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Abstract: Sandwich enzyme-linked immunosorbent assays (sELISA) allow for

rapid detection of Escherichia coli (E. coli) O157:H7. Acidic conditions similar to

those in certain foods and juices may reduce the ability to detect E. coli O157:H7.

Growth of E. coli O157:H7 at pH 4 compared to pH 5–7 reduced fluorescent

signal at the lower bacterial concentrations without altering the range of detection.

Both acid-adaptation and a subsequent pH 7 incubation reversed sensitivity. Incubation

in apple juice was not deleterious to sELISA detection. Exposure to acidic conditions

can cause a small reduction in sELISA sensitivity used to detect E. coli O157:H7.

Keywords: E. coli O157:H7, Immunoassay, Acid stress, Acid adaptation, Apple juice,

Food protection

INTRODUCTION

E. coli O157:H7, a food-borne pathogen, has the potential to cause significant

morbidity and mortality,[1–3] and thus it is necessary to develop detection

methods for its presence in a variety of foods including acidic foods and juices

such as apple and orange juice, which have been implicated in outbreaks.[4–6]
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The current USDA Food Safety and Inspection Service protocol for E. coli

O157:H7 detection employs selective enrichment and culturing steps followed

by biochemical tests that require several days.[7] Recently, more rapid

antibody-based methods including those for juices such as immunomagnetic

separation coupled with PCR[8,9] or selective plating,[10] time-resolved

immunoassay,[11] flow cytometry,[12] and solid phase fluid capillary[13] have

been developed. Most promising is the use of sELISAs coupled to portable

evanescent wave fiber optic biosensors for near real time detection of E. coli

O157:H7 directly in juices and foods without enrichment steps.[14–17]

Although antibody-based techniques offer great promise for detection of

E. coli O157:H7-contaminated food and juices, little is known regarding the

effect of environmental stressors on the ability to detect this pathogen. Acidic

conditions found in certain foods and juices are considered environmental

stressors for E. coli O157:H7.[18] Acidic conditions can lead to changes

in gene expression and surface characteristics,[19] and, thus, could alter the

expression of surface antigens necessary for robust antibody-based detection.

E. coli O157:H7 survives in acidic environments,[19–21] including apple

juice.[22–24] Other acidic foods such as yogurt,[25] fermented foods[19,26]

and mayonnaise[27] are possible vehicles for transmission of E. coli O157:H7.

Additionally, weak acids may be introduced during food processing of

meat and animal feeds.[26] Acidification is an important measure commonly

employed to control growth and survival of pathogenic bacteria in foods.[28]

Various acidic foods such as apple juice, mayonnaise and yogurt have been

implicated in outbreaks of E. coli O157:H7.[29] Prolonged survival of

acid-adapted organisms in acid and fermented food products has been

demonstrated.[20]

The premise underlying this paper is that surface properties necessary for

antibody-based detection vary as a function of acidic environments, thereby

reducing assay sensitivity with an increased number of bacteria needed to

exceed the minimal limit of detection. To test this premise, the effects of

acid-stressing and acid-adapting of E. coli O157:H7 on the ability of E. coli

O157:H7 to be detected was tested using a polyclonal sELISA. Acid adap-

tation results in enhanced resistance to severe acid challenge after exposure

to a sub-lethal acid[29,30] and is inadvertently possible in food processing.[20,29]

Additionally, the ability to detect E. coli O157:H7 after prolonged incubation

in an acidic juice (apple juice) was determined, because survival in apple juice

has been observed.[31]

EXPERIMENTAL

Bacterial Strains and Incubation Conditions

The E. coli O157:H7 isolates used in this study were an Odwalla apple

juice outbreak[5] strain, obtained from Dr. Harvey George (Massachusetts
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Department of Public Health State Laboratory Institute, Jamaica Plain, MA),

and ATCC strain 43894 (American Type Culture Collection (Manassas, VA).

All incubations were performed at 378C at 250 RPM unless specified.

Bacteria, maintained on tryptic soy agar (TSA, BD Diagnostic Systems,

Sparks, MD) plates at 48C, were revived by incubating an isolated colony

in TSB (BD Diagnostic Systems, Sparks, MD) overnight for use in the

experiments described below.

Acid-Shock and Acid-Adaptation

Aliquots of overnight cultures were incubated for 4 h at a final OD600

(optical density) of 0.1 in TSB, adjusted with 1 N HCl, 2 M lactic acid, or

2 M malic acid to pH 4–7, to determine the effects of an acute acid

shock on sELISA detection. To determine if there is recovery from the

4 h acid incubation, a subset of duplicate broth cultures were centrifuged

at 3000 � g for 5 min at 48C, washed, and resuspended in TSB pH 7.0

for overnight incubation prior to harvesting. The effects of acid adaptation

versus acid shock were studied using a modified protocol adapted from

Leenanon and Drake.[18] For acid adaptation, bacteria were grown for

18 h in TSB with 1% glucose. This condition reduces pH slowly to approxi-

mately 4.8 by the end of the 18 h period. For acid shock, bacteria were

grown for 16 h in TSB, and then the medium was adjusted to pH 4

by the addition of 2 M lactic acid or 2 M acetic acid. Cultures were

incubated for an additional 2 h. Control cultures were grown in TSB for

18 h. Broth cultures were centrifuged as described above at the end of the

18 h incubation, and then bacteria were washed to remove broth and resus-

pended in TSB at either pH 7 or pH 4 for 4 h. After this final 4 h-incubation,

broth cultures were centrifuged as described above. Cells were re-suspended

to an OD600 of 0.8 in sterile 0.01 M PBS pH 7.4, and then serially diluted at

a ratio of 1 : 10 in PBS.

Apple Juice Incubation

For these experiments, overnight cultures of E. coli O157:H7 were pelleted

and washed as described above prior to re-suspension in apple juice, PBS or

TSB to an OD600 of 0.3. Aliquots were incubated at 23–258C for up to

7 days without shaking. Commercially-available pasteurized apple juice

with no additives was used for all experiments. Prior to seeding, samples of

apple juice were tested for the presence of viable E. coli O157:H7

organisms by plating 100mL aliquots of non-diluted apple juice in triplicate

on BCMTM O157:H7 agar (Biosynth, Naperville, IL) plates. Apple juice

was free of bacterial contamination.
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Cell Enumeration using Viable Plate Counts

Serial-diluted samples in PBS were used for viable counts on BCMTM

O157:H7 selective agar plates. Plates were examined for the presence of

sorbitol-negative colonies after 18–20 h at 378C.

Cell Enumeration using LIVE/DEADw BacLightTM

Bacterial Viability Kit

Total bacterial number and percent live bacteria were determined using a

BaclightTM Kit (Molecular Probes, Eugene OR) using a method modified

from Braux et al.[32] Aliquots (100mL) of the serial diluted cells (�103 cells)

were incubated in the dark for 15 min in the stain solution prepared per kit

instructions and then captured on 0.2mm black filters. Subsequently, filters

were mounted on glass slides. Filters were observed at X1,000 using an oil

immersion lens with a Zeiss epifluorescence microscope. Live (green

fluorescent) and dead (red fluorescent) bacteria were viewed separately with flu-

orescein and Texas Red bandpass filter sets, respectively. Enumerations were

performed visually by examination of 20 fields that were randomly selected.

Sandwich ELISA

Lyophilized affinity-purified anti-E. coli O157:H7 polyclonal antibody con-

jugated with horseradish peroxidase (Kirkegaard & Perry Laboratories,

Gaithersburg, MD) was rehydrated according to manufacturer’s instructions.

Optimal capture and detection antibody concentrations were determined

by checkerboard titration. The sELISA protocol was as follows. Capture

antibody (2mg/ml KPL) in PBS was used to coat 96-well NUNC

Maxisorpw microplates (Nalge Nunc International, Rochester, NY)

overnight at 48C. Following overnight incubation, wells were washed once

with PBS using a microplate washer and then incubated at 238C for 1 h

with PBS containing 0.2% casein hydrosylate, and 0.2% IgG-free bovine

serum albumin. Following washing once with PBS, wells were incubated

with 100mL of the serially-diluted E. coli O157:H7 in either apple juice or

PBS. Non-spiked PBS or apple juice was added to negative control wells.

After incubation at 378C for 1 h and washing three times with PBS, the

wells were incubated with 100mL of the primary detection antibody

(1mg/mL). After incubation, wells were washed 3X for 5 min with

0.05%(v/v) Tween-20 in PBS, and incubated for 30 min with QuantaBlu

substrate (Pierce, Rockford, IL) stabilized with hydrogen peroxide. The

reaction was stopped by the addition of 100mL of QuantaBlu stop solution.

Fluorescence intensity was measured using a FLx800 BioTek fluorescence

microplate reader (Winooski, VT). Net fluorescence intensity was calculated
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by subtracting the background values (wells without antigen). Assay precision

was determined by calculating the coefficient of variation. Only those assays

with a coefficient of variation ,10% were included in the results.

Statistical Analysis

Statistical significance was determined by Analysis of Variance followed by

Dunnett Multiple Comparison tests, using GraphPad InstatTM software.

Values are means + standard error of the mean (SEM), n ¼ 4–5.

RESULTS AND DISCUSSION

Short Term Incubation in Acidified TSB

Bacteria were grown for 4 h in TSB at various pHs and prepared as described

in Experimental to determine if incubation in acid reduces the ability to detect

E. coli O157:H7. Figure 1 illustrates that the pH 4 incubation did not markedly

shift the linear range of detection, which was 103–105 colony units (CFU)/ml

for both E. coli O157:H7 isolates. However, the pH 4 medium reduced the

fluorescence signal at 105 CFU/mL by approximately 60% compared to the

other pHs (p , 0.001). Net fluorescent intensities at pH 4 for the MA and

ATTC #43894 isolates were 5498 + 233 and 5874 + 192, respectively,

compared to 13465 + 191 and 15787 + 667 at pH 5. The pH 5 mean net

fluorescent intensity was not significantly different from that of pH 6 and 7.

When lactic acid or acetic acid were used to acidify TSB, results were

similar to those reported above for the HCl-acidified medium (data

not shown). Although pellets were re-suspended to the same OD prior to

plating, the CFU/mL were reduced for the pH 4 cultures. Additionally, the

percent live cells determined by direct cell counts was reduced significantly

(p , 0.01) at pH 4 compared to the other pH media. The percent live cells

were as follows: 49.3 + 7 (pH 4), 62 + 8 (pH 5), 78 + 10 (pH 6) and

97 + 4 (pH 7). When the pH 4-incubated bacteria were centrifuged, washed

and the pellet re-suspended in TSB pH 7 and grown overnight, sELISA

results and viable counts returned to normal (data not shown).

Acid-Adaptation

Bacteria were acid-adapted according to the protocol of Leenanon and

Drake[18] to determine the effect of acid adaptation on sELISA detection.

Figure 2 illustrates the results of acid-adaptation compared to normal incu-

bation and brief acid shock for the MA isolate. After treatment, cells were

pelleted, washed and resuspended for a 4 h incubation in either pH 7 or
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4 TSB. When incubated in the TSB pH 7, acid-adapted and control bacteria

had a similar linear range of detection. However, the acid-shocked bacteria

had a slight shift in range of detection similar to what was found previously.

When the final growth was at pH 4, both control and acid-shocked bacteria

exhibited a less favorable range of detection than acid-adapted.

Apple Juice

E. coli O157:H7 (MA isolate) was incubated in apple juice, TSB and PBS for a

one week period. Sampling was performed on Days 0, 3 and 7. Results are

Figure 1. Detection of E. coli O157:H7 after growth in tryptic soy broth with various

pHs. ATCC isolate #43894 (upper panel) and the MA (Odwalla) isolate (lower panel)

were used for this experiment. After incubation bacteria were pelleted, washed and serial

diluted in phosphate-buffered saline. Results show net fluorescence intensity as a func-

tion of colony forming units per ml. Net fluorescence intensity was measured by sand-

wich ELISA using the KPL polyclonal antibody for both capture and detection elements.

Net fluorescence intensity was determined by subtracting the fluorescence intensity for

samples without bacterial spiking. Each value represents the mean + SEM (n ¼ 4).
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shown in Figures 3 and 4. Bacteria in the apple juice and PBS did not increase

in number, determined by optical density at 600 nm, over the 7-day period

while there was an increase in bacteria grown in TSB (Figure 3). After centrifu-

gation and serial dilution in PBS and plating on selective agar, CFU/mL at

the 27 dilution was reduced as a function of time for all three sets of bacteria.

Since the CFU/mL was reduced to zero for apple juice but not cell number

(Figure 3), sELISA net fluorescent intensity was expressed as a function of

bacteria number determined by the direct count method. As shown in

Figure 4, there was no change in range of detection, determined by sELISA

for any of the samples. However, at 105 cells/mL there was an increased net

Figure 2. Detection of E. coli O157:H7 (MA isolate) after acid-adaptation, acid-

shocking and growth at pH 7 followed by growth in TSB at pH 7 (upper panel) or

pH 4 (lower panel). After incubation, bacteria were pelleted, washed and serial diluted

in phosphate-buffered saline. Results show net fluorescent intensity as a function of

colony forming units per ml. Fluorescent intensity was determined by sandwich

ELISA using the KPL polyclonal antibody for capture and detection elements. Net

fluorescence intensity was determined by subtracting the fluorescence intensity for

samples without bacterial spiking. Each value represents the mean + SEM (n ¼ 4).
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fluorescent intensity for apple juice and TSB at Days 3 and 7 (Figure 3;

p , 0.01), but this change was not apparent for the cells incubated in PBS.

Outbreaks of E. coli O157:H7 infections associated with unpasteurized

apple juice and apple cider[4 – 6] and the threat of the contamination of other

acidic foods with this pathogen emphasize the need for rapid and sensitive

tests to detect the presence of E. coli O157:H7 in acidic foods and juices.

Since surface characteristics are necessary for detection of E. coli O157:H7

by immunoassays, alterations in surface antigenicity as a function of

different growth conditions merits concern when developing immunoassays.

The premise underlying the present work is that the number of available

binding sites will vary as a function of growth conditions. For example,

differences in the protein composition of the cell envelope as a function of

acid stressed and acid tolerated conditions even for short times have been

observed.[19]

The present study investigated the effect of exposure to acid on the ability

to detect E. coli O157:H7 using a sandwich ELISA with a commercially

Figure 3. The effect of incubation in apple juice, TSB and PBS for 3 and 7 days on

optical density at 600 nm (top left), colony forming units per optical density unit (top

right), net fluorescent intensity for 105 cell number/mL (bottom left) and bacterial cell

number per optical density unit (bottom right). Optical density was measured in

aliquots from each incubation while colony forming units, net fluorescence intensity

(sELISA), direct cell counts were determined after bacteria were centrifuged, washed,

resuspended to Optical Density of 0.8 at 600 nm and serial diluted in PBS. Colony

forming units and direct cell counts were for the –7 dilution. Net fluorescent intensity

are values for 105 cells/ml. Each value represents the mean + SEM (n ¼ 4).
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Figure 4. Detection of E. coli O157:H7 (MA isolate) at Day 0 (upper panel), Day 3

(middle panel), and Day 7 (lower panel). After incubation in tyrptic soy broth (TSB),

phosphate buffered saline (PBS) and apple juice (AJ), bacteria were pelleted, washed

and serial diluted in phosphate-buffered saline (PBS). Results show net fluorescent

intensity as a function of cell number per ml, determined by direct cell counts after

staining with Baclight live/dead kit. Fluorescent intensity was determined by sandwich

ELISA using the KPL polyclonal antibody for capture and detection elements. Net

fluorescence intensity was determined by subtracting the fluorescence intensity for

samples without bacterial spiking. Each value represents the mean + SEM (n ¼ 4).
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available antibody. Regardless of the acidulant (HCl, lactic acid or malic

acid), brief incubations at �pH 4 caused a slight reduction in the ability to

detect this bacterium when data was expressed per number of viable cells

indicated by colony forming units. Given the fact that the results were the

same regardless of the acidulant, there is possibility that there is a slight

reduction in assay sensitivity if sampling were to be done directly from a

wide variety of acidic foods and juices. Since the pH 4 incubation reduced

the number of live cells and the number of colony-forming cells, the actual

number of cells was under-represented by the colony-forming unit measure-

ment. Since more cells were present than indicated by the viable method,

the sensitivity for pH 4 incubation would be worse than pictured in our

graphs. This work does not allow us to determine if there is a difference in

antibody binding per dead versus live cells. The change in detection was

not due to the effect of acid on the assay itself because cells were washed

and resuspended in PBS prior to sELISA. Overnight incubation at normal

pH reversed this change suggesting that growth in enrichment broths prior

to sELISA would negate deleterious changes in epitopes necessary for

antibody-based detection. The results also showed that acid-adaptation prior

to growth in acidic conditions protect sELISA detection. Acid adaptation

has been shown to increase resistance to acid conditions as well as heat

and freeze-thaw conditions,[18] and is a complex biological phenomenon

including de novo protein synthesis and changes in fatty acid composition

of the cell membrane.[33]

Although acidic conditions may deleteriously effect detection, incubation

in an acidic juice, apple juice, for up to 7 days did not alter the ability to detect

E. coli O157:H7, although the colony forming units were reduced to zero,

similar to what has been reported previously.[31] Again, cells were

harvested, washed, and resuspended in PBS prior to assay, because our

earlier work showed that the presence of apple juice in the first step of the

sELISA alters assay performance.[34] Only one brand of apple juice was

used for this study, and the results could vary as a function of apple juice

brand.[35] Moreover, the results showed that incubation in starvation

conditions (PBS) for 7 days also did not alter sELISA detection.

The findings of this study suggest that incubation in acidic conditions can

adversely affect surface antigens of E. coli O157:H7 that are necessary for

antibody binding, but not in all conditions and most importantly not in apple

juice even after 7 days. Limitations of this study include the use of only one

polyclonal antibody as both capture and detection elements. Other work has

indicated that there is a loss of O antigenicity, measured by agglutination of

E. coli O157:H7 when grown in starvation conditions.[36] In contrast to our

short-term study, the change in O antigenicity during starvation took months.

Outer membrane proteins of E. coli O157:H7 do change during incubation

under adverse conditions.[37] Composition of culture broth may affect immuno-

magnetic separation[38] and ELISA performance.[39] In this regard, the

inclusion of acriflavine and casmino acid in enrichment broth increased
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ELISA sensitivity but inclusion of EDTA resulted in no ELISA signal.[39]

However, cold stressing of bacteria did not alter automated-enzyme-linked flor-

escent immunoassay in cheese.[40] Moreover, freeze-thawing spiked ground

beef did not reduce sensitivity of a solid phase fluorescent immunoassay.[13]

CONCLUSIONS

The present results indicate that some caution should be used when directly

sampling acidic foods and juices for E. coli O157:H7 contamination using

immunoassays, although the detection of this bacterium using a polyclonal

sandwich ELISA was not greatly altered and, if present, was easily reversed

by further growth at normal pH.
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