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Abstract: The increase in vegetable consumption has underlined the importance of minimizing
the risks associated with microbiological contamination of fresh produce. The critical stage of the
vegetable washing process has proven to be a key point for cross-contamination and the persistence
of pathogens. In this context, the agri-food industry has widely adopted the use of disinfectants to
reduce the bacterial load in the wash water. Therefore, we conducted laboratory-scale experiments in
order to demonstrate the antimicrobial activity of disinfectants used in the wash tank of agro-food
industries. Different wash water matrices of shredded lettuce, shredded cabbage, diced onion, and
baby spinach were treated with sodium hypochlorite (NaClO), chlorine dioxide (ClO;), and per-
oxyacetic acid (PAA) at recommended concentrations. To simulate the presence of pathogenic bacteria,
a cocktail of E. coli O157:H7 was inoculated into the process water samples (PWW) to determine
whether concentrations of disinfectants inhibit the pathogen or bring it to a viable non-culturable
state (VBNC). Hereby, we used quantitative gPCR combined with different photo-reactive dyes
such as ethidium monoazide (EMA) and propidium monoazide (PMA). The results indicated that
concentrations superior to 20 ppm NaClO inhibit the pathogen E. coli O157:H7 artificially inoculated
in the process water. Concentrations between 10-20 ppm ClO; fail to induce the pathogen to the
VBNC state. At concentrations of 80 ppm PAA, levels of culturable bacteria and VBNC of E. coli
0157:H7 were detected in all PWWs regardless of the matrix. Subsequently, this indicates that the
recommended concentrations of ClO, and PAA for use in the fresh produce industry wash tank do
not inhibit the levels of E. coli O157:H7 present in the wash water.

Keywords: antibacterial; disinfectants; food processing industry; vegetables; sodium hypochlorite;
chlorine dioxide; peroxy acetic acid; Escherichia coli

1. Introduction

The considerable increase in vegetable consumption in recent years is evidence of
society’s growing sensitivity towards a healthy diet based on the intake of fruit and veg-
etables, which are considered a fundamental source of nutrients [1-7]. However, factors
such as large-scale production, distribution and nature of (raw) consumption contribute to
the emergence of illnesses caused by the ingestion of minimally processed fresh produce
such as radish seeds, fresh spinach and packaged lettuce that are contaminated with E. coli
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0157:H7 [8,9]. The Food and Drug Administration (FDA) recommends the implementation
of effective control methods during the various stages of production, from storage, washing,
drying, processing, packaging and distribution [10-12].

Hereby, the washing stage is considered one of the main risk factors due to potential
and very likely “cross-contamination”. If the product originating from the field contam-
inates the wash water, it would be able to contaminate the following batch of product
that has been initially clean. Similarly, if the water in the wash tank is contaminated, it
can contaminate the clean product arriving in from the field [11,13,14]. Due to the large
amount of products that pass through it, the wash water may be enriched by unusually high
concentrations of organic matter, causing changes in its physical-chemical characteristics.
A variety of studies have been able to demonstrate high concentrations of organic matter
that hinder the inhibition of the microorganisms present in Process WasteWater (PWW),
preventing the action of the disinfection treatments used in the agri-food industry [15-25].

As part of this direction of research, the antimicrobial activity of chlorine has been
evaluated in numerous studies realized at laboratory scale, where concentrations above
20 ppm and within the range as high as 50 to 100 ppm [13,26] have been used to inhibit the
presence of pathogenic bacteria in PWW. However, high concentrations of free chlorine may
lead to the appearance of toxic compounds such as trihalomethanes, haloacetic acids and
chlorates [27-30]. Nevertheless, several studies also at laboratory scale with low concentrations
of free chlorine (2-10 ppm) in water for washing leafy vegetables proved to be effective in
avoiding cross-contamination, as long as relevant factors in the process are considered, such
as the type of product and the quantity entering the washing tank, which are variables that
are decisive when controlling the amount of organic matter present in water [31-33].

Furthermore, some authors have evaluated the efficacy of 25 ppm free chlorine in pre-
venting cross-contamination. In the results obtained by traditional cultivation methods, no
cross-contamination was observed, and 25 ppm chlorine was able to inhibit E. coli O157:H7
and Salmonella pathogens in red chard leaves [33,34]. Additional studies determined the
effectiveness of chlorine as a disinfectant in water for washing cut lettuce, demonstrating
that when examining the microbiological quality of the water during washing of the prod-
uct and treatment with disinfectant, the residual concentration of free chlorine at 1 mg/L
during washing of lettuce contaminated with E. coli O157:H7 (4 log cfu/g) inhibited the
pathogen to values below 2.7 and 2.5 log units, respectively [34].

By evaluating the survival of E. coli O157:H7 to changes in the concentration of
free chlorine according to the amount of organic matter present in the wash water of
cut spinach, the results demonstrated that the minimum concentration of 7 ppm free
chlorine is effective in inactivating E. coli O157:H7 cells in the wash tank under industrial
conditions [1]. The overall scientific evidence shows that 10 ppm free chlorine can minimize
contamination of the fresh vegetable wash tank [11,35,36]. Disinfection with chlorine
dioxide (ClO,) due to its highly oxidative properties, disinfection mechanism, and the
formation of byproducts are different from those of chlorine, as it presents trihalomethane
formation and is less sensitive to organic matter. However, after decomposition, it forms
inorganic disinfection byproducts such as chlorite, chlorate and perchlorate [28,37,38].
Research on the disinfection of carrots and ready-to-eat salads indicates a low formation of
disinfection byproducts below the recommended maximum limit (0.7 mg/L), according to
the European Food Safety Authority [30,39].

The antimicrobial capacity of ClO, at concentrations of 3-5 ppm in a variety of case
studies inhibited E. coli pathogens present in the PWW by up to 5 log units with the
presence of chlorates below the maximum recommended limit [40]. Despite contradict-
ing results [13,27] which demonstrated that 3 ppm of ClO; is just as effective as sodium
hypochlorite in inactivating pathogens such as E. coli, it proves to be an effective disinfec-
tant to reducing cross-contamination in freshly cut iceberg lettuce, similarly effective as
treatments with NaClO without the presence alterations in organoleptic properties and
formation of disinfection byproducts such as trihalomethanes. Its mechanism of action
acts by altering the permeability of the cell membrane, hindering metabolic activities
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such as protein synthesis and preventing the formation of bioparticles, thus making their
reactivation difficult. However, its industrial use is limited by its concentration, which
could compromise the health of plant personnel due to the complications generated by its
instability and reactivity at concentrations greater than 10% [28,41,42].

Disinfection with peroxyacetic acid (PAA) produces fewer harmful byproducts derived
from its use since it leaves acetic acid, water, and oxygen as residues [11,27] that are capable of
dissolving easily in water and do not present any toxicity indexes [28,29], although it has been
indicated that low levels of aldehydes may form in the process [2]. Its limited susceptibility to
organic matter due to its slow reaction compared to chlorine means that the doses of disinfectant
used to maintain the desired residual in the washing tank are relatively low [11,40].

Further studies describe reductions of 3 log units in E. coli, Salmonella and L. monocyto-
genes when 80 ppm of PAA, a concentration registered by the United States Environmental
Protection Agency (EPA), is applied, with a residence time of 90 s [43]. In the same way,
inhibition results of 3 log units were reported in the levels of Salmonella and L. monocytogenes
inoculated in the washing water and treated with PAA concentrations between 30 and
80 ppm, respectively [28,39].

Studies demonstrate that pathogens in the VBNC state, such as those of E. coli O157:
H7, can be highly virulent when they leave their VBCN state, unlike other research where
it is supposed that the VBNC of pathogens such as Vibrio and Legionella pneumophila
remain pathogenic since they continue to express virulence when they are in the VBNC
state [44-46]. It must be considered that if VBNC continues to maintain their virulence,
their presence constitutes a problem for food safety because bacteria in this state fail to
be detected by traditional plate culture methods, which are usually used in agri-food
industries in order to control the microbiological quality of water [44,47].

Among the most used techniques to detect VBNC in complex food matrices is the
use of photo-reactive dyes combined with molecular techniques based on the quantitative
polymerase chain reaction or qPCR. In general, photo-reactive dyes such as monoazide
ethidium (EMA) and monoazide propidium (PMA) adhere to cells that have damaged or
compromised cell walls, preventing the amplification of dead bacteria present in the sample
during the amplification in qPCR [44,48,49]. One of the main drawbacks of using these
dyes is the overestimation of the results since, in the samples, there may be dead bacteria
with the cell wall not damaged, and that is not inhibited by the dyes in qPCR [49,50].

A recent study [51] demonstrated that the use of qPCR combined with concentrations
of 10 mM EMA and 75 mM PMAXxx incubated at 40 °C for 40 min and exposed to light for
15 min inhibited the qPCR amplification signal of dead L. monocytogenes cells present in
the PWW of chopped lettuce. The validation of this method in an industrial environment
demonstrated that dead cells and cells in the VBNC state could be significantly distin-
guished in the PWW treated with chlorine. Therefore, the authors recommended this
method as reliable for detecting cells in the VBNC state present in matrices existing in
complex water systems in the agri-food industry [27,51].

With this background, the predominant objective of the research has been to demonstrate
the most adequate antimicrobial activity of chlorine, chlorine dioxide and peroxyacetic acid
used in the washing tank in agri-food industries to avoid cross-contamination and maintain
the microbiological quality of the PWW. This will also determine whether disinfectants inhibit
bacteria or induce them to a state of viable non-culturable bacteria (VBNC) and also to evaluate
whether the VBNC of E. coli O157:H7 present in the washing water is able to reverse their
state and resurrect. This occurs in the non-culturable viable state of bacteria in the VBNC state,
where cells undergo different morphological (size reduction) and metabolic changes, such as
modification of their gene expression as well as virulence potential.

2. Materials and Methods
2.1. Preparation of the E. coli O157:H7 Cocktail

The E. coli O157:H7 strains used in the current study were obtained from the Spanish
CECT Type Culture Collection (Valencia, Spain). The stocks of the strains are stored in
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glycerol (30%) at 80 °C. 5 uL of each strain were reconstituted in 10 mL of brain heart
infusion broth culture medium (BHI, Oxoid, Basingstoke, UK). The tubes were incubated at
37 °C for 24 h until reaching their stationary phase. This process was repeated for two days
to produce stability in the bacteria. In order to prepare the strain cocktail, 2 mL of each
overnight bacteria was combined to realize a final concentration of 108 or 10° cfu/mL. On
the day of the test, the final concentration of the cocktail was theoretically calculated using
optical density with a spectrophotometer at a wavelength of 600 nm (UV1601, Shimadzu
Benelux, Tokyo, Japan). Wavelength values between 1.6-2.0 nanometers corresponded
to concentrations of 108 cfu/mL of bacteria. The actual concentration of the inoculum of
each test was confirmed by sowing serial dilutions of the strain cocktail on Cromocult agar
(Scharlau, Barcelona, Spain) supplemented with nalidixic acid. The plates were stored at
37 °C for 24 h. This cocktail is a mixture of three E. coli O157:H7 strains. The isolates used in
the experiments were evaluated, and the presence of the stx1 and stx2 genes responsible for
producing Shiga toxins was confirmed. This evaluation was carried out by DNA extraction
and analysis using qPCR techniques.

2.2. Preparation of Process Water on a Laboratory Scale

Iceberg lettuce (Lactuca sativa L.), onion (Allium cepa), cabbage (Brassica oleracea) and
spinach (Spinacia oleracea) were purchased in a local supermarket (Murcia, Spain) and
transported to the laboratory under re-refrigeration conditions. Lettuce was cut to approx-
imately 3 cm in diameter using a multipurpose vegetable slicer (5547Buffalo, Valencia,
Spain). In the same way, with the multipurpose vegetable slicer (Buffalo), the cabbage was
grated. The onion was cut into cubes manually using kitchen knives with a blade diameter
of approximately 20 cm, while the spinach, due to its size, did not need to be cut.

To mimic the process water of a vegetable washing tank in the agri-food industry on
a laboratory scale, 4 kg of each plant material was separated into batches of 1 kg while
used and washed in 7 L of water. The plant material was washed for 1 h with 15 min
intervals for each 1 kg batch. The concentration of organic matter in each process water
obtained was determined by chemical oxygen demand (COD) using the Spectroquant
NOVA 60 photometer photometric method (Merck KGsA, Darmstadt, Germany; Table 1).
The physicochemical parameters of process wash water (PPW) are described in Table A1l.

Table 1. Concentration of organic matter (COD) in the different PWW evaluated.

Process Water Matrix COD mg/L
Lettuce 3835.0
Cabbage 6412.5
Onion 5972.5
Spinach 1002.5

Chemical Oxygen Demand (COD) was determined photometrically using the Spectro-
quant NOVA 60 photometric method (Merck KGsA, Darmstadt, Germany). The specific
wavelength used for COD measurement is not explicitly detailed in the extracts provided.

In the standard method of measuring COD using a Spectroquant photometer, the
wavelength is 600 nm. This is based on the standard practice of measuring the absorbance
of the solution resulting from the dichromate oxidation reaction, which is specific for
COD quantification.

Experimental procedures and equipment used

Measurement of physical-chemical parameters in which the following were considered:

Temperature (°C);

Electrical conductivity (uS/cm);

Oxidation-reduction potential (ORP) in millivolts (mV);
Hydrogen potential (pH);
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o These parameters were measured using a multi-parameter probe (pH and
redox multimeter).

To carry out the experiments, a final COD of 1000 mg/L was required for shredded
lettuce, shredded cabbage and diced onion, and 300 mg/L for baby spinach. These selected
CODs represent the worst-case scenario for an industrial washing tank because the higher
the concentration of accumulated organic matter, the more the disinfectant action may
be affected. To obtain this COD, the initial process water was diluted in water at 4 °C
temperature. The process water generated from each of the plant matrices was physically
and chemically characterized. The parameters determined were temperature (°C), electrical
conductivity (uS/cm), oxidation—reduction potential (ORP) expressed in millivolts (mV)
and hydrogen potential (pH). All these parameters were measured with a multiparametric
probe (multimeter pH and redox device).

2.3. Experimental Design

To evaluate the antimicrobial activity of the disinfectants at the concentrations recom-
mended for the agri-food industry, static batch experiments were performed, 650 mL of each
type of process water at the required COD and treated individually with (i) 20 ppm sodium
hypochlorite (NaClO; Industrias Gamer, Murcia, Spain), (ii) 2 ppm chlorine dioxide (ClO»;
Chemical Cantabria, Cantabria, Spain) and (iii) 80 ppm Peroxyacetic acid (Peracetic Acid,
PAA; CH3CO;H); Citrocide® Plus T, Citrosol S. A, Valencia, Spain). The water used in the
experiments was undisinfected and unsupplemented drinking water, adjusted to simulate
high organic matter conditions typical of industrial fresh vegetable washing processes.

In Figure 1. There is a description of the disinfection process; it starts in stage 1 with
the preparation of vegetables; four types of vegetables (A, B, C, D) are initially treated in
water with additives such as hydrogen peroxide (H,0O,) and sodium hypochlorite (NaClO).
Stage 2 is followed by treatment with disinfectants. Two flasks are shown, one with 20 ppm
NaClO and the other with 200 ppm peracetic acid (PAA), both containing thiosulfate. For
stage 3, only the bacterial load remained to be established.

) 650 ml PWW THIOSULFATE
Preparation of Vegetables
THIOSU:FALE ” THIOSUSLFA‘LE CATALASE
il il
A B (o] D 2Na Ov/'sg—o 2Na dy'?g—o s T

T 22mn i
% T 2Na* S
N = i % 3 104ml 104ml @ oo
ST
ek s
X s " g 10.4ml

seconds seconds seconds
20 ppm 2 ppm 80 ppm
NaClO Clo2 PAA

W, Stage 2: Treatment with Disinfectants
B & . -

HsPO4 H3POa4 HsPO. HsPO4

Initial Treatment

E. coli O157:H7 10'- 10° cfu/ml

Stage 1: Preparation of Vegetables
and Initial Treatment Stage 3: Initial Bacterial Load and Results

Figure 1. Disinfection process of vegetables to reduce the bacterial load of E. coli O157:H7. A-onion,
B-lettuce, C-cabbage (Brassica oleracea) and D-spinach.

This preparation allowed us to evaluate the effectiveness of the disinfectants under
conditions that imitate real industrial operations, representing the worst scenario for a
washing tank, where the concentration of accumulated organic matter can affect the action
of the disinfectants. One of the main parameters to be controlled in the wash tank was the
pH to ensure the efficacy of the disinfectants. In our experiments with sodium hypochlorite
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(NaClO), phosphoric acid was used for pH stabilization at 60 s intervals until pH 6-7
was obtained.

Different volumes of disinfectant were added to the process water until the desired
concentration was reached to reach the disinfectant residual concentrations indicated above.
The residual concentration measurements of the disinfectant were determined by the
chlorine (NaClO) and chlorine dioxide (ClO,) test (Reflectoquant, Darmstadt, Germany);
for peroxyacetic acid (PAA), the test (Kemio, Amersham, UK) was used. During the whole
process of disinfectant adjustment in the water, the physicochemical water parameters
(temperature in °C, electrical conductivity in uS/cm, ORP in mV and pH) were monitored
with the multi-parameter probe indicated above.

Once the residual concentrations were reached, the matrices were inoculated with
the cocktail of three E. coli O157:H7 strains (108 cfu/mL) to obtain a final concentration
of 104-10° cfu/mL. To simulate industrial conditions in the wash tank, the contact time
between the process water and the disinfectant was 1 min. After this time, the water was
collected in sterile bottles with 10.4 mL of sodium thiosulphate pentahydrate (Scharlau,
Barcelona, Spain) to neutralize the action of the disinfectant on the NaClO and ClO, treated
matrices. For PAA neutralization, 10.4 mL/L sodium thiosulphate (Scharlau) plus 2.2 mL/L
catalase (Biorad, Hercules, CA, USA) were added.

2.4. Quantification of Culturable E. coli O157:H7

The levels of culturable E. coli O157:H7 present in the different process water matrices.
The 108 cell suspension was diluted to 10* in the process water matrices of lettuce, onion,
cabbage and baby spinach. The dilution process involved preparing a cocktail of E. coli
O157:H7 strains in brain heart broth (BHI) culture medium and combining 2 mL of each
strain to achieve a final concentration of 108 or 10° cfu/mL.

Regarding the procedure for mixing disinfectants with cells and food, disinfectants
such as chlorine, ClO, and PAA were added to the process water matrices after inoculation
with E. coli O157:H7. For example, in the case of PAA, sodium thiosulfate and catalase were
added to the solution. The disinfectants were mixed with the bacterial suspension in the
process water matrices, allowing the interaction to occur as part of the disinfection process.

The order of addition and mixing procedures are crucial to ensure the effectiveness of
disinfectants against bacterial cells. Proper mixing and contact time between disinfectants
and bacterial cells are essential to achieve the desired antimicrobial effect. By following a
standardized procedure for mixing disinfectants with cells and food matrices, the study
aimed to evaluate the true antimicrobial activity of disinfectants in the context of the agri-
food industry after disinfection was quantified by membrane filtration method using a
vacuum filtration system (Sartorious-Stedim-Biotech, Madrid, Spain). Different volumes of
water (1, 10 and 100 mL) were filtered through nitrocellulose membrane filters of 0.45 um
(poresize) and 47 mm diameter. Filters were aseptically removed and placed on Cromocult®
agar plates (Merck, Darmstadt, Germany) supplemented with nalidixic acid. All samples
were filtered or seeded in duplicate and incubated at 37 °C for 24 h.

2.5. Quantification of Total and Viable E. coli O157:H7 Counts (Thidium Monoazide (EMA) and
Ropidium Monoazide (PMA) Treatment)

For the determination of viable bacteria present in the process water, the combination
of two photo-reactive dyes, thidium monoazide (EMA; Biotium, Hayward, CA, USA) and
ropidium monoazide (PMA; Biotium, Hayward, CA, USA), together with quantitative
polymerase chain reaction (qPCR), recently published and validated for process water
by Truchado [50], for which aliquots (50 mL) of process water were taken from matrices
inoculated with E. coli O157:H7 and treated with NaClO, ClO, and PAA. Centrifuge 10 mL
of the samples in duplicate at 4000 rpm at 4 °C for 10 min. We removed supernatants
and re-suspended the pellets with 5 pL sterile water. We concentrated the samples by
centrifugation at 9000 rpm for 10 min, and discarded the supernatants.
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Pellets were treated with a combination of 10 uM EMA and 75 uM PMA (previously
dissolved separately in sterile water to obtain a 2 uM stock solution and stored at —20 °C in
the dark until use), and samples were centrifuged at 200 rpm and kept in the dark at 40 °C
for 10-60 min. The treated samples were activated by photolysis using PMA-Lite LED blue
light (Interchim, Montlugon, France) for 15 min. Treated samples were again centrifuged at
9000 rpm, 4 °C, for 10 min. The supernatants were removed, and the pellets treated with
the combination of EMA and PMAxx were stored at —20 °C until DNA extraction.

2.6. DNA Extraction from Process Water

Each sample’s genomic DNA was extracted with the Master Pure Complete kit (Epi-
center, Madison, WI, USA) following the manufacturer’s instructions. DNA quality was
determined by absorbance at 260/280 and 260/30 nm using a NanoDrop ND-1000 UV-Vis
spectrophotometer (Thermo Fisher Scientific, Inc., Waltham, MA, USA), which quantifies
DNA (ng/uL).

2.7. qPCR Amplification

Real-time qPCR was amplified using an ABI7500 Sequence Detection System thermal
cycler (ABI, Applied Biosystems, Madrid, Spain). Primers and probes were commercially
synthesized by Applied Biosystem (Madrid, Spain). The final concentrations of primers
and probes were those applied by Li and Chen [42]. The amplification and detection of E.
coli O157:H7 were performed in 96-well plates using the “Kapa Probe Fast Universal gPCR
Master Mix” extraction kit (KapaBiosystems, Wilmington, MA, USA).

Each reaction was performed in triplicate in a final volume of 25 pL, for which 5 uLL
of DNA was taken from the sample with its corresponding dilution, adding (i) 12.5 pL
Buffer, (ii) 5.75 puL. RNase-free water, (iii) 0.5 uL. Forward Primer, (iv) 0.5 pl. Reverse
Primer, (v) 0.25 uL probe, and (vi) Rox low 0.5 pL. The primers and probe used be-
long to the sequences (i) Z3276-Forward (F), 5'-GCACTAAAAGCTTGGAGCAGT TC,
(ii) Z3276-Reverse (R), 5’ AA CAATGGGT CAGCG GTAAGGCTA, and the Z3276-probe,
FAM-CGTTGGCGAGGACC. The cycling parameters for gPCR amplification were 95 °C for
10 min for activation of the Tagman probe, followed by 40 cycles of 10 s at 95 °C and 60 °C
for 1 min. A negative control was included in each qPCR to rule out any contamination of
the samples. These controls are amplified on the same plate as the samples and, therefore,
have the same volume.

2.8. VBNC Resuscitation of E. coli O157:H7

For resuscitation of viable E. coli O157:H7 cells in the NaClO, ClO, and PPA-treated
process water, 10 mL of each sample was taken in duplicate, previously filtered (0.45 um
filter) to rule out the presence of contaminants. We centrifuged at 4500 rpm for 15 min and
removed the swimming envelope. Each pellet was reconstituted in 1 mL of 1% phosphate
buffer (PBS), and then each sample was inoculated with two resuscitation media, being
(i) IHB (Oxoid) with Tween 80 (1 mL/L, Sigma-Aldrich, Saint Louis, MO, USA) and (ii) IHB
(Oxoid) with sodium pyruvate. They were shacked in a vortex and incubated at 37 °C for
18-24 h.

2.9. Statistical Analysis

The number of colonies on each plate was log-transformed and expressed as log
ucf/mL. The data represent the mean and standard deviation for each assay. The cfu/mL
were transformed to log 10 with Microsoft Excel 2013. Graphs were made with Sigma Plot
v 14.0. Analysis of variance (ANOVA) was realized to compare the antimicrobial activity
of each disinfectant as a function of the type of process water. Tukey’s test was used to
determine if there were significant differences between the matrices. When p < 0.05, the
analysis was considered statistically significant.
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3. Results
3.1. Physical-Chemical Parameters of the Process Water

In appendices 1 and 2, the COD values demonstrate the organic matrix levels that
simulate the worst-case scenario of microbiological contamination that can occur in the
washing tank of an agri-food industry. The pH values for each PWW treated with the
different disinfectants stabilized at 5.88 and 6.99, which ranges at which NaClO, ClO;,
and PAA reach their highest effectiveness. Sodium hypochlorite (NaClO) has a significant
antimicrobial effect on fresh-cut produce wash water, with operational limits based on
microbial inactivation and the presence of disinfection byproducts. [15,26,34] On the other
hand, the ORP values for PAA are relatively low in relation to NaClO and ClO,, which
could be due to the fact that its rate of inactivation of microorganisms is lower in relation to
the other disinfectants.

3.2. Levels of E. coli O157:H7 in the Process Water after Disinfection Treatments
3.2.1. Sodium Hypochlorite
Figure 2 illustrates the cultivable E. coli O157:H7 counts obtained using the plate count

technique, as well as the levels of viable E: coli O157:H7 obtained by using EMA+PMA in
combination with gPCR on the different PWW matrices treated with 20 ppm NaClO.

8
-
s 7
2
:3 6
~ 5
T
~ 4
a
o 3
S 2
i
@ 1
0
Lettuce Onion Cabagge Spinach
B CULTURABLE CELLS 0 0 0 0
B VBNC 0 0 0 0
B DEAD CELLS 7 7 7 7

Figure 2. E. coli O157:H7 levels (log cfu or cells/100 mL) in the wash water of shredded lettuce,
shredded cabbage, diced onion and baby spinach treated with 20 ppm NaClO. Although in the
symbols of the legend, VBNC and culturable cells may appear, only dead cells are illustrated and
present in this figure.

3.2.2. Chlorine Dioxide

Figure 3 demonstrates the levels of E. coli O157:H7 obtained in the different ClO,-
disinfected process water matrices. The residual of 2.2 ppm ClO;, the initial concentration
of culturable E. coli O157:H7 in lettuce, shredded cabbage, chopped onion and baby spinach
wash water. The levels of culturable bacteria were detected by plate count (culturable),
viable cells by EMA+PMAxx-qPCR and dead cells by gPCR. VBNC levels were calculated
by comparing viable and culturable bacteria and dead cells between total and dead bacteria.
The results obtained indicated that in the case of onion water, the effectiveness of the
disinfectant was higher, as in these trials, the highest reduction of culturable bacteria
was observed. However, Lin (2017) [52] mentioned that short chlorine treatment reduces
antibiotic-resistant E. coli counts, but realistic counts of cultivable cells are achieved after
extended action [53].



Foods 2024, 13,1915 9 of 20
8

e 7

S

= 6

g

2] 5

=

& 4

o 3 I i

s 2

R~

g - b

o

= 0 . N

Lettuce Onion Cabagge Spinach

M Dead cells 7.59 7.15 7.55 7.64
B VBNC 7.11 6.43 6.48 7.28
M Culturable cells 3.32 2.67 1.33 3.55

Figure 3. E. coli O157:H7 levels (log cfu or cells/100 mL) in the wash water of shredded lettuce,
shredded cabbage, diced onion and baby spinach treated with 2 ppm ClO;.

3.2.3. Peroxyacetic Acid

When different PWW matrices were treated with 80 ppm PAA, levels of culturable
bacteria and VBNC of E. coli O157:H7 were detected in all PWWs regardless of the matrix
(Figure 4). The results of our study indicate that concentrations of 80 ppm PAA decrease
the levels of culturable E. coli O157:H7 present in the PWW but do not completely reduce
their presence. Higher concentrations or longer contact times are needed for peroxyacetic
acid (PAA) to reduce the induction of viable but non-culturable (VBNC) bacteria cells in
the wash water. [54] On the other hand, the presence of viable bacteria detected by the
combination of EMA+PMA plus qPCR indicates that the use of this disinfectant induces
the bacteria present in the wash water to a VBNC state. The combination of EMA and
PMA with qPCR is effective in differentiating between dead and VBNC cells in complex
water matrices, such as process wash water from the food industry [50]. EMA-qPCR and
PMA-qPCR have been shown to be reliable for the rapid identification and quantification
of viable cells in various water sources, including opportunistic pathogens [55].
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Figure 4. E. coli O157:H7 levels (log cfu or cells/100 mL) in the wash water of shredded lettuce,
shredded cabbage, diced onion and baby spinach treated with 80 ppm PAA.
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3.2.4. Antimicrobial Activity of Disinfection Treatments Recommended for the
Agri-Food Industry

The antimicrobial activity was quantified by subtracting the log of total bacteria
obtained by qPCR from the log of viable bacteria obtained by EMA+PMA-qPCR. The
results obtained are shown in Table 2. Chlorine (20 ppm) was able to inhibit E. coli O157:H7
cells inoculated in the different types of process water tested in this work. However,
ClO; and PAA only reduced the levels of E. coli O157:H7 present in the different wash
water matrices by —0.36 to —1.36 log units. In general, the results obtained indicated that,
with the exception of NaClO, disinfectants such as ClO; and PAA at the concentrations
recommended for the agri-food industry are not able to inhibit the concentration of the
pathogen E. coli O157:H7 in the PWW of the different plant matrices studied, and that
the use of culture-dependent techniques overestimates the disinfection efficacy of the
treatments. Studies demonstrated that at 20 °C, 15 out of 18 food industry disinfectants
passed the test against E. coli O157:H7, with some exhibiting reduced efficacy at lower
temperatures [56]. ClO; treatment of food-contact surfaces results in residual lethality to
E. coli O157:H7 during the drying process [56,57].

Table 2. Concentration of organic matter (COD in mg/L) in the different PWW evaluated.

Disinfectant
(Log Cells/100 mL)

NaClO s (o) ClO, ] PAA s o

s
Lettuce —694+080 a 080 —-048+075 b 075 —-0424+045 a 045
Cabbage —-699+052 a 074 -1.00£0.02 a 111 —-097£002 a 0.25
Onion —674+074 a 052 -073+111 a 002 -136+025 a 0.02
Spinach —-6.83+067 a 067 -036+038 b 038 —-100+£023 a 023
Note: Values are expressed as mean =+ S.E. (Standard Error); the letter “s” corresponds to the degree of significance

of the treatments; the symbol “o” corresponds to the standard deviation. the letter “a” and “b” indicate different
statistical groups.

PWW

In Table 2, there are shown different statistical groups into which the results have
been classified. Values with the same letter have no significant differences from each other,
while values with different letters do yield significant statistical differences. All values
under NaClO have the letter ‘a’, suggesting that there is no significant difference in COD
reduction between different vegetables with that disinfectant. On the other hand, values
with the letter ‘b” under ClO, and PAA indicate another comparison group. The standard
deviation shows the variability in the data, being lower in cabbage with ClO, and PAA,
suggesting more consistent results with these treatments. The standard deviation data
helps to understand the stability and reliability of each disinfection treatment, providing
crucial information for the selection of the most appropriate disinfectant. The ANOVA
table provides an overview of whether there are significant differences in E. coli O157 levels
between the different disinfection treatments.

Table 3 reveals an extremely low p-value (0.000046), highlighting significant differ-
ences between the treatments. ClO; is markedly more effective in reducing E. coli 0157
compared to NaClO and PAA. The results for NaClO and PAA exhibit greater variability,
possibly due to differences in application conditions or concentrations used. In contrast,
ClO; demonstrates higher effectiveness and greater consistency in disinfectant action.
These findings are consistent with previous studies highlighting the efficacy of ClO; as a
disinfectant. For practical applications, ClO, appears to be a more reliable option for the
reduction of E. coli 0157 [56,58,59]. Tukey’s HSD test was used to make paired comparisons
between treatments and decide which are significantly different.
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Table 3. Differences in the treatments applied.
Source df sum_sq mean_sq F PR (>F)
Treatment 2.0 15.5274 7.7637 10.8842 0.000046

Residual 119 84.8828 0.7133

Note: df—degrees of freedom; mean_sq—mean squared value; sum_sq—sum of squares. The F-value is a number
obtained by comparing two variances. In the context of ANOVA, it is used to assess whether the means of three or
more groups are different.

Table 4 indicates that ClO, versus NaClO has a significant difference with ClO,
yielding a greater reduction of E. coli O157. ClO, vs. PAA also indicate a significant
difference, with a greater reduction of E. coli 0157 due to ClO,. NaClO vs. PAA does not
demonstrate a significant difference between treatments.

Table 4. Tukey’s HSD test (* Significant difference).

Mean Confidence Interval Confidence Interval

Treatment 1 Treatment 2 Difference p-Value (Lower) (Higher) Reject Hy
ClO, NaClO —0.3556 0.0021 ~0.5869 —0.1242 *
ClO, PAA —0.2588 0.0354 —0.5006 —0.0169 *

NaClO PAA 0.0968 0.6549 —0.1455 0.3391

The ClO; treatment yields the lowest E. coli O157 levels among the three treatments and
is the most effective. The confidence interval is narrower, suggesting that the data are more
consistent and less variable. NaClO had a higher mean E. coli O157 than ClO; but lower than
PAA. The confidence interval is wider than that of ClO,, indicating greater variability in the
results. PAA was therefore the least effective treatment in this analysis. According to [56]
the treatments used in their study entitled “Fundamental differences in E. coli O157:H7
inactivation mechanisms between chlorine dioxide and sodium hypochlorite” where the
data demonstrated that ClO, and NaClO damage E. coli O157:H7 through measurably
different mechanisms and that C1O, does not appear to cause substantial oxidative stress to
E. coli O157:H7 directly, i.e., ClO; and NaClO caused cell death using different mechanisms.
Non-overlapping confidence intervals indicate statistically significant differences between
treatments, which is consistent with the results of ANOVA and Tukey’s HSD test.

3.2.5. Resuscitation Capacity of Viable Non-Culturable Bacteria Present in the
Process Water

The resuscitation capacity of E. coli O157:H7 VBNC detected in the PWW of the
different plant matrices treated with the different disinfectants studied was also evaluated
(Table 3). The results demonstrated that after disinfection treatment with 20 ppm NaClO,
the cells were not able to resuscitate. This finding could indicate that 20 ppm chlorine
inhibits the presence of E. coli O157:H7 cells inoculated on PWW or that the culture medium
and resuscitation conditions used were not sufficient to resuscitate the chlorine-damaged
cells. For the resuscitation capacity of E. coli O157:H7 VBNCs, the results showed Nd being
undetected resuscitation for all types of PWW using the different kinds of disinfectants. E.
coli O157:H7 cells treated with 20 ppm NaClO were unable to resuscitate, suggesting that
this concentration effectively inhibits the presence of VBNC cells or that the resuscitation
conditions were insufficient, same as shown in several studies [60,61].

4. Discussion

The chlorine concentration was selected based on the recommendations of recently
published studies related to the use of chlorine as a disinfectant in commercial fresh
produce processing lines [26,27,31,52]. The corresponding authors recommend free chlorine
concentrations to maintain the microbiological quality of the water in the washing tank of
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fresh vegetable industries, avoiding the formation of byproducts as a consequence of the
degradation of the disinfectant. Our results indicate that regardless of the matrix studied,
the levels of E. coli O157:H7 present in the PWW were undetectable, regardless of the
methodology used. This finding is evidence that concentrations above 20 ppm inhibit the
E. coli O157:H7 pathogen artificially inoculated into the process water.

The counts of culturable bacteria obtained in our study are similar to those published
by other authors who used chlorine residuals of 25 ppm in their trials to inhibit the presence
of E. coli O157:H7 and Salmonella in lettuce and red chard during washing. However,
concentrations of 10 ppm free chlorine have been shown to inhibit culturable as well as
viable cells of L. monocytogenes, E. coli O157:H7 and Salmonella inoculated in lettuce and
spinach wash water [51]. In contrast to our results, concentrations between 10-20 ppm
chlorine do not induce the pathogen to the VBNC state in the wash tank because they inhibit
it. This finding contrasts with the studies conducted on L. monocytogenes and Salmonella,
indicating that these pathogens were induced to the VBNC state after treatment with
12 ppm or 3 ppm chlorine in water, respectively [62].

The viable but non-culturable (VBNC) state of Escherichia coli O157:H7, induced by
disinfection treatments, represents a significant challenge in the field of food safety. When
bacteria enter this state, they stop reproducing and cannot be detected by traditional
culture methods, which increases the risk of them going undetected in food quality controls.
Although it has been suggested that bacteria in the VBNC state are not capable of causing
infections, recent research has indicated that they are able to regain their pathogenic
capacity when environmental conditions are conducive. The resuscitation of bacteria in the
VBNC state, such as E. coli O157:H7, raises serious implications in terms of food safety, as
these bacteria could represent a risk to public health if they are not properly detected and
controlled. Therefore, it is essential to carry out additional research to better understand
the mechanisms that allow bacteria in the VBNC state to regain their infectious capacity.
To address this challenge, it is necessary to develop more sensitive and specific detection
methods to identify and quantify bacteria in the VBNC state in foods.

Furthermore, it is necessary to investigate how disinfection treatments and other
environmental factors can influence the formation and resuscitation of bacteria in the
VBNC state, in order to implement effective strategies to prevent risks for consumers. In
this context, it is crucial to promote interdisciplinary collaboration between microbiologists,
food safety experts, food engineers and other professionals to advance the understanding
of the implications of the VBNC status of E. coli O157:H7 and its impact on food safety.
Only through rigorous research and the development of evidence-based preventive and
control strategies can we ensure food safety and protect public health effectively [63-65].

Chlorine dioxide treatments showed that onion process water and applied doses of
disinfectant were more efficient due to the presence of antimicrobial compounds from
the process matrix. Overall, our findings are in line with previous studies demonstrating
reductions of 3 log units of E. coli present in lettuce PWW (COD = 1130 mg/L) disinfected
with 3 ppm ClO; for 1 min. Similar investigations on lettuce PWW (COD = 750 mg/L)
inoculated with E. coli with 3 ppm CLO; confirmed comparable reductions. Furthermore,
using the recommended doses of ClO, for the disinfection of vegetables in the wash
tank avoids the formation of harmful disinfection byproducts such as trihalomethanes,
haloacetic acids and chlorates [27,36,42].

Related studies indicate the application of higher concentrations of ClO; (5 ppm) re-
duced E. coli bacteria inoculated on PWW by 6 logarithmic units after 1 min of contact [39].
On the other hand, longer contact times (2-3 min) than those used in our trials combined
with concentrations of 2-3 ppm ClO; also reduced the levels of E. coli O157:H7 and cultur-
able L. mono-cytogenes present in the wash water of lettuce, strawberries, and melon by
about 5 log units. Until now, there was no scientific evidence from studies assessing the
presence of VBNC in PWW after ClO, disinfection treatment. However, the presence of
VBNC was detected in irrigation water treated with ClO; (2 ppm) for irrigation of leafy
vegetables [27,65]. The levels of culturable bacteria obtained in the PAA experiments were
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similar to those obtained by other authors, such as Banach et al. [66] and Lopez Galvez
et al. [27] observed that concentrations of 80 ppm PAA inhibited the presence of E. coli by
approximately 4-6 log units inoculated into the PWW (COD, 750 mg/L).

Other investigations also conducted at laboratory scale to determine the efficacy of
PAA as a disinfection treatment in the washing stage of fresh vegetables found reductions
of 3 log units of E. coli, Salmonella and L. monocytogenes inoculated in the PWW after treat-
ment with 30-80 ppm PAA and a contact time of 90 s. However, it should be noted that
the disinfection capacity of PAA depends on the composition of the commercial solution
used and the bacteria studied [27]. The different commercial PAA disinfectants contain
different concentrations of hydrogen peroxide, which is responsible for the antimicrobial
activity [67,68]. As Keskinen et al. mentioned [69] in their study, another factor influencing
the effectiveness of the PAA is the presence of bacteria inside the product due to phys-
ical processes (cutting), preventing the action of the disinfectant through the formation
of biofilms.

A further study found that PAA concentrations of 30 ppm were effective in reducing
the presence of culturable L. monocytognenes and E. coli O157:H7 bacteria inoculated in
lettuce and spinach wash water [38]. However, this inhibition in culturable bacteria is
in contrast to the results obtained. The results related to viable bacteria published agree
with those detected in the experiments performed. They also confirm the ability of PAA
to induce food-pathogenic bacteria to the VBNC state. Based on the results obtained, the
recommended doses of PAA for disinfecting the wash water of different fresh-cut vegetable
matrices (cut lettuce, shredded cabbage, diced onion and baby spinach) were not effective
in inactivating the presence of food pathogens. In relation to the antimicrobial activity;, it
has been evaluated so far using the plate count technique and the recommended doses are
based on the results obtained by this methodology [26].

However, recent scientific evidence has indicated that disinfectants may induce VBNC
status and do not inhibit the total presence of VBNC in the wash tank, as indicated by plaque
count results [64]. To demonstrate the “real” antimicrobial activity of the disinfectants,
the concentration of culturable, viable and dead bacteria in the PWW after disinfection
processes was quantified. In order to calculate the different physiological states of the
pathogen present in the water, the results obtained indicated (i) qPCR (determines both live
and dead cells), (ii) EMA+PMA-qPCR (viable bacteria) and plate count (culturable) were
used. It should be noted that the results of the resuscitation of chlorine-induced VBNC
are controversial. Some research has demonstrated that E. coli and Salmonella Typhimurium
VBNC induced after chlorine treatment could not be resuscitated [70,71].

In the same way, authors such as Zhang et al. 2015 [72] reported that pathogens of
E. coli O157:H7 in the VBNC state after treatment with sodium hypochlorite could not be
resuscitated in TSB (tryptone-soy broth) supplemented with 10% sodium pyruvate E. coli
O157:H7 and Salmonella cells after treatment with 50 ppm free chlorine were unable to
resuscitate in TSB enrichment medium supplemented with 0.3% sodium pyruvate or in
synthetic M9 medium supplemented with 0.4% glucose and 0.5 mM of each of 20 amino
acids [38]. In contrast to all this work, a study by Chen et al. [54] observed that E. coli cells
in the VBNC state induced by chlorine treatment can be resuscitated in Luria Bertani (LB)
enrichment medium at 37 °C for 24 h.

According to these studies, the resuscitation capacity of VBNC induced by disinfectant
treatments is still unclear and not easy to demonstrate. Several authors have described
that the resuscitation of VBNC state cells by resuscitation means can be influenced by a
wide range of factors [73-76]. In their studies, the authors of [72] noted that resuscita-
tion was achieved, with E. coli generating greater resuscitation ability than P. aeruginosa.
Various factors allowing resuscitation are extracellular resuscitation-promoting proteins
and interactions with amoeba [46]. Disinfection-induced VBNC state in E. coli can make
cells less infectious, but they can regain their pathogenicity after resuscitation [77]. Other
factors could include the bacterial species, age of the bacteria, induction conditions to the
VBNC state and resuscitation conditions, such as the type of recovery media used, the
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supplements added (pyruvate, catalase, amino acids, etc.) and the incubation temperature
selected [43,74,78,79].

However, other studies have demonstrated that foodborne pathogenic bacteria-induced
after disinfection treatments can be resolved using biological stimuli such as simple an-
imal models and bacteriophages. Highmore et al. [67] observed that chlorine induced
the VBNC state of L. monocytogenes and Salmonella enterica, remaining virulent using the
nematode Caenorhabditis elegans. Ben Said et al. [80] proposed using a specific lytic phage
as a bio-indicator for detecting VBNC in disinfected wastewater. Further studies are
therefore needed to elucidate the resuscitation capacity of VBNC foodborne pathogenic
bacteria to avoid public health hazards, especially concerning the resuscitation of active
but non-culturable bacteria. Although our results are effective, resuscitation was detected
according to several studies, thus supposing potential health risks. Thus, it is crucial to use
a combined disinfection strategy.

5. Conclusions

The viable but non-culturable (VBNC) state of E. coli O157:H7 is a survival mechanism
that allows the bacteria to persist in harsh environments. This state poses significant
food safety and public health challenges, as VBNC cells can potentially resuscitate under
favorable conditions, leading to renewed pathogenicity. This synthesis examines the
resuscitation capacity of E. coli O157:H7 VBNC cells in different plant matrices treated with
various disinfectants, with a focus on the effectiveness of 20 ppm NaClO, ClO, and PAA.

At a concentration of 20 ppm, chlorine inhibited the presence of inoculated E. coli
0157:H7 in the wash water of different plant matrices, such as shredded lettuce, shredded
cabbage, shredded onion and baby spinach. However, Cl1O; (2 ppm) and PAA (80 ppm)
induced the pathogen present in the different types of PWW to a VBNC state. The presence
of viable E. coli O157:H7 bacteria detected using EMA+PMAXxx-qPCR in the different types
of PWW confirms that the culture-dependent techniques overestimate the efficacy of the
recommended concentrations of disinfectants for washing fresh-cut vegetables at this stage.
The results indicated that cells in the VBNC state can maintain their virulence and gene
expression capacity, while others may die due to the experimental conditions. This is
because bacteria can respond differently to disinfectant treatments, with some entering the
VBNC state while others do not survive.

E. coli O157:H7 VBNC induced by the disinfectants at the recommended doses were
not able to resuscitate under the conditions studied. However, further studies are needed to
show whether disinfectant-induced VBNC present in the wash tank water can resuscitate or
attach to plant tissue and subsequently resuscitate after preservation, so that we can deter-
mine whether or not the presence of these bacteria may pose a public health risk. The focus
of the study is aimed at simulating industrial conditions where contaminations usually
involve multiple strains of bacteria, thus the isolates were not evaluated individually.
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Appendix A

Table Al. Physicochemical parameters of process wash water (PWW) inoculated with E. coli, chemical

oxygen demand (COD), pH, conductivity (EC), oxidation-reduction potential (ORP) and temperature

(T?). Trial 1.

Sanitizer Wash Water COD Sanitizer pH EC ORP Temperature
Matrix (mgL-1) (mg L-1) (uS cm—1) (mV) Q)
NaClO
Lettuce 1068 21.4 6.50 2590 819 41
Cabbage 1042 19.8 6.84 2310 804 41
Onion 1030 20.2 6.68 2570 845 4.2
Spinach 332 21.5 6.73 2170 793 4.1
ClO,
Lettuce 960 1.8 5.88 1866 636 3.9
Cabbage 1014 2.68 6.99 1523 717 5.0
Onion 1106 1.78 5.85 1842 685 4.0
Spinach 278 1.93 6.39 1816 689 43
PAA
Lettuce 1080 82 6.42 1828 381 4.2
Cabbage 996 79.7 6.13 1282 409 4.2
Onion 1066 85.6 6.0 1605 362 4.0
Spinach 340 79 6.31 1787 362 5.3
Table A2. Physicochemical parameters of process wash water (PWW) inoculated with E. coli, chemical
oxygen demand (COD), pH, conductivity (EC), oxidation—reduction potential (ORP) and temperature
(T?). Trial 2.
Sanitizer Wash Water COD Sanitizer pH EC ORP Temperature
Matrix (mgL-1) (mg L-1) (uS cm—1) (mV) (@)
NaClO
Lettuce 1018 19.9 6.62 2500 792 4.1
Cabbage 1000 19.1 6.73 2613 829 4.2
Onion 948 18.8 6.81 2795 829 43
Spinach 308 22.9 6.79 1969 786 4.6
ClO,
Lettuce 1000 2.3 6.99 1611 703 4.2
Cabbage 944 2.2 6.73 1621 705 4.1
Onion 968 2.2 6.82 1526 698 4.3
Spinach 328 2.2 6.49 1930 661 43
PAA
Lettuce 954 84 6.18 1404 444 5.7
Cabbage 1180 81.0 6.3 1411 467 6.3
Onion 1088 85 6.07 1362 450 4.6
Spinach 362 80 6.34 1514 454 6.8
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Table A3. Terminology Clarification.

Acronym Terminology Clarification
EMA Ethidium of monoazide
PMA Propidium of monoazide
gPR Quantitative polymerase chain reaction
PAA Peroxyacetic acid

DQO Chemical oxygen demand
PWW Process wash water

VBNC Viable noncultivable bacteria
FDA Food and Drug Administration
ClO; Chlorine Dioxide

NaClO Sodium hypochlorite

pH Hydrogen potential

ORP Potential oxidation reduction
ppm Parts per million

BHI Brain heart infusion

DNA Deoxyribonucleic acid

PBS Phosphate Buffer Saline

TSB Typtic Soy Broth

uL Micro liter

uS Microsiemens

Nm Nanometer

mV Milli Volt

um Micrometer

mm Millimeter

°C Degree Celsius

kg Kilogram

rpm Revolutions per minute

log Logarithm

uv Ultraviolet radiation

L Liter

mL Milli liter

gr Gram

mg Milligram
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