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Abstract: The objectives of this study were to examine the effect of stresses on the growth and cytotoxicity of pathogenic 

Escherichia coli in beef and spinach. A mixture of three strains of Shiga toxin-producing E. coli (STEC) O157:H7 or 4 strains of non-
O157 STEC, O26:H11, O103:H1, O104:H4, and O145:NM, was subjected to stress of 2 ppm chlorine, aw 0.97, pH 5, or 15-day 
starvation. Stressed or non-stressed STEC was inoculated into 5 g of irradiated ground beef or spinach. The cell populations 

during storage at 8, 12, or 16C for 4 weeks were compared to evaluate the growth variation between O157 and non-O157 STEC. 

Supernatant from each sample after 24-h incubation at 22C was used to determine Vero-cytotoxicity using [3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, MTS] or lactate dehydrogenase (LDH) assay 

to evaluate the effects of stresses on the cytotoxicity exhibited by STEC. After one week at 8C, the population of non-stressed 
non-O157 (3.1 log CFU/g) was significantly (p<0.05) higher than O157 (1.9 log CFU/g) in ground beef, and the difference in 
populations (3.9 vs. 1.7 log CFU/g, p<0.05) was also observed after 4 weeks. However, in spinach, the populations after 4 weeks 

at 8C were not significant (3.9 vs. 3.3 log CFU/g). Starvation or chlorine stress induced higher growth in non-O157 than O157 in 

ground beef (4.5 vs. 1.2 log CFU/g) and spinach (4.7 vs. 2.5 log CFU/g). At 12 and 16C, cell populations of stressed and non-
stressed O157 or non-O157 STEC were not significantly (p>0.05) different in beef and spinach. MTS assay showed that stressed 
O157 and non-O157 STEC exhibited significantly (p<0.05) higher cytotoxicity than the non-stressed controls. The numbers of 
surviving Vero cells were 47-52% (stressed) vs. 65% (control) in beef and 20-30% (stressed) vs. 52-53% (non-stressed) in spinach. 
Similarly, LDH assay also indicated an increased cytotoxicity (p<0.05) in stressed O157 and non-O157 STEC than non-stressed 
controls in spinach. There was no significant difference among the four stresses in inducing the levels of cytotoxicity in O157 or 
non-O157 STEC. Results showed that STEC cells exposed to sub-lethal stresses might have increased cytotoxicity during 
subsequent growth in ground beef or spinach. The findings illustrate the importance of applying suitable control measures to 
eliminate the presence of stressed STEC in beef and spinach processing environment or their subsequent contamination in the 
products. 
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1.Introduction 

Cattle have been recognized as the reservoir of pathogenic 
Shiga-toxin producing Escherichia coli (STEC). Many outbreaks 
caused by STEC have been linked to the consumption of 
undercooked ground beef. Although E. coli O157:H7 is 
classified as an adulterant in beef products in U.S. market, 
non-O157 STEC are also presumed to be prevalent in finished 
ground beef (Bosilevac and Koohmaraie, 2011). To overcome 
this potential threat posed by STEC-contaminated meat, the 
meat industry has introduced hurdles to prevent the 
contamination (e.g., acid surface washing of meat) or growth 
of STEC (e.g., adding lactate and diacetate) in meat products. 
However, STEC that survived the hurdles is a concern to the 
manufacturers, because the pattern of their growth is not 
necessarily similar to those bacteria that are not exposed to 
the hurdles. In recent years, fresh produce has been emerging 
as a main source of STEC infections for its popularity among 
consumers, who regard produce as a healthy food. Cases of 
foodborne illnesses associated with fresh produce have 
increased as its consumption increased over the past two 
decades, probably due to the increased cattle production near 
produce production, increased import from countries with 
sub-standard sanitation, and greater numbers of immuno-
compromised individuals (Beuchat, 2002). Since often 
consumed raw or minimally processed (Harris et al., 2003), 
produce contaminated with pathogenic STEC is a potential 
health hazard. Among the highly diverse produce categories, 
leafy greens are most frequently implicated in bacterial 
foodborne illnesses, and leafy greens contaminated with E. 
coli O157:H7 were linked to more than half of the outbreaks 
between 1998 and 2008 (Painter et al., 2013). 

Microorganisms in food are constantly exposed to 
sub-lethal stresses from the farm to table. Microbial cells in 
the exponential growth phase, in which rapid cell division 
occurs, are more sensitive to inimical processes than in the 
stationary phase, in which cell division ceases. Common sub-
lethal stresses that bacteria may encounter in the food 
processing environment include osmotic stress, acid stress, 
starvation, and bactericidal treatments. In some bacterial 
cells, virulence genes are under RpoS control so that cells in 
stationary phase may be more virulent. Additionally, 
physiological stresses in human intestines are known to 
induce the expression of virulence in colonizing pathogens 
(Zaborina et al., 2011). Exposure to sub-lethal stresses is also 
known to render bacterial cells more resistant to subsequent 
stresses and potentially increase the ability of cells to survive 
stresses (Allen et al., 2008).  

Although STEC is a significant pathogen of concern 
for produce and meat products, there is still lack of 
information regarding the survival and pathogenicity of STEC 
in response to environmental stresses. We have reported that 
chlorine, water activity, acidity, or starvation stresses on STEC 
growth in lettuce and cantaloupe (Yoo et al., 2015).  A 
question was raised whether stressed STEC would behavior 

the same in other food matrices.  Therefore, the purpose of 
this study was to investigate the growth behavior and 
cytotoxicity of O157 STEC and non-O157 STEC in ground beef 
and spinach after they survived sub-lethal environmental 
stresses.  
 

2.Materials and Methods 
2.1Bacterial strains and inoculums preparations 
Three strains of E. coli O157:H7 (ATCC 43888, 43889, and 
43890) and four strains of E. coli non-O157 STEC including 
O26:H11 (05-6544), O103:H1 (04/62), O104:H4 (2009EL-
2050), and O145:NM (03-4699) were obtained from the 
Molecular Characterization of Foodborne Pathogens Research 
Unit, Eastern Regional Research Center, Agricultural Research 
Service, United States Department of Agriculture (Wyndmoor, 

PA).  Frozen stock cultures (-80C) of each strain were 
streaked onto Sorbitol MacConkey Agar (SMAC; BD 

Biosciences, Sparks, MD) and incubated at 37C for 24 h. A 
single colony from each strain was grown overnight in brain 
heart infusion broth (BHI; BD Biosciences) at 37°C on a shaker 
with shaking at 200 rpm. Each culture was centrifuged at 2800 

g for 3 min at 4°C (Marathon 21000R, Fisher Scientific, 
Pittsburgh, PA). Cells were washed twice by removing 
supernatant and suspending the cell pellet in 10 ml of 0.1% 
peptone water.  
 

2.2 Stress treatments 
2.2.1 Chlorine stress  
Stock solutions of sodium hypochlorite (NaOCl; Fisher 
Scientific, Fair Lawn, NJ) were prepared on the day of the 
experiment by diluting 5% NaOCl in sterile distilled water 

(22C). Ten milliliters of E. coli cell cultures grown overnight at 

37C were pelleted (2800 g, 3 min, 4C), washed twice with 
phosphate buffered saline (PBS), and suspended in sterile 
distilled water. Cells of each strain at 107 CFU/ml were 

exposed to 1, 2, or 5 ppm chlorine at 22C for 24 h. After 
exposure, 1 ml of liquid from each tube was immediately 
transferred to test tubes containing PBS and filter-sterilized 2 
µg/ml of sodium thiosulfate (Fisher Scientific) to neutralize 
the residual chlorine. Among the three tested concentrations, 
2 ppm of chlorine was able to differentiate non-O157 strains 
from O157 strains based on cell populations. Therefore, STEC 
cells that survived the 2 ppm chlorine exposure were 
collected and subjected to another chlorine exposure for 24 h 
to select cells that were resistant to chlorine stress. After 
three exposures, the third generation of stressed STEC cells 
was collected. Cells of each generation and non-stressed 
control were stored and frozen in 15% (v/v) glycerol until they 
were used for growth/cytotoxicity studies in ground beef or 
spinach. 
2.2.2 Starvation stress  

Ten milliliters of STEC grown overnight at 37C were pelleted 

(2800 g, 3 min, 4C), washed twice by PBS. The cells were 
suspended in sterile distilled water to a final concentration of 
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~ 108 CFU/ml and stored at 4°C to simulate a nutrient-
depleted (starvation) condition (Kolling and Matthews, 2007). 
After 15 d, STEC cells surviving the starvation condition were 
collected and subjected to another set of starvation stress for 
15 d. After three consecutive exposures, the third generation 
of stressed cells was collected.  Cells of each generation were 
stored and frozen in 15% (v/v) glycerol until they were used 
for growth/cytotoxicity studies in ground beef or spinach. 
2.2.3 Acidic stress  
Ten milliliters of STEC cultures grown overnight at 37C were 

pelleted (2800 g, 3 min, 4C), washed twice by PBS, and 
diluted in sterile distilled water to a final concentration of 
~108 CFU/ml. PBS was acidified to pH 7, 6, 5, or 4 using 1 N 
hydrochloric acid (Fisher Scientific).  The acidified PBS was 
sterilized using 0.22-µm Corning filter units (Costar, Corning, 
NY). The cells (107 CFU/ml) were exposed to the acidified PBS 
for 24 hr. Among the four pH, pH 5 was found to differentiate 
non-O157 from O157 strains based on cell populations. 
Therefore, after exposure for 24 h, cells surviving pH 5 were 
collected and subjected to another set of acidic stress (pH 5) 
for 24 h. After three consecutive exposures, the third 
generation stressed STEC cells were collected and cells of 
each generation were stored and frozen with 15% (v/v) 
glycerol until they were used for growth/cytotoxicity studies 
in ground beef or spinach. 
2.2.4 Osmotic stress  
Stock solutions of various water activities were prepared fresh 
on the day of experiment by using 8.5, 7, 5.25, and 3.5 g of 
NaCl (Mallinckrodt Baker, Phillipsburg, NJ) to obtain different 
levels of water activities (aw 0.95, 0.96, 0.97, and 0.98) in 

sterile distilled water (22C). Water activity was measured 
using an AquaLab water activity meter (Decagon Devices, 
Pullman, WA) calibrated with saturated salt solutions of 
known water activity. Ten milliliters of STEC cells grown 

overnight at 37C were pelleted (2800 g, 3 min, 4C), 
washed twice in PBS, and diluted in sterile distilled water to 
reach a final concentration of ~108 CFU/ml. Among the four 
levels of water activity, aw of 0.97 was able to differentiate 
non-O157 strains from O157 strains based on cell 
populations. Therefore, after exposure for 24 h, cells surviving 
aw of 0.97 were collected and subjected to another set of 
osmotic stress (aw 0.97) for 24 h. After three consecutive 
exposures, the third generation of each stressed STEC cells 
was collected and cells of each generation were stored and 
frozen with 15% (v/v) glycerol until they were used for 
growth/cytotoxicity studies in ground beef or spinach. 
2.3 Sample inoculation and sampling 
Ground beef and baby spinach were purchased from a local 

grocery store and stored at -20C (ground beef) or 4C 
(spinach). Ground beef was irradiated (2 kGy) to eliminate 
background microflora. Spinach was soaked in 200-ppm 
chlorine solution for 10 min and cut into 2×2 cm pieces with a 
sterile knife. Each STEC cocktail mixture (O157 or non-O157 
STEC and stressed or non-stressed control cells (104 CFU/g) at 

50 µl was inoculated at 10 random spots on the surface of 5 g 
of ground beef or spinach. Samples were sealed in 100-ml 
sterile bags (Interscience, St Nom, France) and incubated at 8, 

12, and 16C for four weeks. At every 7-day sampling point, 
two samples were added with 5 ml PBS, mixed for 2 min in a 
Bag Mixer 400 stomacher (Interscience), and then serially 
diluted in sterile 0.1% peptone water.  Duplicate 0.1 ml of 
appropriate dilutions were plated onto tryptic soy agar (TSA; 

BD Biosciences). The plates were incubated at 37C, and, after 
48 h, and colonies were counted by an IUL Flash & Go 
automated colony counter (Neutec Group Inc., Farmingdale, 
NY). The counts were expressed as log CFU/g ground beef or 
spinach. 
 

2.4 Sample inoculation and sampling 
2.4.1 MTS assay 
Cytotoxicity was determined using Vero cells (ATCC CCL-81, 
African green monkey kidney epithelial cell line) by MTS assay 
kit (CellTiter 96® AQueous One Solution Cell Proliferation 
Assay; Promega, Madison, WI).  Monolayer of subconfluent 
Vero cells in 96-well plates was seeded in 96-well plates. STEC 
strains (G3 or control) grown overnight in BHI broth at late 
exponential or early stationary phase were collected and 
filter-sterilized to obtain supernatants that included the Shiga 
toxin released by the cells. Vero cells were exposed to filter-
sterilized supernatants for 24 h or up to 48 h at 37°C in 5% 
CO2 incubator. After incubation, cytotoxicity was measured 
based on the manufacturer’s instructions. The cell viability 
was determined by transferring 100 µl of supernatant from 
each well to wells of a 96-well, flat bottomed microplates 
(Corning Inc., Corning, NY), adding 20 µl of assay reagent to 
wells, incubating at 37°C for 1-4 h in the dark, humidified, and 
5% CO2 atmosphere, and measuring the absorption at 490 nm 
with Saffire2 microplate reader (Tecan, Morrisville, NC). In the 
MTS assay, the percentage of cell viability was calculated 
using the optical density readings: 
 
Cell viability (%) = [(treated – blank well) / (untreated control 
– blank well)] × 100 
 
Measured cell viability was normalized by the cell population 
when the supernatants were collected. Each sample was 
tested in triplicates. At least three independent experiments 
were performed for each sample. 
2.4.2 LDH assay 
Cytotoxicity was also determined using Vero cells by lactate 
dehydrogenase (LDH) assay kit (Roche Diagnostics, 
Indianapolis, IN) in the same way as MTS assay. After 
incubation of Vero cells with supernatants of STEC, the 
release of LDH was measured according to the manufacturer’s 
instructions. The spontaneous LDH release (=low control) was 
determined by adding 100 µl of assay medium that contains 
1% fetal bovine serum without pyruvate to wells containing 
100 µl of cells in assay medium. Maximum LDH release (=high 
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control) was determined by adding 100 µl of Triton X-100 
(Sigma, St. Louis, MO) solution (2% Triton X-100 in assay 

medium) to each wells containing 100 l of cells in assay 
medium. The amount of LDH released was determined by 
transferring 100 µl of supernatant from each well to wells of a 
96-well microplates (Corning), adding 100 µl of reaction 
mixture to wells, incubating at room temperature for 30 min 
in the dark, and measuring the absorption at 492 nm using a 
reference wavelength of 620 nm with Saffire2 microplate 
reader (Tecan). In the cytotoxicity LDH detection assay, the 
percentage of cytotoxicity was calculated using optical density 
readings: 
 
Cytotoxicity (%) = [(experiment value – low control) / (high 
control – low control)] × 100 
 
Measured cytotoxicity was normalized by the cell population 
when the supernatants were collected. Each sample was 
tested in triplicates. At least three independent experiments 
were performed for each sample. 
2.5 Statistical Analysis 
Each experiment was conducted in duplicate and repeated 
three times.  Comparison of means was tested using the 
Student’s t test of the Statistical Analysis Software (SAS 
Institute Inc., Cary, NC).  Significance of differences in growth 
in terms of cell populations between stressed and non-
stressed O157 and non-O157 STEC strains were determined at 

=0.5. 
 

3. Results and Discussion 
3.1  Influence of stresses on the growth and survival of STEC 
in ground beef  
The results of growth studies in ground beef are presented in 
Figure 1. In general, the populations of non-O157 STEC were 

higher than O157 STEC during the 4-week storage at 8C (Fig. 
1A). The cell populations of non-O157 STEC didn’t change 
significantly from the initial levels during storage and ranged 
from 3.5 log CFU/g (non-stressed control and osmotic-
stressed) to 4.5 log CFU/g (starvation-stressed) after 4 weeks. 
In comparison, the cell populations of O157 STEC were 
decreased and significantly lower at 1.2-1.9 log CFU/g during 
the same incubation period. Among non-O157 STEC, only 
starvation-stressed non-O157 had a significantly (p<0.05) 
higher population than osmotic-stressed strain after 4 days at 
8 °C. For O157 STEC, no significant difference (p>0.05) in cell 
populations were observed between stressed and non-
stressed cells or among cells subjected to difference stresses 

(Fig. 1A). At 12C (Fig. 1B) and 16C (Fig. 1C), the populations 
of both O157 and non-O157 increased during storage and 
there were not significant differences in cell populations 
between O157 and non-O157 STEC or stressed and non-
stressed STEC. The results showed that non-O157 strains 
survived better than O157 only at 8°C, which is near the 
minimal growth temperature for STEC, and the four stresses 

did not significantly promote survival or growth of STEC.  The 
result is in agreement with a recent study examining the 
influence of environmental factors on the adhesion of O157 
and non-O157 STEC and their biofilm formation on the 
skeletal-muscle extracellular matrix proteins (Chagnot et al., 
2014).  The study reported that low temperatures might 
trigger an unknown mechanism to promote the adhesion of 
non-O157 STEC to the surface of ground beef leading to a 
better survival than O157 STEC.  
 

 
Figure 1 Growth of non-stressed control (CON, diamond), 
chlorine-stressed (CHL, square), starvation-stressed (STV, 
triangle), acid-stressed (pH, circle), and osmotic-stressed (aw, 
asterisk) O157 (solid line, empty) or Non-O157 (dotted line, 
filled) STEC in ground beef at three different temperatures; 
8°C (A), 12°C (B), and 16°C (C) for 4 weeks. The data represent 
the average log CFU per gram of ground beef and data from 
three independent experiments are presented as means ± SE. 
 
3.2  Influence of stresses on the growth and survival in 
spinach 
Results of growth studies in baby spinach are presented in Fig. 
2. In general, the populations of non-O157 STEC were higher 

than O157 STEC during the 4-week storage at 8C (Fig. 2A). At 
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8C, chlorine-stressed non-O157 STEC reached 4.7 log CFU/g 
after 4 weeks, which was significantly (p<0.05) higher than 
that of chlorine-stressed O157 STEC (2.5 log CFU/g). In ground 
beef, growth of non-stressed or stressed O157 STEC declined 

during 4 weeks at 8C (Fig. 1A). However, in spinach, growth 
of O157 STEC remained at the inoculation level or slightly 
higher than the initial population despite of stress treatments 

(Fig. 2A). At 12C (Fig. 2B) and 16C (Fig. 2C), the growth 
patterns of O157 and non-O157 STEC were similar. In 
addition, there were no differences in growth of STEC 
subjected to different stresses. The growth of O157 or non-

O157 STEC in spinach at 8C was better than in ground beef.  
Better survival of pathogenic bacteria in fresh produce than 
ground beef at refrigeration temperatures has been reported. 
Fresh produce has higher water activity and more readily 
available nutrients at that support the growth of foodborne 
pathogens (Olaimat and Holley, 2012). E. coli O157 was 

observed to form biofilm on lettuce after 24 h at 10C (Olmez 

and Temur, 2010) and on spinach after 24 h at 4C (Niemira 
and Cooke, 2010) because it is able to attach to fresh produce 
by motility which facilitates its entry into produce tissue 
openings (Saldana et al., 2011). 
 

 

Figure 2 Growth of non-stressed control (CON, diamond), 
chlorine-stressed (CHL, square), starvation-stressed (STV, 
triangle), acid-stressed (pH, circle), and osmotic-stressed (aw, 
asterisk) O157 (solid line, empty) or Non-O157 (dotted line, 
filled) STEC in spinach at three different temperatures; 8°C 
(A), 12°C (B), and 16°C (C) for 4 weeks. The data represent the 
average log CFU per gram of spinach and data from three 
independent experiments are presented as means ± SE. 
 
3.3  Influence of stresses on the cytotoxicity of STEC grown 
in ground beef and spinach 
Two methods based on LDH release (LDH assay) and 
mitochondrial oxidoreductase activity (MTS assay) were used 
to assay the cytotoxicity produced by STEC. LDH release, 
taken as an indicator of host cell membrane integrity and cell 
viability, was measured, and compared to untreated cells. The 
cytotoxicity of stressed STEC grown in ground beef and 
spinach against Vero cells is shown in Figure 3. In ground beef, 
STEC produces high levels of indigenous lactate 
dehydrogenase, which interferes with LDH assay that is 
designed to measure the cytosolic LDH resulting from Vero 
cellular damage. When bacterial supernatant was collected 
from ground beef, its LDH level was too high to measure the 
basal level of healthy Vero cells. NADH-dependent 
mitochondrial oxidoreductase reduces MTS tetrazolium to 
formazan in metabolically active cells and its activity indicates 
the number of viable cells, in other words, cell viability. Cell 
viability reflected the inverse of cytotoxicity. Therefore, MTS 
assay was selected for a substitute as a way to quantify the 
cytotoxicity by measuring the cell viability of Vero cells that 
survived damages by Shiga toxin. Cell viabilities of Vero cells 
that were incubated with supernatant of STEC grown for 24 h 
in ground beef and spinach are shown in Figs. 3A and 3B, 
respectively, while Fig. 3C shows the cytotoxicity of Vero cells 
that were incubated with supernatant of STEC grown for 24 h 
in spinach. In ground beef, non-stressed O157 and non-O157 
STEC showed higher cell viability and the two had similar 
levels of cell viability (65%). Chlorine-stressed and osmotic-
stressed O157 and non-O157 STEC had lower cell viabilities at 
52% and 50%, respectively. Starvation- and acidic-stressed 
non-O157 STEC had lower cell viabilities, compared with O157 
STEC, however the difference was not significant (47% vs. 52% 
and 48% vs. 52%). In spinach, both MTS and LDH assays were 
used to investigate the difference among stresses and 
between O157 and non-O157 STEC. Stressed STEC had 
significantly lower cell viabilities (20-29%) than non-stressed 
STEC (52-53%). The cell viabilities were not different among 
the stresses or between O157 and non-O157 (Fig. 3B). Results 
from the LDH assay (Figure 3C) showed that the cytotoxicity 
from O157 STEC at 51-53% and acidic-stressed O157 STEC at 
58%. In contrast, starvation-, acidic-, and osmotic-stressed 
non-O157 STEC showed 65-66% of cytotoxicity, which were 
significantly higher than 54% of non-stressed non-O157 STEC. 
It was noted that MTS assay had higher sensitivity than LDH 
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assay in that it had better resolution to distinguish the results 
of cytotoxicity between stressed and non-stressed STEC in 
spinach. It has also been reported that MTS assay had higher 
sensitivity that LDH assay (Arechabala et al., 1999; Fotakis and 
Timbrell, 2006). As MTS assay is dependent on the 
metabolism of MTS reagent into formazan by dehydrogenase 
enzymes (Buttke et al., 1993), they may have drawbacks 
including false positive results where cellular metabolisms are 
affected by the other source (Berridge et al., 2005) and 
inability to differentiate cell cycle inhibition and cellular death 
(Galluzzi et al., 2009). In contrast, LDH assay may 
underestimate the amount of dead cells that do not release 
LDH (Smith et al., 2011). A study using viable but non-
culturable O157 STEC cells showed stresses can induce Shiga-
toxin production by qRT-PCR and Vero-cytotoxicity assay (Liu 
et al., 2010). Another study showed that stresses could 
promote Shiga toxin release as well as biofilm formation 
(Villegas et al., 2013). In our study, stressed STEC had higher 
cytotoxicity than non-stressed STEC, and the increased 
release of toxin may also increase their survival under 
stressed environments. 

 

Figure 3 Cytotoxicity of O157 or Non-O157 STEC in ground 
beef (A) or spinach (B, C) was determined. MTS assay (A, B) 
was used to measure the cell viability of non-stressed control 
(CON), chlorine-stressed (CHL), starvation-stressed (STV), 
acid-stressed (pH), and osmotic-stressed (aw) O157 or Non-
O157 STEC in ground beef using Vero cells inoculated with 
supernatant. Vero-cytotoxicity was assessed using LDH assay 
(C) of Vero cells treated with supernatants of STEC cells. 
Supernatants were collected after 24 h of growth in ground 
beef or spinach. Cell viability or Vero-cytotoxicity was 
determined and normalized by each cell density population. 
The results are the average of three independent 
experiments. *, p<0.05. 
 

This study aimed to determine the influence of 
environmental stresses on the growth and cytotoxicity of 
STEC in food matrices. The results illustrated a potential of 
increased hazard from stressed STEC in beef and spinach and 
hence the importance of designing control measures to 
eliminate the presence of stressed STEC in beef and spinach 
processing environment and their contamination in the 
products. 

 
References:  
1. Allen, K.J., Lepp, D., McKellar, R.C., Griffiths, M.W., 2008. 

Examination of stress and virulence gene expression in 
Escherichia coli O157:H7 using targeted microarray 
analysis. Foodborne Pathogens and Disease 5, 437-447. 
http://online.liebertpub.com/doi/abs/10.1089/fpd.2008.
0100 

2. Arechabala, B., Coiffard, C., Rivalland, P., Coiffard, L.J., de 
Roeck-Holtzhauer, Y., 1999. Comparison of cytotoxicity of 
various surfactants tested on normal human fibroblast 
cultures using the neutral red test, MTT assay and LDH 
release. Journal of Applied Toxicololgy 19, 163-165. 
http://www.ncbi.nlm.nih.gov/pubmed/10362266 

3. Berridge, M.V., Herst, P.M., Tan, A.S., 2005. Tetrazolium 
dyes as tools in cell biology: new insights into their 
cellular reduction. Biotechnology Annual Review 11, 127-
152. 
http://www.ncbi.nlm.nih.gov/pubmed/16216776 

4. Beuchat, L.R., 2002. Ecological factors influencing survival 
and growth of human pathogens on raw fruits and 
vegetables. Microbes and Infection 4, 413-423. 
http://www.ncbi.nlm.nih.gov/pubmed/11932192 

5. Bosilevac, J.M., Koohmaraie, M., 2011. Prevalence and 
characterization of non-O157 Shiga toxin-producing 
Escherichia coli isolates from commercial ground beef in 
the United States. Applied and Environmental 
Microbiology 77, 2103-2112. 
http://www.ncbi.nlm.nih.gov/pubmed/21257806 

6. Buttke, T.M., McCubrey, J.A., Owen, T.C., 1993. Use of an 
aqueous soluble tetrazolium/formazan assay to measure 

http://www.siftdesk./
http://online.liebertpub.com/doi/abs/10.1089/fpd.2008.0100
http://online.liebertpub.com/doi/abs/10.1089/fpd.2008.0100
http://www.ncbi.nlm.nih.gov/pubmed/10362266
http://www.ncbi.nlm.nih.gov/pubmed/16216776
http://www.ncbi.nlm.nih.gov/pubmed/11932192
http://www.ncbi.nlm.nih.gov/pubmed/21257806


SDRP Journal of Food Science &  Technology                                                                                                                            

                                                              
 

Cheng-An Hwang               43                                                              www. siftdesk. org | volume 1: issue 1 

viability and proliferation of lymphokine-dependent cell 
lines. Journal of Immunological Methods 157, 233-240. 
http://www.sciencedirect.com/science/article/pii/00221
7599390092L 

7. Chagnot, C., Caccia, N., Loukiadis, E., Ganet, S., Durand, 
A., Bertin, Y., Talon, R., Astruc, T., Desvaux, M., 2014. 
Colonization of the meat extracellular matrix proteins by 
O157 and non-O157 enterohemorrhagic Escherichia coli. 
International Journal of Food Microbiology 188, 92-98. 
http://www.ncbi.nlm.nih.gov/pubmed/25090606 

8. Cutter, C.N., Rivera-Betancourt, M., 2000. Interventions 
for the reduction of Salmonella Typhimurium DT 104 and 
non-O157:H7 enterohemorrhagic Escherichia coli on beef 
surfaces. Journal of Food Protection 63, 1326-1332. 
http://www.ncbi.nlm.nih.gov/pubmed/11041130 

9. Fotakis, G., Timbrell, J.A., 2006. In vitro cytotoxicity 
assays: comparison of LDH, neutral red, MTT and protein 
assay in hepatoma cell lines following exposure to 
cadmium chloride. Toxicology Letters 160, 171-177. 
http://www.sciencedirect.com/science/article/pii/S03784
27405001967 

10. Galluzzi, L., Aaronson, S.A., Abrams, J., Alnemri, E.S., 
Andrews, D.W., Baehrecke, E.H. et al., 2009. Guidelines 
for the use and interpretation of assays for monitoring 
cell death in higher eukaryotes. Cell Death and 
Differentiation 16, 1093-1107. 
http://www.ncbi.nlm.nih.gov/pubmed/19373242 

11. Harris, J.N., Robinson, P., Lawrance, J., Carrington, B.M., 
Hopwood, P., Dougal, M., Makin, W., 2003. Symptoms of 
colorectal liver metastases: correlation with CT findings. 
Clinical Oncology 15, 78-82. 

12. Kalchayanand, N., Arthur, T.M., Bosilevac, J.M., Schmidt, 
J.W., Wang, R., Shackelford, S.D., Wheeler, T.L., 2012. 
Evaluation of commonly used antimicrobial interventions 
for fresh beef inoculated with Shiga toxin-producing 
Escherichia coli serotypes O26, O45, O103, O111, O121, 
O145, and O157:H7. Journal of Food Protection 75, 1207-
1212. 

13. Kolling, G.L., Matthews, K.R., 2007. Influence of enteric 
bacteria conditioned media on recovery of Escherichia 
coli O157:H7 exposed to starvation and sodium 
hypochlorite. Journal of Applied Microbiology 103, 1435-
1441. 

14. Liu, Y., Wang, C., Tyrrell, G., Li, X.F., 2010. Production of 
Shiga-like toxins in viable but nonculturable Escherichia 
coli O157:H7. Water Research 44, 711-718. 

15. Niemira, B.A., Cooke, P.H., 2010. Escherichia coli O157:H7 
biofilm formation on Romaine lettuce and spinach leaf 
surfaces reduces efficacy of irradiation and sodium 
hypochlorite washes. Journal of Food Science 75, M270-
277. 

16. Olaimat, A.N., Holley, R.A., 2012. Factors influencing the 
microbial safety of fresh produce: a review. Food 
Microbiology 32, 1-19. 

17. Olmez, H., Temur, S.D., 2010. Effects of different 
sanitizing treatments on biofilms and attachment of 
Escherichia coli and Listeria monocytogenes on green leaf 
lettuce. LWT Food Science and Technology 43, 964-970. 

18. Painter, J.A., Hoekstra, R.M., Ayers, T., Tauxe, R.V., 
Braden, C.R., Angulo, F.J., Griffin, P.M., 2013. Attribution 
of foodborne illnesses, hospitalizations, and deaths to 
food commodities by using outbreak data, United States, 
1998-2008. Emerging Infectious Diseases 19, 407-415. 

19. Saldana, Z., Sanchez, E., Xicohtencatl-Cortes, J., Puente, 
J.L., Giron, J.A., 2011. Surface structures involved in plant 
stomata and leaf colonization by Shiga-toxigenic 
Escherichia coli O157:H7. Frontier Microbiology 2, 119. 

20. Smith, S.M., Wunder, M.B., Norris, D.A., Shellman, Y.G., 
2011. A simple protocol for using a LDH-based 
cytotoxicity assay to assess the effects of death and 
growth inhibition at the same time. PLoS One 6(11): 
e26908. doi: 10.1371/journal.pone.0026908. 

21. Villegas, N.A., Baronetti, J., Albesa, I., Polifroni, R., Parma, 
A., Etcheverria, A., Becerra, M., Padola, N., Paraje, M., 
2013. Relevance of biofilms in the pathogenesis of Shiga-
toxin-producing Escherichia coli infection. Article ID  
607258, The Scientific World Journal. 

22. Zaborina, O., Zaborin, A., Romanowski, K., Babrowski, T., 
Alverdy, J., 2011. Host stress and virulence expression in 
intestinal pathogens: development of therapeutic 
strategies using mice and C. elegans. Current 
Pharmaceutical Design 17, 1254-1260. 

 

http://www.siftdesk./
http://www.sciencedirect.com/science/article/pii/002217599390092L
http://www.sciencedirect.com/science/article/pii/002217599390092L
http://www.ncbi.nlm.nih.gov/pubmed/25090606
http://www.ncbi.nlm.nih.gov/pubmed/11041130
http://www.sciencedirect.com/science/article/pii/S0378427405001967
http://www.sciencedirect.com/science/article/pii/S0378427405001967
http://www.ncbi.nlm.nih.gov/pubmed/19373242

