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Fresh-Cut Lettuce in Modified Atmosphere
Packages Stored at Improper Temperatures
Supports Enterohemorrhagic E. coli Isolates
to Survive Gastric Acid Challenge
D. CHUA, K. GOH, R.A. SAFTNER, AND A.A. BHAGWAT

ABSTRACT: Incidences of foodborne outbreaks involving enterohemorrhagic Escherichia coli strains with muta-
tions in a key regulatory gene, rpoS, have been reported. Incentives, if any, for losing this regulatory function are not
clear since the RpoS regulator is required for the expression of several environmental stress tolerance genes. RpoS
also positively regulates 2 of the 3 acid-resistance systems of E. coli under aerobic growth conditions and enables the
pathogen to survive gastric acid challenge. We selected 7 enterohemorrhagic E. coli isolates, 6 of which are known to
carry defective rpoS gene, and then analyzed resistance to synthetic gastric juice after the strains were inoculated on
fresh-cut lettuce and stored under modified atmosphere packaging (MAP) conditions. Subatmospheric oxygen par-
tial pressures in MAP enabled all 6 rpoS-defective isolates to induce acid resistance over the 8-d storage period if the
temperature was ≥ 15 ◦C. No acid resistance was induced for MAP-stored lettuce left at temperatures ≤ 10 ◦C or for
lettuce packed and stored under aerobic conditions. The data underscore the impending danger of abusive storage
temperatures especially with regard to the application of MAP to extend the shelf life of fresh produce. The results
also highlight the biological significance of having multiple acid-resistance pathways and the complex regulatory
network of enterohemorrhagic E. coli strains.
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Introduction

Ready-to-eat produce is rapidly gaining popularity and it is
meeting the needs of time-strapped, health-conscious cus-

tomers (Clemens 2004; Lin 2004). Producers mainly rely on produce
sanitation washes, refrigeration temperatures, and, more recently,
modified atmosphere packaging (MAP) to extend shelf life and to
reduce microbial load (Rico and others 2007). Current fresh-cut
packaging practices have enabled the industry to maintain fresh-
like appearance for long (approximately 14 d) periods of time (Yu-
can 2003; Kim and others 2005). However, the ready-to-eat pro-
duce is not subjected to any killing steps such as surface pasteuriza-
tion or cooking. Thus, the combination of extended shelf life along
with the fact that it is often eaten raw has made this commodity a
potentially new challenge to food safety (Sivapalasingam and oth-
ers 2004; Bhagwat 2006; Froder and others 2007). Several instances
of foodborne illness associated with fresh produce have been re-
ported involving outbreaks of Salmonella, Shiga-toxigenic and en-
terotoxigeneic E. coli, Shigella, Yersinia pseudotuberculosis, and let-
tuce was the single most frequently implicated commodity (Siva-
palasingam and others 2004; Rangel and others 2005).
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In spite of diverse virulence characteristics of enteric human
pathogens, one common trait that is very evident is their ability
to survive passage through the acidic environment of the stom-
ach so that they may colonize the mammalian gastrointestinal
tract and cause disease (Waterman and Small 1996; Foster 2004).
S. flexneri and diarrheagenic E. coli strains when grown to station-
ary growth phase induce 2 acid-resistance pathways which require
an RNA polymerase sigma-factor, RpoS (Lin and others 1995; Bhag-
wat 2003). The 1st acid-resistance system (AR1) is referred to as
the glucose-repressible oxidative pathway and protects cells from
acidic stress above pH 3.0 (Slonczewski and Foster 1996). The 2nd
acid resistance system (AR2) is glutamate dependent (GDAR) and
can protect cells from acidic stress below pH 2.5 (Hersh and others
1996; Slonczewski and Foster 1996). In spite of the central regula-
tory role of RpoS (Cheville and others 1996; Price and others 2000),
clinical and foodborne isolates of pathogenic E. coli with rpoS mu-
tations have been reported (Waterman and Small 1996; Ferenci
2003; King and others 2004; Bhagwat and others 2005). This obser-
vation needs further investigation since advantages, if any, in losing
RpoS are not obvious.

The fate of E. coli O157:H7 cells introduced onto packaged let-
tuce has been examined in several studies and recently summa-
rized (Delaquis and others 2007). Although there is a large body
of literature describing how MAP affects microbial load on var-
ious produce (Novak and others 2003; Matthews 2006), little is
known about how growth under subatmospheric oxygen partial
pressures would impact the enteric pathogens’ ability to breach
the gastric stomach barrier and increase the risk of disease. There
is still a major concern about produce safety associated with the
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use of MAP, mainly due to the extension of shelf life, possibly creat-
ing opportunities for human pathogens to grow, survive, and pro-
duce toxins (Larson and Johnson 1999; Soliva-Fortuny and Martin-
Belloso 2003; Rico and others 2007). The cut (wounded) plant tis-
sue releases nutrients that become available for microbial growth
(Rajkowski and Baldwin 2003; Luo 2007). The objectives of this
study were to evaluate if MAP would provide appropriate low oxy-
gen partial pressures for anaerobic growth and if fresh-cut lettuce
surfaces have the necessary sugars to induce fermentative growth,
the 2 critical factors needed to induce acid-resistance in RpoS-
deficient E. coli and S. flexneri strains (Bhagwat and Bhagwat 2004;
Bhagwat and others 2005). The study highlights the importance of
proper storage temperatures for MAP-stored produce as well as the
biological significance of multiple acid-resistance pathways of en-
terohemorrhagic E. coli.

Materials and Methods

Bacterial strains and culture conditions
We selected 7 enterohemorrhagic E. coli strains belonging to 5

serogroups, obtained from the Natl. Food Safety and Toxicological
Center, Michigan State Univ., East Lansing, Mich., U.S.A. and either
associated with foodborne illness or from clinical studies as de-
scribed previously (Bhagwat and others 2005). The strains belonged
to serogroups O157:H7 (strains 52, 253, and 256), O26:H11 (strain
200), O55:H7 (strain 219), O91:H21 (strain 221), and O111:H12
(strain 230). Except for strain 52, the strains were known to carry
a mutation in the rpoS gene (Bhagwat and others 2005). Frozen
stocks maintained at −75 ◦C were streaked on Luria–Bertani (LB)
agar and after overnight growth at 37 ◦C, a single colony was inoc-
ulated into LB growth medium buffered with 100 mM MES (mor-
pholineethanesulfonic acid, pH 5.5). For fermentative growth un-
der anaerobic conditions, cultures were inoculated in brain heart
infusion broth with 0.4% glucose (BHIG, 3 mL) in 13 × 100 mm test
tubes. The test tubes were incubated without shaking for 18 to 20
h in anaerobic bags, which achieve < 2 kPa O2, and > 4 kPa CO2

within 2 h of incubation at 37 ◦C (Becton Dickinson, Sparks, Md.,
U.S.A.) (Bhagwat and Bhagwat 2004).

Preparation of fresh-cut lettuce, modified
atmosphere packaging (MAP), measurement
of CO2 and O2 partial pressures, and storage

Romaine lettuce was obtained (on 5 different occasions keeping
the vendor and the variety unchanged) from a local wholesale mar-
ket and processed immediately. Fresh romaine lettuce leaves were
cut into approximately 2.5 × 2.5 cm pieces, washed to remove en-
dogenous microflora in 100 mg/mL total chlorine solution (NaOCl)
adjusted to pH 6.5 with HCl for 1 min, and centrifuged using a salad
centrifugal dryer (model T-304; Meyer Machine Co.) at 650 rpm (ap-
proximately 111 gn) for 2.5 min to remove excess water. Fresh-cut
romaine lettuce samples (25 g) were transferred into packages (10 ×
10 cm) prepared from a low oxygen transmission rate (OTR) film
(see below). To establish an initial package atmosphere of 1 kPa O2,
the packages were vacuum evacuated to 1.5 kPa, flushed with nitro-
gen gas to 64.0 kPa, heat sealed for 2 s, and vented to atmospheric
pressure using an automated chamber machine (model A300/42,
Multivac Inc., Kansas City, Mo., U.S.A.).

To store under aerobic conditions, 3 0.5-mm holes were punched
in some of the packaged fresh-cut lettuce samples using a 26-gauge
syringe needle.

The OTR of the film used to prepare the packages was 16.6 pmol/
s/m2/Pa as determined by the film manufacturer (Packaging Con-
cepts, Salinas, Calif., U.S.A.) at 23 ◦C using a MOCON appara-

tus to measure the steady-state rate of dry O2 gas transmission
through plastic films, that is, according to ASTM International
procedure D 3985-81 (ASTM Intl. 1986). At 10 ◦C, the film OTR
was 9.0 pmol/s/m2/Pa as determined using an exponential decay
method for determining OTRs through plastic films in a static cell
(Moyls and others 1992) with slight modifications (Kim and others
2005).

Inoculation of fresh-cut lettuce with E. coli
Fresh-cut lettuce packages were inoculated individually with dif-

ferent strains of hemorrhagic E. coli. Bacterial cultures from the
LB-MES growth medium were suspended in phosphate-buffered
saline to get a cell concentration of approximately 4.5 × 106 CFU
in 100 μL. The 100-μL suspension was then placed on preweighed
fresh-cut lettuce in the form of several drops and packaged within
the next 1 h. Bacterial cell count was confirmed by plating 10-fold
serial dilutions of cell suspensions on LB agar media and enumer-
ating colonies following 24 h incubation at 37 ◦C.

Acid-challenge assays
Acid-challenge assays for pure cultures of E. coli: for the oxida-

tive, glucose-repressed, acid-resistance system (AR1), cells were di-
luted (1:200) directly from the growth media (LB-MES broth) to EG
growth medium pH 3.0 and challenged for 2 h at 37 ◦C. For the
glutamate-dependent acid-resistance system (AR2) and arginine-
dependent acid-resistance system (AR3), the cells were diluted
(1:200) directly from the growth media (BHI broth with 0.4% glu-
cose) to EG growth medium containing either 1.5 mM glutamate
(AR2) or 1.5 mM arginine (AR3) at pH 2.0 and challenged at 37 ◦C for
2 h (Bhagwat and others 2005). Before adding cells, acid-challenge
media were warmed to 37 ◦C and pH was adjusted with 6 N HCl.

For acid challenge involving bacteria inoculated on fresh-cut let-
tuce, the fresh-cut lettuce pieces from individual packages were
placed in a stomacher bag with a filter lining and pummeled in
225 mL synthetic gastric juice (pH 2.0). The composition of the syn-
thetic gastric juice was 8.3 g proteose-peptone, 3.5 g glucose, 2.05 g
NaCl, 0.6 g KH2PO4, 0.11 g CaCl2, 0.37 g KCl, 0.05 g porcine bile,
0.1 g lysozyme, 13.3 mg pepsin, and 1 L Millipore-filtered water, pH
adjusted to 2.0 with 6 N HCl. (Beumer and others 1992; Cui and oth-
ers 2001). Initial viable counts were determined immediately by di-
luting cells in phosphate buffered saline (50 mM, pH 7.2) and plat-
ing on LB agar. Samples were mixed 1 more time at the end of 2-
h acid challenge incubation before taking aliquots for determining
viable cell counts. At least 3 replicates were included for each acid-
challenge assay and data from all replicates were included to plot
the survival percentages.

Statistical analysis
For all statistical analyses, SigmaStat 3.0 software (Ashburn, Va.,

U.S.A.) was used. Data were analyzed by 1-way analysis of variance
(ANOVA) test to determine statistical differences between means of
treatments.

Results

RpoS status and resistance to synthetic gastric juice
rpoS encodes a transcriptional sigma factor which positively reg-

ulates 2 of the 3 acid-resistance pathways in E. coli. All strains (ex-
cept strain 52) showed a low level of AR1 induction when cells
were challenged after an overnight aerobic growth in LB-MES
medium (Table 1). Aerobically grown cells were unable to induce a
glutamate-dependent acid-resistance system (AR2) as they showed
poor survival (< 0.001%) after acid challenge at pH 2.0. We observed
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that when cells were grown under reduced oxygen and in the pres-
ence of glucose, RpoS (sigma factor) was no longer necessary for
induction of AR2 (Table 1). Anaerobic growth also induced a 3rd
acid-resistance pathway (AR3), which is dependent on arginine. Ac-
cordingly, all E. coli strains were able to induce AR2 and AR3 path-
ways when grown anaerobically. A sizable fraction of the popula-
tion survived when challenged at pH 2.0 either in the presence of
glutamate (AR2; 33% to 79% survival) or arginine (AR3; 7% to 13%
survival) (Table 1). A similar acid challenge administered to aero-
bically grown cells resulted in poor survival (< 0.001% survival for
AR2 pathway).

Modified atmosphere packaging
and induction of acid resistance

We further examined whether or not MAP storage conditions
provided the necessary low O2 partial pressures and if available
metabolites from the fresh-cut lettuce were sufficient to promote
fermentative growth of E. coli and induction of AR2. We examined
the acid-resistance capability of E. coli strains by inoculating the
aerobically grown cells onto fresh-cut lettuce. The lettuce packages
under MAP were stored at 5, 10, 15, and 20 ◦C over a period of 7 d. At
5 ◦C, wild-type E. coli strain 52 maintained acid-resistance (>30%
survival), while the rpoS-mutant strain 253 failed to induce acid re-

Table 1 --- Acid resistance properties of various enterohemorrhagic E. coli strains grown under aerobic and anaerobic
conditions.

Strength of various acid-resistance pathways
(% surviving population after growth and acid challenge in specified media)

Aerobic growth Anaerobic growth in presence of glucose
(LB-MES, pH 5.5) (BHIG, <2 kPa O2, >4kPa CO2)

AR1 AR2 AR2 AR3
Strain and serotype (pH 3.0)a (pH 2.0 + glutamate)b (pH 2.0 + glutamate)b (pH 2.0 + arginine)c

52 (O157:H7) 46.4 ± 4.9 (A) 88.6 ± 9.2 77.1 ± 5.6 (A) 9.52 ± 2.3 (A)
253 (O157:H7) 0.81 ± 0.6 (C) < 0.001 65.21 ± 9.6 (A) 12.65 ± 3.1 (A)
256 (O157:H7) 5.59 ± 1.9 (B) < 0.001 79.15 ± 8.3 (A) 9.52 ± 2.3 (A)
200 (O26:H11) 5.73 ± 2.2 (B) < 0.001 63.5 ± 5.1 (A) 8.14 ± 1.8 (A)
219 (O55:H7) 3.23 ± 1.1 (B) < 0.001 86.03 ± 9.8 (A) 13.3 ± 4.1 (A)
221 (O91:H21) 9.33 ± 3.9 (B) < 0.001 33.32 ± 6.6 (B) 7.7 ± 3.3 (A)
230 (O111:H12) 5.59 ± 1.6 (B) < 0.001 60.23 ± 7.6 (A) 6.83 ± 1.3 (A)

Mean values (n = 3) in each column that are not followed by the same letter in the parenthesis indicate significant (P < 0.05) differences.
aCells were acid challenged in minimal EG medium, pH 3 for 2 h at 37 ◦C.
bCells were acid challenged in minimal EG medium + 1.5 mM glutamate, pH 2 for 2 h at 37 ◦C.
cCells were acid challenged in minimal EG medium + 1.5 mM arginine, pH 2 for 2 h at 37 ◦C.

Figure 1 --- Ability of enterohemorrhagic
E. coli strains to induce acid resistance
on fresh-cut lettuce stored under MAP
at 5 ◦C. E. coli strains 52 (black bars)
or 253 (grey bars) were inoculated onto
fresh-cut lettuce and stored under MAP
at 5 ◦C. At the specified storage times,
the partial pressures of CO2 ( �) and O2
(◦) were measured before performing
acid challenge in synthetic gastric
juice (pH 2.0 for 2 h at 37 ◦C). Surviving
population was determined by
performing viable count measurements
on LB agar plates. Mean values (n = 4)
for the survival data with different
letters indicate significant (P < 0.05)
difference in % survival after 2-h acid
challenge.

sistance and remained acid sensitive (0.35% survival) after 7-d stor-
age (Figure 1). The relatively low CO2 transmission rate of the pack-
aging film allowed for rapid accumulation of CO2 during the 1st
24 h and thereafter the CO2 partial pressure stabilized at approxi-
mately 4 kPa for the rest of the experiment (Figure 1). The O2 partial
pressure steadily increased to 2.6 kPa over the period of 7 d. Total
aerobic viable cell counts (for noninoculated fresh-cut lettuce) in-
creased from 2.0 ± 3.7 × 103 to 5.0 ± 7.1 × 104 cells for every 25 g
of lettuce during 7-d storage at 5 ◦C. Similarly, the viable count of
E. coli strain 253 increased only slightly from 4.5 ± 5.1 × 106 at the
time of inoculation to 2 .0 ± 1.2 × 107 after 7-d storage at 5 ◦C (data
not shown). However, increases in the viable counts were not sta-
tistically significant (P = 0.2) and more likely reflect variation due
to handling of packages during preparation and generating modi-
fied atmosphere as well as the time taken by the produce to attain
the storage temperature of 5◦ C. No microbial growth of any E. coli
strain was observed in LB broth left at 5◦ C for 7 d (data not shown).

Effect of abusive storage temperatures
on induction of acid resistance

We analyzed the effect of higher storage temperatures on the
acid-resistance capacity of enterohemorrhagic E. coli strains un-
der MAP conditions. There was no significant difference in the
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acid-resistance levels of E. coli strain 253 cells at the end of 7-d
storage at 5 ◦C (Figure 1) and 10 ◦C (data not shown). However, at
temperatures higher than 10 ◦C (for example, 15 ◦C), rpoS-defective
strain (strain 253) acquired acid resistance under MAP conditions
(Figure 2, data indicated by grey bars). At 15 ◦C there was a rapid in-
crease in the CO2 partial pressure with a concomitant decrease in
O2. E. coli strain 52 maintained its acid-resistance ability through-
out storage at 15 ◦C. Similar induction levels for acid resistance were
observed for fresh-cut lettuce packages in MAP left at 20 ◦C but the
produce quality deteriorated rapidly after 6-d storage at this tem-
perature (data not shown). Induction of acid resistance observed at
higher temperatures occurred in the presence of MAP storage con-
ditions (Figure 2, data indicated by grey bars), but not when pack-
aged lettuce was stored aerobically at the identical storage tem-
perature (Figure 3, data indicated by grey bars). As expected for
packages with 3 macropores, there were no appreciable changes in
the CO2 and O2 partial pressures within the packages and near at-
mospheric conditions were maintained throughout the storage pe-
riod. Strain 52 maintained its high acid-resistance levels during aer-
obic storage conditions.

Figure 2 --- Ability of enterohemorrhagic
E. coli strains to induce acid resistance
on fresh-cut lettuce stored under MAP
at 15 ◦C. E. coli strains 52 (black bars)
or 253 (grey bars) were inoculated onto
fresh-cut lettuce and stored under MAP
at 15 ◦C. At the specified storage
times, the partial pressures of CO2 ( �)
and O2 (◦) were measured before
performing acid challenge in synthetic
gastric juice (pH 2.0 for 2 h at 37 ◦C).
Surviving population was determined
by performing viable count
measurements on LB agar plates. Mean
values (n = 4) for the survival data with
different letters indicate significant
(P < 0.05) difference in % survival after
2-h acid challenge.

Figure 3 --- Ability of enterohemorrhagic
E. coli strains to induce acid resistance
on fresh-cut lettuce stored under
aerobic conditions at 15 ◦C. E. coli
strains 52 (black bars) or 253 (grey
bars) were inoculated onto fresh-cut
lettuce and stored in macroperforated
packages (that is, aerobically) at 15 ◦C.
At the specified storage times, the
partial pressures of CO2 ( �) and O2 (◦)
were measured before performing acid
challenge in synthetic gastric juice (pH
2.0 for 2 h at 37 ◦C). Surviving
population was determined by
performing viable count measurements
on LB agar plates. Mean values (n = 3)
for the survival data with different
letters indicate significant (P < 0.05)
difference in % survival after 2-h acid
challenge.

Ability to induce acid resistance in other
enterohemorrhagic E. coli strains

Fresh-cut lettuce packed in MAP was inoculated with indi-
vidual strains and stored at 15 ◦C for a period of 7 d. As ex-
pected, the initial acid-resistance levels of all strains (except strain
52) were low and only 0.1% of the initial inoculum survived
acid challenge at pH 2.0 (Figure 4). However, all strains devel-
oped the AR2-mediated acid tolerance (synthetic gastric juice,
pH 2.0) after 7-d storage at 15 ◦C while AR2 resistance of strain
52 was maintained at high level (Figure 4). The aerobic plate
count for noninoculated fresh-cut lettuce packed in MAP after
7-d storage was 8 × 108 cells per 25 g; however, surviving popu-
lation (if any) after acid challenge at pH 2.0 in the synthetic gas-
tric juice was below the detection limit (< 5.0 × 104 cells per
25 g), which extrapolates to < 0.006% survival. The data indicate
the acid-sensitive nature of the resident microflora of the non-
inoculated lettuce as well as its inability to induce acid-resistance
under MAP-storage conditions even at abusive temperature
of 15 ◦C.
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Figure 4 --- Ability of various
enterohemorrhagic E. coli strains to
induce acid-resistance on fresh-cut
lettuce stored under MAP at 15 ◦C for
7 d. Various E. coli strains were
inoculated onto fresh-cut lettuce and
stored under MAP at 15 ◦C. Acid
challenge was performed in synthetic
gastric juice (pH 2.0 for 2 h at 37 ◦C) at
the time of inoculation (day 0, filled bars)
and after 7-d storage (hatched bars).
Surviving population was determined by
performing viable count measurements
on LB agar plates. Mean values (n = 3)
for the survival data with different
letters indicate significant (P < 0.05)
difference in % survival after 2-h acid
challenge.

Discussion

E. coli O157:H7 is a highly acid-resistant foodborne pathogen
that survives in the bovine and human gastrointestinal tracts

and in acidic foods such as apple cider (Zhao and others 1993;
Price and others 2004). This property is thought to contribute to the
low infectious dose of the organism (Audia and others 2001; Foster
2004). In this study, we observed that several enterohemorrhagic E.
coli strains, in spite of their dysfunctional rpoS locus, were able to
utilize MAP conditions and metabolites available from the fresh-
cut lettuce surfaces to induce acid resistance at growth permissive
temperatures (that is, ≥ 15 ◦C) (Figure 2 and 4). On the other hand,
no acid resistance was induced for MAP-stored lettuce left at tem-
peratures ≤ 10 ◦C (Figure 1), or for lettuce packed and stored under
aerobic conditions (Figure 3). The data underscore the impending
danger of abusive storage temperatures especially with regard to
the application of MAP to extend the shelf life of fresh produce.

In this study, we examined how the film oxygen transmission
rate and respiring surface area recommended for fresh-cut lettuce
would affect one of the critical physiological properties (that is,
resistance to gastric acidity) of enterohemorrhagic E. coli strains.
MAP has a distinct advantage in delaying spoilage of the wounded
plant tissue so that the produce will have a fresh-like appearance
for an extended period of time (Yucan 2003; Matthews 2006). The
U.S. Food and Drug Administration (FDA) uniform food code re-
quires that all refrigerated hazardous foods be stored at 5 ◦C or be-
low. Maintaining proper storage temperatures is often most diffi-
cult at the retail level, due to the increased handling and the need to
display the product in a visually appealing manner. Unfortunately,
temperature abuse occurs frequently at several stages from farm to
fork, that is, during fresh-cut-product shipping, transportation, and
retail display as well as at home settings (Bruhn 2006). In a study
where over 1400 perishable food items (produce and meat prod-
ucts) were examined for temperature abuse at retail locations, over
87% of the samples were kept at above the recommended temper-
atures (LeBlanc and others 1996; Marklinder and others 2004). This
study highlights the potential food safety hazards associated with
packaged fresh-cut lettuce if packages are left at abusive tempera-
tures. The tenacious acid-resistance ability of enterohemorrhagic
E. coli strains having multiple pathways and complex regulatory

network needs to be taken into consideration especially for foods
packed to extend their fresh-like appearance and which are most
likely consumed raw.

Conclusions

This study addresses concerns regarding produce safety associ-
ated with the use of MAP, mainly due to the extension of shelf

life which may be creating opportunities for human pathogens to
grow, survive, and produce toxins. The data presented here under-
score the impending danger of abusive storage temperatures, es-
pecially with regard to the application of MAP to extend the shelf
life of fresh produce. The results also highlight the biological signif-
icance of having multiple acid-resistance pathways and complex
regulatory network that enterohemorrhagic E. coli strains use to
overcome gastric acid barrier.
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