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Peroxyacetic Acid and Chlorine Reduce
Escherichia coli in Agricultural Surface Water
for Potential Produce Postharvest Uses

ABSTRACT

An increase in foodborne illnesses associated with fruits
and vegetables has been observed in recent years, with
several outbreaks linked to contaminated agricultural
water. The effectiveness of peroxyacetic acid (PAA) and
chlorine (CI) at reducing Escherichia coli in rain barrel
and creek water was evaluated in this study. Rain barrel
and creek water (12 and 32°C overnight) were inoculated
with ~5 log CFU/ml of an E. coli cocktail, reequilibrated
to 12 and 32°C (30 min), and treated with 25 *+ 2 ppm of
Cl, 75 = 5 ppm of PPA, or a water control (W). Samples
were collected O, 5, 10, 60, 1,440, and 2,880 min
after treatment, neutralized in Dey-Engley broth, and
enumerated using the Food and Drug Administration-
approved IDEXX Colilert method, as well as E. coli/coliform
(EC) Petrifilm, and enriched for the presence or absence
of E. coli. E. coli was not detected in 12 and 32°C creek
and rain barrel water O min after treatment with PAA and
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60 min after treatment with Cl using Colilert. E. coli was
not detected in samples treated with PAA or Cl at any
time point using EC Petrifilm. These data allow growers
and extension educators to explore the use of these
treatments in surface water sources for postharvest uses
in produce.

INTRODUCTION

An estimated one in six Americans becomes ill with
a foodborne illness each year, which leads to 120,000
hospitalizations and 3,000 deaths (8). Produce and nuts
are linked to approximately half of these illnesses (31).
To proactively reduce or prevent the burden caused by
foodborne outbreaks associated with fresh produce, the Food
and Drug Administration (FDA) Food Safety Modernization
Act (FSMA) includes the Produce Safety Rule (PSR), which
establishes mandatory science-based minimum standards for
the safe growing, harvesting, packing, and holding of fruits
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and vegetables grown for human consumption (15). The use
of untreated surface water during harvest or postharvest can
lead to microbial attachment and internalization on or in the
produce, as well as cross-contamination of other produce that
weren't initially contaminated; therefore, the PSR prohibits
the use of untreated surface water during harvest and
postharvest activities (25). The FSMA PSR requires water
that is used in postharvest handling of produce to have no
detectable generic E. coli per 100 ml of water (15). Therefore,
the FSMA PSR requires surface water both to be treated

and to have no detectable generic E. coli per 100 ml of water
before use in produce postharvest handling.

Surface water sources, such as rivers, harvested rainwater,
ponds, and creeks, are used by growers because they are
generally readily available. However, surface water is open to
the environment, which makes it susceptible to chemical and
microbial contamination from various point and nonpoint
sources. Other factors, such as changing rainfall and
temperature patterns, have been associated with an increasing
number of fecal pathogens, such as Salmonella, in surface
water sources (19), as well as the changing physicochemical
characteristics of surface water (10). Rain-harvested water
provides an alternative source of water for growers to use,
but rain catchment methods might also collect fecal matter
deposited on the roof from which the rain water is collected,
making rain catchment water susceptible to microbial
contamination (18, 23).

Chlorine (Cl) and peroxyacetic acid (PAA) are two
FDA- and Environmental Protection Agency (EPA)-
approved chemical sanitizers frequently used by growers
and the agriculture industry for water treatment (1, 27, 33).
The efficacy of these chemical interventions is affected by
the physicochemical characteristics of water (e.g., organic
content) , pathogen target, treatment concentration, and
contact time (17, 36). An increase in organic matter in
the water reduces the free available concentration of the
antimicrobial interventions, which would otherwise be
available to reduce microbial contamination in rinse water
(6). Biofilm formation, strong attachment of bacteria on the
produce surface, and internalization of microorganisms by
produce also reduce the effectiveness of chemical treatments
(16). Because fresh produce is mostly consumed raw, a
thermal kill step is lacking. The interventions used by the
produce industry postharvest are generally inefficient at
reducing pathogens on contaminated produce. Thus, it is
crucial to use water with no detectable generic E. coli per
100 ml of water during harvest and postharvest handling
of produce to avoid potential microbial contact and
cross-contamination (16). Overall, chemical treatments,
such as Cl and PAA, are more commonly used for killing
microorganisms in rinse water and thus preventing microbial
contact and cross-contamination during the washing of
produce (S). Therefore, this study focused on demonstrating
the efficacy of Cl and PAA at treating surface water to
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generate microbially safe water that can be used postharvest
in the produce industry.

Haley et al. (20) reported that E. coli concentrations were
statistically greater in surface water sources in comparison to
groundwater sources in Kansas and Missouri, emphasizing
the importance of effective treatment of surface water if
it is to be safely (<1 generic E. coli MPN/100 ml) and
effectively used for postharvest purposes. Furthermore, as
previously stated, untreated surface water cannot legally be
used as agricultural water during or after harvest for farms
covered by the FSMA PSR (15). Therefore, the objective of
this study was to evaluate the effectiveness of Cl and PAA
at reducing E. coli in a rain barrel and creek water to satisfy
the “no detectable generic E. coli” requirement outlined by
the FSMA PSR for water to be safely used for postharvest
rinsing of produce (15). A previous study conducted by our
team evaluated the efficacy of these treatments in simulated
(lab-prepared) water using the Petrifilm (3M, Saint Paul,
MN) enumeration method, and the data suggested that
Cl and PAA may be effective at treating surface water for
use postharvest (22). The current study expands upon our
previous work by evaluating Cl and PAA efficacy in natural
water sources using not only the Petrifilm enumeration
method but also the Colilert (IDEXX Laboratories,
Westbrook, ME) method (FDA-approved microbial water
testing method). This study serves as a validation of the two
treatments for potential use in agricultural surface water to be
used postharvest.

MATERIALS AND METHODS

The methods used in this study are based largely on the
FDA/EPA protocol that describes methods for evaluating
antimicrobials as interventions for preharvest agricultural
water used in the produce industry (34). One major
difference is that this study used natural water sources (creek
and rain barrel), whereas the FDA/EPA protocol outlines the
use of artificially prepared agricultural water. Our research
team recently published on the efficacy of Cl and PAA at
reducing E. coli in simulated agricultural water (22), and the
present study is an extension of that work by using natural
water sources with the addition of Colilert enumeration.
Other notable differences between this study and the FDA/
EPA protocol include the use of generic E. coli and direct
plating using Petrifilm. Fig. I summarizes the experimental
design followed for this study.

Bacterial strains

Three strains (ATCC 8739, ATCC 13706, and ATCC
23631) of nonpathogenic E. coli from the American Type
Culture Collection (ATCC) that are recommended for water
testing were used in this study (2-4). Before each replication,
a 10-pl loop of stock culture from each frozen strain was
streaked for isolation on nutrient agar (NA) plates (Difco,
Sparks, MD) and incubated at 37°C for 24 + 2 h. A single
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FIGURE 1. Overview of experimental design, including water source, temperature, treatment, enumeration, and number of replications completed.

isolated E. coli colony from the NA plates was then used to
make the working inoculum, as described in detail later. The
appearance of each strain as pure culture was documented
before the beginning of the study by plating on E. coli/
coliform (EC) Petrifilm, where the colonies grew blue to
purplish with gas bubbles.

Inoculum preparation

An isolated colony of each ATCC strain was added to a
separate 10-ml brain heart infusion (BHI) broth (Thermo
Scientific Oxoid, Hants, UK) tube. The three tubes were
incubated at 37°C for 24 + 2 h. A pellet of pure 10%-10°
CFU/ml E. coli was then separated from the broth by
separately centrifuging the tubes at 4,300 X g for 15 min
at 4°C. The supernatant broth was discarded and 10 ml of
phosphate-buffered dilution water (PBDW; EMD Millipore,
Billerica, MA) was used to rehydrate each pellet. Preliminary
studies confirmed that these methods result in consistent
concentrations for each strain. The concentration of each
strain was enumerated, which resulted in 9 ml remaining
for each strain following enumeration. The remaining equal
volumes (9 ml each) of the three strains were then mixed
to form a cocktail solution that was used as the working
inoculum (~27 ml total). The working inoculum was
enumerated at the beginning and the end of the trial to
ensure that the E. coli population was consistent throughout
the inoculation trial. To enumerate the concentrations of
the strains individually and the used cocktail, subsequent
dilutions were made in PBDW and plated in duplicate on
EC Petrifilms; the EC Petrifilms were incubated at 37°C for
48 + 4 h. Individual strain colonies (blue and purplish with
gas bubbles) were counted on the EC Petrifilms, and they
were used as a reference for proper enumeration of generic
E. coli (i.e., appearance of each inoculum strain on an EC
Petrifilm) in the inoculated study. The rain barrel and filtered
creek water native E. coli populations were also enumerated
preinoculation using Colilert Quanti-Tray/2000 (IDEXX
Laboratories, Westbrook, ME).

Water sampling, preparation, and inoculation

A 6.5-liter batch of rain barrel water was collected from
a rain barrel owned by a local produce grower in northeast
Kansas. The rain barrel was a 50-gal covered barrel stored
outside, collecting rainwater from the gutters of a garage
with a metal roof. A sterilized carboy with a 9-liter capacity
was placed directly under the spigot of a rain barrel
(covered with alid) and used to collect the rainwater
directly. Before collection, the external surface of the rain
barrel spigot was sterilized, and the water was run for 1
min in the carboy before collection. From a creek (mostly
rainfed) used for produce irrigation at the Olathe Kansas
Horticulture Research and Extension Center, 6.5 liters of
creek water was pumped through a sand filter before it was
collected directly into a 10-liter sterile carboy. Following
each collection, a portion (three subsamples) of each water
type was enumerated for naturally occurring coliform and
E. coli populations using Colilert (Table 1). Water samples
were collected on three separate occasions in April 2022.
Both water types were also analyzed for turbidity, pH,
electroconductivity, and total dissolved solids (TDS) (Table
2). Then, each batch of source water was separated into two
water samples, each with a volume of 3 liters. One 3-liter
bottle of each water type was stored overnight (8-10 h) at
32 and 12°C, as described in the FDA/EPA protocol (34), to
simulate cool season and warm season scenarios.

Before inoculation the following day, each water sample
was plated on EC Petrifilm, as described later, to ensure that
naturally occurring populations did not change during the
overnight temperature equilibration. Each 3-liter sample
bottle per water source and temperature (e.g., rain at 32°C
and creek at 12°C) was inoculated with 1 ml of the working
inoculum to achieve a target concentration of ca. 5 log CFU/
ml. The E. coli concentration of each 3-liter bottle of water
was confirmed after inoculation by plating on EC Petrifilm,
as described later. Each inoculated bottle of water was then
equally distributed in three subsamples of 990 ml and placed
back at their respective temperature for approximately 30
min for temperature equilibration.
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TABLE 1. Naturally occurring generic E. coli populations in filtered creek water and

water collected from a rain barrel

E. coli Mean E. coli

. . a b
Replication Water source Subsample (log MPN/100 ml)* (log MPN/100 ml)

1.3
1.2 1.2
1.2
<1

<1 0.0

Filtered creek

Rain barrel

<1
2.3
22 22
23
<1
<1 0.0
<1
1.8
1.8 1.9
2.0
<1
<1 0.0
<1

Filtered creek

Rain barrel

Filtered creek

Rain barrel

QI | = W =W (=W =W =W ||

“Water was collected from sources in Kansas.
"Three subsamples of each water type were enumerated using Colilert Quanti-Tray/2000 for each replication.
‘Generic E. coli not detected is indicated as <1 MPN/100 ml.

TABLE 2. Physical parameters of sand-filtered creek and rain barrel water collected

from sources in Kansas

Replication® Water source Mean pH® conlgszgveilt;c?:sc E/‘lcm) Mea(tﬁ;lﬁ)idity Mean TDS (mg/ml)
) Filtered creek 8.3(0.01) 716.0 (12.77) 2.3(0.13) 397.3(33.56)
Rain barrel 7.0 (0.05) 120.9 (4.42) 0.5(0.01) 52.3(3.06)
) Filtered creek 8.1 (0.02) 464.3 (7.51) 5.0(0.23) 422.3(71.32)
Rain barrel 6.9 (0.09) 241.2 (270.90)* 0.8 (0.09) 180.7 (236.13)*
Filtered creek 8.2 (0.02) 509.5 (10.02) 4.5(0.07) 488.0 (2.08)
3 Rain barrel 6.9(0.02) 66.1 (6.79) 1.1 (0.13) 53.7(2.89)

“For each replication, three subsamples were analyzed for pH, electrical conductivity, turbidity, and TDS.
"The average of each parameter is reported for each replication. The standard deviation of each mean is provided in parentheses.

‘Results from replication 2 differed substantially from those of replications 1 and 3, resulting in a large standard deviation.
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Antimicrobial treatment preparation

SaniDate 15 (PAA; BioSafe Systems, East Hartford,
CT) at a concentration of 75 £ S ppm of PAA, and
Ultra Clorox germicidal bleach (Cl; Clorox Professional
Products, Oakland, CA), at a concentration of 25 + 2
ppm of free available Cl, were used for the treatments,
with sterile deionized (DI) water used as a control (W).
These concentrations were determined by EPA product
labels and the approved concentration limits for use with
produce (32, 35). Before each replication, titrations were
completed following manufacturer instructions to confirm
stock solution concentrations that achieve the required
75 £ S ppm of PAA and 25 + 3 ppm of free available Cl in
the final 1,000-ml treated water samples (treatment details
follow). Sterile aluminum foil-covered flasks were used
to prepare treatments to ensure the treatments were not
affected by light exposure. A free and total Cl high-range
portable photometer (HI96734; Hanna Instruments,
Woonsocket, RI) was used to validate the free available
Cl concentrations. The PAA treatment concentration
was validated using a peracetic acid test kit (BioSafe
Systems, East Hartford, CT) following the manufacturer’s
instructions. The concentrations of both treatments were
confirmed at the beginning and the end of each trial day
to ensure the same treatment concentration was used
throughout the duration of the trial. The PAA and Cl
concentrations were not confirmed in each water sample
throughout the trial.

Antimicrobial application and microbial analysis

For time point 0, the sample was collected immediately
after a 10-ml aliquot of the appropriate treatment solution
(Cl, PAA, and W) was added into each 990-ml sample
bottle and swirled to equally distribute the sanitizer for
10 s (hereafter called ¢ = 0). Water sampling for E. coli
enumeration from each treated bottle was also performed S,
10, 60, 1,440, and 2,880 min after treatment. Enumeration
using EC Petrifilm was previously described in a similar
study conducted by our research team (22) and was one of
two methods used for enumeration in this study. However,
because the EC Petrifilm is not an FDA-approved testing
method for agricultural water, the IDEXX Colilert Quanti-
Tray/2000 was also used to provide an FDA-approved
method in comparison to the previously published EC
Petrifilm method. For the EC Petrifilm method, 1 ml of
each treated sample was neutralized in 9 ml of Dey-Engley
(DE) neutralizing buffer in tubes (Difco, Sparks, MD) and
S ml of the treated sample was neutralized in 45 ml of DE
neutralizing buffer in Whirl-Pak bags (Nasco, Madison,
WI). Dilutions were prepared using DE-neutralized tubes
in 9 ml of PBDW and plated for enumeration in duplicate
on EC Petrifilm, and colonies (blue and purplish with gas
bubbles) were counted after Petrifilm incubation at 37°C for
48 £ 4 h. The limit of detection (LOD) for the EC Petrifilm

method was S CFU/ml. For Colilert enumeration, at each
sampling point, 100 ml of each treated (Cl and PAA)
sample was neutralized in a transparent, nonfluorescing
glass bottle containing 0.2 ml of 10% sodium thiosulfate
(Sigma Aldrich, St. Louis, MO) and then Colilert reagent
was added and samples were shaken to mix for 30 s. For
the W (control) samples, 10 pl from each treated sample
was diluted in 99.99 ml of sterile DI water containing the
Colilert reagent and 0.2 ml of 10% sodium thiosulfate.

The use of 0.2 ml of 10% sodium thiosulfate was validated
following the neutralizer or control validation procedure
of the FDA/EPA protocol (34). Then, all samples were
individually poured in a Colilert Quanti-Tray/2000, sealed,
and incubated at 35°C for 24 h. The LOD for Colilert is
one organism per 100 ml of water. For enrichment and
recovery of E. coli, 50 ml of 2x BHI broth was added to the
50-ml DE-neutralized sample (S ml of sample + 45 ml of
DE neutralizing buffer) in Whirl-Pak bags, resulting in a 1x
BHI broth dilution, and then the bags were incubated at
37°C for 24 + 2 h. After incubation, the enriched bags were
streaked on MacConkey agar (MAC; Thermo Scientific
Remel, Lenexa, KS) to determine the presence or absence
of E. coli, and MAC plates with pink colonies following
incubation at 37°C for 18-24 h were interpreted as positive
for E. coli. The enriched samples were considered to have
an LOD of 1 cell per S ml, or 20 cells in a 100-ml water
sample. Sample bottles were returned to their respective
temperatures after the 10-min time point and were taken
out for a short period (~S min or less) for sample collection
at the subsequent time points.

Statistical analysis

The experimental procedures were replicated three times;
however, two replications of data are represented for the
Colilert method because counts were too numerous for
the W (control) samples for one replication. Statistical
analyses were conducted with Statistical Analysis Software
(SAS version 9.4; SAS Institute, Cary, NC). Data for
each combination of water source (creek and rain barrel)
and enumeration method (Colilert and EC Petrifilm)
were analyzed separately (e.g., creek water enumerated
using Petrifilm was analyzed separately from creek water
enumerated using Colilert). All data were subjected to
linear mixed modeling using the PROC MIXED procedure,
with a significance level of 0.05. Because repeated measures
analysis was used in this study, the best covariance structure
for the model was determined. The least squares means (LS
means) were calculated and the Tukey-Kramer adjustment
for multiple comparisons was used to determine statistical
significance between individual treatments. The main effects
of time, temperature, and treatment, as well as the three-way
interaction (time X temperature X treatment) and all two-
way interactions, were evaluated for statistical significance.
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TABLE 3. E. coli survival in creek water using EC Petrifilm and analyzed by time,

antimicrobial treatment, and temperature?

LS means + SEM E. coli survival (log CFU/ml)"

Temperature | Treatment 0 min S min 10 min 60 min 1,440 min 2,880 min
Cl 0.0 +£0.05% 0.0 £ 0.124° 0.0 +£0.05%° 0.0 £0.074 0.0 £0.10% 0.0 +0.24"

12°C PAA 0.0 +£0.05" 0.0 £0.12%° 0.0 £0.05%° 0.0 £0.074 0.0 £0.10% 0.0 +£0.24%

W 5.3+£0.05* 5.3+0.12%4 5.3+£0.05* 5.2+0.07* 5.0+£0.10* 4.3+0.24"

Cl 0.0 +£0.05% 0.0 £ 0.124° 0.0 +£0.05%° 0.0 £0.074 0.0 £0.10% 0.0 +0.24"

32°C PAA 0.0 +£0.05" 0.0 £0.12%° 0.0 £0.05%° 0.0 £0.074 0.0 £0.10% 0.0 +£0.24%

W 52+021% 5.0£0.12%4 5.3+£0.05* 5.2+0.07* 4.1+0.10% 3.7 £0.24%

“The time X treatment x temperature interaction was significant (P = 0.0275). Therefore, data are displayed according to time,
treatment, and temperature.

’E. coli not detected is indicated as 0.0 log CFU/ml.

“Values with different uppercase letters in the same row indicate significant differences between temperatures for a treatment.

“Values with different lowercase letters in the same column indicate significant differences between treatments at a temperature.

TABLE 4. E. coli survival in rain barrel water using EC Petrifilm and analyzed by time,

antimicrobial treatment, and temperature?

LS means + SEM E. coli survival (log CFU/ml)"

Temperature | Treatment 0 min S min 10 min 60 min 1,440 min 2,880 min
Cl 0.0 +£0.06" 0.0 £ 0.074° 0.0 +£0.08%° 0.0+0.114 0.0+£0.19% 0.0 £0.22*

12°C PAA 0.0 +£0.06" 0.0 £ 0.074° 0.0 +£0.08%° 0.0+0.114 0.0 +£0.19% 0.0 £0.22%

W 5.3+£0.06* 52+0.074 5.2+£0.08* 52+0.11% 4.9+0.19% 4.6 +0.22%

Cl 0.0 +£0.06" 0.0 £ 0.074° 0.0 +£0.08%° 0.0+0.114 0.0+£0.19% 0.0 £0.22*

32°C PAA 0.0 +£0.06" 0.0 £0.074° 0.0 +£0.08%° 0.0+0.114 0.0 +£0.19% 0.0 £0.22%

W 5.0+0.06* 5.0£0.074 5.1+£0.08* 5.0+0.114 3.3+£0.19%® 1.6 £0.22

“The time x treatment x temperature interaction was significant (P < 0.0001). Therefore, data are displayed according to time,
treatment, and temperature.

YE. coli not detected is indicated as 0.0 log CFU/ml.

“Values with different uppercase letters in the same row indicate significant differences between temperatures for a treatment.

“Values with different lowercase letters in the same column indicate significant differences between treatments at a temperature.

RESULTS
Water quality

Table 1 summarizes the naturally occurring generic E. coli

population in the creek and rain barrel water sources used

in this study. The physical parameters associated with the

creek and rain barrel water sources used in this study are
highlighted in Tuble 2.

364 Food Protection Trends September/October

Petrifilm method
When enumerating using Petrifilm, the time X temperature

X treatment interaction was significant for creek water (p=
0.0275) and rain water (P < 0.0001); therefore, all results
are discussed according to time, temperature, and treatment.

At each temperature, E. coli was not detected in creek

water samples treated with either Cl or PAA at any of the



TABLE 5. E. coli survival in creek water using the Colilert method and analyzed by time,

antimicrobial treatment, and temperature?

LS means + SEM E. coli survival (log MPN/ml)"

Temperature | Treatment 0 min S min 10 min 60 min 1,440 min 2,880 min
Cl 2.8+0.21% 1.0 £ 0.47% 1.0 £0.59% 0.0+0.01% 0.0 £0.01% 0.0 £0.07%

12°C PAA 0.0+0.21% 0.0 £ 0.474° 0.0 £ 0.594 0.0 £0.01% 0.0 +£0.01% 0.0 £0.07*

W S.1+0.214 5.2+047% 5.2+0.59% 52+0.01* 5.0+0.014 43+0.07%

Cl 2.5+0.21% 1.0 £ 0.474 1.2 £0.59% 0.0+0.01% 0.0 £0.01% 0.0 £0.07%

32°C PAA 0.0+0.21% 0.0 £ 0.47% 0.0 £ 0.59 0.0 £0.01% 0.0 +£0.01% 0.0 £0.07*

W 5.0+0.214 5.0+047% | S.1+£0.59%5% | 50+0.01% 3.9+0.01% 2.7 +0.07%

“The time x treatment x temperature interaction was significant (P = 0.0015). Therefore, data are displayed according to time,
treatment, and temperature.

’E. coli not detected is indicated as 0.0 log MPN/ml.

“Values with different uppercase letters in the same row indicate significant differences between a specific temperature and a

treatment combination at each sampling point.

“Values with different lowercase letters in the same column indicate significant differences between each temperature and treatment
combination at a specific sampling time point.

TABLE 6. E. coli survival in rain barrel water using the Colilert method and analyzed by

time, antimicrobial treatment, and temperature?

LS means + SEM E. coli survival (log MPN/ml)"

Temperature | Treatment 0 min S min 10 min 60 min 1,440 min 2,880 min
Cl 0.0+0.18% 1.0£0.18" 0.0+0.18% 0.0+0.18% 0.0 £0.18" 0.0+0.18%

12°C PAA 0.0 £0.18% 0.0+0.18* 0.0 £0.18% 0.0 £0.18% 0.0 +£0.18* 0.0+0.18%

W S5.1+0.18* 5.0+0.18* S.1£0.25% 5.2+0.18% 49+0.18% 4.6+0.18%

Cl 0.0+0.18% 0.0 £0.18* 0.0 +0.18% 0.0+0.18" 0.0+ 0.18* 0.0+0.18%

32°C PAA 0.0 £0.18% 0.0+0.18* 0.0 £0.18% 0.0 £0.18% 0.0 +£0.18* 0.0 £0.18%

W 4.6+0.18% 48+0.18% | 4.8+0.254%% | 4.6+0.18% 3.0£0.18% 0.0+0.18%

“The time x treatment x temperature interaction was significant (P < 0.0001). Therefore, data are displayed according to time,
treatment, and temperature.

’E. coli not detected is indicated as 0.0 log MPN/ml.

“Values with different uppercase letters in the same row indicate significant differences between a specific temperature and a

treatment combination at each sampling point.

“Values with different lowercase letters in the same column indicate significant differences between each temperature and treatment
combination at a specific sampling time point.
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sampling points, and both were significantly different from
W (control). E. coli in the W sample declined throughout
storage at both 12 and 32°C (Table 3). This reduction in
population was significant at the 1,440- and 2,880-min time
points in water samples stored at 32°C. At the 1,440-min
time point, E. coli populations in the 12°C W sample (5.0 log
CFU/ml) were significantly greater than in the W sample
stored at 32°C (4.1 log CFU/ml).

Table 4 summarizes rain barrel water data and shows that
E. coli was not detected in creek water samples treated with
either Cl or PAA at any of the sampling points, for either
storage temperature, and that both were significantly different
from W. E. coli in the W sample declined throughout storage
at both 12 and 32°C. At the 1,440- and 2,880-min time
points, this reduction in population was significant in water
stored at 32°C. At the 1,440- and 2,880-min time points,
E. coli populations in the 12°C W sample were significantly
greater than in the W sample stored at 32°C. None of the Cl-
and PAA-treated 5-ml water enrichments were positive for E.
coli on the MAC plates.

Colilert method

Using the Colilert detection method, the time x
temperature X treatment interaction was significant for
creek water (P = 0.0015) and rain water (P < 0.0001), and
all results are discussed according to time, temperature, and
treatment as a result. Tuble 5 shows that E. coli populations
were not recovered using the Colilert method at any time
point from 12 or 32°C creek water samples treated with
PAA. At sampling point 0, Cl significantly reduced E. coli
in creek water stored at both temperatures compared with
the W sample. By the 60-min sampling point, E. coli was
not recovered from 12 or 32°C creek water samples treated
with Cl. E. coli in the W sample declined throughout storage
at both 12 and 32°C, and this reduction was significant in
creek water stored at 32°C. E. coli populations in the 12°CW
sample were significantly greater than in the 32°C W sample
at the 1,440- and 2,880-min sampling points.

E. coli was not recovered at any sampling point from 12
and 32°C rain barrel water treated with PAA (Tuble 6). With
the exception of 11log MPN/ml of E. coli recovered at 5 min,
E. coli was not recovered from 12°C rain barrel water treated
with Cl. Populations of E. coli in the W sample declined
throughout 12 and 32°C storage, and this decline was
significant in 32°C rain barrel water, resulting in no detection
of E. coli by the 2,880-min sampling point.

DISCUSSION

The objective of this study was to evaluate the effectiveness
of 25 ppm of Cl and 75 ppm of PAA at reducing E. coli in rain
barrel and creek water to a level of no detectable generic E.
coli per 100 ml of water to determine whether surface water
can be effectively treated for postharvest use in produce
according to the FSMA PSR (15). When using Petrifilm as
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the enumeration method, the application of PAA (75 £ 5
ppm) and CI (25 £ 3 ppm) resulted in no detectable E. coli
in 12°C and 32°C creek and rain barrel water at the 0-min
sampling point, which suggests that the 10-s mixing period
was sufficient for reducing ~5 log CFU/ml of E. coli. Like
the Petrifilm method, E. coli was also not detected from
PAA-treated creek and rain barrel samples (12 and 32°C) at
the 0-min sampling point using the Colilert method. As a
general comparison, the Colilert method recovered generic
E. coli from 12°C rain barrel water treated with Cl through
the 5-min sampling point and from 12 and 32°C creek water
treated with CI through the 60-min sampling point. The
discrepancy in E. coli recovery for Cl-treated water is likely
because Petrifilm plates hold 1 ml of sample, whereas the
Colilert method is based on a 100-ml sample and the larger
sample size improves the likelihood of recovering generic E.
coli when microbial populations are low. The combination
of Petrifilm and Colilert data suggests that PAA is more
efficient at reducing E. coli in surface water sources at the
concentrations tested. The efficacy of PAA has been reported
by several other studies as being more stable in the presence
of organic matter and dissolved substances in comparison to
Cl (13, 28). When used in produce wash water sources with
varied levels of organic matter, most of the Cl is reportedly
associated with small molecular substances, and 50% of the
Clis reported to be used in the first S min (37). Winward

et al. (38) also reported that the protection provided to
microorganisms by water particles significantly decrease as
initial Cl concentration increases. These two studies suggest
rapid killing of suspended microorganisms in the water if the
concentration of Cl is high enough to withstand Cl demand.
McFadden et al. (26) also demonstrated that PAA required
a shorter lag time than Cl to inactivate E. colj, so if the E. coli
population in the water source was resistant or attached to
particles, it might explain why PAA achieved inactivation of
E. coli more rapidly than Cl. The present study also shows
that 25-ppm Cl treatment provided enough residual Cl
treatment to continually decrease E. coli populations until
they were not detected.

Table 1 shows that more E. coli was recovered from creek
water than rain barrel water, and Tuble 2 highlights notable
differences in physical parameters associated with each water
source. The difference in microbial presence and survival
in these two sources of water could be hypothesized to be
associated with the physicochemical characteristics of each
water source. For instance, the average turbidity and TDS
of the creek water were higher than those of the rain barrel
water (Table 2). The higher turbidity and TDS of creek water
compared with rain barrel water could have influenced the
bacterial protection by particles, which then made E. coli
more recoverable in creek water compared with rain barrel
water. Turbidity is directly correlated to the increase of
total suspended solids, and both have been shown by other
researchers to have a significant effect on the efficacy of



treatment by protecting the microorganisms from treatments
and harsh environmental conditions (12, 14, 24, 26). The
creek water initially harbored, on average, a greater E. coli
population compared with the rain barrel water (Table 1);
however, this population difference was small compared
with the added inoculum (~5 log CFU/ml). In addition,
the microbial recovery difference in creek water compared
with rain barrel water in all treatments is <0.4 MPN/ml,
which is likely too small to be of biological relevance. PAA
has been shown to be more effective, even when in the
presence of higher organic matter content, and is not greatly
affected by TDS compared with Cl treatments, which have
been reported to be greatly affected by the physicochemical
characteristics of water (26, 28). The latter could explain
the overall better efficacy of PAA compared with Cl in both
rain barrel and creek water sources. However, different
concentrations of PAA and Cl were used, and concentration
affects efficacy.

This study also evaluated the effect of water temperature
on the efficacy of PAA and Cl in reducing generic E. coli
populations. The data presented in Tables 3-6 suggest that
temperature did not affect the efficacy of Cl and PAA in
reducing E. coli populations in the creek and rain barrel water.
This is in agreement with the findings of Hassaballah et al.
(21), who reported no significant impact of temperature
(4°C compared with room temperature) on the efficacy of
PAA and Cl in wastewater treatment. This allows growers
to use these two validated treatment concentrations for
postharvest in both cool and warm temperature seasons.

Another important finding was the reduction of E. coli
in the W (control) samples over time. This reduction was
statistically similar in both rain barrel and creek water sources
stored at 12°C, regardless of the enumeration method used.
Conversely, E. coli populations significantly died off in the
creek and rain barrel water stored at 32°C; however, rain
barrel water was generally associated with greater microbial
die-off than was creek water. The roof material from which
the rainwater is collected is known to influence the chemical
properties of the final collected water (30). One could
hypothesize that this chemical catchment might include
chemicals that reduce the microbial load of the water, which
manifests in increased die-off over time. More research
studies would be necessary to test this hypothesis.

Finally, the microbial reductions achieved by this study
may have been influenced by the E. coli ATCC strains used
in the inoculum, as well as the naturally occurring E. coli
populations (~2 logs CFU/100 ml) present in the water
sources, which is not necessarily a reflection of the entire
bacterial load in the agricultural surface water sources.

For instance, Evans et al. (11) found negligible coliform
counts compared with the total bacterial population of 77
roof-collected rainwater runoft samples, which indicates
that other bacterial types, including pathogens, may be
present in amounts different from and more significant than

coliforms. Different microorganisms or strains of the same
microorganisms may also have different resistance to the PAA
and Cl treatments because of different defense mechanisms
genotypically, as well as developed phenotypic resistance
induced by environmental exposure (7, 9, 29).

Haley et al. (20) tested 247 surface water samples from
Kansas and Missouri and reported the average generic E. coli
levels to be 158.7 MPN/100 ml, which calculates to 2.2 log
MPN/ml. Thus, if these surface water sources were treated as
described in this study and used for postharvest purposes in
the produce industry, the potential for both 75 ppm of PAA
and 25 ppm of Cl to reduce >3 logs of E. coli in rain barrel
and creek water sources in the first 10 s of contact at both
12 and 32°C is promising. This suggests that 75 ppm of PAA
and 25 ppm of Cl may be effective chemical intervention
treatments for various surface water sources during different
seasons.

CONCLUSIONS

The results presented herein suggest that at the tested
doses, both PAA and Cl are effective at reducing E. coli
to nondetectable levels (in a S-ml sample subjected to
enrichment) within 60 min of treating rain barrel and creek
water at temperatures of 32 and 12°C. As described in our
recent publication (22), this is equivalent to a nearly 6 log
reduction. Although the EC Petrifilm method indicated that
Cl achieved no detectable generic E. coli in 12 and 32°C creek
and rain barrel water at the 0-min sampling point, the Colilert
method suggests that complete elimination of generic E.
coli was more rapid with PAA. Overall, both treatments
were effective at satisfying the FSMA PSR requirement
of no detectable generic E. coli in agricultural water used
postharvest. However, the EC Petrifilm method was based
upon 1 ml of sample per plate (plated in duplicate with a
LOD of 5§ CFU/ml), followed by a S-ml enrichment method
(LOD of one cell in S ml), in comparison to the 100-ml
sample required by the FSMA PSR and used by the Colilert
method (LOD of one cell in 100 ml). This study suggests that
PAA and Cl can be used as effective interventions for treating
rain catchment water, creek water, and potentially other
surface water to provide a water source that can be safely
used postharvest in produce following 60 min of treatment.
The present study did not have time points between 10
and 60 min. Therefore, future studies should evaluate E.
coli populations between 10 and 60 min after treatment to
determine whether the treatment time can effectively be
reduced from 60 min. Future studies should also consider
enriching the remaining water sample at the conclusion of
the study to demonstrate complete inactivation by the PAA
and Cl treatments.

Although these data provide promising results, the data are
limited to generic E. coli, two temperatures, two treatment
concentrations, and two water sources. A large amount of
variation likely exists within a single type of water source
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and the water recovered from one creek to the next, and even
water recovered from the same creek throughout different
times of the year and different sampling locations will likely
vary greatly. Another consideration for future research would
be to isolate naturally occurring E. coli from a water source
and use these isolates to prepare the inoculum. Similarly, the
data presented herein cannot be extrapolated to pathogens
or other microorganisms. Additional research is necessary

to fully understand the efficacy of PAA and Cl in treating
surface water for postharvest use in fresh produce.

FY19-2019-04239) and by the USDA National Institute of
Food and Agriculture Hatch project (KS00-0053-S1077).
The information and viewpoints do not necessarily reflect
the viewpoints and policies of the supporting organizations,
cooperating organizations, or USDA. This is contribution
23-217-] from the Kansas Agricultural Experiment Station,
Manbhattan, KS. BioSafe Systems generously provided
SaniDate 15 and test kits in support of this study. The
authors thank the Kansas State University undergraduate
and graduate students who provided technical support for

ACKNOWLEDGMENTS

this research.

The project was funded by a U.S. Department of

Agriculture (USDA) National Institute of Food and
Agriculture Food Safety Outreach Program grant (FSOP

REFERENCES

1. 21 CFR 173.315. CFR—Code of Federal 8. Centers for Disease Control and 16. Gil, M. I, M. V. Selma, F. Lopez-Gilvez,
Regulations Title 21. Available at: https:// Prevention. 2018. Burden of foodborne and A. Allende. 2009. Fresh-cut product
www.accessdata.fda.gov/scripts/cdrh/ illness: Findings—Estimates of foodborne sanitation and wash water disinfection:
cfdocs/cfcfr/cfrsearch.cfm?fr=173.315. illness. Available at: https: //www.cdc. Problems and solutions. Int. J. Food Microbiol.
Accessed 31 May 2022. gov/foodborneburden/2011-foodborne- 134:37-4S.

2. American Type Culture Collection. 2022. estimateshtml. Accessed 31 May 2022. 17. Goodburn, C., and C. A. Wallace. 2013. The
Escherichia coli (Migula) Castellani and 9. Chapman, J. S. 2003. Disinfectant resistance microbiological efficacy of decontamination
Chalmers (ATCC 8739). Available at: mechanisms, cross-resistance, and co- methodologies for fresh produce: A review.
https://www.atcc.org/products/8739. resistance. Int. Biodeterior. Biodegradation Food Control 32:418-427.

Accessed 3 July 2022. S1:271-276. 18. Gwenzi, W,, N. Dunjana, C. Pisa, T. Tauro,

3. American Type Culture Collection. 2022. 10. Davis, J. V., and R. W. Bell. 1998. Water- and G. Nyamadzawo. 2015. Water quality
Escherichia coli (Migula) Castellani and quality assessment of the Ozark plateaus and public health risks associated with roof
Chalmers (ATCC 13706). Available at: study unit, Arkansas, Kansas, Missouri, and rainwater harvesting systems for potable
https://www.atcc.org/products/13706. Oklahoma: Nutrients, bacteria, organic supply: Review and perspectives. Sustain.
Accessed 3 July 2022. carbon, and suspended sediment in surface Water Qual. Ecol. 6:107-118.

4. American Type Culture Collection. 2022. paten 19335‘ 9G5' L{'S'.Delpsartme“;"fthe ya, 19 HaleyB.J, D.J. Cole, and E. K. Lipp. 2009,
Escherichia coli (Migula) Castellani and nterior, U.5. Geological Survey, Reston, VA. Distribution, diversity, and seasonality of
Chalmers (ATCC 23631). Available at: 11. Evans, C. A., P.J. Coombes, and R. H. waterborne salmonellae in a rural watershed.
https://www.atcc.org/products/23631. Dunstan. 2006. Wind, rain and bacteria: Appl. Environ. Microbiol. 75:1248-1255.
Accessed 3 July 2022. The effe'ct. of w;athirhon the n;icrf)bial 20. Haley, O. C, Y. Zhao, J. M. Maher, S. E.

S. Baert, L., I. Vandekinderen, F. Devlieghere, E. ;;;?5 O;Lt;o:o?s;fz 4: arvested rainwater. Gragg, V. Trinetta, M. Bhullar, and L.

Van Coillie, ]. Debevere, and M. Uyttendaele. o ’ Nwadike. 2022. Comparative assessment of

2009. Efficacy of sodium hypochlorite and 12. Falsanisi, D., R. Gehr, L. Liberti, and M. the microbial quality of agricultural water on

peroxyacetic acid to reduce murine norovirus Notarnicola. 2008. Effect of suspended Kansas and Missouri fresh produce farms.

1, B40-8, Listeria monocytogenes, and particles on disinfection of a physicochemical Food Prot. Trends 42:186-193.

Escherichia foli 0'157:H7 on shredded iceberg municipal wastewater with peracetic acid. 21. Hassaballah, A. H,, T. Bhatt, J. Nyitrai, N.

lettuce and in residual wash water. J. Food Water Qual. Res. ]. 43:47-54. . L

Prot. 72:1047—1054. Dai, and L. Sassoubre. 2020. Inactivation of
13. Fatica, M., and K. Schneider. 2009. The use of E. coli, Enterococcus spp., somatic coliphage,

6. Banach, J. L., I. Sampers, S. Van Haute, and chlorination and alternative sanitizers in the and Cryptosporidium parvum in wastewater by
H. J. (Ine) Van der Fels-Klerx. 20185. Effect produce industry. CAB Rev. 4:10. peracetic acid (PAA), sodium hypochlorite,
of disint"ecténts on preventing the cross- 14. Fondriest Environmental Inc. 2014. and 4combir'1ed PAA-ultraviolet disinfection.
contamination of pathogens in fresh produce Turbidi : Environ. Sci. Wat. Res. 6:197-209.

. . . urbidity, yotal suspended solids & water
washing water. Int. J. Environ. Res. Public . ; :
Health 12:8658-8677. clarity. Environmental measurement systems. 22. Irakoze, Z., L. Nwadike, D. Stoeckel, M.
Available at: https://www.fondriest.com/ Bhullar, P. Byers, and S. E. Gragg. 2022.

7. Banach, J. L., H. van Bokhorst-van de Veen, environmental-measurements/parameters/ Evaluation of peroxyacetic acid and chlorine
L. S.van Overbeek, P. S. van der Zouwen, H. water-quality/turbidity-total-suspended- as treatments for surface water for post-

J. van der Fels-Klerx, and M. N. N. Groot. solids-water-clarity/. Accessed 23 May 2022. harvest uses in the produce industry. Water
2017. The .eﬂicacy of chemical sar}itize.t’s on 15. Food and Drug Administration. 2022. FSMA 14:3890.
the reduction of Salmonella Typhimurium final rul d fety. Available at:
and Escherichia coli affected by bacterial hna rule on produce safety. Available at:

. . ttps://www.fda.gov/food/food-safety-
cell history and water quality. Food Control S
81:137-146. modernization-act-fsma/fsma-final-rule-

produce-safety. Accessed 3 July 2022.
368 Food Protection Trends September/October



23. Jordan, F. L., R. Seaman, J. J. Riley, and M. R.
Yoklic. 2008. Effective removal of microbial
contamination from harvested rainwater
using a simple point of use filtration and
UV-disinfection device. Urban Water .
5:209-218.

24. LeChevallier, M. W,, T. M. Evans, and
R.]J. Seidler. 1981. Effect of turbidity
on chlorination efficiency and bacterial
persistence in drinking water. Appl. Environ.
Microbiol. 42:159-167.

2S. Luo, Y., D. T. Ingram, and K. Khurana. 2014.
Preventing cross-contamination during
produce wash operations, p. 103-111. In J.
Hoorfar (ed.), Global safety of fresh produce.
‘Woodhead, Sawston, UK.

26. McFadden, M., J. Loconsole, A. J. Schockling,
R. Nerenberg, and J. P. Pavissich. 2017.
Comparing peracetic acid and hypochlorite
for disinfection of combined sewer overflows:
Effects of suspended-solids and pH. Sci. Total
Environ. §599-600:533-539.

27. Northcutt, J. K. 2021. Farm food safety:
Choosing a sanitizer for washing fresh
produce. Home & Garden Information
Center, Clemson University, SC. Available at:
https://hgic.clemson.edu/factsheet/farm-
food-safety-choosing-a-sanitizer-for-washing-
fresh-produce/. Accessed S July 2022.

28. Petri, E., R. Virto, M. Mottura, and J. Parra.
2021. Comparison of peracetic acid and
chlorine effectiveness during fresh-cut
vegetable processing at industrial scale.

J. Food Prot. 84:1592-1602.

29. Sahulka, S. Q., B. Bhattarai, A. S.
Bhattacharjee, W. Tanner, R. B. Mahar,
and R. Goel. 2021. Differences in chlorine
and peracetic acid disinfection kinetics of
Enterococcus faecalis and Escherichia fergusonii
and their susceptible strains based on gene
expressions and genomics. Water Res.
203:117480.

30. Uba, B.N,, and O. Aghogho. 2000. Rainwater
quality from different roof catchments in the
Port Harcourt district, Rivers State, Nigeria.

J. Water Supply Res. Technol. Aqua 49:281-288.

31. U.S. Department of Agriculture Economic
Research Service. 2019. Annual number of
foodborne illnesses associated with outbreaks
in tomatoes has generally decreased since
their high in 2001. Available at: http://www.
ers.usda.gov/data-products/chart-gallery/
gallery/chart-detail /2chartld=93465.
Accessed 28 June 2022.

32. U.S. Environmental Protection Agency.
2011. Labels for Ultra Clorox brand
regular bleach (5813-50). Available at:
https://ordspub.epa.gov/ords/pesticides/
f2p=PPLS:102:::NO::P102_REG_
NUM:5813-50. Accessed 6 November 2022.

33. U.S. Environmental Protection Agency.
2013. Federal insecticide, fungicide, and
rodenticide act (FIFRA) and federal facilities.
Other policies and guidance. Available at:
https://www.epa.gov/enforcement/federal-
insecticide-fungicide-and-rodenticide-act-fifra-
and-federal-facilities. Accessed 7 March 2023.

34.

3S.

36.

37.

38.

U.S. Environmental Protection Agency. 2022.
FDA updates protocol for the development
and registration of treatments for preharvest
agricultural water. Available at: https://www.
fda.gov/food/cfsan-constituent-updates/
fda-updates-protocol-development-
and-registration-treatments-preharvest-
agricultural-water. Accessed 28 February 2024.

U.S. Environmental Protection Agency.
2022. Labels for Sanidate 15.0 (70299-26).
Available at: https://ordspub.epa.gov/ords/
pesticides/f?p=PPLS:102:::NO::P102_
REG_NUM:70299-26. Accessed 6
November 2022.

Van Haute, S., M. Uyttendaele, and L.
Sampers. 2013. Organic acid based sanitizers
and free chlorine to improve the microbial
quality and shelf-life of sugar snaps. Int. .
Food Microbiol. 167:161-169.

Weng, S., Y. Luo, J. Li, B. Zhou, J. G.
Jacangelo, and K. J. Schwab. 2016.
Assessment and speciation of chlorine
demand in fresh-cut produce wash water.
Food Control 60:543-551.

Winward, G. P,, L. M. Avery, T. Stephenson,
and B. Jefferson. 2008. Chlorine disinfection
of grey water for reuse: Effect of organics and
particles. Water Res. 42:483-491.

In Memory

|JAFP was notified of the passing of member
Charles D. Price. The Association extends our deepest
sympathy to his family and colleagues. IAFP has
sincere gratitude for his contribution to food safety.
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