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When considering the cost associated with producing potable water and the

environmental concerns associated with water scarcity, the reuse of processing water

has received increasing interest. While water reuse during poultry processing can be

environmentally friendly, it also brings potential food safety and cross-contamination

concerns, through the reuse of water which may harbor human-host pathogens.

Therefore, in order to effectively utilize reuse water systems, to mitigate environmental

and cost concerns with water use, antimicrobials must be investigated to reduce

bacterial and pathogen load. Currently, peracetic acid (PAA) is commonly used in

processing water up to 2,000 ppm but can be corrosive with documented public health

concerns. As such, sodium bisulfate (SBS) may be utilized as it has the potential to

be an important anti-microbial in poultry processing facilities as seen in its application

in the produce industry. In this study, SBS, PAA, and industrial grade PAA (IG-PAA)

were evaluated against microbial populations in water reuse systems inoculated with

Salmonella Typhimurium. Fresh, untreated processing plant reuse water was collected

at the end of a poultry processing shift. The water was utilized within 1 h of collection,

minimum inhibitory concentrations were established, change in pH was investigated, and

plate counts after Salmonella addition were performed. When 3× 107 CFU of Salmonella

was added to each microcosm, a 4 to 5 log reduction with 200 ppm PAA was observed

compared to a total killing observed by 5min of treatment with 1, 2, or 3%SBS (P< 0.05).

The results of this study indicate that SBS may be an equally effective alternative to PAA

for decreasing foodborne pathogen contamination in poultry reuse water.

Keywords: sodium bisulfate, Salmonella, reuse water, peracetic acid, poultry processing

INTRODUCTION

Water scarcity continues to be a global concern (Beekman, 1998; Casani et al., 2005; Meneses
et al., 2017; Faour-Klingbeil and Todd, 2018). By 2025 almost half of the world’s population will
face severe clean water scarcity issues (Alcamo et al., 1997, 2000; Micciche et al., 2018). Factors
impacting water scarcity include climate change, shifts in the human diet, and an increase in water
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use for industrial processing (Meneses et al., 2017). In the food
industry, water use increased by 40% throughout a decade from
1998 to 2008 (Klemes et al., 2008; Meneses et al., 2017). To face
these environmental, and eventually economic pressures, food
processing industries need to develop novel water conservation
technologies.

In poultry processing, 21 to 30 L of potable water are used per
bird (Northcutt and Jones, 2004; Kiepper et al., 2008;Walsh et al.,
2018). There have been studies suggesting water usage could
be reduced in poultry processing (Lillard, 1979; Meneses et al.,
2017). However, the use of contaminant-free water is pivotal
for food safety and the consideration of Hazard Analysis and
Critical Control Point (HACCP) plans (Northcutt and Jones,
2004; United States Department of Agriculture, 2016). As a
consequence, to reduce the amount of water utilized in poultry
processing without compromising on efficiency or product
safety, reuse water systems can be implemented (Micciche et al.,
2018).

Reuse of water or “the recovery and reconditioning of water
from a processing step followed by its subsequent use” is
covered in 9 CFR 416.2 and is enforced by the United States
Department of Agriculture (USDA) (United States Department
of Agriculture, 2016; Meneses et al., 2017). According to the
law, the reuse of processing water from upstream steps should
not be utilized for downstream processing steps (United States
Department of Agriculture, 2016). Also, reuse processing
water should be equivalent to potable, or drinkable, water
(United States Department of Agriculture, 2016; Meneses et al.,
2017). To ensure chemical equivalency, filtration systems are
often utilized. For microbial and pathogen elimination, sanitizers
are employed (Northcutt and Jones, 2004). Chlorine has long
been the sanitizer of choice for the U.S. poultry industry,
but it can be hazardous to workers due to its potential to
form dangerous by-products, and bacterial resistance has been
documented (Casani and Knøchel, 2002; Dunlop et al., 2002;
Casani et al., 2005; Ryu and Beuchat, 2005). Furthermore, the
European Union has banned the use of chlorine since 1997
and USDA regulations prevent the amount of free chlorine in
reuse water to exceed 5 ppm (United States Department of
Agriculture, 2003; Johnson, 2015). As a consequence, alternative
acid sanitizers such as peracetic acid (PAA) and sodium bisulfate
(SBS) are of interest.

Peracetic acid has been utilized as a conventional sanitizer for
poultry processing due to its effectiveness against Campylobacter
and Salmonella, which are common poultry processing
pathogens (Oyarzabal, 2005; Bauermeister et al., 2008a; Kim
et al., 2017). However, while its legally allowed maximum
concentration has recently increased to 2,000 ppm (21 CFR
173.370), PAA is corrosive to equipment and hazardous to
workers (Casani et al., 2005; Kim et al., 2018). Furthermore,
there is evidence that peracetic acid can decay into acetic acid
within 30min on poultry carcasses (Walsh et al., 2018). Sodium
bisulfate may be an alternative to peracetic acid as it has shown
to be an effective antimicrobial against Salmonella on chicken
parts (Dittoe et al., 2018a). SBS is an inorganic acidifier with
a pKa of 1.96 (Knueven, 1999). This low dissociation constant
allows for highly acidic conditions, which Salmonella’s acid

tolerance mechanism and acid-shock proteins may not be able
to compensate for, which would result in cell death (Foster and
Hall, 1991; Knueven, 1999; Ryan et al., 2016). It has also been
shown to be effective against Campylobacter when utilized pre-
harvest (Line, 2002), and a 10% SBS spray decreased Salmonella
counts by 2 logs on poultry carcasses (Li et al., 1997). As such,
SBS may be an ideal candidate for poultry processing reuse
water systems. In current study, we report on the antibacterial
effectiveness of three acid sanitizers (peracetic acid, sodium
bisulfate, and industrial-grade peracetic acid) added to reuse
poultry processing water. More specifically, we hypothesized that
SBS, compared to PAA based acidifiers, would achieve a higher
rate of reduction of Salmonella Typhimurium populations when
reuse water microcosms were inoculated with the bacteria. In
the current study, we utilized concentrations of SBS and PAA
that have been reported not to affect the sensory characteristics
of poultry carcasses (Dittoe et al., 2018a).

MATERIALS AND METHODS

Bacterial Strain
The Salmonella Typhimurium UK-1 (ATCC 68169) used in this
study was originally isolated from a chicken spleen inoculated
3 days prior with a virulent S. Typhimurium strain from an
infected horse and the complete genome was sequenced by Luo
et al. (2011) and Curtiss and Hassan (1991). It was maintained in

FIGURE 1 | Salmonella Typhimurium killing assay over time in each treatment.

S. Typhimurium inoculated microcosms with five acidifier treatments were

immediately plated onto XLD (n = 6). Every 5min after that for 30min, plating

occurred, and log-transformed counts were graphed. A value of 0.1 log

CFU/mL was applied to visualize overlapping data points. Data points at zero

were below the limit of detection (10 CFU/mL). The solid blue, cyan, and

magenta line represents 1, 2, and 3% SBS treatments. The dashed red and

green lines represent 200 ppm PAA and 200 ppm IG-PAA, respectively. The

black dashed line represents the no treatment negative control.
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Luria Bertani (LB) broth (Difco Laboratories, Detroit, MI, USA)
at 37◦C and at a concentration of 3× 109 CFU (Colony Forming
Units)/mL. Concentrations were verified through plating onto
Xylose Lysine Desoxycholate (XLD) agar Difco Laboratories,
Detroit, MI, USA).

Water Collection
Processing water samples were collected from a commercial
poultry processing facility at the intake of the reuse water
sanitization system. Intake waters were chlorinated (20 to 50 ppm
total chlorine) and used in an inside-outside bird washer before
water reuse collection.Water was transported to the laboratory at
room temperature and utilized within 1 h of sample collection.

Salmonella Killing Assay of Reuse Water
Microcosms
Upon arrival, 20mL of reuse water was individually added to
sterile Erlenmeyer flask alone or with acid sanitizers to generate

the following concentrations: 3% SBS (w/v) (Jones-Hamilton Co,
Walbridge, Ohio), 2% SBS (w/v), 1% SBS (w/v), 0.02% PAA (v/v)
(Sigma-Aldrich, St. Louis, MO, USA), or 0.02% Industrial Grade
PAA (v/v) (IG-PAA). The composition of the PAA stock solution
was Acetic Acid at ∼45%, Peracetic acid at ∼39%, Hydrogen
Peroxide at ∼6%, and water at ∼10% (Sigma-Aldrich, St. Louis,
MO, USA). The composition of the IG-PAA stock solution was
Acetic Acid 33 to 39%, Hydrogen Peroxide 8.5 to 10.5%, Peracetic
Acid 20 to 23%, Water 28 to 35%. Three technical replicates were
performed per trial, with a total of 6 independent trials in all. Each
trial was repeated on a separate day using freshly collected poultry
processing water from the same source. At every time point, the
pH was also measured using a Symphony B10P (VWR, Radnor,
PA, USA).

The Salmonella killing assay was performed by adding 100 µL
3 × 109 CFU/mL Salmonella Typhimurium UK-1 to the reuse
watermicrocosms with the acid sanitizers (1, 2, and 3% SBS, PAA,
or IG-PAA). A no treatment control was also included. A 100 µL

FIGURE 2 | Impact on reuse water pH over time. The pH of reuse water with or without Salmonella Typhimurium inoculation after treatment with acidifiers. The

average pH over three replicates at each time point is reported. S. Typhimurium was inoculated at time point zero at a concentration of 3 × 107CFU/mL. The green

diamonds represent pH of reuse water with S. Typhimurium. The red circles represent pH of reuse water without Salmonella addition. These data points are similar

enough that overlaps occur.
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TABLE 1 | Impact of acidifiers on pH of S.Typhimurium inoculated reuse water at

time point 0 and 30.

Treatment–timepoint Average pH1,2 Lower CI3 Upper CI3

Negative Control-0 7.47a 7.35 7.59

PAA-0 4.06b 3.94 4.17

IG-PAA-0 5.08c 4.96 5.19

1% SBS-0 1.59d 1.47 1.70

2% SBS-0 1.34d,e 1.23 1.46

3% SBS-0 1.21e 1.09 1.33

Negative Control-30 7.52a 7.39 7.66

PAA-30 4.02b 3.89 4.15

IG-PAA-30 5.13c 5.00 5.26

1% SBS-30 1.58d 1.45 1.71

2% SBS-30 1.36d,e 1.23 1.49

3% SBS-30 1.23e 1.10 1.36

1Based on least square means.
2Values with different superscripts (a–e) indicate significantly different groupings

(P < 0.05).
3Based on 95% Tukey’s adjusted confidence interval.

aliquot of the microcosms were plated onto XLD immediately
and samples were collected every 5min for 30min. Incubation
of plates occurred at 37◦C for 24 h. The limit of detection (LOD)
was determined to be 10 CFU/mL (Sutton, 2011).

Minimum Inhibitory Concentration (MIC)
and Minimum Bactericidal Concentration
(MBC)
One milliliter of a 1% triphenyl tetrazolium chloride solution
(TTC) was added to 100mL of reuse water filtered with a sterile
cheesecloth. To each well of a 96-well plate, 50 µL of reuse water
with TTC was added. Stock solutions of each acid sanitizer were
prepared in deionized water in the following concentrations:
12% SBS, 0.8% PAA, 0.8% IG-PAA. Further serial dilutions (1:1)
were made ranging from 6 to 0.09% for the SBS treatment and
0.4 to 0.00625% for the PAA and IG-PAA treatments. This was
performed by thoroughly mixing 50 µL of stock acidifier to
the first well with 50 µL of reuse water and transferring 50
µL of acidifiers water to the next well for subsequent mixing
and transfer. For positive control wells, 50 µL of phosphate
buffered saline (PBS) was added in place of acid sanitizers. To
each well, 50 µL of LB inoculated with 3 × 108 CFU/mL of
Salmonella UK-1 was added and mixed. For negative control
wells, 50 µL of sterile LB was added. This further diluted each
sanitizer concentration in the well by a factor of 2. The plate
was placed in an Infinite M200 microtiter plate reader (Tecan
Männedorf, Switzerland), set to 37◦C, shaken every 15min, and
reads were taken at 24 h at 480 nm. Changes in absorbance were
indicative of bacterial growth and analyzed. For each well that
had no change in absorbance an MBC test was performed by
plating 50 µL onto XLD which was incubated at 37◦C for 24 h.
The concentration of sanitizer was considered to be bactericidal
if no growth was detected.

Statistics
A one-way analysis of variance (ANOVA) was performed using
non-parametric test (Kruskal-Wallis, Siegel and Castellan, 1988)
for the Salmonella killing assay and a parametric test for the
change in pH. When the ANOVA indicated a significant result,
differences between the mean values were determined using
pairwise comparisons test. Statistical significance was determined
at 0.05 level. All data analyses were conducted using R (Version
3.5.1; R Core Team., Vienna, Austria).

RESULTS

Reuse Water Microcosms-Change in
Salmonella Concentrations
Because time point 0 was measured immediately after the
addition of Salmonella and acid sanitizers, there were initial
killings observed in all treatment groups when compared to
the no treatment control. The average detected log CFU/mL
at time point zero was 6.84, 4.66, 4.38, 4.34, 5.47, 6.73 for the
negative control, PAA, Ig-PAA, and 1, 2, and 3% SBS groups,
respectively. The standard deviations were 0.03, 0.218, 0.33, 0.59,
0.15, and 0.13, respectively. Both the 2 and 3% SBS treatments
were statistically not different compared to the control at time
0 (P > 0.05), whereas the PAA, IG-PAA, and 1% SBS were
statistically significant (P < 0.05). By the 5-min time point,
no Salmonella counts were detected for the SBS treatments
(Figure 1). Replicates within the PAA treatment varied with the
time required to reduce Salmonella below the limit of detection
(Figure 1). It also took 25min for one replicate of IG-PAA to be
reduced below the limit of detection. One replicate for standard
PAA persisted after 30min. No significant change over time was
detected for the no treatment control.

Reuse Water Microcosms-Change in pH
There were no significant changes in pH over time across
treatments (Figure 2). There were similarities between the pH
of reuse with or without the addition of S. Typhimurium for
each treatment. There was a significant treatment effect on pH.
At time point 0 and 30min, when Salmonella was inoculated,
all treatments were significantly different from each other except
for the 3 and 2% SBS treatment and the 2 and 1% SBS treatment
(P < 0.05) (Table 1). At 30min the average pH for 1, 2, and 3%
SBS were 1.58, 1.36, and 1.23. For PAA, the average was 4.02,
and IG-PAA average pH was at 5.13. The average for the negative
control was 7.52.

When pHwas compared to S. Typhimurium population levels
for one of the blocks (n = 3), the lower the pH, the greater the
population of viable S. Typhimurium at time point zero, except
the negative control (Figure 3A). However, at 5 and 10-min time
points, this relationship was not present as all replicates exhibited
no growth in this block except for PAA (Figures 3B,C).

Minimum Inhibitory and Bactericidal
Concentration Assays
The MIC for SBS, PAA, and IG-PAA were 0.375, 0.05, and
0.10%. The MBC for SBS, PAA, and IG-PAA were 0.75, 0.10, and
0.10%, respectively. These concentrations were validated using
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the microtiter plate reader and are illustrated in Figures 4A–C.
An increase in OD at 480 nm was indicative of dehydrogenation
of TTC, and therefore metabolic activity and bacterial presence
(O’Bryan et al., 2008). The minimum inhibitory concentration
was the lowest concentration that did not exhibit a change in
absorbance compared to the negative control. The MIC values
were higher for SBS and PAA compared to their MIC responses.

DISCUSSION

Acidifiers are often used to control biological contamination
within poultry processing facilities and have been used in
poultry feed, in the form of organic acids, to control bacteria
(Smyser and Snoeyenbos, 1979; Paster et al., 1987; Kurschner
and Diken, 1997; Dittoe et al., 2018b). The acidifying properties
of compounds such as PAA and SBS allow for the decrease of
pH which can interfere with cellular metabolism, particularly
through disruption of the proton gradient (Kim et al., 2005).
Treatment of poultry processing chiller water with peracetic
acid has been shown to reduce bacterial loads, as well as
Salmonella and Campylobacter concentrations (Bauermeister
et al., 2008a,b). Peracetic acid at 200 ppm in the chiller
tank did not significantly impact sensory characteristics of the
finished product (Bauermeister et al., 2008a,b). Other foodborne
pathogens have been shown to be significantly reduced within
10min by the application of 0.1% PAA (Briñez et al., 2006).
In Bauermeister et al. (2008a), PAA reduced S. Typhimurium
concentrations between 1.5 and 2 log CFU/carcass when
inoculated with 106 CFU/carcass compared to 0.03% sodium
hypochlorite which only produced a 3 log reduction.

Our data are in congruence with the results reported in
Bauermeister et al. (2008a), a 3 to 4 log CFU/mL reduction
with PAA (Bauermeister et al., 2008b). However, our results
indicate that within the microcosms containing reuse water,
SBS appeared to be more consistently effective at producing
reductions in Salmonella populations than PAA or IG-PAA after
5min. At timepoint zero there were apparent initial reduction
in S. Typhimurium populations. Other studies which have
investigated SBS or PAA in different matrices such as apples
have not observed initial reductions of pathogens (Kim et al.,
2018). The 3% SBS treatment showed no significant change
at timepoint zero compared to the negative control despite
containing the most acidifier and lowest pH. This may be due
to experimental error, but the reproducibility between replicates
suggests there may be other possibilities that will require future
studies to determine the specific mechanism(s) associated with
the response of S. Typhimurium to SBS. Non-parametric tests
were used for timepoint zero comparisons of the Salmonella
concentrations because they do not require any distributional
assumption, which is advantageous for data acquired from the
small sample size. On the other hand, ANOVA F- or t-tests
require the assumption of normality and equal variance, which
is not always possible to assume for small sample sizes (<30),
especially when it is impossible to accurately test the assumption
with our sample size (n= 6).

FIGURE 3 | Comparison of pH and Salmonella Typhimurium concentration at

0, 5, and 10min.(A) Represents comparisons of pH and S. Typhimurium

concentration at time point 0min. The pH was adjusted using the acidifier

treatments. The inoculum added initially was 3 × 107 CFU/mL S. Typhimurium

UK-1 to each microcosm (n = 3). Plots (B,C) represent the comparison of pH

and Salmonella concentration at 5 and 10min and were generated in the

same manner as (A).
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FIGURE 4 | (A) MIC of SBS against S. Typhimurium in reuse water with 0.01%

TTC. One milliliter of 1% TTC was added to filtered reuse water which was

inoculated with 5 × 107 CFU/mL S. Typhimurium UK-1. After a 24 h

incubation at 37◦C with shaking, the absorbance at 480 nm was taken and

plotted against concentration (n = 6). The MIC was determined to be 0.375%

(3,750 ppm) Plots (B,C) represent MIC against PAA and IG-PAA, respectively,

and were generated in the same manner as (A), but using their respective acid

sanitizers. The MIC was 0.05% (500 ppm) and 0.10% (1,000 ppm),

respectively.

Furthermore, the concentration of residual chlorine was
not determined in this experiment. However, based on the
negative control data, the impact of any previously added
antimicrobials was not a significant source of pathogen
reduction. Additionally, tetrathionate enrichment after acid
neutralization with neutralizing buffered peptone water was
performed and indicated no recovery of S. Typhimurium in the
SBS treated water (data not shown). The decay of peracetic acid
into acetic acid, was not tested in this experiment. However, this
may help explain the survival and recovery of S. Typhimurium
populations in peracetic acid compared to the total reduction
observed with SBS. Walsh et al. (2018) demonstrated that within
15min 15.8mg PAA/kg chicken decreased to 0.4mg PAA/kg
chicken resulting in a near equivalent increase in acetic acid
concentrations. There is potential for microorganisms, such as
Salmonella, to utilize acetic acid as a food source and recover
from sanitization (Stampi et al., 2001; Kitis, 2004).

The MIC and MBC data in this experiment indicate that
over a 24-h period, lower concentrations of PAA and IG-PAA
are needed for inhibitory and bactericidal activity. To ensure
chemical consistency, filtration was applied for the MIC assay,
which impacts the organic loads present within the water. The
presence of highly concentrated organic matter can slow the rate
of disinfection with PAA (Lillard, 1979; Gehr and Cochrane,
2002; Gehr et al., 2003; Casani et al., 2005; McKee, 2011). This
effect may influence the MIC and MBC results.

The main objective of this study was to evaluate the use of
acidifiers for biological sanitation of poultry processing water
in an effort to reuse and conserve water within the processing
facility. Our results indicate that, in microcosms, total reduction
can be observed with SBS, while no recovery of S. Typhimurium
was found for SBS treatments via tetrathionate enrichment or
direct plating after 5min. This may be due to the difference
in concentration and the pH of these treatments. However,
the concentrations of SBS were utilized due to previous results
indicating no impact on sensory characteristics of skin on
chicken carcasses (Dittoe et al., 2018a). The limit of peracetic acid
concentration has recently been increased from 200 to 2,000 ppm
in poultry processing, and studies have detailed how PAA can
be corrosive to equipment and caustic to the skin of personnel
(Casani et al., 2005; Peracetic acid, 2013; Walsh et al., 2018).
While SBS is generally recognized as safe (GRAS) (Food Drug
Administration., 2018) it should be noted that low pH can also
be dangerous to personnel and further studies may be needed to
validate the efficacy of SBS at a pH that is more typically seen
within the poultry processing facility (Bauermeister et al., 2008a).
The concentrations of SBS tested in this study were shown to be
more effective in reducing S. Typhimurium in poultry processing
reuse water microcosms than PAA or IG-PAA.

CONCLUSION

Environmental pressures will soon be felt throughout all food
industries as fresh water becomes increasingly scarce. To combat
this, the poultry industry may utilize reuse water systems but
will face the risk of incomplete sanitation or an inability to
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reduce organic load. Our results showed a significant reduction
of S. Typhimurium in microcosms containing acid sanitizers.
In this study it was demonstrated that sodium bisulfate could
be utilized in preventing S. Typhimurium contamination of
processing reuse water. These results provide initial insights into
the use of alternative antimicrobial treatments in alternative
poultry production systems. A next logical step will be to
determine if treated reuse water will reduce microbial cross
contamination on chicken carcasses and not impact shelf life
when substituted for fresh water. Lianou and Koutsoumanis
(2013) concluded that phenotypic responses and genetic
variation among strains of the same foodborne pathogen are
important to understand inactivation and growth characteristics.
In Salmonella specifically, Andino and Hanning (2015) detail
the importance of genetic variation within serovars in regard
to virulence and control at the pre- and post-harvest level.
As such, a multiple strain (cocktail) of Salmonella should be
considered to determine if genetic variation plays a factor. In

addition, testing at a pilot scale level will determine if SBS can

practically be utilized on amuch greater scale to reduce microbial
contamination in poultry processing reuse systems. Finally,
elucidating the mechanism(s) of the response by Salmonella
and other microorganism to SBS should provide additional
information for optimizing concentrations and more efficient
means for application to reduce bacterial loads in reuse water.
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