similar to the FadA2B2 complex, FadJ and

FadI form a heterotetramer in a similar fashion as FadA2B2,
yielding acetyl-CoA at the last step of 
-oxidation.

Another transcriptomic characteristic of RM6607R was the en-
hanced expression of transporter genes that are related to the up-
take of amino acids, peptides, or carbohydrates and, conse-
quently, genes involved in metabolizing those compounds. For
example, increased expression was observed for gltL (2.4-fold),
gltK (3.0-fold), and gltJ (2.5-fold), encoding components of the
glutamate/aspirate transport system; hisP (4.2-fold), hisM (2.1-
fold), hisQ (2.7-fold), and hisJ (2.8-fold), encoding components
of high-affinity histidine transport systems; glnH (2.3-fold), en-
coding a glutamine ABC transporter periplasmic protein; fliY
(6.4-fold) and argT (3.9-fold), encoding a cystine transporter sub-
unit protein and a lysine-, arginine-, ornithine-binding periplas-
mic protein, respectively (Table 3, amino acids related). Genes
oppD and dppA are related to peptide transport; two gene clusters,
Z2223-Z2224 and Z2276-Z2279, which are involved putatively in
amino acids or iron transport, were also upregulated in RM6607R
(Table 3). Similarly, increased expression was observed for genes
encoding ABC transporter components involved in carbohydrate
uptake, such as nagE (2.5-fold), Z2192 (2.5-fold), ycjV (2.1-fold),
Z5691 (2.1-fold), Z5839 (2.2-fold), Z2189 (2.7-fold), and ytfQ
(2.7-fold), as well as genes related to glycerol-3 phosphate uptake
(ugpE, 2.4-fold; ugpA, 3.1-fold; ugpB, 3.2-fold). Correspondingly,
a great number of genes related to the metabolism of amino acids
or carbohydrates were upregulated in RM6607R. These included
cstA (3.0-fold) and cstC (4.9-fold), both of which play a role in
amino acid metabolism; aspA (5.3-fold), ydjS (4.5-fold), Z2777
(6.0-fold), and Z2779 (5.8-fold), which encode an aspartate am-
monia lyase, a succinylglutamate desuccinylase, a succinylargin-
ine dihydrolase, and an arginine succinyltransferase, respectively,

FIG 5 Transcriptomic analyses of E. coli O157:H7 group III curli variants. Genes that were expressed differentially between the curli variants RM6607R and
RM6607W were grouped based on their expression ratios between the two variants. Genes with expression ratios for RM6607R versus RM6607W greater than
2.0 were considered upregulated in RM6607R, whereas genes with expression ratios for RM6607W versus RM6607R greater than 2.0 were considered upregu-
lated in RM6607W. Genes expressed differentially were further categorized based on COG functional assignments. Bars indicate the percentage of genes in a given
COG category. NA, no COG category assigned. The top three differentially expressed COGs for each variant are highlighted by an asterisk.
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and are involved in metabolism of alanine, aspartate, arginine,
and proline, etc. (Table 3). For genes related to carbohydrate me-
tabolism, higher expression was observed for mgsA (2.4-fold),
which encodes a methylglyoxal synthase that participates in pyru-
vate metabolism, yneB (2.6-fold), which encodes an aldolase that
generates glyceraldehyde-3-phosphate and dihydroxyacetone
phosphate that are involved in glycolysis; manB (2.0-fold), which
encodes a phosphomannomutase that is involved in mannose and
fructose metabolism; and yeiQ (3.5-fold) and yihM (2.6-fold),
which encode an oxidoreductase and a conserved hypothetical
protein that are related putatively to carbohydrate metabolism
(Table 3).

Upregulation of stress resistance genes in RM6607W. Con-
sistent with the higher acid resistance of RM6607W compared to
RM6607R, transcription of several acid stress resistance genes
in this variant were upregulated significantly compared with
RM6607R (Table 4). The largest gene expression differences were
observed for gadA (100.6-fold) and gadC (99.2-fold), which en-
code the key components of the glutamate-dependent acid resis-
tance system AR2; the hdeBA operon (100.8- and 83.2-fold),
which encodes acid chaperone proteins that are important for cell
survival at pH � 3; hdeD (70.6-fold) and yhiD (5.3-fold), which
encode proteins that are important for acid resistance of cells un-
der high-density conditions; and yhiM (101.1-fold), which en-
codes an inner membrane protein that is required for cell survival
at pH 2.5.

Consistent with our previous observation that RM6607W sur-
vived better than RM6607R following heat shock (Fig. 3), the tran-

scriptional levels of over 10 heat shock genes were higher in
RM6607W than in RM6607R (Table 4), including genes encoding
the molecular chaperones DnaK (3.0-fold), DnaJ (3.0-fold), HtpG
(2.7-fold), CbpA (2.8-fold), GrpE (2.0-fold), GroES (3.7-fold),
and GroEL (3.5-fold). Additionally the ybbN gene, which encodes
a thioredoxin-like protein that has been shown to enhance the
DnaK-DnaJ-GrpE chaperone system but to repress GroESL chap-
eronin function and ATPase activity in E. coli (40), also was up-
regulated in RM6607W. yrfH encodes the heat shock protein
Hsp15, which plays a role in recycling free 50S subunit to rebuild
translation machinery. Transcription levels of ybbN and yrfH in
RM6607W were 2.4- and 2.3-fold higher than in RM6607R, re-
spectively (Table 4). In addition to molecular chaperone genes,
expression levels of several genes encoding proteases for degrada-
tion of denatured proteins, such as lon, clpB, hslU, and hslV, were
also significantly higher in RM6607W than in RM6607R (Table 4,
heat shock genes).

Other stress-related genes with significantly higher transcrip-
tion in RM6607W than in RM6607R included yecG, which en-
codes a general stress protein that is produced under conditions of
nutrient deprivation, osmotic shock, and oxidative stress; treF,
which encodes a cytoplasmic trehalase that is produced under
osmotic stress; oxidative stress genes katE and yhiA, which encode
a catalase that converts hydrogen peroxide to water and a cyto-
chrome c peroxidase, a bacterial heme-containing protein that is
involved in the peroxide stress response through its ability to con-
vert hydrogen peroxide to water, respectively. Additionally, sev-
eral genes related to DNA repair and recombination (topA, mutS,

TABLE 2 Differentially expressed genes related to curli biogenesis and biofilm formation in E. coli O157:H7 curli variants

Group and gene
name ID Product COGa

Fold upregulation
in RM6607Rb

Curli genes
crl Z0301 DNA–binding transcriptional regulator Crl NA 2.1
csgG Z1670 Curli production assembly/transport component COG1462 M 7.9
csgF Z1671 Curli assembly protein CsgF NA 15.8
csgE Z1672 Curli assembly protein CsgE NA 11.2
csgD Z1673 DNA–binding transcriptional regulator CsgD COG2197TK 13.4
csgB Z1675 Curlin minor subunit, functions as nucleator in assembly of curli on cell surface NA 97.5
csgA Z1676 Curlin major subunit, coiled surface structures NA 93.4
csgC Z1677 DsbD–like protein (62) NA 8.1

O-antigen genes
wbdR Z3192 Acetyltransferase, related to O-antigen biosynthesis COG0110R 3.1
manB Z3194 Phosphomannomutase COG1109G 2.0
manC Z3195 Mannose-1-P guanosyltransferase COG0836 M 2.6
wbdQ Z3196 GDP-mannose mannosylhydrolase COG1051F 2.1
fcl Z3197 Fucose synthetase COG0451MG 2.3
gmd Z3198 GDP-mannose dehydratase COG1089 M 2.2
wbdP Z3199 Glycosyl transferase COG0438 M 2.3
per Z3200 Perosamine synthetase COG0399 M 2.7
wzx Z3201 O-antigen flippase Wzx COG2244R 3.1
wzy Z3203 O-antigen polymerase NA 2.4

Other genes
adrA Z0481 Diguanylate cyclase AdrA, catalyzes conversion of 2 GTPs into c-di-GMP COG2199T 3.2
flhC Z2945 Transcriptional activator FlhC NA 2.8
flhD Z2946 Transcriptional activator FlhD NA 3.8

a The COG category was assigned based on the annotation for E. coli O157:H7 strain EDL933. NA, no assigned category.
b The ratio of normalized hybridization intensities of the gene in RM6607R to that in RM6607W. All genes listed here passed the significance test as detailed in Materials and
Methods.
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TABLE 3 Differentially expressed genes that are related to catabolic activity in E. coli O157:H7 curli variants

Function group and
gene name ID Product COGa

Fold upregulation
in RM6607Rb

Fatty acid uptake or
metabolism

fadE Z0278 Putative acyl-CoA dehydrogenase COG1960I 5.7
hdhA Z2624 NAD-dependent 7-�-hydroxysteroid dehydrogenase COG1028IQR 2.0
fadD Z2848 Acyl-CoA synthetase, long-chain fatty acid–CoA ligase COG0318IQ 5.4
fadJ Z3604 Multifunctional fatty acid oxidation complex subunit � COG1250I 3.6
fadI Z3605 3-Ketoacyl–CoA thiolase COG0183I 3.1
fadL Z3608 Long-chain fatty acid outer membrane transporter COG2067I 4.4
ucpA Z3691 Short-chain dehydrogenase COG1028IQR 4.3
fadA Z5366 3-Ketoacyl–CoA thiolase COG0183I 4.2
fadB Z5367 Multifunctional fatty acid oxidation complex subunit � COG1250I 5.9
acs Z5668 Acetyl-CoA synthetase COG0365I 5.0
phoH Z1522 PhoB dependent, putative ATPase, involved in lipid metabolism and RNA

modification
COG1702T 3.7

Amino acid uptake or
metabolism

gltL Z0802 ATP-binding protein of glutamate/aspartate transport system COG1126E 2.4
gltK Z0803 Glutamate/aspartate transport system permease COG0765E 3.0
gltJ Z0804 Glutamate/aspartate transport system permease COG0765E 2.5
glnH Z1033 Glutamine ABC transporter periplasmic protein COG0834ET 2.3
Z2223 Z2223 Hemin-binding lipoprotein COG0747E 3.8
Z2224 Z2224 Transport system permease protein COG0601EP 2.4
Z2276 Z2276 Transport system permease protein COG1177E 6.7
Z2277 Z2277 Transport system permease protein COG1176E 3.8
Z2278 Z2278 ATP-binding component of a transport system COG3842E 5.5
Z2279 Z2279 Transport protein COG0687E 5.7
fliY Z3010 Cystine transporter subunit COG0834ET 6.4
hisP Z3568 Histidine/lysine/arginine/ornithine transporter subunit COG4598E 4.2
hisM Z3569 Histidine transport, membrane protein M COG4160E 2.1
hisQ Z3570 Histidine transport system permease protein COG4215E 2.7
hisJ Z3571 Histidine-binding periplasmic protein of high-affinity histidine transport system COG0834ET 2.8
argT Z3572 Lysine-, arginine-, and ornithine-binding periplasmic protein COG0834ET 3.9
oppD Z2022 Oligopeptide ABC transporter ATP-binding protein COG0444EP 2.2
dppA Z4961 Dipeptide transport protein COG0747E 2.4
ylbB Z0671 Putative hydantoin utilization protein COG0624E 2.9
cstA Z0740 Carbon starvation protein, cAMP-CRP dependent, involved in peptide utilization. COG1966T 3.0
cstC Z2780 Acetylornithine �-aminotransferase, participates in catabolism of amino acids COG4992E 4.9
dadA Z1952 D-Amino acid dehydrogenase subunit, catalyzes oxidative deamination of D-amino

acids
COG0665E 2.1

ydjS Z2776 Succinylglutamate desuccinylase, hydrolyzes N-succinyl-L-glutamate to succinate
and L-glutamate, participates in arginine and proline metabolism

COG2988E 4.5

Z2777 Z2777 Succinylarginine dihydrolase, catalyzes hydrolysis of 2-N-succinylarginine into 2-N-
succinylornithine, ammonia, and carbon dioxide in arginine degradation

COG3724E 6.0

Z2779 Z2779 Arginine succinyltransferase, participates in arginine and proline metabolism COG3138E 5.8
Z3717 Z3717 Putative ethanolamine utilization protein EutP COG4917E 2.6
gcvH Z4241 Glycine cleavage system protein H COG0509E 2.2
gcvT Z4242 Glycine cleavage system aminomethyltransferase T COG0404E 2.2
aspA Z5744 Aspartate ammonia lyase, participates in alanine and aspartate metabolism and

nitrogen metabolism
COG1027E 5.3

Carbohydrate uptake or
metabolism

nagE Z0826 Phosphotransferase system N-acetylglucosamine-specific transporter subunit IIABC COG1263G 2.5
Z2192 Z2192 ABC transporter ATP-binding protein COG1129G 2.5
ycjV Z2463 ABC transporter ATP-binding protein COG3839G 2.1
ugpE Z4819 Glycerol-3-phosphate transporter membrane protein, related to uptake of

glycerol-3-phosphate
COG0395G 2.4

ugpA Z4820 Glycerol-3-phosphate transporter permease COG1175G 3.1
ugpB Z4822 Glycerol-3-phosphate transporter periplasmic binding protein COG1653G 3.2

(Continued on following page)
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mutM, exo, and sms), cell envelope stress (spy and yiiO), or bacte-
rial defense (ykfE) displayed greater expression in RM6607W than
RM6607R (Table 4). It is noteworthy that many of these stress-
related proteins, especially heat shock proteins, are considered
general stress response proteins, because they provide cell protec-
tion under various stress conditions.

Core- and strain-specific differentially expressed genes be-
tween the curli variants of the 1993 hamburger-associated out-
break strains. Transcriptomic analyses of differentially expressed
genes between the curli variants of strain RM6608, a meat isolate
linked to the 1993 U.S. hamburger-associated outbreak, revealed
168 genes that were upregulated in RM6608R and 262 genes that
were upregulated in RM6608W. Compared with strain RM6607,
there were 76 and 82 common differentially expressed genes be-
tween the two C� variants (RM6607R and RM6608R) and the two
C� variants (RM6607W and RM6608W), respectively (Fig. 6A).
Similar to RM6607R, genes related to curli production, biofilm
formation, and bacterial virulence were also upregulated in
RM6608R (see Table S4 in the supplemental material). Although
induction of the flhCD operon was not observed in RM6608R, the
swimming motility test revealed that, similar to RM6607R, the
swimming zone of RM6608R (5.8 � 0.3 cm) was significantly
greater than that of RM6608W (4.9 � 0.2 cm; t test, P � 0.002).
Furthermore, a great number of genes related to lipid transport
and metabolism (I), carbohydrate transport and metabolism (G),
amino acid transport and metabolism (E), and energy production
and conservation (C) displayed higher transcription levels in
RM6608R than those in RM6608W, as we observed for RM6607R
(Fig. 6B). Similarly to RM6607W, a large number of upregulated
genes in RM6608W were related to stress fitness and prophage
induction (Fig. 6C; see also Table S5). Among the stress-related
genes, the number of upregulated genes conferring resistance to
acid stress and heat shock were the two ranked highest, similar to
what was observed for RM6607W (Fig. 6C).

The transcriptomics of group III curli variants also exhibited
strain-specific characteristics. For example, unlike in RM6607R,
more genes from COG functional categories of cell motility (N),
transcription (K), signal transduction (T), and defense (V) were
upregulated in C� variant RM6608R (see Table S4 in the supple-
mental material). Unlike RM6607W, a large number of genes re-
lated to translation (J) and nucleotide transport and metabolism

(F) were upregulated in RM6608W compared with its corre-
sponding C� variant (RM6608R) (see Table S5 in the supplemen-
tal material). However, it remains unclear how these strain-spe-
cific transcriptional differences impact the physiology of each
curli variant (C� or C�).

DISCUSSION

It has been well documented that intrapopulation diversity, intro-
duced by either genetic modification or phenotypic variations, is
an important mechanism of bacterial pathogenesis and niche ad-
aptation (1, 5). In a heterogeneous population, subgroups of bac-
teria may express certain phenotypes that confer survival fitness in
a particular niche, and such phenotypes have been demonstrated
for synthesis of cell surface proteins, LPS, capsule, and biogenesis
of cell appendages such as pili or flagella (71). We reported previ-
ously that intrastrain variations in curli production are wide-
spread in E. coli O157:H7 (7). Additionally, C� variants displayed
better growth under low-nutrient conditions and formed thicker
biofilms on glass surfaces under certain growth conditions, but
they were significantly more sensitive to acid challenge than their
corresponding C� variants (e.g., 100- to 10,000-fold). Unlike the
mechanism revealed in Salmonella, or in E. coli O157:H7 strain
EDL933, showing that increased curli production was due to mu-
tations in the csgD promoter (54, 64), or in E. coli strain K-12, in
which increased curli production resulted from mutations in the
ompR gene (68), all 24 E. coli O157:H7 variants examined in our
previous study had identical DNA sequences in both curli operons
(both genes and the intergenic regions, including the csgD pro-
moter) and the ompR gene. These observations led us to investi-
gate alternative mechanisms for generating inter- and intrastrain
variations in curli production.

The group III curli variants (isolated from the 1993 U.S. ham-
burger-associated outbreak strains) were the focus of this study.
The C� variants of group III were characterized by significantly
higher curli production than with group I C� variants (isolated
from the 2006 U.S. spinach-associated outbreak strains) (7). Con-
sistent with our previous phenotypic study, transcriptomic anal-
yses revealed a broad divergence in various cellular processes be-
tween the E. coli O157:H7 curli variants, represented by over 300
differentially expressed genes from 20 COG functional categories.
The higher growth rate of C� variants in diluted peptone water

TABLE 3 (Continued)

Function group and
gene name ID Product COGa

Fold upregulation
in RM6607Rb

xylF Z4991 D-Xylose transporter subunit XylF COG4213G 2.0
rbsB Z5252 D-Ribose transporter subunit RbsB COG1879G 2.3
Z5691 Z5691 Ribose ABC transporter ATP-binding protein COG1129G 2.1
Z5839 Z5839 ABC transporter ATP-binding protein COG1129G 2.2
Z2189 Z2189 Autoinducer-2 ABC transporter, periplasmic autoinducer-2-binding protein LsrB,

sugar ABC transporter
COG1879G 2.7

ytfQ Z5838 Periplasmic binding domain of ABC-type YtfQ-like transport systems COG1879G 2.7
mgsA Z1314 Methylglyoxal synthase, participates in pyruvate metabolism COG1803G 2.4
yneB Z2188 Aldolase, catalyzes a reversible aldol reaction COG1830G 2.6
manB Z3194 Phosphomannomutase, participate in fructose and mannose metabolism COG1109G 2.0
yeiQ Z3431 Putative oxidoreductase, may be related to metabolic pathways COG0246G 3.5
yihM Z5409 Hypothetical protein contains conserved domain pfam01261 (AP_endonuc_2) and

COG1082 [IolE], may be related to carbohydrate transport and metabolism
COG1082G 2.6

a The COG category was assigned based on the annotation for E. coli O157:H7 strain EDL933.
b The ratio of normalized hybridization intensities of the gene in RM6607R to that in RM6607W. All genes listed passed the significance test as detailed in Materials and Methods.
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(0.01%) was supported by higher expression of a large number of
genes related to catabolism and transport systems in these vari-
ants; similarly, the greater curli production and biofilm formation
by C� variants were supported by marked increases in transcrip-
tion of curli biogenesis genes (csgBAC and csgDEFG) and the gene
encoding AdrA, a diguanylate cyclase that produces c-di-GMP, an
allosteric activator of cellulose synthase. Indeed, enhanced cellu-
lose production in both C� variants RM6607R and RM6608R was
observed on calcofluor plates compared with RM6607W and
RM6608W, respectively (data not shown). The group III C� vari-
ants are distinguished by their higher resistance to both acid chal-
lenge (pH 2.5 for 2 h) and heat shock (55°C for 15 min) compared
to their corresponding C� variants. This stress fitness was sup-
ported by the large increase in expression of genes encoding com-
ponents of AR2 systems and acid resistance proteins and chaper-

ones, as well as several genes encoding molecular chaperones and
proteases. Additionally, slight increases in expression of several
genes related to DNA damage and repair was observed in C�

variants, which suggests additional stress fitness in this group of
C� variants. Although increased expression was observed in
group III C� variants for several genes related to cell resistance to
osmotic challenge, or oxidative stress, there were no marked dif-
ferences in cell survival after exposure to either NaCl-induced
osmotic pressure or H2O2-induced oxidative damage between the
C� and C� variants.

The transcriptomic signature of curli variants derived from
strain RM6607 appeared to be conserved in curli variants of strain
RM6608 regardless of the fact that more than half of the differen-
tially expressed genes were strain specific. The core transcriptomic
features between the two pairs of group III curli variants sup-

TABLE 4 Differentially expressed stress resistance genes in E. coli O157:H7 curli variants

Group and gene name ID Product COGa

Fold upregulation
in RM6607Wb

Acid resistance genes
gadC Z2216 Acid sensitivity protein COG0531E 99.2
yhiM Z4890 Hypothetical protein related to acid resistance NA 101.1
yhiD Z4920 Putative Mg2� transport ATPase COG1285S 5.3
hdeB Z4921 Acid resistance protein NA 100.8
hdeA Z4922 Acid resistance protein NA 83.2
hdeD Z4923 Acid resistance membrane protein COG3247S 70.6
gadA Z4930 Glutamate decarboxylase isozyme COG0076E 100.6

Heat shock resistance
genes

dnaK Z0014 Chaperone Hsp70, autoregulated heat shock protein COG0443O 3.0
dnaJ Z0015 Chaperone with DnaK, heat shock protein COG0484O 3.0
htpG Z0590 Chaperone Hsp90, heat shock protein C 62.5 COG0326O 2.7
cbpA Z1418 Curved DNA-binding protein, functions closely related to DnaJ COG0484O 2.8
grpE Z3907 Heat shock protein GrpE COG0576O 2.0
groES Z5747 Cochaperonin GroES COG0234O 3.7
groEL Z5748 Chaperonin GroEL COG0459O 3.5
ybbN Z0645 Trx-like protein, functions as molecular chaperone COG3118O 2.4
yrfH Z4754 Ribosome-associated heat shock protein Hsp15 COG1188J 2.3
lon Z0545 DNA-binding, ATP-dependent protease La; heat shock K protein COG0466O 2.2
clpB Z3886 Protein disaggregation chaperone COG0542O 3.5
hslU Z5478 ATP-dependent protease ATP-binding subunit COG1220O 2.2
hslV Z5479 ATP-dependent protease peptidase subunit COG5405O 2.6

Other stress resistance
genes

yecG Z2948 Universal stress protein UspC COG0589T 2.4
treF Z4932 Trehalase COG1626G 2.6
katE Z2761 Catalase, hydroperoxidase HPII(III) COG0753P 2.3
yhjA Z4931 Putative cytochrome c peroxidase COG1858P 3.2
topA Z2536 DNA topoisomerase type I, � protein COG0550L 2.4
mutS Z4043 DNA mismatch repair protein COG0249L 2.1
exo Z4115 Exonuclease IX COG0258L 2.6
mutM Z5059 Formamidopyrimidine-DNA glycosylase COG0266L 3.6
sms Z5990 DNA repair protein RadA COG1066O 2.5
spy Z2775 Periplasmic protein induced by stress response via Cpx and

BaeSR system; similar to CpxP
COG3678UNTP 2.8

yiiO Z5458 Periplasmic repressor CpxP related to envelope stress COG3678UNTP 2.1
ykfE Z0277 Defense, inactivate vertebrate C-type lysozyme NA 3.2

a The COG category was assigned based on the annotation for E. coli O157:H7 strain EDL933. NA, no category assigned.
b The ratio of normalized hybridization intensities of the gene in RM6607W to that in RM6607R. All genes listed here passed the significance test as detailed in Materials and
Methods.
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ported the common phenotypes segregating C� subpopulation
from the C� subpopulation. This set of differentially expressed
genes is due most likely to the inactivation of the RcsB regulator in
C� variants of both RM6607 and RM6608. The roles of RcsB in
curli production, acid resistance, cell motility, and biosynthesis of
colanic acids and type I pili, etc., have been reported previously
(20, 30, 35, 56, 67). The results of our study imply that RcsB may
regulate heat shock resistance and cell catabolic activity, either
directly or indirectly. The RcsCDB regulon has been characterized
in E. coli strain K-12 (25). Our data suggest that RcsB also regulates
O island genes (E. coli O157:H7-specific genes). For example,
there were 9 and 22 common upregulated O island genes in both
C� (see Table S2 in the supplemental material) or both C� vari-
ants (see Table S3), respectively. Among the 9 genes that are likely
repressed by RcsB, three (Z0463, Z1531, and Z5684) encode a

putative transcriptional regulator, one (Z0608) encodes a putative
outer membrane export protein, and two (Z3392 and Z3392) en-
code a protein belonging to the COG category Q (i.e., secondary
metabolites for biosynthesis, transport, and catabolism; see Table
S2); among the 22 genes that are likely activated by RcsB, 21 are
prophage genes (see Table S3). The large number of strain-specific
genes expressed differentially also suggests that each pair of curli
variants has independently inherited strain-specific characteris-
tics (genetic mutations or epigenetic modifications), which would
lead to further physiological divergence among variants of E. coli
O157:H7, even though those variants are highly genetically re-
lated (identical MLVA types). For example, induction levels for
genes related to O-antigen biosynthesis were observed only in
RM6607R. It is unclear if this differential expression would
lead to a physiologically significant change of O-antigen be-
tween RM6607R and RM6607W. Further comparison of ge-
nome sequences between the variants will provide insights into
the molecular basis of observed strain-specific gene expression
profiles.

Genetic modification is known to be an important mechanism
that drives population diversification. Recombination between
direct repeats often results in deletion of the DNA segment be-
tween the repeats, thus generating genetic variants within the pop-
ulation. Phenotypic variants resulting from such deletions have
been associated with bacterial virulence, production of LPS or
capsule, cell motility, and nutrient uptake in diverse groups of
bacteria, including the human pathogens P. aeruginosa, Y. pestis,
V. cholerae, H. influenzae, and E. coli (6, 18, 29, 36, 47, 52, 58).
Inactivation of RcsB in RM6607R and RM6608R results probably
from recombination between the 7-bp direct repeats that border
the deleted fragment in each variant. Recombination between
short direct repeats has been documented in E. coli via a recA-
independent mechanism, where the recombination between the
9-bp or the 13-bp direct repeat led to deletion of Tn5 transposon
DNA or of cloned DNA in the pUC18 plasmid, respectively (12,
60). In both C� variants, the rcsB sequence appeared to be a result
of precise excision between the direct repeat TCTCGCC in
RM6607R and the direct repeat CGGCGAT in RM6608R (Fig. 1).
A search for additional direct repeats within the rcsB gene (651 bp)
revealed 12 pairs of direct repeats (7 to 9 bp) that had the perfect
match sequence (see Table S6 in the supplemental material); how-
ever, further studies are required to determine whether other di-
rect repeats serve as recombination sites for generating rcsB dele-
tion mutations. Examination of the rcsB gene sequence in more
C� variant colonies (n 
 20) isolated from strains RM6607 and
RM6608 revealed identical deletions in all C� variants derived
from the same strain (data not shown). Supply of a functional rcsB
gene in a C� variant restored its resistance to acid stress and heat
shock but blocked curli production, confirming that the observed
phenotypic divergence between the group III curli variants of E.
coli O157:H7 is indeed due to the loss of RcsB function in the C�

variant.
Our study revealed the molecular basis of fitness segregation

between E. coli O157:H7 C� and C� variants of the 1993 U.S.
hamburger-associated outbreak strains. Considering the broad
regulatory functions of the response regulator RcsB, inactivation
of RcsB would lead to a substantial shift in the global gene expres-
sion profile and, consequently, the distinct survival fitness and
virulence potential between the variants. This study provides an
example of how genomic instability of E. coli O157:H7 promotes

FIG 6 Comparative transcriptomic analyses of E. coli O157:H7 group III curli
variants. (A) Number of common and strain-specific differentially expressed
genes between the two C� variants and the two C� variants. (B) Distribution
of genes related to energy production and nutrient uptake and metabolism in
two C� variants, RM6607R and RM6608R. (C) Distribution of genes related to
stress resistance in two C� variants, RM6607W and RM6608W.
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intrapopulation diversity, generating population variants carry-
ing distinct phenotypes that might be selected under certain eco-
logical niches, such as animal gastrointestinal tracts, natural envi-
ronments, food, and infected humans. It remains unclear whether
C� or C� variants are prevalent in an infected host. No significant
change was observed in the acid survival of a C� variant
(RM6607R) for cells in the mixed culture with the C� variant (mix
ratio of 1:1) compared with RM6607R in pure culture (data not
shown), suggesting that C� variants might be dominant during
passage through the host stomach. Although an acidic environ-
ment (pH 2.5) did not appear to promote the switch between the
curli variants, C� variants yielded C� variants under the anaero-
bic condition (7). Therefore, it is possible that after passing
through the host stomach, the population dynamics of E. coli
O157:H7 switch from a low to a high proportion of C� variants
once an anaerobic environment is established. Further studies on
the environmental stimulus that promotes inactivation of RcsB
would shed light on the role of natural curli variants in survival of
E. coli O157:H7 and the relevance of this survival fitness in trans-
mission of the pathogen from farm to food and ultimately to hu-
mans.
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