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Background 

Enterohemorrhagic Escherichia coli (EHEC) is a group of important foodborne pathogens that are 
associated with severe enteric and systematic diseases such as hemorrhagic colitis (HC), hemolytic 
uremic syndrome (HUS), and thrombotic thrombocytopenic purpura (TTP) (Fey et al., 2000; Karmali, 
1989; Sussman, 1997). Outbreaks of EHEC infection have been linked to the consumption of 
undercooked ground beef as well as ready-to-eat beef products, such as salami (Blanco et al., 1996; 
CDC, 1995; Duffy et al., 2000). Contamination of beef in the processing environment can occur at 
any stage from slaughtering to packaging. A survey conducted in the Northwestern regions of the 
U.S. revealed that the prevalence of EHEC O157:H7 in pre-eviscerated, post-eviscerated, and post-
processed beef carcasses was 43% (148 of 341), 18% (59 of 332), and 2% (6 of 330), respectively 
(Elder et al., 2000).  
 
EHEC attachment to meat as well as to other surfaces is a complex process that can be influenced 
by the properties of both EHEC cells and their contact surfaces. Cells of EHEC express curli, a thin, 
wiry, and aggregative surface appendage (Cookson et al., 2002; Prigent-Combaret et al., 2000; 
2001; Vidal et al., 1998), which appears as a ~ 4-12 nm protein fiber under a transmission electron 
microscope (Chapman et al., 2002; Olsen et al., 1989). Over-expressed curli often forms an 
interconnecting mesh between EHEC cells. Curli expression in E. coli can be induced by low osmotic 
condition, nutritional starvation, and lower than optimal growth temperatures (Olsen et al., 1989; 
1993).  
 
Curli enables E. coli to adhere to fibronectin, laminin, and plasminogen (Arnqvist et al., 1992; 
Gophna et al., 2001; Olsen et al., 1993; Sjobring et al., 1994). These proteins are present in the 
connective and adipose tissues between the skin and the skeletal tissues of animals. Curli 
expression in E. coli is controlled by two divergently transcribed operons, csgBA and csgDEFG. The 
csgA encodes a major subunit of curli protein while the csgB encodes a cell surface protein, which 
acts as a nucleator for CsgA monomer and is responsible for polymerization of curli fimbriae 
(Hammar et al., 1995; Bian and Normark, 1997). The CsgD is a transcriptional activator necessary 
for curli expression, and CsgG is an outer membrane lipoprotein involved in extracellular stabilization 
of CsgA and CsgB (Loferer et al., 1997). The CsgE and CsgF are chaperone-like and act as a 
nucleator protein, respectively. Both proteins are required for proper nucleation of CsgA on CsgB 
(Chapman  et al., 2002).  
 
The stated objectives for this work were:  
1. To investigate the distribution of the curli subunit gene (csgA) and the expression of curli fimbriae 
in STEC and EHEC;  
2. To determine the rate of curli expression on beef-based microbiological media at various 
incubation temperatures;  



 

3. To identify genetic modifications that convert curli-producing to non curli-producing cells or vice 
versa; and  
4. To determine the role of curli in attachment of STEC and EHEC on raw and ready-to-eat beef 
products   

Methodology 

Bacterial strains and growth conditions EHEC strains 5-9 (O157:H7), 5-11 (O157:H7), 7-52 
(O103:H2), and 7-57 (O111:H-), all from our laboratory collection were used in this study. The 
cultures were retrieved from frozen storage prior to the experiment and were cultured twice on 
tryptone yeast extract (TYE) indicator agar. The medium contained 0.1% Bacto tryptone, 0.05% Bacto 
yeast extract, 1.5% Bacto agar, 40 mg/l of Congo red, and 20 mg/l of coomassie brilliant blue 
(Sigma Aldrich Co, St. Louis, MO). Cells of E. coli O157:H7 5-11 and E. coli 103:H2 7-52 formed both 
curli-expressing and non curli-expressing colonies on TYE indicator agar. The two variants were 
purified and used as separate cultures in the attachment studies. The curli-expressing variant of 5-
11 was designated as 5-11C+ and the non-curli producing variant as 5-11C-. Similarly, the curli-
expressing and non curli-expressing variant of 7-52 were named 7-52C+ and 7-52C-, respectively.  
 
PCR amplification of csgA  
EHEC cultures were grown in 1.5 ml TYE broth (0.1% tryptone, 0.05% yeast extract) in Eppendorf 
tubes at 28oC for 24 h. The cultures were centrifuged at 16,000x g for 2 min. The supernatants 
were discarded and the cell pellets were washed twice with sterilized deionized water. After the final 
wash, the cells were re-suspended in 100 μl of sterile deionized water and boiled for 10 min. 
Centrifugation was repeated under the conditions described above. The DNA in the supernatants 
was used as templates in PCR amplification. The reaction mix consisted of 5 μl of 10X PCR buffer, 
0.2 μl of Taq DNA polymerase (1U/μl), 5 μl of template DNA, 5 μl of dNTP mix (10 mM), 2 μl of csgA 
primers (5’-GCA ATC GTA TTC TCC GGT AG and 5’ GAT GAG CGG TCG CGT TGT TA), and 32.6 μl of 
sterile deionized water. All reagents used in the PCR were purchased from Roche Molecular 
Biochemicals (Indianapolis, IN). The csgA primers were commercially synthesized by GIBCO-BRL. The 
reaction was carried out in a DNA thermal cycler (Model 480; Perkin Elmer, Norwald CT) under the 
following conditions: 1 cycle of 94°C for 5 min, 30 cycles of 94°C for 1 min, 68°C for 1 min and 72°C 
for 1 min followed by 1 cycle of 72°C for 10 min. The csgA PCR products were then subjected to 
electrophoresis on 1% agarose. The agarose gel was stained with 1 μg/ml ethidium bromide and was 
photographed using Gel Doc system 2000 (Biorad, Hercules, CA).  
 
Phenotypic conversion  
A single colony of 5-11, 5-11C+, 5-11C-, 7-52, 7-52C+, or 7-52C- on TYE indicator agar was 
transferred into TYE broth, beef extract broth (0.1% desiccated beef extract), and beef extract 
peptone broth (0.1% desiccated beef extract and 0.05% peptone), respectively. The inoculated broth 
was incubated at 37°C for 6 h with shaking at 150 rpm in an incubation shaker (New Brunswick 
Scienctific Co., Inc, Edison, NJ). The resulting cultures were serially diluted and 0.1 ml of appropriate 
dilutions were spread plated on TYE, beef extract (BE), or beef extract peptone (BEP) agar 
supplemented with 20 mg/l of Congo red (Sigma) and 40 mg/l of coomassie brilliant blue (Sigma). 
The plates were incubated at 10°, 15°, 22°, 28, or 37°C for 10, 5, 3, 2, and 1 d, respectively. The 
curli-expressing and non curli-expressing colonies were enumerated. The percentage ratios of curli-
expressing to non curli-expressing colonies were calculated.  
 
Preparation of beef samples  
Beef from an eye round roast and beef salami slices were purchased from a supermarket in 
Griffin, GA one day before the experiment. The raw beef was stored at –20°C overnight. On 
the experiment day, the frozen beef was withdrawn from storage and cut into 3 mm thick 
slices using an electric slicer (Rival Manufacturering, ON). The beef salami (3 mm) was 



 

stored at 4°C prior to use. Both raw beef and salami slices were cut into 4.6 cm diameter circles 
using a cookie cutter. Preparation of EHEC cultures for the beef attachment studies EHEC cultures 
were inoculated on TYE indicator agar. The inoculated cultures were incubated at 28°C for 72 h. The 
resulting cultures were collected with 25 ml of saline. The cell suspensions were vortexed vigorously 
to break the clumped cells. The suspensions were serially diluted and the appropriate dilutions were 
plated as described above. Population of cells in each culture was calculated so that approximately 
equal populations of cells of each EHEC culture would be used in the attachment studies. Beef slices 
placed in a Petri plate were exposed to 25 ml of an EHEC culture (~109CFU/ml) for 2, 15, 30, and 
120 min, respectively, at room temperature. The slices were washed 5 times after the attachment, 
each for 1 min in 200-ml sterile water at 100 rpm. The washed beef and beef salami slices were 
mixed with 45 ml of 0.1% peptone water and stomached for 2 min at normal speed (Seward Limited, 
London). The homogenates were serially diluted and appropriate dilutions were plated as described 
above.  
 
Preparation of EHEC cultures for abiotic attachment studies  
One colony of each EHEC culture on TYE indicator agar was transferred into 9 ml of TYE broth (0.1% 
Bacto tryptone and 0.05% Bacto yeast extract). The inoculated cultures were incubated at 28°C for 
18 h. The cultures were diluted (1:40) and the resulting cultures were used in a long-term 
attachment study (7 d at 28°C). The diluted EHEC cultures were incubated at 28°C for 3 d before 
being used in a short-term attachment study (24 h at 28°C). The EHEC cultures used in the 
attachment studies were serially diluted and appropriate dilutions were plated in duplicate on tryptic 
soy agar (TSA; Difco Laboratories, Sparks, MD) using an Autoplate 4000 (Spiral Biotech, Norwood, 
MS). Populations of cells in each culture were calculated so that approximately equal populations of 
cells of each EHEC culture would be used in the attachment studies.  
 
Abiotic surfaces  
Abiotic surfaces made of polystyrene, glass, stainless steel, or rubber were used in this study. 
Twenty-four well tissue culture plates (Falcon 3847, Becton Dickinson Labware, Franklin Lakes, NJ) 
and SepCap vials (4.5 X 1.4 cm) (03-375-2A, Fisher Scientific Co. Fair Lawn, NJ) were used as 
polystyrene and glass surface respectively. Stainless steel (14-gauge and 2B finish; Impulse 
Manufacturing, Inc; Dawsonville, GA) and buna-n-rubber (1/8” and 70-Duro; Dixie Packing and 
Gasket Co., Lithia Springs; GA) coupons (2.0 x 5.0 cm2) were also included in the study. The coupons 
were washed with an alkaline detergent, TergA enzyme (Alconox, Inc., White Plains, NY), and rinsed 
thoroughly with deionized water before being autoclaved at 121°C for 30 min.  
 
Long-term attachment study involving polystyrene and glass surfaces  
The diluted EHEC cultures described above (2 ml) were placed into the glass vials and the wells of 
the tissue culture plates. The EHEC cells in the broth cultures were allowed to attach to the 
polystyrene and glass surfaces at 28°C for 7 d. The tissue culture plates and vials were covered with 
parafilm during the attachment to prevent the cultures from evaporating. The broth cultures were 
withdrawn after the attachment. The glass vials and the wells of the tissue culture plates were 
washed twice with 2 ml of 0.1% peptone water to remove loosely attached cells. The plates and vials 
were then air-dried at 60oC for 2 h. The quantities of EHEC cells attached to both surfaces were 
determined daily using a crystal violet binding assay.  
 
Short-term attachment study involving polystyrene and glass surfaces  
Two ml of each culture were added to the glass vials and the wells of the tissue culture plates. The 
cells were allowed to attach for 24 h at 28°C. The tissue culture plates and glass vials were 
handled in the same manner as described above. The quantities of attached bacteria were 
measured in 4-h intervals using the crystal violet binding assay.  
 



 

Attachment studies involving stainless steel and rubber coupons  
Stainless steel or rubber coupons were placed horizontally in Petri plates (08-757-13, Fisher 
Scientific). Thirty ml of each EHEC culture was added into each Petri plate. The remainder of the long- 
and short-term attachment study was conducted in the same manners as described in the 
attachment studies involving polystyrene and glass surfaces. 
 
Quantification of EHEC cells attached to abiotic surfaces  
The EHEC cells that were attached to the polystyrene and glass surfaces were fixed by passing the 
plates and vials over the flame of a burner (Fisher Scientific) several times. The fixed cells on the 
surfaces were stained with 2 ml 1 % crystal violet (C581-25, Fisher Scientific) at room temperature 
for 15 min. The wells of the tissue culture plates and glass vials were washed with deionized water 
until the wash water contained no visible stains. The wells and vials were dried for 2 h at 60°C and 
cooled to room temperature. Two ml of ethanol: acetone (80:20) mixture was added to the glass 
vials and wells of tissue culture plates to extract the crystal violet from the stained EHEC cells. The 
concentrations of the dye extracted from the cells were determined by measuring the absorbance of 
the ethanol and acetone solutions at wavelength 550 nm.  
 
In the attachment experiments involving stainless steel and rubber surfaces, the loosely attached 
cells were removed by gently rinsing the coupons in 200 ml deionized water. The coupons were then 
dried at 60°C for 2 h. The cells on the stainless steel and rubber surfaces were fixed by passing the 
coupons over the flame of a burner several times. Five ml 1% crystal violet was used to stain the 
coupons at room temperature for 15 min. The excess dye on the coupons was subsequently washed 
off using deionized water. The coupons were air-dried at 60°C for 2 h. The amount of dye bound to 
the cells was extracted with 6 or 6.4 ml of ethanol and acetone solution for stainless steel and 
rubber coupons, respectively (volumes calculated based on the surface areas of stainless steel and 
rubber coupons). The concentrations of the extracted dye are expressed as the absorbance at 550 
nm.  
 
Statistical analysis  
Two replicates of each attachment study were performed and each experiment was conducted in 
duplicate. The study was set up by following the randomized complete block design and the data 
collected was analyzed by general linear model using the Statistical Analysis Software (SAS, 1999). 
Significant differences among mean values were determined based on a 95% confidence level.  
 
Findings 

PCR amplification of csgA The 417-bp PCR product was amplified from all EHEC cultures tested in 
the study (Lane D to K, Fig. 1) and from the positive control cultures (Lane B, C, L, and M, Fig. 1). The 
same product was, however, not detected in the negative control culture (Lane N, Fig. 1). These 
results suggest that both curli-expressing and non curli- expressing EHEC cells tested in the study 
carried csgA, the structural gene for a major subunit of curli protein.  
 
Phenotypic conversion  
In the curli phenotypic conversion study, the wild type cells of 5-11 and 7-52 formed both curli 
expressing and non curli-expressing colonies on TYE, BE, and BEP agar at all incubation 
temperatures except at10°C (Table 1). The 5-11C- was stable and no curli phenotypic conversion 
was observed on all media and incubation temperatures (Table 1). The 7-52C- was stable on BEP at 
all incubation temperatures, on TYE at 10°, 22°, 28°, and 37°C, as well as on BE at 10° and 
37°C.  
 



 

However, 100% of the colonies converted to curli-expressing on BE at 22° and 28°C (Table 1). The 7-
52C+ was stable on BEP at 15°, 22°, and 28°C, on TYE at 22°, 28°, and 37°C, as well as on BE at 
37°C (Table 1). The 5-11C+ was stable on BEP at 22°, 28°, and 37°C, and on BE at 28° and 37°C.  
 
But the two curli-expressing variants were not completely stable under other growth conditions 
(Table 1). Uhlich et al., (2001) researched the curli of E. coli O157:H7 and found that the lack of curli 
expression on the surfaces of E. coli O157:H7 was not caused by a large DNA deletion or insertion 
but by the mutations in the csgD promoter. However, an interrupted csgB and defective ropS altered 
the expression of curli in E. coli O78:K80 (La Ragione et al., 1999).  
 
Attachment of EHEC on beef surfaces  
The adhesion of bacteria to animal tissues is a complicated phenomenon, which is far from being 
fully understood (Dickson and Crouse, 1989; Dickson and Koohmaraie, 1989; Fletcher and Loeb, 
1979). It is known however, that bacterial adherence to surfaces, including animal tissues, is a 
twostage process (Vidal et al., 1998). Although the association of bacterial cells with their contact 
surfaces can eventually become irrevocable, the initial contact is always reversible. Cells that loosely 
attached to the beef surfaces in the present study were removed by rinsing the beef with saline and 
sterile water. Cells that firmly associated with the surfaces of beef were enumerated subsequently.  
 
The attachment of 5-11C+ and 5-11C- on raw beef was statistically different when the cells were 
allowed to interact with the surface of beef for 2, 15, 30, and 120 min, respectively (Fig. 2 C; Table 
2). The raw beef samples exposed to the cells of 7-57C+ and 5-9C- for 120 min had significantly 
different populations of cells than those that were exposed for 2, 15, or 30 min (Fig. 2 A, Table 2).  
 
The cells of 7-52C+ and 7-52C- only attached differently when they interacted with the surface of raw 
beef for 15 or 120 min (Fig. 2 B; Table 2). The attachment of 7-57C+ and 5-7 cells on beef salami 
was statistically different, regardless of the lengths of cell-surface contact time (Fig. 3 A; Table 3). 
The other 2 EHEC pairs, however, only attached differently when the cells interacted with the surface 
of salami for 2 or 120 min (Fig. 3 B and 3 C; Table 3). Significant difference in attachment is often 
observed between the pair of 7-57C+ and 5-9 C-. In this study, the 2 members of the pair attached 
differently on raw beef at 15 and 120 min of contact time (Fig 2 B; Table 2), and on beef salami at 2 
and 120 min of contact time (Fig. 3 B, Table 3).  
 
Attachment of EHEC on abiotic surfaces  
The results of the long-term attachment study revealed that 7-57C+ attached to the polystyrene and 
glass surfaces more efficiently than did 5-9C- (P<0.05). The curli-expressing variant of 5-11 had a 
better ability to adhere to the polystyrene and glass surfaces than did its non curli-expressing 
counterpart (P<0.05) (Fig. 4 A and 4 B; Table 4). The differences in attachment between the 2 
members of another EHEC pair, 7-52C+ and 7-52C-, on polystyrene and stainless steel surfaces 
were statistically significant (P<0.05) (Fig. 4 C; Table 4). The attachment of the pair on glass 
surfaces, however, was statistically insignificant (P>0.05 ) (Fig. 4 B, Table 4). In addition, the 2 
members of all 3 EHEC pairs attached equally well on rubber surfaces (Fig. 4 D, Table 4).  
 
Greater amounts of crystal violet were extracted from rubber, polystyrene, and stainless steel than 
from glass surfaces in the long-term attachment study (Figure 4). The highest optical densities of the 
crystal violet extracted from polystyrene, rubber, and stainless steel surfaces were 2.60 (Fig. 4 A),  
2.56 (Fig. 4 D), and 2.51 (Fig. 4 C) units, respectively. The same reading from the glass surface, 
however, was only 1.63 units (Fig. 4 B).  
 
In the short-term attachment study, the attachment of 2 EHEC pairs, 7-57C+ and 5-9C- as 
well as 5- 11C+ and 5-11C-, on polystyrene, glass, stainless steel, and rubber surfaces were 



 

statistically insignificant (Table 4). The additional pair, 7-52, attached equally well to polystyrene and 
rubber surfaces (P>0.05). The non curli-expressing variant, however, had a greater attachment on 
glass and stainless steel surfaces (P<0.05) (Table 4), suggesting that cell surface appendages other 
than curli may also play a role in the attachment of EHEC on abiotic surfaces.  
 
Cell-surface contact time appeared to have a significant influence on EHEC attachment to abiotic 
surfaces (Fig. 4 and 5; Table 4 and 5). The optical densities in the long-term attachment study (Table 
4) were significantly higher than those obtained in the short-term attachment study (Table 5), except 
for the results obtained from the rubber surfaces. 
 
In the present study, the EHEC cultures attached more effectively on hydrophobic surfaces with a 
descending order of attachment on rubber, polystyrene, stainless steel, and glass. Similar results 
were observed in Pseudomonas spp. Greater adhesion was seen on hydrophobic plastic such as 
polyethylene, polystyrene, and polyethylene terephthalate, followed by hydrophilic metals and glass 
(Fletcher and Loeb, 1979; Hogt et al., 1983; Satou et al., 1988). It was found in our study that cell 
surface contact time had a significant influence on the efficiency of EHEC attachment to abiotic 
surfaces. Cells of EHEC attached better in the long-term than in the short-term attachment study. 
 
Implications 
 
Results revealed that the environment in which an EHEC cell lives affects its ability to produce curli. 
When an E. coli cell actually has curli on its surface, it became more effective in attaching to beef 
and beef contact surfaces. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
 

 
 

 
 



 

 
 
 
 

 
 
 
 
 

 
 



 

 
 

 



 

 

 
 

 


