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Summary
Curli are adhesive fimbriae of Escherichia coli and Salmonella enterica. Expression of curli
(csgA) and cellulose (bcsA) is co-activated by the transcriptional activator CsgD. In this study, we
investigated the contribution of curli and cellulose to the adhesive properties of enterohemorragic
(EHEC) O157:H7 and enteropathogenic E. coli (EPEC) O127:H6. While single mutations in csgA,
csgD, or bcsA in EPEC and EHEC had no dramatic effect on cell adherence, double csgAbcsA
mutants were significantly less adherent than the single mutants or wild-type strains to human
colonic HT-29 epithelial cells or to cow colon tissue in vitro. Over-expression of csgD (carried on
plasmid pCP994) in a csgD mutant, but not in the single csgA or bscA mutants, led to significant
increase in adherence and biofilm formation in EPEC and EHEC, suggesting that synchronized
over-production of curli and cellulose enhances bacterial adherence. In line with this finding, csgD
transcription was activated significantly in the presence of cultured epithelial cells as compared to
growth in tissue culture medium. Analysis of the influence of virulence and global regulators in
the production of curli in EPEC identified Fis (factor for inversion stimulation) as a, heretofore
unrecognized, negative transcriptional regulator of csgA expression. An EPEC E2348/69Δfis
produced abundant amounts of curli whereas a double fiscsgD mutant yielded no detectable curli
production. Our data suggest that curli and cellulose act in concert to favor host colonization,
biofilm formation, and survival in different environments.
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Introduction
Non-pathogenic as well as human, avian, and animal pathogenic Escherichia coli isolates
and Salmonella enterica serovars produce adhesive fimbrial structures collectively referred
to as curli (Olsen et al., 1989; Collinson et al., 1991; Collinson et al., 1992; Provence and
Curtiss, 1992). Morphologically, curli are thin (2–5 nm diameter), coiled, highly aggregative
fibers of varying length that protrude from the bacterial surface as an amorphous matrix
(Olsen et al., 1989; Bian and Normark, 1997; Collinson et al., 1997; Prigent-Combaret et
al., 2000; Brown et al., 2001; Chapman et al., 2002). Curli fibers bind the Congo red dye
and certain host proteins including fibronectin, laminin, plasminogen, and major
histocompatibility complex class I molecules (Olsen et al., 1989; Olsen et al., 1998;
Johansson et al., 2001). Curli possess characteristics of amyloid fibers, which in
uropathogenic E. coli tend to form large aggregates during infection of the urinary tract by
uropathogenic E. coli (Chapman et al., 2002). Cytokine activation during human sepsis has
also been attributed to curli (Bian et al., 2000). In avian pathogenic E. coli isolates, curli
promote adherence to avian intestinal cells, internalization of HeLa cells (Gophna et al.,
2001), and persistence in the caecum of chickens (La Ragione et al., 1999). Curli are also
involved in the colonization of abiotic surfaces, the development of biofilms, and bacterial
auto-aggregation (Vidal et al., 1998; Dorel et al., 1999; Bian et al., 2000; Prigent-Combaret
et al., 2000). Together with cellulose, curli form a honeycomb-like structure that enables
biofilm development through bacteria-bacteria interactions and adhesion to biotic and
abiotic surfaces, conferring protection against environmental foes (Gerstel and Romling,
2001; Zogaj et al., 2001; Solano et al., 2002; Jain and Chen, 2007; Jonas et al., 2007; Gualdi
et al., 2008). Due to these features, curli are considered a virulence attribute in these bacteria
(Provence and Curtiss, 1992; Bian et al., 2000).

The nucleotide sequence, structure, and regulation of curli operons in S. enterica serovar
Typhimurium and E. coli are highly conserved (Romling et al., 1998). The biosynthesis and
assembly of curli fibers are directed by proteins encoded within two divergently transcribed
operons, csgDEFG and csgBA (Hammar et al., 1995). The CsgD protein (called AgfD in S.
enterica) directly regulates the transcriptional activation of the csgBA operon (Hammar et
al., 1995; Romling et al., 2000), while the expression of the csgDEFG operon is positively
or negatively regulated by a myriad of transcriptional regulators such as Crl, MlrA, Rcs, and
the two component systems OmpR/EnvZ and CpxA/CpxR (Vidal et al., 1998; Dorel et al.,
1999; Brown et al., 2001), as well as by global regulators RpoS, IHF, and H-NS (Barnhart
and Chapman, 2006). In addition, the production of the bacterial extracellular matrix is also
under the control of this complex regulatory network, as CsgD, indirectly regulates cellulose
production through the activation of the gene encoding AdrA, a protein involved in the
synthesis of cyclic-di-GMP that is necessary for cellulose production (Romling et al., 2000).

The role of curli in the pathogenesis of enteropathogenic E. coli (EPEC) and
enterohemorrhagic E. coli (EHEC), two major causes of diarrheal disease in the world, has
not been investigated in detail. Collectively, EHEC and EPEC are called attaching and
effacing E. coli (AEEC) because they adhere closely and efface the intestinal epithelium due
to the activity of type 3 secretion system effectors encoded on the locus of enterocyte
effacement (LEE) (Staley et al., 1969; Moon et al., 1983; McDaniel et al., 1995; Frankel
and Phillips, 2008). EPEC produces a type IV bundle-forming pilus (BFP) responsible for
promoting bacterial interactions within the microcolony (Giron et al., 1991); an outer
membrane protein called intimin, involved in the intimate attachment of the bacteria to the
cell membrane (Jerse et al., 1990); and flagella, which contribute to the adherence properties
of motile EPEC strains (Giron et al., 2002).
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EHEC serotype O157:H7 is an emerging food-borne pathogen responsible for hemorrhagic
colitis and the hemolytic uremic syndrome (HUS). A key aspect of EHEC infection is the
colonization of the gut mucosa and the production of two potent Shiga toxins (Paton and
Paton, 1998). So far, intimin is the only factor that has been demonstrated to play a role in
intestinal colonization in vivo (McKee et al., 1995). Several fimbriae have been identified in
EHEC O157:H7 and non-O157:H7 strains (Brunder et al., 2001; Srimanote et al., 2002;
Torres et al., 2002; Uhlich et al., 2002; Kim and Kim, 2004; Low et al., 2006), but their role
in human and bovine host colonization is unclear. Recently, we reported that pathogenic and
non-pathogenic E. coli strains produce an adhesion appendage called “E. coli common
pilus” or ECP, which confers the bacteria the ability to adhere to cultured epithelial cells
(Rendon et al., 2007). EHEC O157:H7 strains also produce adhesive type IV pili called
“hemorrhagic coli pilus” (HCP), which are proposed to be intestinal colonization factors
(Xicohtencatl-Cortes et al., 2007). It was suggested that certain EHEC strains produce curli,
which mediate attachment and invasion of human laryngeal epithelial cells (HEp-2) (Uhlich
et al., 2002; Kim and Kim, 2004). In this report, we investigated the role and contribution of
curli and cellulose in adherence of EPEC O127:H6 and EHEC O157:H7 to cultured
mammalian cells and in biofilm formation. In addition, the participation of virulence and
global regulators in the production of curli was studied.

Results
Production of curli by EPEC and EHEC strains at 37°C

Most pathogenic and commensal E. coli strains do not typically produce curli, especially at
mammalian host temperature (37°C) (Olsen et al., 1989; Uhlich et al., 2001; Chapman et al.,
2002). The production of curli and its role in epithelial cell adherence by prototypic EPEC
and EHEC strains has not been investigated in detail. We began this study by investigating
curli production in prototypic EPEC (O127:H6) strain E2348/69 and EHEC (O157:H7)
strain EDL933 under growth conditions that are permissive for curli production, e.g. growth
on low-salt medium (tryptone agar [T-medium]) at 37°C (Collinson et al., 1991). We
observed the presence of fimbrial structures on EPEC E2348/69 and EHEC EDL933 (Fig. 1
and Table 1), which were recognized by anti-curli E. coli K-12 antibodies by immunogold
labelling, confirming the identity of the fibers as curli (data not shown). For further
characterization, these flexible fibers were purified from EPEC E2348/69 and found to be
composed of a protein that migrated with an apparent molecular mass of 17 kDa, whose N-
terminal amino acid sequence (GVVPQYGGGGGN) matched the N-terminus of CsgA, the
major subunit of curli (Collinson et al., 1992). Purified EPEC curli was used to raise
antibodies in rabbit by three weekly subcutaneous injections, and these antibodies were
employed in subsequent studies.

To determine whether the ability to produce curli was a general feature of AEEC strains, the
production of curli was monitored in a bacterial collection after growth on T-medium at
37°C by electron microscopy, Congo-red binding, and ELISA. This collection included a
subset (n=13) of strains belonging to different EPEC serotypes (O111:NM, O86:H34,
O86:NM, O55:H6, O55:H−, O119:H6, O127:H6, and O128:H2) (Gismero-Ordonez et al.,
2002) and a subset of 12 EHEC strains of serotypes O157:H7, O55:H7, O111:H8, O117:H4,
and O113:H21 (Table 2). We found that the majority of these strains, 11 of 13 EPEC and 9
of 12 EHEC, produced curli under the experimental conditions tested here (Table 2). These
results are in contrast to previous reports showing that most EHEC strains do not produce
curli (Uhlich et al., 2001).
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Analysis of curli-negative isogenic strains
To investigate the role of curli in adherence of AEEC to cultured epithelial cells, we
constructed csgA (curli subunit gene) and csgD (activator gene of csgBA) mutants by allelic
exchange (Datsenko and Wanner, 2000). The resulting csgA and csgD mutants did not
produce the curli fibers seen in the wild-type strains (Fig. 1A). We also confirmed that the
mutants lacked curli production as determined by immunoblotting of formic acid-treated
whole bacterial cell extracts reacted with anti-EPEC curli antiserum (Fig. 1B).
E2348/69ΔcsgA and EDL933ΔcsgA were complemented with E2348/69 csgBA carried on
plasmid pCsgA, to yield strains E2348/69ΔcsgA(pCsgA) and EDL933ΔcsgA(pCsgA) (Table
1). In both trans-complemented strains the ability to produce curli was restored (Fig. 1A and
B). E2348/69ΔcsgD and EDL933ΔcsgD were complemented with csgD carried on plasmid
pCP994, which has been reported to over-express CsgD in E. coli K-12 (Prigent-Combaret
et al., 1999). The resulting strains produced identical structures as the parental strains (Fig.
1).

Role of curli and cellulose in adherence to epithelial cells and cow intestinal explants
We tested the ability of AEEC csgA and csgD mutants to adhere to human cervix HeLa or
colonic HT-29 cells for 3 and 6 h. The results obtained were similar with both cell lines at
the different incubation times employed. The E2348/69-derived csgA and csgD mutants
were still able to adhere forming microcolonies similar in size as those produced by the
parental wild-type strains (data not shown). These observations were supported with
comparative analysis in which the number of bacteria adhering to HT-29 cells was
quantified by plating out serial dilutions (Table 3). EPEC and EHEC csgA and csgD mutants
did not show a marked reduction in adhesion to epithelial cells, most likely because they are
still able to produce other adhesins such as intimin, BFP and ECP in the case of EPEC, and
intimin, ECP and HCP in the case of EHEC (Jerse et al., 1990;Giron et al.,
1991;Donnenberg et al., 1992;Rendon et al., 2007;Xicohtencatl-Cortes et al., 2007).
Complementation of the csgA mutant strains with plasmid pCsgA restored adherence,
rendering strains slightly more adherent (Table 3). Interestingly, the adherence levels
displayed by E2348/69ΔcsgD(pCP994) and EDL933ΔcsgD(pCP994) strains were
significantly elevated (6.7-fold and 5.0-fold, respectively) compared to their parental strains
(Table 3). Both of these strains adhered extensively to the cell surface and formed large
aggregates of bacteria throughout the glass substratum and were highly curliated, as shown
by high-resolution SEM and immunofluorescence using anti-curli antibody (Fig. 2).

CsgD is a transcriptional activator of curli and indirectly of cellulose biosynthesis (Romling
et al., 2000; Brombacher et al., 2006). To determine if the hyper-adherence phenotype
observed in the ΔcsgD strains complemented with pCP994 was also related to the
overproduction of cellulose, we constructed cellulose-negative (ΔbcsA) in AEEC strains
(Table 1). Isogenic E2348/69ΔbcsA and EDL933ΔbcsA strains lacked production of
cellulose as determined qualitatively by the calcofluor-binding assay (Table 3).
EDL933ΔbcsA and E2348/69ΔbcsA showed 76% and 19% reduction in adherence
respectively, in comparison to their parental strains (Table 3), suggesting that under the
conditions tested cellulose might play a more important role in EHEC than in EPEC
adherence to human cells. By restoring bcsA in these mutants with plasmid pBcsA (Table 1),
adherence was brought back to wild-type levels (Table 3). In contrast, even when expression
of CsgD from pCP994 in the ΔcsgA and ΔbcsA strains had a variable compensatory effect in
adhesion for the ΔcsgA strains and for the EDL9333ΔbcsA strain, it did not render hyper-
adherent strains as seen in E2348/69ΔcsgD(pCP994) and EDL933ΔcsgD(pCP994) (Table
3). According to these data, it is reasonable to propose that the hyper-adherence phenotype
was the result of over-production of both curli and cellulose, which act synergistically to
promote cell adherence. To confirm this hypothesis, double mutants csgAbcsA were
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constructed in AEEC strains (Table 1). The resulting double mutants were 85–88% reduced
in adherence to HT-29 cells, in comparison to parental strains and showed the poorest
adherence levels of all strains tested (Table 3).

Next, we wanted to know if curli and/or cellulose had any role in bovine gut tissue
adherence, particularly for EHEC since this organism lives in cattle. In agreement with the
results obtained above with tissue culture cells, adherence of E2348/69 and EDL933 csgD,
csgA and bcsA mutants to cow colon explants was diminished, to different extent, in
comparison with the wild-type strains. Furthermore, the ΔcsgAΔbcsA strains were much less
adherent than any of the single mutants (Table 3). Taken together, our data strongly suggest
that curli and cellulose are co-produced and function in concert promoting human and
bovine epithelial cell adherence.

Over-expression of curli favors biofilm formation
Curli has been associated with the formation of biofilms in S. enterica and E. coli strains
including EHEC(Dorel et al., 1999; Prigent-Combaret et al., 2000). Here we tested wild
type E2348/69 and EDL933 strains and their isogenic csgD mutants complemented or not
with plasmid pCP994 for biofilm formation on glass coverslips after incubation for up to 24
h at 37°C. We found that both wild type and ΔcsgD strains adhered poorly to the glass
surface and were unable to produce biofilms at 37°C in T-medium (Fig. 3A and 3F). In
contrast, both of the AEEC ΔcsgD strains carrying (pCP994) produced a dense biofilm (Fig.
3A, 3B, 3F and 3G), which was most likely associated with over-production of curli and
cellulose. The biofilm produced by these strains appeared by SEM as tri-dimensional
aggregates of bacteria forming tall mushrooms with open water channels (Fig. 3C and 3H).
Furthermore, when analyzed at higher magnifications, long fine filaments forming a
meshwork resembling spider webs were observed (Fig. 3D and 3I) similar to those seen in
the cell adherence assay (Fig. 2). The presence of curli filaments within the biofilm was
confirmed by immunogold labelling (Fig. 3E) or immunofluorescence (Fig. 3J), using anti-
curli antibodies; no reaction was seen with the pre-immune antiserum (data not shown).

Role of global and virulence regulators in curli expression
Considering the relevance that curli and cellulose may have during the interaction of AEEC
with host cells, we first sought to determine if expression of the gene coding for CsgD was
activated under the same growth conditions that trigger production of essential virulence
factors such as T3SS products and BFP in EPEC, namely, growth in DMEM in the presence
or absence of HT-29 epithelial cells at 37°C. A csgD::lacZ transcriptional fusion contained
in plasmid pW5lac (Uhlich et al., 2001) was introduced in E2348/69 and β-galactosidase
activity was measured after growth from 0 through 15 h. As shown in figure 4, csgD::lacZ
was active in both conditions rendering slightly higher levels of expression in the presence
of HT-29 cells (Fig. 4). No significant activity was observed in the negative control
consisting of E2349/69 with the lacZ gene alone in pMLB1034. A range of pH between 6.8
and 8.4 was found to be optimal for csgD activation (data not shown). That CsgD is
expressed under conditions that also favor the expression of other EPEC virulence factors is
in agreement with the data showing that curli and cellulose are produced in contact of the
bacteria with host cells at 37°C (Fig. 2 and data not shown) and that AEECΔcsgAΔbcsA
strains are severely affected in adherence.

Studies in E. coli K-12 and S. enterica serovar Typhimurium have well established that
global regulators such as H-NS, IHF, and RpoS among others, are part of a complex
regulatory network that controls curli production (Olsen et al., 1993b; Barnhart and
Chapman, 2006). In this context, we then sought to investigate what influence, if any, other
global and AEEC-specific virulence regulators have on the expression of curli. The
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production of curli was measured in isogenic strains derived from EPEC E2348/69 mutated
in global (H-NS, IHF, Fis, and QseA) and virulence (GrlA, GrlR, Ler, PerA, and PerC)
regulatory genes by ELISA using anti-curli antibodies. In contrast to the important role that
virulence regulators play in production of BFP or LEE-encoded genes (Mellies et al., 2007),
we did not see any apparent effect of these regulators in the production of curli (Fig. 5).
However, analysis of EPEC mutants in global regulatory genes identified Fis (factor for
inversion stimulation) as a negative transcriptional regulator of curli, as demonstrated by the
3.9-fold increase in curli production in the EPECΔfis mutant with respect to the wild type
(Fig. 5). Likewise, no effect was seen in the absence of IHF, which has been shown to play a
positive role in csgD expression in S. Typhimurium (Gerstel et al., 2003).

Fis is a negative regulator of curli
As described above, curli expression is enhanced in the absence of Fis in bacteria growing in
T-medium (Fig. 5). In order to further characterize the role of Fis as a putative negative
regulator of curli expression, wild type E2348/69 and its Δfis derivative were grown in LB
broth, a non-permissive growth medium for curli production in E2348/69 (Fig. 6A–E). In
contrast, expression of curli in E2348/69Δfis was derepressed in this medium, as
demonstrated by the abundant assembly of curli fibers on the surface of this strain (Fig. 6B)
and the presence of CsgA subunit in whole cell extracts (Fig. 6D), as well as for its
temperature- (Fig. 6C) and growth phase-independent expression, which was observed from
the first hour of growth (early phase) (Fig. 6E). Complementation of E2348/69Δfis with
plasmid pFis reduced the production of curli to wild-type levels (Fig. 6C and D). Further,
consistently with the role of Fis as a negative regulator, we observed a significant increase in
cell adherence in the fis mutant (Fig. 7A and B), which was independent of BFP since BfpA
production in this mutant was comparable to that of the wild-type strain (Fig. 7C).

Based on these results, we sought to investigate if this negative effect was the result of
repression of the gene encoding the positive regulator CsgD. Thus, the csgD::lacZ
transcriptional fusion contained in plasmid pW5lac (Uhlich et al., 2001) was introduced in
E2348/69 and in its different regulatory mutants (Table 1) and β-galactosidase activity was
measured after growth in T-medium at 37°C (data not shown). Transcription analysis of the
csgD promoter indicated that only in the hns mutant was there an increase in csgD
expression; while the mutations in fis had no effect (data not shown). These results strongly
suggest that the negative effect of Fis on curli expression is at not at the level of csgD, but of
csgA transcription.

Furthermore, in order to determine if there is an antagonist effect between Fis and CsgD in
curli expression, a double mutant (ΔfisΔcsgD) was created. This mutant yielded no
detectable values of curli production (data not shown), indicating that even in the absence of
Fis, the CsgD regulator is essential for curli expression. This is to our knowledge the first
report in which Fis is shown to play a significant role in curli regulation.

Discussion
It is generally thought that although all E. coli K-12 strains carry csgA, only a subset of them
can transcribe the gene and that growth at 37°C represses production of curli in most E. coli
strains (Olsen et al., 1989; Olsen et al., 1993b; Uhlich et al., 2001). In the present study, we
found reproducibly that the majority of EPEC and EHEC strains of heterologous serotypes
tested were able to assemble curli fibers while growing on salt-less T-medium at 37°C
(Table 2), suggesting that the fimbriae could be produced in their human or bovine hosts.
Genetic differences amongst E. coli strains and the use of different temperature and
bacteriological growth media, e.g. CFA, Yesca or T-medium by several workers to monitor
the presence of curli on E. coli isolates may account for the differences in curli production
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observed between strains (Olsen et al., 1989; Collinson et al., 1991; Uhlich et al., 2001;
Bokranz et al., 2005).

Despite the potential role of curli in the adherence mechanisms of AEEC strains, the lack of
curli production in E2348/69 and EDL933 csgA and csgD mutants did not significantly
affect the ability of the strains to adhere to host cells under the conditions tested here (Table
3). That AEEC curli mutants are still able to adhere to epithelial cells may be explained
considering the repertoire of redundant adhesins produced by these organisms (Giron et al.,
1991;McKee et al., 1995;Phillips and Frankel, 2000;Rendon et al., 2007;Xicohtencatl-
Cortes et al., 2007). Interestingly, AEEC csgD mutants complemented with csgD in trans
were much more adherent to epithelial cells and efficient in biofilm formation than the wild-
type strains, due most likely to hyper-production of curli and cellulose. These strains
generated a dense fibrillar meshwork containing curli, in which the adhering bacteria were
embedded, was demonstrated by several immunoassays (Fig. 2 and Fig. 3). It is also
expected that cellulose be present within this fibrillar meshwork as cellulose is the second
component of bacterial extracellular matrix (White et al., 2003) and its biosynthesis is also
positively regulated by CsgD (Romling et al., 2000). In fact, the complementation of single
csgA and bcsA mutants with csgD in trans did not render hyper-adherent strains, indicating
that neither component alone is sufficient to promote adherence. This notion is also
supported by the significant decrease in adherence to HT-29 cells and cow bovine tissue in
vitro observed for AEEC double mutants (ΔcsgAΔbcsA) (Table 3). These results suggest a
synergistic effect between curli and cellulose, which under wild-type conditions would favor
adherence to epithelial cells in a host. In all, these observations indicate that curli and
cellulose may function simultaneously as accessory adhesive factors of AEEC by promoting
tight interactions between bacteria favoring host colonization or biofilm development. It is
apparent though, that this may not be a generalized feature among the E. coli, since in E. coli
K-12 MG1655 cellulose seems to affect curli-mediated adhesion (Gualdi et al., 2008).

Here we have shown that AEEC strains produce curli during adhesion to cultured epithelial
cells. Since CsgD also enhances cellulose production, most likely through its effect on the
expression of the adrA gene (Zogaj et al., 2001) reviewed in Barnhart and Chapman 2006),
it was then expected that regulation of curli expression in AEEC strains was mainly exerted
by controlling csgD expression. In agreement with our phenotypic analysis of curli
expression in AEEC, by measuring csgD::lacZ transcriptional activity in EPEC in the
absence (e.g. DMEM alone) or presence of epithelial cells and at different pHs, we found
that csgD is significantly activated in the presence of cultured epithelial cells and in a pH
range of 6.2 to 8.4 (Fig. 4 and data not shown). We found that beyond 9 h of infection of
cultured cells, the levels of csgD appeared to be down-regulated. It was previously reported
that CsgD does not regulate its own expression and it was suggested that when cultures are
in high osmolarity medium, the Rcs and Cpx pathways negatively regulate csgD (Hung et
al., 2001; Ferrieres and Clarke, 2003; Jubelin et al., 2005; Barnhart and Chapman, 2006).
After 9 h of infection, the composition in the cell culture medium changes due to bacterial
overgrowth, and this might allow the expression of Cpx or Rcs pathways and consequently
down-regulation of csgD expression may occur. In agreement with our data, growth in the
presence of epithelial cells trigger the expression of other adhesins in AEEC strains
(Donnenberg et al., 1992; Puente et al., 1996; Kenny et al., 1997; Mellies et al., 2007),
suggesting that curli and cellulose may be expressed under conditions that might mimic, in
part, those prevailing in the human gut mucosa. Based on this notion, we explored the
possibility that curli expression could be coordinated with other virulence attributes by
controlling csgD expression through specific virulence gene regulatory proteins, such as Ler,
GrlA, GrlR, Per A, and PerC, as well as via global regulators that have been involved in
virulence gene control, such as H-NS, IHF, and Fis (Mellies et al., 2007). However, none of
the regulators tested had an effect on csgD or curli expression, except for H-NS that has a
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negative role (data not shown), as has been previously shown for the expression of the
csgBA promoter (Arnqvist et al., 1994) or of EPEC virulence factors (Mellies et al., 2007).
We then explored a possible regulatory link between curli regulator CsgD and EPEC
virulence factors. However, neither the mutation nor the over-expression of csgD affected
the production of BFP, intimin, flagellin, Tir, or secreted proteins (EspA, EspB, and EspD)
or the formation of AE lesions (data not shown).

Thus, we then evaluated if any of the the regulators investigated could have a potential role
in the regulation of curli at a different level and so curli production and assembly in the
EPEC isogenic mutant strains was analyzed by ELISA (Fig. 5). As for csgD, AEEC specific
virulence gene regulators did not show an effect on curli expression; however, curli
production was significantly enhanced in the fis mutant (Fig. 5 and 6), which was also
hyper-adherent and developed a biofilm much more efficiently (Fig. 7). As the mutation of
the fis gene does not affect the expression of csgD (data not shown), but strongly enhances
the expression of CsgA, we sought to investigate the possibility that CsgD acts as a Fis
antagonist to control curli expression. However, the csgD mutation in the Δfis background
completely abrogated curli production and the hyper-adherence phenotype (data not shown),
indicating that with or without Fis, CsgD is essential for curli expression in EPEC.

Fis is considered the most abundant nucleoid-associated protein in exponentially growing E.
coli, reaching up to 50,000 molecules per cell that dramatically drop during stationary phase
(Ball et al., 1992; Ali Azam et al., 1999). Fis binds DNA as a homodimer to a degenerate
15-base pair sequence (Shao et al., 2008) and has been shown to regulate, in a growth phase-
dependent fashion, different processes including site-specific DNA inversions, as well as the
transcription of more than 200 genes including rRNA and tRNA genes (Bradley et al., 2007;
Shao et al., 2008).

Curli genes are maximally expressed during stationary phase and their expression is
dependent upon RpoS (Arnqvist et al., 1994), which means that the transcription of csgA is
under the control of an environmental program that responds positively to low temperature,
low osmolarity, and stationary phase growth conditions (Olsen et al., 1993a; Pratt and
Silhavy, 1998). The fact that curli are mainly produced during the stationary phase of
growth when Fis levels are low is in line with our finding that Fis acts as a negative
regulator of curli expression. Based on our data, it is tempting to speculate that during early
exponential growth, Fis and H-NS repress the expression of the csgBA operon, which is
consistent with the notion that many promoters regulated by Fis are also regulated by H-NS
(Dorman, 2007). During the transition to stationary phase, a drop in Fis concentration may
allow CsgD, together with other regulatory factors, to overcome H-NS repression on the
csgBA promoter and in consequence, curli assembly. In the absence of Fis, curli is
abundantly expressed during early growth phase (Fig. 6); thus, in the context of the
intestinal environment, it is likely that once the bacteria have colonized the small intestine
the expression of curli and cellulose would occur leading to stabilization of the bacterial
microcolony. Overall, adding Fis to the complex regulatory network of curli expression was
of particular interest because, to our knowledge, this is the first report linking Fis to the
regulation of curli and in general of fimbrial genes.

The ability of EPEC and EHEC strains to express adhesive curli and cellulose under
intestinal and/or extra-intestinal environments suggests an adaptive advantage for
pathogenic bacteria to grow and survive in diverse biological niches. Certainly, the
development of curli-mediated adherence and biofilm formation in the intestinal tract could
contribute to colonization and disease. It remains to be elucidated if production of curli in
vivo, in humans or in bovines, is a pre-requisite for infection and colonization.
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Experimental procedures
Bacterial strains and growth conditions

AEEC strains and isogenic derivatives employed are listed in Table 1. The production of
curli on these strains was studied after growth of the bacteria at 37°C on 1% tryptone
medium (T-medium, pH 7.2) (Collinson et al., 1991), unless otherwise stated.. When
required, antibiotics kanamycin (50 μg/ml), ampicillin (200 μg/ml) and chloramphenicol (30
μg/ml) were added to the media.

Ultrastructural studies
The presence of pili on bacterial cells was visualized by transmission electron microscopy
(TEM) and immunogold labelling. For TEM, 10 μl of bacterial samples were negatively
stained on Formvar carbon–coated grid with 1% sodium phosphotungstic acid (pH 7.2), and
examined under a Philips transmission electron microscope. For immunogold-EM, primary
rabbit anti-E. coli K-12 curli antibody (kindly donated by Corinne Dorel) and goat anti-
rabbit IgG labeled with 10-nm gold particles (BBI International) diluted 1:10 in PBS
containing 1% (wt/vol) bovine serum albumin (BSA) were used (Giron et al., 2002). For
scanning electron microscopy (SEM), infected cells were fixed with 2% formalin in PBS
and postfixed with 1% osmium tetraoxide. Samples were dehydrated by sequential ethanol
concentrations, dried to critical point, and coated with a mixture of gold and palladium (de
Oliveira-Garcia et al., 2002). Specimens were examined in a high-resolution Leo scanning
electron microscope.

Curli purification
EPEC E2348/69 was grown on T-medium agar at 37°C to induce curli production. The
fibers were detached by vigorous shaking and purified by differential centrifugation
followed by ultracentrifugation in a cesium chloride-1% sarkosyl gradient (Tacket et al.,
1987). After extensive dialysis the samples were treated with 90% formic acid (Collinson et
al., 1991) and analyzed by sodium dodecyl-sulphate polyacrylamide gel electrophoresis
(SDS-PAGE) (Laemmli, 1970). The presence of curli was confirmed by TEM. A protein
band of 17-kDa was excised and subjected to N-terminal sequence analysis (Protein and
Nucleic Acid Facility at Stanford University). The purified EPEC curli were used to raise
antibodies in rabbit by injection of 4 weekly doses of the antigen (Lampire Biological
Laboratories).

SDS-PAGE and immunoblotting analysis
Bacterial suspensions were adjusted to an absorbance of 0.7 at OD600. Equal numbers of
bacteria were used to prepare whole cell extracts using formic acid and electrophoresed in
16% SDS-PAGE gels (Collinson et al., 1991). Anti-DnaK was used as a control for protein
loading. The gels were stained with Coomasie blue or electroblotted onto PVDF membranes
and the immobilized proteins were reacted with primary antibodies against curli, followed
by incubation with goat anti-rabbit IgG conjugated to peroxidase (Sigma Aldrich). The
substrate was a chemo-luminescent reagent (Amersham).

Flow Cytometry
Flow cytometry was used to detect the expression of curli. The strains were growth in LB
media overnight at 37°C and 45-μl aliquots were incubated with 25 μl of anti-curli
antibodies using a dilution of 1:500 for 1 h on ice. After three gentle washes with PBS, the
bacteria were resuspended in 25 μl of a dilution 1:500 of goat anti-rabbit IgG (H+L) Alexa
Fluor conjugate (Invitrogen). After 1 h incubation at 4°C, the bacteria were gently washed
three times with PBS and resuspended in 800-μl final volume of PBS. For the analysis, the
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bacteria were labelled with 3 μl of a propidium iodide solution (Sigma Aldrich). Propidium
iodide was visualized through a 42-nm band pass centered at 585. The FITC fluorescence
emission was collected through a 30-nm band-pass filter centered at 530 in which 50,000
events were measured. The samples were analysed at the ARL Biotechnology/ACCC
Cytometry Core Facility at the University of Arizona, by using a FACScan (Becton
Dickinson, Franklin Lakes, NJ). The experiments were performed in triplicate at least 3
times on separate days and the data are expressed as the mean of the averages of the results
obtained from the 3 experiments performed. Standard deviations are represented by error
bars and represent the average of all the results obtained from the 3 experiments performed.

Construction of isogenic mutants
Non-polar deletion mutants in csgA, bcsA, fis, and csgD genes were generated by the lambda
Red recombinase method previously described (Datsenko and Wanner, 2000). The primers
employed for DNA amplification are listed in Table 4. Primers csgA/H1P1 and csgA/H2P2
and primers bcsA/H1P1 and bcsA/H2P2 were employed to mutate csgA and bcsA,
respectively. Primers csgD/H1P1 and csgD/H2P2 and primers fis/H1P1 and fis/H2P2 were
employed to mutate csgD and fis, respectively. Primers flanking the csgA, bcsA, fis, and
csgD genes as well as primers inside the kanamycin and chloramphenicol resistance gene
were used to confirm the required gene replacement by PCR. To complement the fis
mutation, fis gene was amplified from E2348/69 using the primers G260 and G261 and
cloned into the BamHI and HindIII sites in pUC19 vector. Primers G74 and G75 were used
to amplify a region of 1,645 bp of the csgBA operon of E2348/69 including the promoter
region, using Taq polymerase (Invitrogen). The amplicon obtained was cloned into pBAD
TOPO TA (Invitrogen) yielding plasmid pCsgA, and since transcription of csgBA is under
control of the native promoter, no induction with arabinose was necessary. To complement
the bcsA mutation, primers G445 and G446 were used to amplify a region of 2,767 bp of the
bcsA operon of EPEC and cloned into the EcoRI and HindIII sites in pUC19 vector. Mutants
in csgA, bcsA, csgD and fis were complemented with pCsgA, pBcsA, pCP994 (Prigent-
Combaret et al., 1999) or pFis, respectively (Table 1).

Interaction with eukaryotic cells
The adherence and immunofluorescence assays were performed using HeLa and HT-29 cells
(Giron et al., 2002). The cell monolayers were infected for 3 or 6 h, washed with phosphate
buffer saline (PBS, pH 7.4), fixed with 2% formalin, and then stained with Giemsa. For
immunofluorescence, rabbit anti-EPEC curli antibodies were added for 1 h and secondary
anti-rabbit IgG Alexa-conjugated antibodies (Molecular Probes) were added for an
additional hour. The samples were mounted on glass slides to be observed under UV light
and phase contrast using an AX10 Imager. A1 Zeiss microscope. To quantify adherence, the
infected cells were washed and lysed with PBS-0.5% Triton X-100, serial diluted, and plated
onto LB agar with appropriate antibiotics to count the number of adhering bacteria,
represented as colony-forming-units (CFUs). The experiments were performed in triplicate
at least 3 times on separate days and the data are expressed as the mean of the averages of
the results obtained from the 3 experiments performed. Standard deviations are represented
by error bars and represent the average of all the results obtained from the 3 experiments
performed. Replica samples were stained with Giemsa and examined by light microscopy.

Adherence to cow intestinal explants
Bovine intestinal tissue obtained from a cow (kind gift of the Meat Science Laboratory,
University of Arizona) was rinsed thoroughly with PBS (pH 7.4), cut into 8 × 8 mm squares
(0.8 g of weight), split open with a scalpel, and then flushed with HEPES-Hanks buffer (pH
7.4) to remove debris. The tissues in 1 ml of DMEM were incubated at 37°C for 6 h with
106 bacteria; previously grown overnight in T-medium broth to induce activation of curli.
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After washing with PBS, the attached bacteria were detached by vortexing for 10 minutes
with glass beads and then serially diluted and plated onto MacConkey agar to obtain CFUs.
The results shown are the mean of the averages of 3 experiments performed in triplicate on
separate days. Standard deviations are represented by error bars and represent the average of
all the results obtained from the 3 experiments performed.

ELISA
A standard ELISA was performed to determine and quantitate the presence of curli using
96-well plates coated with 100 μl of bacterial suspension of E2348/69 wild-type strain and
isogenic mutants in different global and virulence regulator genes adjusted to OD600 0.7 in
carbonate buffer (pH 9.6). After overnight incubation at 4°C, the plates were washed and
blocked for 2 h with PBS-BSA. After washing with PBS-0.5% Tween-20, the plates were
first incubated for 1 h with 1:5,000 dilutions of rabbit anti-EPEC curli antiserum. Goat anti-
rabbit IgG conjugated to alkaline phosphatase was added for 1 h followed by phosphatase
substrate. The development of color was read at an OD405 in an ELISA reader (Multiskan
EX). Pre-immune antiserum was used as negative control. The experiments were performed
in triplicate at least 3 times on separate days and the data are expressed as the mean of the
averages of the results obtained from the 3 experiments performed. Standard deviations (SD)
are represented by error bars and represent the average of all the results obtained from the 3
experiments performed.

Congo Red dye and calcofluor staining
Curliated bacteria stain red when grown on plates supplemented with the diazo dye Congo
red (100 μg/ml) (Collinson et al., 1993). EPEC and EHEC strains and isogenic derivatives
employed were grown in T-medium agar containing Congo red. Indication for cellulose
production was obtained when fluorescent colonies were observed under a 366-nm UV light
source after growth on T-medium containing 50 μm Calcofluor (fluorescent brightener 28)
(Romling et al., 2003).

Biofilm assay
Adhesion to abiotic surfaces was analyzed at 37°C using a 40 μl aliquot of an overnight
culture of bacteria grown in LB broth that was added to the wells containing 500 μl of T-
medium and incubated for 24 h using 24-well plates (Nunc) with or without glass coverslips
(Vidal et al., 1998). After washing three times with PBS, the bound bacteria were fixed with
2% formalin, stained with Crystal Violet and visualized under a light microscope or
processed for SEM as described above.

β-Galactosidase assays
E2348/69 wild-type strain and mutants in different global and virulence regulator genes
containing the csgD::lacZ fusion were grown with shaking for 21 h at 37°C in LB, diluted
1:100 and grown at 37°C to mid-log phase (OD600 of 0.5–1) in fresh T-medium, DMEM or
DMEM with HT-29 cells. The bacterial pellets were diluted in Z buffer and assayed for β-
galactosidase activity using ONPG (Sigma-Aldrich) as a substrate, as described previously,
and expressed in Miller units (Miller, 1972, 1992). The β-galactosidase experiments were
repeated at least three times in triplicate on separate days and the data are expressed as the
mean of the averages of the results obtained from the 3 experiments performed. Standard
deviations are represented by error bars and represent the average of all the results obtained
from the 3 experiments performed.
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Statistical Analysis
Data corresponding to adherence assays were compared using ANOVA and then the T-
student test. The significance level was 5% in all tests. The SPSS statistical package was
used.
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Fig. 1.
Analysis of curli fibers production in AEEC strains. (A) Electron micrographs of wild-type
and derivative strains showing lack of curli fibers on the curli csgA and csgD mutants. The
AEEC csgA and csgD mutants carrying pCsgA or pCP994 rshowed production of curli
fibers. (B) Immunoblots of whole cell extracts of AEEC and derivative strains showing
curlin, the samples were treated with formic acid before SDS-PAGE. Detection of DnaK
with anti-DnaK antibody was used to ensure equal amounts of antigen tested. Scale bars,
250 μm.
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Fig. 2.
Adherence of AEEC to cultured HT-29 epithelial cells. Cell monolayers were infected for 3
h with EPEC E2348/69, EHEC EDL933, and AEECΔcsgD(pCP994). Note the dramatic
increase in adherence by the complemented strains, which produced abundant fibrillar
meshwork by SEM and which contained curli (green) as determined by immunofluorescence
(IF) using anti-curli antibody. Light microscopy micrographs are at 170X or 300X as
indicated. Scale bars, 1 μ.
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Fig. 3.
Role of curli in biofilm formation. (A) and (F) Crystal violet uptake by biofilms produced by
wild-type, ΔcsgD, and ΔcsgD(pCP994) strains on glass coverslips. (B) and (G) Light
microscopy micrographs AEEC ΔcsgD(pCP994) biofilms. (C), (D), (H) and (I) SEM
micrographs of ΔcsgD(pCP994) biofilms at low and high magnification indicated by scale
bars. (E) Immunogold labelling of curli on E2348/69ΔcsgD(pCP994) obtained from the
biofilm assay. (J) Detection of curli (green peritrichous fibers) on EDL933ΔcsgD(pCP994)
(red bacteria) by immunofluorescence. Biofilms were obtained on a glass substratum after
growth of the bacteria at 37°C in T-medium for 24 h. Light microscopy micrographs are at
170X or 750X as indicated.
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Fig. 4.
Transcriptional activation of csgD. A csgD::lacZ transcriptional fusion was tested for
activity in E2348/69 grown in DMEM (black bars) and in the presence of HT-29 cells (white
bars) from 0 through 15 h. The negative control (gray bars) is E2348/69 with pMLB1034
vector lacking csgD. The experiments were performed three times in triplicate on separate
days and the results represent the mean of the averages obtained from those three
experiments with standard deviations bars.
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Fig. 5.
Role of global and virulence regulators in production of curli. EPEC E2348/69 and sogenic
mutants were monitored for production of curli fibers by ELISA using anti-curli antibodies.
Pre-immune antiserum was used as negative control. The experiments were performed three
times in triplicate on separate days with samples collected from T-medium after overnight
growth and the results represent the mean of the averages obtained from those three
experiments.
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Fig. 6.
Fis is a negative regulator of curli. (A) and (B) Electron microscopy micrographs showing
lack of curli in E2348/69 (A) and presence of curli in E2348/69Δfis (B) after growth in LB
broth. (C) Detection of curli by flow cytometry and (D) immunoblotting of E2348/69,
E2348/69Δfis and E2348/69Δfis(pFis) using anti-curli antibody. (E) Kinetics of curli
expression in E2348/69 and E2348/69Δfis, between 1–9 h of growth in LB as determined by
immunoblotting. Detection of DnaK was used as a loading control.
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Fig. 7.
EPEC E2348/69 adheres more efficiently to HT-29 cells in the absence of Fis. (A) Light
microscopy micrographs comparing the adherence between E2348/69 and E2348/69Δfis to
cultured HT-29 epithelial cells (magnification 100X). Cell monolayers were infected for 3 h
and 6 h. (B) Quantification of bacterial adherence to HT-29 cells. (C) Immunoblotting of
E2348/69 and E2348/69Δfis with anti-BFP and anti-DnaK antibodies.
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Table 1

E. coli strains and plasmids used in this study.

Strains Notes Source

EDL933 EHEC (O157:H7) Wild type (Riley et al., 1983)

EDL933ΔcsgA csgA::km This study

EDL933ΔbcsA bcsA::cm This study

EDL933ΔcsgD csgD::km This study

EDL933ΔcsgAΔbcsA Double csgA::km/bcsA::cm mutant This study

E2348/69 EPEC (O127:H6) Wild type (Levine et al., 1978)

E2348/69ΔcsgA csgA::km This study

E2348/69ΔbcsA bcsA::cm This study

E2348/69ΔcsgD csgD::km This study

E2348/69ΔfisΔcsgD Double fis::cm/csgD::km mutant This study

E2348/69ΔcsgAΔbcsA Double csgA::km/bcsA::cm mutant This study

E2348/69Δfis fis::km This study

E2348/69(pMLB1034) Promoter-less control This study

E2348/69ΔgrlA grlA::km mutant Bustamante et al., unpublished

E2348/69ΔgrlR grlR::km mutant Bustamante et al., unpublished

E2348/69ΔgrlRA grlRA::km mutant Bustamante et al., unpublished

E2348/69Δler ler::km mutant Bustamante et al., unpublished

E2348/69Δhns hns::km mutant Bustamante et al., unpublished

E2348/69Δihf Δ himA::km mutant Bustamante et al., unpublished

E2348/69ΔperA Δ perA::km mutant Bustamante et al., unpublished

E2348/69ΔperC ΔperC::km mutant Bustamante et al., unpublished

E2348/69ΔqseA ΔqseA::km mutant This study

Plasmids

pBAD-Topo Cloning vector Invitrogen

pCsgA E2348/69csgBA in pBAD-Topo This study

pBcsA E2348/69bcsA in pUC19 This study

pFis E2348/69fis in pUC19 This study

pCP994 csgD in pKK233-2 (Prigent-Combaret et al., 1999)

pMLB1034 Promoter-less lacZ (Uhlich et al., 2002)

pW5lac csgD::lacZ in pMLB1034 (Uhlich et al., 2002)

Single csgA, bcsA, csgD and fis mutants were complemented with pCsgA, pBcsA, pCP994 or pFis, respectively.
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Table 2

Curli expression in different EPEC and EHEC serotypes.

Serotype (Strain) EM Congo-red binding ELISA
(OD405±SD)

EPEC

O111:NM (E1056) + + + (0.35±0.03)

O111:NM (E1317) + + + (0.69±0.05)

O111:NM (E271) − − − (0.04±0.01)

O86:NM (E428174) + + + (0.58±0.15)

O55:H- (E55) + + + (0.96±0.05)

O128:H2 (E18) + + + (0.41±0.02)

O55:H6 (E21) + + + (0.53±0.03)

O119:H6 (E10) + + + (0.50±0.09)

O119:H6 (E49) + + + (0.45±0.12)

O127:H6 (E2348/69) + + + (0.62±0.06)

O86:H34 (E28) + + + (0.46±0.07)

O86:H34 (E24) + + + (0.54±0.10)

O86:H34 (E26) − − − (0.15±0.02)

EHEC

O157:H7 (EDL933) + + + (1.038±0.04)

O157:H7 [34(4)AKAN] + + + (0.40±0.03)

O157:H7 (275F1) + + + (0.51±0.09)

O157:H7 (23380-85) − − − (0.05±0.01)

O157:H7 (37-1) − − − (0.12±0.04)

O55:H7 (660-79) + + + (0.88±0.07)

O111:H8 (H30C5) + + + (1.32±0.04)

O111:H8 (202F1) + + + (1.05±0.04)

O117:H4 (CL6L) − − − (0.09±0.01)

O113:H21 (EH53) + + + (1.17±0.09)

O113:H21 (EH71) + + + (0.58±0.13)

O113:H21 (EH41) + + + (1.16±0.03)

Expression of curli was determined by EM, Congo red binding and ELISA. The absorbance values obtained with pre-immune serum were
subtracted from absorbance values obtained with the curli antiserum. The cut-off value for the absorbance in ELISA experiment was more than
0.15, which was considered as positive. +, Positive expression of curli; −, negative expression of curli. Congo-red binding was determined by
uptake of the dye by curliated bacteria when growing on Congo red plate. The results obtained by EM, Congo red binding and ELISA were
consistent.

Environ Microbiol. Author manuscript; available in PMC 2010 April 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Saldaña et al. Page 26

Ta
bl

e 
3

C
om

pa
ra

tiv
e 

an
al

ys
is

 o
f c

ur
li 

an
d 

ce
llu

lo
se

 p
ro

du
ct

io
n 

an
d 

ad
he

re
nc

e 
to

 H
T-

29
 c

el
ls

 b
y 

EP
EC

 E
23

48
/6

9 
an

d 
EH

EC
 E

D
L9

33
st

ra
in

s.

St
ra

in

C
ur

li*
C

el
lu

lo
se

**
A

dh
er

en
ce

 to
 H

T
-2

9 
ce

lls
C

FU
s ×

 1
07 /m

l ±
SD

 (%
)

A
dh

er
en

ce
 to

 b
ov

in
e 

gu
t t

is
su

e
C

FU
s ×

 1
07 /m

l ±
SD

 (%
)

E
23

48
/6

9
E

D
L

93
3

E
23

48
/6

9
E

D
L

93
3

W
ild

 ty
pe

+
+

4.
9 

±0
.3

 (1
00

)
1.

43
±0

.0
9 

(1
00

)
1.

09
 ±

0.
09

 (1
00

)
1.

11
 ±

0.
07

 (1
00

)

Δc
sg

A
−

++
2.

2 
±0

.2
 (4

5)
0.

75
±0

.0
4 

(5
2)

0.
49

 ±
0.

04
 (4

5)
0.

23
 ±

0.
04

 (2
1)

Δc
sg

A(
pC

sg
A

)
+

+
5.

6 
±0

.7
 (1

14
)

2.
55

±0
.0

4 
(1

78
)

N
D

N
D

Δc
sg

A(
pC

P9
94

)
−

++
6.

9 
±0

.8
 (1

41
)

1.
22

±0
.0

8 
(8

5)
N

D
N

D

Δb
cs

A
+

−
3.

9 
±1

.2
 (8

1)
0.

34
±0

.0
7 

(2
4)

0.
63

 ±
0.

06
 (5

8)
0.

62
 ±

0.
14

 (5
6)

Δb
cs

A(
pB

cs
A

)
+

+
4.

8 
±0

.5
 (9

8)
1.

47
±0

.1
2 

(1
03

)
N

D
N

D

Δb
cs

A(
pC

P9
94

)
++

−
3.

6 
±0

.3
 (7

3)
0.

77
±0

.1
3 

(5
4)

N
D

N
D

Δc
sg

AΔ
bc

sA
−

−
7.

0 
±0

.3
 (1

5)
0.

18
±0

.0
8 

(1
2)

0.
10

 ±
0.

04
 (9

)
0.

21
 ±

0.
03

 (2
0)

Δc
sg

AΔ
bc

sA
(p

B
cs

A
)

−
+

3.
6 

±1
.6

 (7
4)

1.
42

±0
.5

5 
(9

9)
N

D
N

D

Δc
sg

D
−

−
4.

4 
±0

.4
 (8

9)
0.

92
±0

.0
2 

(6
5)

0.
82

 ±
0.

07
 (7

5)
0.

88
 ±

0.
10

 (7
9)

Δc
sg

D
(p

C
P9

94
)

++
++

32
.7

 ±
4.

3 
(6

67
)

7.
22

±0
.6

3 
(5

05
)

N
D

N
D

Th
e 

ex
pe

rim
en

ts
 w

er
e 

pe
rf

or
m

ed
 th

re
e 

tim
es

 in
 tr

ip
lic

at
e 

an
d 

th
e 

re
su

lts
 re

pr
es

en
t t

he
 m

ea
n 

of
 th

e 
av

er
ag

es
 o

bt
ai

ne
d 

fr
om

 th
os

e 
th

re
e 

ex
pe

rim
en

ts
 ±

 st
an

da
rd

 d
ev

ia
tio

ns
. T

he
 d

at
a 

co
rr

es
po

nd
 to

 6
 h

 o
f

in
cu

ba
tio

n.
 +

, P
os

iti
ve

 e
xp

re
ss

io
n;

 −
, n

eg
at

iv
e 

ex
pr

es
si

on
; +

+ 
hi

gh
 le

ve
ls

 o
f e

xp
re

ss
io

n.

* Ph
en

ot
yp

ic
 p

ro
du

ct
io

n 
of

 c
ur

li 
as

 d
em

on
st

ra
te

d 
by

 E
M

, C
on

go
 re

d 
st

ai
ni

ng
 a

nd
 im

m
un

ob
lo

tti
ng

;

**
Pr

od
uc

tio
n 

of
 c

el
lu

lo
se

 a
s d

et
er

m
in

ed
 b

y 
ca

lc
of

lu
or

 b
in

di
ng

.

Environ Microbiol. Author manuscript; available in PMC 2010 April 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Saldaña et al. Page 27

Table 4

Primers employed.

Primer name Sequence (5′ to 3′)

csgA/H1P1 ATCCGATGGGGGTTTTACATG* AAACTTTTAAAAGTAGCAGCAtgtaggctggagctgcttcg

csgA/H2P2 TTTAATACAGAGGATGTATTA* GTACTGATGAGCGGTCGCGTTcatatgaatatcctccttaggagctgcttcg

csgD/H1P1 AAAAAGTGGGGTTTCATCATG* TTTAATGAAGTCCATAGTATTtgtaggctggagctgcttcg

csgD/H2P2 TTA* TCGCCTGAGGTTATCGTTTGCCCAGGAAACCGCTTGTGTcatatgaatatcctccttag

fis/H1P1 TAAAGAGCTGACAGAACTATG* TTCGAACAACGCGTAAATgtgtaggctggagctgcttc

fis/H2P2 ATTTAGCTAAAACCTGAATTA* GTTCATGCCGTATTTTTTcatatgaatatcctccttag

bcsA/H1P1 CGGTGGTTGCTTATCCCGCCGGTCAACGAGCGGCTTATCgtgtaggctggagctgcttc

bcsA/H2P2 CTTTTCATCGCGTTATCATCA* TTGTTGAGCCAAAGCCTGcatatgaatatcctccttag

G74 CCCGAATTCGTGTAGTAATAAATCAGCC

G75 CCCAAGCTTCCCTGTTTCTTTAATACAG

G260 GACAGGATCCACTATGTTCGAA

G261 GCTAAGCTTCTGAATTAGTTCATG

G445 GAAGAATTCCTGACGCTGGCTAA

G446 TGAAAGCTTGGAACGCACTCATC

*
Indicates the start or stop codon of the gene.
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