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Enrichment step is a cell amplification step essential for all detection of foodborne
pathogens. The present work developed an early identification of finished food samples
free from Escherichia coli O157:H7 contamination. Our work exploited the activity of
ornithine decarboxylase (ODC) along with its pH indicator and a selective inhibitor. In the
presence of the target bacteria, the enrichment broth changed colour significantly due to
the diauxic growth during sugar fermentation and ODC activity. Among all conditions,

phenol red and 0.028 g/L novobiocin were found to be optimal and selective for
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determining the presence or absence of E. coli O157:H7. When tested on real food
samples, the proposed method yielded results that agreed well with the conventional
method (Cohen’s kappa = 1.00). The present work provided a new method for quickly
determining if finished food products are free from E. coli O157:H7 contamination.

© All Rights Reserved

Introduction

Enterohaemorrhagic Escherichia coli serotype
0157:H7 is a foodborne pathogen with a low
infectious dose (10 - 100 cells), and can exert fatal
effects (MacDonald et al., 1988; Zhang et al., 2016;
Saeedi et al., 2017). Patients infected with E. coli
0157:H7 often have bloody diarrhoea and haemolytic
uremic syndrome (Jay, 2000; Karch et al., 2005).
Different types of food have been associated with E.
coli O157:H7 outbreaks, such as rice cake,
mayonnaise, dried fermented sausage, and uncooked
meat (Han and Linton, 2004; CDC, 2013). The
outbreaks have immense economic effects such as
medical expenses, missed productivity, and losses
from early death (CDC, 2019). In addition to illnesses
and deaths, food industries are affected when
contaminated products must be recalled (McKenzie
and Thomsen, 2001; Alocilja and Radke, 2005).
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Therefore, there is an urgent need for the
detection of E. coli O157:H7 using a cost-effective,
high-throughput approach to prevent the outbreak of
epidemics (Conrad et al., 2014; Wang et al., 2017).
The “gold standard” method starts with selective
enrichment, followed by separation on agar media,
and then serological or biochemical validation
(Abdel-Latef and Zeinhom, 2014). These steps
require a minimum of three days to yield results
(Murakami, 2012; Niessen et al., 2013; Feng et al.,
2016). It is impractical to use such lengthy, multistep
processes to screen many food samples (Shelef and
Tan, 1999). Further, these methods frequently yield
false negative results due to excessively high
concentrations of inhibitory agents. Moreover, the
false negative results may occur in cases with a small
number of cells or injured cells (Vimont et al., 2006).
Despite these disadvantages, numerous regulatory
and standard bodies for food have generally adopted
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these processes. Alternatively, there have been many
approaches for screening, including PCR (Angus et
al., 2015; Bian et al., 2015), ELISA (Arbault et al.,
2000; Sunwaoo et al., 2006; Song et al., 2016), PCR-
ELISA (Amani et al., 2015), a microelectrode array
biosensor (Alocilja and Radke, 2005; Varshney et al.,
2007), and indirect immunofluorescence detection
(Chen et al., 2015; Song et al., 2016). Nevertheless,
these methods require costly supplies and
complicated facilities that may not be suitable for the
food industry. Often, the probability of contamination
in finished food products, which are processed
through rigorous food-safety control, is much lower
than that in raw food materials. In this case, a
screening test was performed to confirm that the
samples were contamination-free. In the present
work, we employed a key biochemical reaction
associated with E. coli O157:H7 during enrichment,
the absence of which implied that E. coli O157:H7
was not present.

To be practical for food production lines,
methods must be able to detect pathogens at low
infectious doses (Miller et al., 2011; Hossain et al.,
2012; Song et al., 2016), identify contamination as
early as possible, and handle a high volume of
samples. Our strategy was to move a confirmation
step (usually at the end of the methods) to an
enrichment step (Sangadkit et al., 2020). Ornithine
decarboxylase (ODC) activity has long been used as
a biochemical test to confirm the presence of E. coli
O157:H7. The bacteria contain ODC, which
metabolises the amino acid ornithine to putrescine,
increasing the broth pH (Cowan and Steel, 2004;
FDA, 2005; Ozogul and Ozogul, 2007). On the basis
of the unique biochemical activity of E. coli
0157:H7, we observed colorimetric changes in the
enrichment media using pH indicators, which were
further validated using spectrometry. Our proposed
method began with approximately 4 h of pre-
enrichment to sufficiently grow cells to a sufficient
cell density. Then, the ODC-activity assay was
performed for another 18 - 20 h. From this testing, if
the samples showed no ODC activity or a negative
result, we identified the samples as “E. coli O157:H7-
free.” However, samples with positive ODC activity
required further testing on selective or chromogenic
agars as they could be false positives, including those
from other Gram-negative Enterobacteriaceae. To the
best of our knowledge, this colorimetric analysis was
excluded in standard methods during the E. coli
0157:H7 enrichment step.

Materials and methods

Culture preparation

E. coli 0O157:H7 (DMST 23156) and
competing bacteria were obtained from the
Department of Medical Sciences Thailand (DMST,
Bangkok, Thailand) or the Thailand Institute of
Scientific and Technological Research (TISTR,
Bangkok, Thailand). The Gram-negative, ODC-
positive, competitive bacteria, included Serratia
marcescens (DMST 8845), Proteus mirabilis (TISTR
100), Yersinia enterocolitica (DMST 8012),
Enterobacter aerogenes (DMST 8216), Enterobacter
cloacae (DMST 15289), Shigella sonnei (DMST
561), Salmonella Enteritidis (DMST 15673), and
Salmonella Typhimurium (TISTR 292). Proteus
vulgaris (DMST 22842) represented Gram-negative,
ODC-negative competitors. Listeria monocytogenes
(DMST 17303), Enterococcus faecalis (DMST
4736), and Staphylococcus aureus (TISTR 808) were
also included as ODC-negative pathogenic bacteria
(Arroyo and Arroyo, 1995). All pure cultures were
maintained on tryptic soy agar (TSA, Lab M, UK).
Each strain was placed in one loop into 10 mL of
tryptic soy broth (TSB, Lab M, UK) in a glass tube,
and the mixture was cultured for 24 h at 37 £ 1°C in
an isothermic environment. Serial dilutions were
conducted in buffered peptone water with 0.1% (w/v)
(BPW; Difco Laboratories, Sparks, MD, USA) to
obtain a final cell density of approximately 2 - 3 log
CFU/mL.

Media testing and pH indicators

ODC broth (ODB) containing tryptone (Difco
Laboratories, Sparks, MD, USA), 4.5 g/L; soytone
(USBiological, Salem, MA, USA), 3 g/L; D-glucose
(Merck KGaA, Darmstadt, Germany), 1 g/L; sodium
chloride (Merck KGaA, Darmstadt, Germany), 5 g/L;
and L-ornithine, (USBiological, Salem, MA, USA) 5
g/L, was adopted from TSB (Lab M, UK). The four
pH indicators namely bromothymol blue (BB; Acros
Organics, Fair Lawn, NJ, USA), 0.065 ¢/L; thymol
blue (TB; Acros Organics, Fair Lawn, NJ, USA),
0.065 g/L; bromocresol purple (BP; Fisher Scientific,
Fair Lawn, NJ, USA), 0.02 g/L; and phenol red (PR;
Acros Organics, NJ, USA), 0.08 g/L, were added to
make ODB-BB, ODB-TB, ODB-BP, and ODB-PR,
respectively, to test for the optimal pH indicator for
the colorimetric detection of ODC activity. All ODBs
were adjusted to pH 7.0 using NaOH (Carlo Erba,
France) at 1 N using a pH electrode (Mettler Toledo,
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uPlaceTM, NY, USA) and pH/ion meter (Mettler
Toledo, S220 SevenCompactTM, NY, USA). Before
use, all media were sterilised by filtering through a
sterile nylon syringe filter membrane (13 mm
dimension and 0.22 um pore size; Filtrex, Bangkok,
Thailand).

Measurement of media absorption using various pH
indicators

Using a multichannel pipette (Biohit, Bohemia,
NY, USA), 180 pL of ODB with various pH
indicators at pH 7 were each placed into the
microwells of a 96-well flat-bottom microplate
(Corning, Tewksbury, MA, USA). To inoculate 20
pL of E. coli O157:H7 at 2 - 3 log CFU/mL, 180 uL
of each medium was used, and the mixture was then
incubated for 24 hat 37 + 1°C. The absorption of each
broth at wavelengths of 340, 405, 450, 490, 550, 600,
and 650 nm was measured using a microplate reader
(M965, Metertech, Taiwan). The absorption of the
corresponding media (pH 7) in the absence of E. coli
O157:H7 was considered “control.” The quality of
the colorimetric detection was represented by “the
absorption change,” which was defined as the
difference between the absorption of the media with
E. coli O157:H7 and that of the control at any
wavelength. The higher the absorption change, the
more accurate the colorimetric detection. From this
experiment, the optimal pH indicators and
wavelengths were identified using Eq. 1:

Absorption change = Absorption (media with E. coli
0157:H7) - Absorption (control) (Eq. 1)

Spectral quantification of ornithine decarboxylation
in E. coli O157:H7 and its competitors and
correlation with viable cell counts

Absorption measurements of media by E. coli
0157:H7 and its competitors

The optimal pH indicators and wavelengths
were PR and 550 nm, respectively. Therefore, E. coli
0157:H7 and its competitors were separately grown
in ODB-PR. The inoculum of E. coli O157:H7 and
each competitor was 20 pL of cell suspension at 2 - 3
log CFU/mL (prepared from single colony recovery
in TSB, and diluted to the desired cell density in 0.1%
(w/v) BPW). Each cell suspension was inoculated
into the 180 pL of ODB-PR in a 96-well microplate.
All samples were then incubated at 37 + 1°C for 24 h.
Absorption at 550 nm (Asso) Was recorded every 3 h

using a microplate reader. The microplate was shaken
at 840 rpm for 5 s to disperse the cells in the broth
before measuring Asso. Positive (0) results were
defined as Asso Of the sample, which was greater than
Asso of the control (the sample without E. coli
0157:H7). For the positive result, colorimetric
detection showed the colour change to pink. Negative
(x) values were defined as Asso of the sample, which
was either less than or equal to Assp of the control, and
showed no colour change to pink.

Viable cell count

The number of viable cells was counted every
3 h using the modified drop plate technique (MDPT)
(Khueankhancharoen and Thipayarat, 2011). Ten-
fold serial dilutions of incubated broth samples were
prepared. A 10-uL aliquot of each dilution was placed
onto 500 uL of solidified TSA (Lab M, UK) in a 96-
well microplate. The microplate was incubated at 37
+ 1°C for 12 - 18 h. Visible colonies of viable cells
were counted.

Study of inhibitors that suppress competitors but
enrich E. coli 0157:H7

Selective inhibitor cocktails from standard
broth or agar recipes were tested to selectively enrich
E. coli 0O157:H7 grown in ODB-PR while
suppressing competitors. Enterohaemorrhagic E. coli
enrichment broth (EHEC) was a modified TSB
containing 0.0125 mg/L cefixime (USBiological,
Salem, MA, USA), 10 mg/L cefsulodin
(USBiological, Salem, MA, USA), and 8 mg/L
vancomycin (USBiological, Salem, MA, USA). The
modified EC medium (mEC+n) consisted of modified
TSB containing 1.15 g/L bile salt (Difco
Laboratories, Sparks, MD, USA) and 0.02 g¢/L
novobiocin (Difco Laboratories, Sparks, MD, USA).
The standard Sorbitol MacConkey Agar (SMAC-CT)
contained 2 mg/L potassium tellurite (Himedia,
India), 1.5 g/L bile salt, and 0.05 mg/L cefixime. The
commercial selective agar, CHROMagar™0157,
contained 1.5 g/L bile salt. After 24 h of enrichment,
viable cells in these broths were counted using the
MDPT method.

Optimisation of inhibitor concentrations

It was observed that ODB-PR with mEC+n as
the selective inhibitor suppressed the growth of all
competitive bacteria, whereas E. coli O157:H7 was
not suppressed. Therefore, in this section, the optimal
concentrations of this inhibitor mixture and its
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individual selective agents (bile salt, 1.15 ¢g/L; and
novobiocin, 0.02 g/L) were further studied. The
inhibitor concentrations in ODB-PR were: 0.862,
1.150, 1.437, and 1.725 g/L for bile salt; 0.015, 0.020,
0.028, and 0.033 g¢/L for novobiocin; and 0.877,
1.170, 1.462, and 1.755 g/L for the inhibitor mixture.
All selective broths were adjusted to an initial pH of
7 (red), and then sterilised by filtration through a
sterile nylon syringe filter membrane (13 mm
diameter and 0.45 mm pore size; Filtrex, Bangkok,
Thailand) before use. The 96-well microplates were
loaded with 180 pL of various selective broths as
previously mentioned, and each well was inoculated
with 20 pL of pure 1 - 2 log CFU/mL E. coli O157:H7
or competitors. The microplates were incubated for
24 h at 37 + 1°C in a stationary environment. The
corresponding selective broth media without
inoculation were used as controls. Asso of the samples
and controls were measured using a microplate reader
with distilled ionised water as a blank. Bacterial
growth (as represented by decarboxylation) was
expressed as positive (0) when Asso sample > Asso
control, and negative (x) when Asso sample < Asso
control.

Determination of detection limit and Poisson
distribution analysis of samples with low cell
concentrations

We prepared samples with different cell
densities (1.00, 1.30, 1.47, 2.09, 2.50, 2.90, 3.38, and
3.70 log CFU/mL) using the optimal formula (ODB-
PR and 0.028 g/L novobiocin). The samples were
incubated for different times: 0, 12, 16, 20, and 24 h.
Each type of sample (specific cell density and time)
was performed in 10 replicates (i.e., n = 10). We also
observed colour changes. If no colour change was
observed, the sample was regarded as “false
negative.” The data were plotted in a heat map to
indicate the percentage of false negatives, which can
be used to indicate the detection limit of the proposed
method.

Additionally, we used the Poisson distribution
to determine whether the proposed method could be
employed in a single-cell system. A number of false
negative results were plotted against cell
concentration, and the data points were fitted with the
Poisson distribution. In this case, if a single cell can
be detected, the false negatives, represented by the
probability in the Poisson distribution, should be zero
(El-Shaarawi et al., 1981; McKellar and Knight,
2000; Robinson et al., 2001).

Given knowledge of the number of cells
required for detection, the cell concentration in the
samples can be directly determined from the
frequency of empty microwells. For example,
regarding the probability of seeing zero cells, if single
cells can sense the number of empty cells, they will
be fitted by the Poisson distribution. Letting A be the
mean number of cells in the sample, then this
probability would be exp (-1). If two cells are required
to be sensed, then one may fit the frequency of empty
microwells as a function of concentration with the
sum of the Poisson distribution for zero plus one cell:
(1 +A) x exp (-A). These numbers are important
because they represent the probabilities of false
negatives as a function of cell concentration (Koyama
et al., 2016). This method works clearly only in > 0%
to < 100% filled microwells.

Testing food samples using the proposed method

Preparation of food samples for the proposed method

Turbid food samples of sterilised milk, all parts
of cheeseburger, dried fermented sausage, and chilled
fried rice containing meat were used to evaluate the
efficiency of detecting ODC-positive bacteria. They
are known as primary sources of E. coli O157:H7
contamination from food processing (Buchanan and
Doyle, 1997; Han and Linton, 2004). A 25 mL sample
of sterilised milk (which did not include any
background bacteria) was contaminated with 1 mL of
1 log CFU/mL of (a) E. coli O157:H7, (b) S.
Enteritidis, and (c) P. vulgaris (ODC-negative
bacteria). Cheeseburger, dried fermented sausage,
and chilled fried rice with meat, 25 g each
(representing samples naturally contaminated with
background bacteria) were spiked with 1 mL of 1 log
CFU/mL E. coli O157:H7. After adding 225 mL of
BPW (Difco Laboratories, Sparks, MD, USA) to each
sample, the mixture was quickly homogenised in a
stomacher (Interscience, 400 VW, Saint Nom,
France) for 10 s at high speed. The same food samples
were analysed for E. coli O157:H7 contamination
using the reference method (USDA/FSIS, 2002) in
parallel with the proposed presumptive screening
method for E. coli O157:H7 based on ODC. The
procedure was as follows: 25 g of food and 225 mL
of BPW were homogenised and incubated at 37 + 1°C
for 4 h. A 20 pL sample aliquot was mixed with 180
uL ODB-PR and novobiocin in a sterile 96-well
microplate. Then, the incubation was maintained at
37 £ 1°C for 20 h. The microplate was shaken for 5 s
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at 840 rpm before measuring with an Asso microplate
reader against pure water. Three replicates were used
in all studies.

Testing food samples using the proposed method

The food samples were tested using the
conventional method. The conventional method
followed the main steps, as shown in Figure 1. First,
25 g of food was mixed with 225 mL of EHEC broth.
The mixture was incubated at 37 £ 1°C for 24 h. Then,
it was streaked onto SMAC-CT agar, and incubated
at 37 + 1°C for another 24 h. All typical colonies were
picked and streaked onto trypticase soy agar in 0.6%
yeast extract plates (TSAYE, Lab M, UK). At the end
of the agglutination test, if the bacteria were present,
they bound to the antibody (latex reagent), yielding a
positive result.

1286

In the proposed method (Figure 1), the
homogenised samples between 25 g of food and 225
mL of BPW were incubated at 37 + 1°C for 4 h for
pre-enrichment that allowed cells to multiply to at
least 1.7 log CFU/mL (in case only a single cell was
present). An individual sample aliquot (20 uL) was
pipetted into 180 pL of ODB-PR or ODB-PR
containing novobiocin in a sterile 96-well microplate.
As discussed later, ODB-PR with novobiocin was the
optimal enrichment media for detection. All samples
were then stationarily incubated at 37 + 1°C for 20 h.
The cells were dispersed throughout the broth by
shaking the microplate for 5 s at 840 rpm before
measuring with the microplate reader Asso against a
blank of distilled ionised water. The controls were
broth media without samples. The results were
positive (0) when Assp sample > Asso control, and
negative (X) when Asso sample < Asso control.

Enrichment Isolation Biochemical Test
rd -~ L ~ L >
1 day T 1day N 3 days
—F _> .__.. : o] .
Food was mixed with Streaking on SMAC-TC Streaking on TSAYE plate _X—’

EHEC, incubated at 37
°C for 24 h

- L ]
Our method :—* =" "2..¢

(= .
*Food was mixed Transfer 20 ul &
= with BPW, aliquotinto
sincubated at37 ODB-PRand
= °Cfordh incubatedat37 &
H °C for20 h

x}

agar, incubated at37 °C for 1

24h

and agglutination test
results

"\ Early identification of samples thatis free
- of E.Coli 0157:H7 contamination

Figure 1. Flowchart of the proposed method compared with the conventional method for detecting E. coli
0157:H7 in food samples. The symbols (0) and (x) represent positive and negative results, respectively.
Dark grey and white circles represent E. coli O157:H7 contaminated and uncontaminated samples,

respectively.

Confirmation, purification, and biochemical
identification of E. coli O157:H7 (USDA/FSIS, 2002;
Gulmez and Guven, 2005)

To validate our approach, the following sets
of experiments were added to confirm whether E. coli
0157:H7 was present in all food items examined in
this investigation. First, after 20 h of enrichment in
ODB-PR (with and without novobiocin), all culture
samples were subjected to standard purification and
biochemical identification techniques. The cultures
were ten-fold diluted, streaked onto selective agar
(SMAC-CT), and then incubated at 37 + 1°C for 24

h. Next, the agar media colonies from the proposed
and traditional procedures were streaked onto
TSAYE plates. The purified colonies were collected
and confirmed using a latex agglutination test
(DR0620, Oxoid, UK). Positive results were
interpreted as large clumps of agglutination with
partial or complete clearing of the background latex
within 1 - 2 min.

Statistical analysis
All statistical analyses were performed using
SPSS 17.0 (SPSS Inc., Chicago, IL, USA). Analysis
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of variance (ANOVA) was used to identify
differences between treatments. A significance
threshold of p < 0.05 was used to identify differences.
Additionally, Cohen’s kappa test was performed
using a 2 x 2 contingency table to evaluate the
agreement between the two methods when applied to
food samples. Cohen’s kappa was calculated and
interpreted using the following ranges: poor, < 0.20;
fair, 0.21 - 0.40; moderate, 0.41 - 0.60; good, 0.61 -
0.80; and very good, > 0.80 (Nordic system for
validation of alternative microbiological methods
(NordVval)).

Results and discussion

E. coli O157:H7 and other Gram-negative
pathogens possess ODC, which has been used as a
biochemical marker of E. coli O157:H7 in food and
environmental samples.  Routinely, suspected
colonies were isolated from selective agar after
sequential enrichment steps (Davis and Farmer,
1985). Following isolation, the conventional
biochemical test required 5 mL of the ODB and two
to three days for detectable change of the ODB colour
from pale violet to purple (USDA/FSIS, 2002).
Unlike clinical or faecal samples, most food samples,
especially final or intermediate products, contained
minimal or no contamination. The most common
problem was false negative results due to strong
inhibitors, which were intentionally applied to screen
out competing bacteria (Fujisawa et al., 2000; 2002).
By integrating the measurement of ODC activity into
the enrichment step, we can identify early whether
food samples are not contaminated with E. coli
O157:H7.

Optimisation of colorimetric detection of E. coli
0157:H7 in ODB

The broth with an initial pH of 7 served as the
negative control. In the presence of any bacteria,
glucose fermentation occurred, and the by-products
of the fermentation caused a decrease in the pH.
However, if bacteria with ODC activity were present,
decarboxylation continued to occur, and the broth pH
increased. Therefore, at the end of the testing, the
broth containing ODC-negative bacteria remained
acidic, whereas the ODC-positive bacteria
decarboxylated, resulting in a basic condition. The
colours changed because of bacterial growth in ODB
with different pH indicators. Visually, BB in

ODB-BB and PR in ODB-PR provided the most
discernible colour change. For ODB-BB, the broth
with E. coli O157:H7 changed from green to blue,
whereas that for ODB-PR changed from orange to
magenta.

Such colorimetric detection can be validated by
spectrophotometry. An optimal pH indicator and
wavelength were defined as conditions that gave the
highest absorption change. As shown in Figure 2 and
Table 1, we found that the highest absorption change
was observed at 550 nm for ODB-PR. In ODB-PR, E.
coli O157:H7 caused glucose fermentation, with an
initial pH of 7.0 changing to a pH of 4.5. Such acidic
conditions activated decarboxylase to convert
ornithine to putrescine, an amine derivative,
increasing the medium pH. The fact that ODB-PR
was the optimal pH indicator indicated that the final
pH of the decarboxylation was approximately 6.8 -
8.4, a pH range of PR. This value was similar to that
reported previously (pH 8.5 - 9.0). During the
selective enrichment of E. coli O157:H7, cell
development likely produced turbidity, which could
alter the broth's absorbance. For spectrophotometric
measurements, clear samples are ideal because they
reduce the errors caused by scattering, refraction, and
reflection. Khueankhancharoen et al. (2016),
however, reported that the initial S. Anatum inoculum
(6 log CFU/mL) enriched for 24 h to achieve 8 - 9 log
CFU/mL did not produce sufficient cell turbidity to
effectively obstruct absorption at 550 nm.

3.0

25

2.0+

1.5

1.0 4

Absorption change

-1.0

300 350 400 450 500 550 600 650 700

Wavelength (nm)

Figure 2. Absorption changes in four broths with
different pH indicators: bromothymol blue (o),
thymol blue (A), bromocresol purple ( ), and phenol
red (0). Each data point represents the mean of
triplicates + SEM.
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Table 1. Maximum absorption change for each broth
tested.

Amax Maximum

Maximum .
Broth . absorption

absorption change
change
(hm)

ODB-BB 340 1.05 +0.03°
ODB-TB 600 1.08 +£0.02°
ODB-BP 340 0.98 +0.01°
ODB-PR 550 2.54 +0.02°

Values with different lowercase superscripts are
significantly different (p < 0.05).

Therefore, in the present work, we assumed
that the spectrophotometric measurement was not
interfered with by turbid samples (up to 9 log
CFU/mL). We also performed a p-value analysis
among the samples without bacteria (control), and
with ODC-negative and -positive bacteria. Using
ODB-PR, we found that the control appeared orange
and very similar to the original colour (t = 0 h), with
an average absorbance reading of 1.236 + 0.010.
Apparently, due to glucose fermentation, the ODC-
negative bacteria assimilated dextrose, decreased the
medium pH from its starting value of 7.0 to 4.5, and
provided yellow colour with the absorption of 0.568
+ 0.020. Conversely, ODC-positive bacteria showed
magenta colour with the absorption of 3.284 + 0.014.
Using p-value analysis, we found that the results were
significantly different in terms of absorption
(ANOVA, p < 0.05).

Time-dependent ODC activity and growth of E. coli
0157:H7 and its competitors

ODB-PR was used as a broth to study the time
dependence of ODC activity, and the growth of E.
coli O157:H7 and its competitors. The absorption at
550 nm (Asso) was used as an indicator of ODC
activity (Figure 3a). As shown in Figure 3b, the
bacterial growth reached a stationary phase at
approximately 3 h for E. coli O157:H7 and its
competitors. Conversely, 12 h was required for ODC
activity to become obvious. Some competitors,
including E. aerogenes, E. cloacae, and S.
Typhimurium, also showed ODC activity, which
might have onsets and absorption values similar to
those of E. coli O157:H7. However, among these four
bacteria, E. coli O157:H7 had the earliest ODC
activity onset. In contrast, S. sonnei and Y.
enterocolitica exhibited ODC activity onsets later
than others.

3.5 4

log CFU/mL

The long initial delay in absorption change was
due to decarboxylation occurring only in the acidic
broth following glucose fermentation. Some ODC-
positive strains remained acidic longer than others,
possibly due to slow ornithine metabolism (Viala et
al., 2011). E. coli O157:H7 showed rapid onset of
ODC activity, probably indirectly due to its sensing
and adapting abilities to low pH conditions (Viala et
al., 2011). It was postulated that protection against E.
coli O157:H7 was provided by systems that included
an antiporter and an associated amino-acid
decarboxylase against acid shock (Audia et al., 2001).
Other Gram-negative competitors, S. Typhimurium,
E. aerogenes, E. cloacae, Y. enterocolitica, and S.
sonnei possessed ODCs, and increased Asso (Figure
3a). P. vulgaris, a Gram-negative, but without ODC
activity, and other ODC-negative strains (E. faecalis,
L. monocytogenes, and S. aureus) showed unchanged
Asso.
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—&— E.cloacae
—&— Y. enterocolitica
—®— 5. sonnei

= P. vuigaris
—-#— E. fascalis
—-+— L. monocytogenes

¥ S. aureus

28

—»— Control
—A— E. coll O157:H7
—8— 5. Typhimurium
—&— E. aerogenses
—O— E. cloacae
—&— Y. enterocolitica
—&— 5. sonnei

= P. vuigaris
24 e~ E faecalis
—#— L monocytogenes
—-v— S aureus

Q ¥ % % ¥ ¥ *

a 4 8 12 16 20 24 QIB
Time (h)
(b)
Figure 3. Time courses of absorption at 550 nm
wavelength (a), and growth curves for E. coli
0157:H7 and some competitors (b) in ODB-PR. Each
data point represents the mean of triplicates + SEM.
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Effects of standard inhibitors on cell growth and
ODC activity

As earlier discussed, decarboxylation is a
useful tool for detecting E. coli O157:H7. However,
to differentiate E. coli O157:H7 from other
Enterobacteriaceae, suitable selective inhibitors were
added to ODB-PR to suppress the growth of
competitive bacteria, and enhance selectivity for E.
coli O157:H7. First, we needed to determine whether
the inhibitors affected E. coli O157:H7 itself.
However, the growth inhibition of E. coli O157:H7
had a significant difference among the four media
(ANOVA, p < 0.05). Among the four inhibitors, only
mEC+n did not affect the growth and ODC activity of
E. coli O157:H7. Moreover, ODB-PR without
inhibitors provided the corresponding results for
mEC+n.

Table 2 shows that ODB-PR without inhibitors
displayed no selective preference for supporting the
growth of Gram-positive or -negative bacteria. All
inhibitors inhibited the growth of all Gram-positive
bacteria tested (L. monocytogenes, E. faecalis, and S.
aureus), and some Gram-negative bacteria (P.
vulgaris). The optimal selective inhibitors should
allow only E. coli O157:H7 to grow but not other
bacteria (regardless of ODC-positive or -negative).
However, some ODC-positive bacteria (E.
aerogenes, E. cloacae, S. Enteritidis, and S.
Typhimurium) remained viable and exhibited
positive ODC activity in the mEC+n broths.
Subsequently, we further optimised the ratio of
individual inhibitors to mEC+n, bile salt, and
novobiocin to achieve the desired selectivity.

Table 2. Viable cell count and ODC (shown between the square brackets: [0] = Asso sample > Asso control;
and [X] = Asso sample < Assp control) in E. coli 0157:H7, and competitive bacteria grown in ODB-PR with
an mEC+n inhibitor, and incubated at 37°C for 24 h. The control was the corresponding broth without

culture.

Viable cell count (log CFU/mL) + SEM,

Test strain

n = 3 [ODC activity]

No inhibitor

MEC+n

E. coli O157:H7

8.09 + 0.35° [0]

8.15 + 0.40° [0]

ODC-positive
S. marcescens
P. mirabilis
Y. enterocolitica
E. aerogenes
E. cloacae
S. sonnei
S. Enteritidis
S. Typhimurium

7.82 +0.24° [0]
7.65 +0.19%[0]
8.12 + 0.46° [0]
7.57 +0.42° [0]
7.74 £ 0.35% [0]
7.60 +0.18% 0]
7.25 +0.22° [0]
6.69 + 0.15% [0]

4.96 + 0.42° [x]
0.00 + 0.00°[x]
3.68 £ 0.22° [x]
6.93 +0.18% [0]
7.64 +0.22% [0]
4.16 +0.42" [x]
6.99 +0.12° [0]
6.12 + 0.72% [0]

ODC-negative

P. vulgaris 6.52 + 0.23% [X] 0.00  0.00° [x]
L. monocytogenes 8.18 £ 0.08%[x] 0.00 +0.00° [x]
E. faecalis 7.50 + 0.16° [X] 0.00 + 0.00° [X]
S. aureus 7.86 + 0.21° [x] 0.00 + 0.00°[X]

[o] = colour change; [x] = no colour change. Values with different lowercase superscripts within similar

row are significantly different (p < 0.05).

Further modification of mMEC+n inhibitor in ODB-PR

To improve the selectivity of the proposed
procedure, bile salt and novobiocin were studied as
single inhibitors and mixtures with different
concentrations. We carefully considered only a set of
inhibitors that did not inhibit the ODC activity of E.
coli O157:H7, but instead suppressed the growth of

other ODC-positive competitors. The ODC activities
of E. coli O157:H7 and other bacteria that were rich
in ODB-PR with novobiocin are shown in Table 3.
Novobiocin's effectiveness against ODC-positive
strains is attributed to its ability to inhibit DNA and
RNA synthesis through direct action on template
polymerase complexes involved in
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lipopolysaccharide (LPS) transport, which are critical
for bacterial growth and division (Utsumi et al.,
1990). The novobiocin concentrations varied from
0.015 to 0.033 g/L. At 0.028 g/L, E. coli O157:H7
strains were more resistant to novobiocin than the
most ODC-positive strains. As a result, the
colorimetric change was observed. E. coli O157:H7
strains exhibited greater resistance to novobiocin due
to genetic and phenotypic variations that enhance
their survival and adaptability (Hussein et al., 2019;
Weinroth et al., 2023).

The ODC-positive competitors were S.
marcescens, P. mirabilis, Y. enterocolitica, E.
aerogenes, E. cloacae, S. sonnei, S. Enteritidis, and S.
Typhimurium. Our results were in line with those of
previous report (Palzkill, 2001), demonstrating that
using novobiocin at an optimal concentration
inhibited most ODC-positive bacteria, and it
exhibited better selective inhibition than bile salt. For
ODC-negative bacteria, they did not undergo
decarboxylation; thus, colorimetric changes were not
observed, as shown in Table 3. Therefore, novobiocin
was an optimal inhibitor for screening the presence or
absence of E. coli O157:H7.

Determination of detection limit and Poisson
distribution analysis for samples with low cell
concentrations

We investigated the minimum cell density
required to accurately detect E. coli O157:H7. For the
heat map shown in Figure 4, the proposed method
required 2.50 log CFU/mL and 16 h to avoid false
negatives. A Poisson distribution curve was fitted to
the percentage of false negative data, as shown in
Figure 5 and Table 4. The Poisson distribution is
utilised in predicting single-cell presence in food
samples by assigning varying cell numbers to each
sample based on the distribution function (Aguirre et
al., 2012). This model can help in understanding the
distribution of microbial populations in food, aiding
in microbiological analysis by predicting cell counts,
and assessing the heterogeneity of microbial
communities. Fitting the percentage of false negatives
and cell density in food samples using the Poisson
distribution involves estimating the average rate of
occurrence (1), and applying the Poisson model to
predict the distribution of these events. The
Independent Poisson Distribution (IPD), advanced
statistical tests, and modelling techniques were used
to enhance the accuracy and applicability of the

Cell density (log CFU/mL)
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Detection time (after the ODC-integrated enrichment)

Oh 12h 16h 20h 24 h

100% 0% 0% 0%

100% 0% 0% 0%

100% 0% 0% 0%

=§§§

100% 0%
20% 20% 20%

40%

0% 50%

% false negative

Figure 4. Heat map showing percentage of false
negatives for different sets of experiments with
different initial cell densities and enrichment times.

100

60 4

40 A

% False negative

0.5 1.0 1.5 20 25 3.0
log CFU/mL

Figure 5. Percentage curve of false negatives and cell
densities along with Poisson distribution fit which
estimated the mean cell density to be 0.22 + 0.04
cells/mL at 1 log CFU/mL.

Table 4. Percentage of false negatives at different log

CFU/mL levels based on raw and fitted (Poisson

distribution) data.
Log

Log

CFU/mL CFU/mML % False

based on based on negatll\t/e
raw counts  fitted counts resu
1.00 0.85 80
1.30 1.27 70
1.47 1.68 40
2.09 2.09 20
2.50 2.50 0
2.90 2.91 0

100%
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Poisson distribution (Brizzi et al., 2012; Pan et al.,
2023). The fitting curve assumes that the detection
was sensitive to a single cell. The curve fitted quite
well to the data point (R* = 0.94). Based on the fitting
curve, the calculated mean (p) of the number of cells
was approximately 0.22 + 0.04 at the sample of 1 log
CFU/mL. The number was very close to our
expectation (0.2 cells) because we performed the
detection in a volume of 0.02 mL for each microwell.
If the sample has a cell density of 1 log CFU/mL (i.e.,
10 cells/mL), then, approximately 0.2 cells would be
expected in the sample. Therefore, our assumption
that the proposed method detected a single cell was
verified.

Since it was possible to detect a single
pathogenic cell in a sample, the detection limit was
governed by the sampling error implied by the
Poisson distribution (i.e., the probability of the false
negatives). Therefore, it is important to develop
enrichment for adequate cell growth to eliminate false
negatives. In the present work, we investigated the
growth of E. coli 0157:H7 from 0 log CFU/mL (i.e.,
1 CFU/mL) in BPW. BPW is a commonly used non-
selective pre-enrichment broth for the resuscitation of
E. coli O157:H7 in various food products (Sata et al.,
2003; Park et al., 2011). The cells were able to
multiply to 2.50 log CFU/mL within 4 h. As shown
earlier, an initial cell density of 2.50 log CFU/mL,
and further enrichment for 20 h led to a false negative
rate of zero. Regarding the detection of low cell
density, this confirmed that the proposed method
required 4 h of pre-enrichment in BPW, and another
20 h of ODC-integrated enrichment. The bacterial
growth curve was fitted using a modified logistic
model (Gibson et al., 1987).

Validation of the proposed method using spiked food
samples

ODB-PR containing 0.028 g/L novobiocin was
tested on real food products spiked with E. coli
O157:H7. The objective was to show that the
proposed method could accurately determine whether
food samples were free from E. coli O157:H7
contamination. Sterilised and non-sterilised food
products were included in this study, as shown in
Table 5. For comparison, the proposed method using
ODB-PR (with and without novobiocin) and the
conventional method were performed on the same
batch of food samples. The conventional method
involved enrichment in broth containing cefixime,
cefsulodin, and vancomycin; then performing

analysis in SMAC-CT agar containing potassium
tellurite and cefixime (Figure 1). The ODB-PR with
0.028 g/L novobiocin and confirmation tests were in
good agreement for the sterilised and non-sterilised
samples. All samples that were spiked with E. coli
0157:H7 showed positive results in all tests. The
results for artificial and natural contaminated samples
obtained from both detection methods provided the
corresponding results when using a 2 x 2 contingency
table. This test revealed that the proposed method
using with ODB-PR with novobiocin had an
“excellent” agreement with the conventional method
(Cohen’s kappa = 1.00).

Comparison of results from ODB-PR with and
without novobiocin is shown in Table 5, columns 5
and 6. Novobiocin selectively prevented the growth
of the ODC-positive bacteria, S. Enteritidis, from
growing in sterilised milk spiked with S. Enteritidis,
and background bacteria in chilled stir-fried rice
containing meat. Therefore, 0.028 g/L novobiocin
was an essential supplement to ODB-PR because it
might increase the accuracy of the results, and inhibit
additional background microorganisms.
Additionally, the ODC-negative, P. vulgaris, gave
negative results in sterilised milk, indicating that our
procedure could distinguish ODC-negative from
ODC-positive strains in real food products.

Non-sterilised food samples such as non-
spiked chilled stir-fried rice containing meat might be
naturally contaminated with bacteria, including E.
coli O157:H7. Here, negative and positive results
from ODB-PR, with and without novobiocin broth,
were essential to indicate that the samples contained
some bacteria, but not the pathogenic E. coli
0157:H7. Subsequent steps should be further tested
for other possible pathogenic bacteria, such as S.
aureus and B. cereus, to cover the targeted pathogens
that need to be detected by the food industry. With the
proposed method for E. coli O157:H7 detection, the
samples could be presumptively accepted as E. coli
0157:H7-free due to the lack of ornithine
decarboxylation. To apply this method to the food
industry with the pre-enrichment step for better
accuracy, it is highly recommended to pre-enrich
food samples in BPW for at least 4 h to ensure a cell
density of > 2.5 log CFU/mL, and to resuscitate
injured cells. ODB-PR with novobiocin was designed
to screen the possibility of E. coli O157:H7
contamination with a decreased probability of
dangerous false negative results through minimal use
of selective inhibitors. With the optimal concentration
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of selective agents, the possibility of a false negative
result was minimised. Our results showed that all
samples (sterilised milk, cheeseburger, dried
fermented sausage, and chilled fried rice with meat)
spiked with E. coli O157:H7 could be detected in our
ODB-PR media. Furthermore, the detection could be
completed within one day, which was faster than the
conventional method that uses a chromatic
biochemical indicator, which typically took two to
three days. The effectiveness of the media would be
primary data helping for selection of the most
effective formula. Nevertheless, further tests to
validate this method with other E. coli strains are
required.

Conclusion

ODC activity can be used as a tool for early
detection of E. coli O157:H7 presence. In the present
work, we integrated the ODC assay and enrichment
step. Using an optimal pH indicator and selective
inhibitors enabled us to determine whether the food
samples were free from E. coli 0157:H7
contamination. ODB employed PR as an optimal pH
indicator, and novobiocin at a concentration of 0.028
g/L, an optimal inhibitor allowing the growth of E.
coli O157:H7, but not other competitors that might
lead to false positive results. Statistically, the Poisson
distribution verified single-cell detection in the
proposed method, which required 4 h of pre-
enrichment and 20 h of enrichment. Pre-enrichment
allowed sufficient growth of E. coli O157:H7 to
approximately 2.5 log CFU/mL. At this cell density,
we could further enrich the sample for another > 20 h
to obtain more accurate detection (i.e., false negative
results should be avoided). Our experiment with real
food samples demonstrated that the proposed method
provided results that agreed well with the
conventional method, but the detection time was
reduced to only 24 h.
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