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Due to global climate change, water is becoming increasingly scarce. The poultry industry

is a major consumer of fresh water; therefore, in order to reduce their environmental

footprint, companies are in the beginning stages of evaluating water for re-use. Re-use

water is classified as water from the poultry plant that has been collected, sanitized,

and used again during poultry processing. Necessarily, this water must be potable as it

otherwise produces a significant risk to the poultry industry. One of the most commonly

used sanitizers in processing water is peracetic acid (PAA). At high concentrations,

PAA is corrosive to the metal equipment in the plant and introduces a significant

occupational hazard to plant workers. Inorganic sanitizers, such as sodium bisulfate

(SBS), have documented antimicrobial and sanitation effects on a variety of surfaces.

In this study, SBS and PAA were compared for their ability to sanitize re-use water

collected from a local poultry plant. Fresh, commercial poultry processing plant re-use

water was collected at the end of a processing shift and used within 1 h of the collection.

Microcosms were created to simulate the sanitation environment and a time course

collection of live microorganisms were collected and evaluated for aerobic plate counts,

total Enterobacteriaceae, and Salmonella load. The microcosms contained either SBS

(1, 2, or 3%) or 200 ppm PAA throughout the course of the study. Water samples were

collected at 0, 15, 30, and 60min post-sanitation. The water was evaluated for total

Enterobacteriaceae and microbial load using traditional plating methods and the total

DNA was extracted and sequenced using the 16S rDNA Illumina MiSeq v3 Platform

targeting the V4 region of the prokaryote rDNA molecule. All sanitation methods resulted

in nearly undetectable XLD and APC counts by 60m (P < 0.05), with 1 and 2% SBS

having a slight rebounding of APC counts by 60m. The sequences were analyzed using

the QIIME2.2018.08 pipeline. Changes in alpha diversity and beta diversity were indicated

across time and by treatment group, which may reflect the cumulative effects of the

sanitation treatment (killing, delayed killing, and the emergence of resistant populations).

Overall, based on the ANCOM results, SBS groups had less Pseudmonas and more

Bacteroides while PAA groups had greater Actiobacter and Gallinobacterium (Q < 0.05).

The results of this study indicate that SBS is as efficacious as PAA for decreasing bacterial
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loads in poultry re-use water, but it may favor different populations of bacteria in

that water. Therefore, while more studies are needed to evaluate the changes in the

microbiome when re-use water is applied to carcasses, evidence presented herein

suggest that the choice of sanitizer in water re-use sanitation may impact downstream

microbial loads.

Keywords: sodium bisulfate, microbiome, re-use water, peracetic acid, poultry processing

INTRODUCTION

When factoring in seasonal variation, two-thirds of the world’s
population face severe water scarcity during at least 1 month
of the year (Mekonnen and Hoekstra, 2016). As the human
population continues to increase and consume more water,
scarcity of this natural resource will become more profound
(Arnell, 2004; Alcamo et al., 2007; Schewe et al., 2014). In the
U.S., due to the geography, there are large portions of the country
subject to water restrictions to protect this natural resource,
including the great plains and southwesternUnited States (Averyt
et al., 2011). Unfortunately, agricultural activity has a large
impact on water use, attributed to 80% of the current water usage
in order to support horticulture, livestock, and energy demands
(Shannon et al., 2008). With increased scrutiny from the public
sector, the agricultural industry is facing significant pressure to
conserve water use.

The poultry industry has a significant water use foot print. In
poultry processing alone, an estimated 26.5 L of water are used to
process each carcass (Avula et al., 2009). Reducing the total water
consumption of a poultry processing facility per bird will likely
lead to unintended food safety risks (Lillard, 1980; Walsh et al.,
2018). Importantly, water is a major component of the Hazard
Analysis andCritical Control Point (HACCP) plans implemented
industry-wide; and, even without sanitizers water can be effective
to dilute pathogens and reduce biofilm forming bacteria (Srey
et al., 2013; United States Department of Agriculture Food Safety
Inspection Service, 2016). Water reuse in processing is covered
by 9 CFR 416.2 and is enforced by the United States Department
of Agriculture (USDA). This regulation states that water re-
use is allowed if the water is equivalent to potable standards
(United States Department of Agriculture Food Safety Inspection
Service, 2016). While reducing the total amount of water per
bird is unlikely, the ability to re-use water collected from the
plant is promising. This approach would lessen the burden of
the plants on the municipal supply while satisfying federal and
industry-wide regulations. Current restrictions require that re-
use water can be used on carcasses at the same stage or later
on the processing line where it is collected prior to sanitation
(United States Department of Agriculture Food Safety Inspection
Service, 2016).

The foundations for improving water re-use and ensuring
food safety have already been implemented throughout the
processing industry, though validation and additional research
is needed (Micciche et al., 2019). To reduce the total microbial
burden and load on carcasses, sanitizers, such as chlorine or
peracetic acid (PAA) are added to water and used during the

wash steps, dips, pre-chillers, and chillers throughout poultry
processing (Tsai et al., 1992; Kitis, 2004; Bauermeister et al.,
2008). Free chlorine is regulated in re-use water to no more
than 5 ppm (United States Department of Agriculture Food
Safety Inspection Service, 2003). As re-use water has to be
potable, this can be concerning as studies have shown that low
levels of chlorine (5 ppm) may reduce total microbial burdens
without preventing biofilm formation (Bertelli et al., 2018; Fish
and Boxall, 2018). Peracetic acid (PAA) may be utilized in
higher concentrations (2,000 ppm) and has been demonstrated
to have potentially bactericidal effects on bacteria and the
allowable inclusion rate is increasing (21 CFR 173.370; Fatemi
and Frank, 1999). Specifically, PAA is effective against significant
foodborne bacteria like Campylobacter and Salmonella (Nagel
et al., 2013). While efficacious, currently there is pressure from
federal agencies as well as the poultry plants to reduce the
use of PAA. PAA can be corrosive toward equipment, pose an
environmental hazard toward plant workers, and is unstable
which requires a large inclusion rate of the chemical throughout
processing (Casani et al., 2005; National Research Council, 2010;
Walsh et al., 2018).While bactericidal, resistance ismounting and
other sanitation methods need to be investigated in order to find
safer, more effective avenues to improve food safety.

One likely alternative to PAA and chlorine would be
inorganic acids. Sodium bisulfate (SBS) has shown efficacy
against Campylobacter in poultry litter and Salmonella on
chicken drumsticks (Line, 2002; Dittoe et al., 2019). Previously
our group set out to determine if SBS may be an effective
antimicrobial for Salmonella in water intended for re-use using
an in vitro microcosm study. Data indicated that SBS at 1, 2,
and 3% w/v was effective against Salmonella as compared to
PAA and that these effects may be bactericidal (Micciche et al.,
2018). However, the previous study did not document how these
concentrations impact other important microorganisms, such
as total Enterobacteriaceae or APC load as well as the overall
microbial population dynamics. Changes inmicrobial population
ecology may impact spoilage and food safety risks, therefore are
necessary to document before recommendations can be made
(Kim et al., 2017).

Water potability necessitates a total reduction in microbial
load. Water re-use in poultry plants is required to make the
water clean enough to use in processes upstream from where it
was collected. Therefore, the goal of this study was to evaluate
whether or not sanitation with SBS (1, 2, and 3%) was effective
at reducing specific microbial groups and how those sanitizers
impact microbial ecology within 1 h of exposure to the sanitizer.
One hour of sanitation was chosen as that is the likely time for
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the water to be processed prior to re-circulation. This study was
conducted without neutralization as it more likely represents the
real-world risk that re-use water poses in a poultry plant. By
evaluating the changes of the microbial ecology and recoverable
pathogens from 0 to 60min post-sanitation, the investigation
helps determine if SBS is a viable option for the sanitation of
water re-use as compared to PAA.

MATERIALS AND METHODS

Water Collection
Processing water (n = 5) was collected from a Northwest
Arkansas commercial poultry processing facility at the intake of
the re-use water sanitization system as described in Micciche
et al. (2018). The intake water was chlorinated with 20–50 ppm
of total chlorine at the facility. The collected, pre-sanitation
re-use water at this processing facility was intended to be re-
circulated post-sanitation to the inside-outside bird wash station
post-evisceration. The water was transported to the laboratory at
room temperature and used within 1 h of collection.

Microcosms and Assessment of
Antimicrobial Effects
Upon arrival, an aliquot (100µL) of each water sample was plated
onto Tryptic Soy Agar (TSA) and Xylose Lysine Deoxycholate
(XLD) to determine the total microbial load prior to sanitation
and then incubated at 37◦C for 24 h (Difco Laboratories,
Detroit, MI, USA). The initial microbial load and population
was assessed by aliquoting 1mL of the pre-sanitized re-use
water, centrifuged at 12,000 rpm for 10min, the supernatant
was removed and the pellet was frozen at −20◦C until DNA
extractions were performed.

At the start of the study, 0m, 20mL of re-use water was
aliquoted to an Erlenmeyer flask that individually contained
one of the following acid sanitizers to generate the following
concentrations: 0.02% PAA (v/v) (Sigma-Aldrich, St. Louis,
MO, USA), and 1, 2, and 3% SBS (w/v) (Jones-Hamilton
Co, Walbridge, Ohio, USA). A no treatment control was
also included.

Throughout the course of the study, the microcosms were
incubated in an oscillating incubator (150 rpm) at 25◦C to
simulate the turbulent flow of water through plant piping. At
30 and 60m post-sanitation, 100 µL aliquots were direct plated
onto TSA or XLD in duplicate, and 1mL was pelleted and
frozen as previously described for DNA extractions in singlets.
The TSA and XLD were incubated and enumerated as per the
manufacturer’s instructions. The terminal time point of 60m
was chosen as water re-use within a processing facility re-enters
circulation within 1 h of sanitation (United States Environmental
Protection Agency, 2010).

DNA Extractions
The DNA was extracted from frozen pelleted re-use water
using the Gram-positive protocol for the QIAGEN DNeasy
Blood & Tissue Kit (Qiagen, Valencia, CA, USA), with the final
elution from the spin column utilizing 50 µL nuclease free
deionized water instead of the elution buffer ATE. The DNA
concentration and purity were estimated using a NanoDrop 1000

Spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA) and then diluted to 10 ng/µL. The extracted diluted DNA
was stored at−20◦C until library preparations commenced.

Library Preparation and Sequencing
A library targeting the V4 region of 16S rRNA gene was created
as detailed in Kozich et al. (2013) and Park et al. (2017) with the
only change being an increase in PhiX in order to control for
the low GC content in the water microbiome (10%). Each library
was diluted to 20 nM and was mixed with HT1 Buffer along with
a PhiX control v3 (20 nM) and 0.2N NaOH, to generate a final
concentration of the library at 12 pM.

Sequencing Analysis
The sequencing reads files were downloaded from the Illumina
BaseSpace website, and the QIIME2 pipeline (version 2018.11)
was used (Bolyen et al., 2018). Paired end sequences were
demultiplexed, trimmed, and denoised through DADA2
(Callahan et al., 2016). The assembled sequences were
utilized to construct operational taxonomic units (OTUs)
with 97% identity. Representative sequences were classified
based on the Greengenes 16S rRNA gene database from
phylum to genus levels (DeSantis et al., 2006). The α-
diversity (Observed OTUs, Shannon Diversity, Pielous
Evenness, Faith PD) and β-diversity indices (Bray-Curtis,
Jaccard Distance, Weighted and Unweighted UniFrac) were
generated using the standard pipeline. Principal coordinate
analysis (PCoA) of β-diversity was also performed and
plotted with QIIME2, with the continuous variable of time.
The Analysis of Compositions of Microbiomes (ANCOM)
was performed using the standard pipeline (Mandal et al.,
2015).

Statistical Analysis of Count Data and
Microbiome Compositional Changes Due
to Treatment
The CFU counts were log10 transformed prior to statistical
analyses. The prevalence counts were considered positive if
enumerable colonies were detectable on the plate. Analyses
for prevalence were through the Generalized Regression for
Prevalence MP SAS (Mandal et al., 2015).

Proc GLM in JMP SAS 14.0 (SAS; Cary, North Carolina,
United States) with linear contrasts were used to evaluate
the main effects and the interaction thereof (time, treatment,
time · treatment). If the main effects and the interaction
were significant, pairwise linear contrasts were performed to
determine the leverage effects. The statistical analyses regarding
diversity and compositional abundance was contained within the
QIIME2 platform. The initial statistical evaluation of the overall
effect was considered significant with P < 0.05. Kruskal-Wallis
pairwise comparisons of α diversity evaluating the differences
of each of the levels within the main effect were considered
significant at Q < 0.05, with the q-value representing the
incorporation of the false discovery rate (Kruskal-Wallis; Siegel
and Castellan, 1988). In order to evaluate the initial differences
in similarity between treatment groups with beta diversity,
permutation multivariate analysis of variance (PERMANOVA)
was used to determine if β-diversity indices were significant,
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using 999 permutations in total for each pair-wise contrast. The
main effect was considered significance at P < 0.05, and the
individual pair-wise contrasts considered significant at Q < 0.05.

Indiscriminate OTU picking based on interest and arbitrary
focus ultimately leads to significant false discovery rates,
therefore in order to ascertain statistically significant differences
in microbial composition, of significantly different OTUs
between the interaction of time and treatment were performed
by ANCOM (Analysis of Microbial Composition) through the
QIIME2 q2-composition plugin at the genus level (Mandal
et al., 2015). ANCOM is appropriate given the low number
of samples as ANCOM increases statistical power as well as

incorporating a stringent and effective discrete false discovery
rate. QIIME2 q2-composition plugin was used for the final
stage of the analysis (Mandal et al., 2015). The main effect
with the most divergent and significant β-diversity effects were
selected for the final analyses, with the genus focused on as
it provided the greatest resolution for identifying indicator
and pathogenic organisms present in re-use water. The q-
value was used for significance (Q < 0.05). Data was exported
from QIIME2 then imported into Excel (Microsoft; Redmond,
WA, USA). Composite bar graphs reflecting the compositional
changes between the treatment groups were created from
significant results.

FIGURE 1 | (A) Log10 APC CFU/mL Re-Use Water. Microcosms were created with either PAA or SBS (1, 2, and 3%). Samples were collected at 0, 30, and 60m

post-sanitation and were plated on APC media and incubated aerobically for 24 h. The plates were enumerated and statistically analyzed, with significance defined at

P < 0.05 (asterisk indicates significant differences). There were no differences between the groups at 0m. However, at 30m, the treatment groups had all exhibited a

4-log10 reduction in APC. PAA and 3% PAA had no detectable APC after 30m. 1 and 2% SBS had a slight increase in APC load by 60m. (B) Prevalence of APC

Counts Isolated from Re-Use Water. The recoverable APC were considered positive plates for prevalence. The individual trends were analyzed via χ
2 distribution and

their pairwise differences were evaluated statistically. The NTC (Sham) experiment had no change in prevalence throughout the experiment. The 200 PPM and 3%

SBS groups had a complete loss of recoverable APC by 30m. The 2 and 3% SBS groups both exhibited a rebound in their APC prevalence.

FIGURE 2 | (A). Log10 CFU/mL of CFUs on XLD from Re-Use Water. Microcosms were created with either PAA or SBS (1, 2, and 3%). Samples were collected at 0,

30, and 60m post-sanitation and were plated on APC media and incubated aerobically for 24 h. The plates were enumerated and statistically analyzed, with

significance defined at P < 0.05 (asterisk indicates significant differences). There were no differences between the groups at 0m and there was a complete reduction

in recoverable counts by 30m, which was sustained throughout the course of the experiment. (B) Prevalence of CFU Counts from XLD Isolated from Re-Use Water.

The recoverable CFUs from XLD were considered positive plates for prevalence analysis. The individual trends were analyzed via χ
2 distribution and their pairwise

differences were evaluated statistically. The NTC and 1% SBS had positive plates at 30m, with the remainder of the treatment groups not having positive plate counts

from 30m onward. At 60m, only the NTC group was both not different than 0m and had recoverable counts. All other treatment groups had no positive plates at 60m.
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RESULTS AND DISCUSSION

Impact of Acid Sanitizers on Microbial
Load
Figure 1A documents the effects of the sanitizers on total
APC load, where the main effects of time, treatment, and
the interaction thereof were statistically significant for load
(P < 0.05). For prevalence (Figure 1B), only treatment and
treatment by time interactions were significant for prevalence (P
< 0.05). For all treatments, there were significant reductions in
recoverable APC counts and prevalence as compared to the NTC
group (P< 0.05 Treatment; P< 0.05 Time; P< 0.05 Interaction).
The non-treatment control (NTC) group was not significantly
different over time and there was also no difference in load or
prevalence for the treatment groups at 0m.

However, starting at 30m, the NTC control has over a 4 log10
load greater APC load as compared to the sanitizer treatment
groups, with all sanitation groups having a significant reduction
in APC CFU (P < 0.0001). There was no statistically significant
difference between 30 and 60m (P = 0.277) when comparing the
effect of time alone for APC load. However, at 60m, the APC
log CFU counts rebounded in the 1% SBS and 2% SBS group.
Both the 1% SBS and 2% sanitation treatment are significantly
different at 60m, with an average difference of 1.13 log10 CFU
between the groups (SEM = 0.50; P = 0.026). However, both
the 1% SBS sanitation treatment and the 2% sanitation treatment
had significantly greater recoverable CFUs than the PAA and 3%
SBS group (both effects: P < 0.01). The 200 ppm PAA and 3%

SBS group were not statistically different from one another, both
effectively reducing the total recoverable APC load below the
limit of detection. In terms of prevalence, both the 1 and 2% SBS
groups had positive plates at 60m, with 40% of the plates positive
for 1% SBS and 20% for 2% SBS (Figure 1B). Both prevalence
rates were significantly different than the other treatments and
controls at 60 m.

Total changes in microbial load recovered from XLD plates
changed throughout the experiment. For microbial load, the
effect of time, treatments and the interaction thereof were
statistically significant (Figure 2A; P < 0.001). Prevalence effects
of treatment and time by treatment effects were also statistically
significant, however time was not (Figure 2B; P < 0.001). As
expected, no significant differences between the plate counts
were observed at the start of the experiment (0m; P > 0.05).
Additionally, the sanitation treatments were all able to reduce
the recoverable XLD plate counts as compared to the NTC (P <

0.001). At 30m, 2% SBS was greater than the other treatments
(P < 0.05). The 2% SBS group also had 20% of the plates positive
for recoverable CFUs from XLDmedia (P < 0.05). At 60m, none
of treatment groups yielded recoverable bacteria in any of the
microcosm samples, with the exception of the NTC.

Alpha and Beta-Diversity of the Acid
Sanitized Microcosms
In order to determine if differences in composition were due
to differences in unique OTUs, α-diversity was analyzed and

FIGURE 3 | Alpha diversity significance by time throughout the course of sanitation (A) Faith’s diversity index; (B) Pielou’s evenness index; (C) Shannon diversity

index. When comparing pairwise differences, the same letter within graph is not significantly different whereas different letters are statistically significantly different (Q <

0.05). Overall, diversity deceases with time.

TABLE 1 | Significant Kruskall-Wallis pairwise differences in alpha diversity indices whose main effects were significant.

Kruskall-Wallis pairwise differences Faith PD metric Evenness Shannon diversity index

Group 1 Group 2 H p-value q-value p-value q-value p-value q-value

0 (n = 25) 30 (n = 25) 6.61 0.01 0.02 0.00 0.00 0.00 0.00

0 (n = 25) 60 (n = 24) 0.12 0.73 0.73 0.01 0.01 0.00 0.00

30 (n = 25) 60 (n = 24) 7.18 0.01 0.02 0.19 0.19 0.24 0.24

The statistical analyses from the alpha diversity outputs were downloaded and imported into Excel. Group 1 was compared to Group 2 in a pairwise fashion, and significant Q-values

and P-values are bolded. Overall as time progressed, there were decreases in alpha diversity, with a stabilization of that change by 60 m.
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TABLE 2 | PERMANOVA differences in beta diversity indices whose main effects were significant.

PERMANOVA pairwise differences Bray Curtis Jaccard unifrac distance Unweighted unifrac distance Weighted unifrac distance

Group 1 Group 2 Sample size Permutations pseudo-F p-value q-value pseudo-F p-value q-value pseudo-F p-value q-value pseudo-F p-value q-value

0NC 1SBS0 10 999 1.06 0.36 0.44 1.07 0.25 0.36 1.09 0.32 0.42 1.06 0.34 0.41

0NC 1SBS30 10 999 11.04 0.01 0.02 2.81 0.00 0.03 2.21 0.01 0.02 7.32 0.01 0.06

0NC 1SBS60 9 999 6.73 0.01 0.02 2.89 0.00 0.03 2.20 0.01 0.03 2.80 0.06 0.12

0NC 200PAA0 10 999 0.77 0.83 0.84 0.81 0.96 0.97 0.99 0.56 0.67 0.95 0.40 0.47

0NC 200PAA30 10 999 1.53 0.05 0.08 0.99 0.49 0.61 1.21 0.19 0.27 1.49 0.17 0.25

0NC 200PAA60 10 999 1.10 0.30 0.38 1.07 0.30 0.41 0.80 0.66 0.75 1.32 0.28 0.36

0NC 2SBS0 10 999 0.96 0.58 0.67 1.06 0.38 0.50 0.89 0.64 0.74 0.61 0.72 0.76

0NC 2SBS30 10 999 7.89 0.01 0.02 2.81 0.01 0.03 2.34 0.02 0.03 3.20 0.04 0.08

0NC 2SBS60 10 999 5.43 0.01 0.02 2.74 0.01 0.03 2.46 0.01 0.03 3.44 0.01 0.06

0NC 3SBS0 10 999 0.78 0.75 0.78 0.85 0.83 0.87 0.72 0.89 0.95 0.39 0.89 0.90

0NC 3SBS30 10 999 11.52 0.01 0.02 3.83 0.01 0.03 2.95 0.01 0.03 7.36 0.01 0.06

0NC 3SBS60 10 999 6.34 0.01 0.02 2.72 0.02 0.03 2.08 0.01 0.02 3.69 0.02 0.06

0NC NC30 10 999 1.08 0.38 0.45 0.87 0.80 0.85 0.69 0.94 0.97 1.10 0.30 0.38

0NC NC60 10 999 1.21 0.27 0.35 0.94 0.63 0.74 0.70 0.89 0.95 1.34 0.25 0.33

1SBS0 1SBS30 10 999 5.85 0.01 0.02 1.99 0.01 0.03 2.01 0.02 0.04 6.41 0.03 0.07

1SBS0 1SBS60 9 999 3.50 0.02 0.04 1.88 0.01 0.03 1.73 0.03 0.05 1.65 0.12 0.19

1SBS0 200PAA0 10 999 0.89 0.60 0.68 0.98 0.50 0.62 1.17 0.12 0.19 0.71 0.64 0.70

1SBS0 200PAA30 10 999 1.03 0.39 0.45 1.13 0.09 0.14 1.58 0.01 0.02 0.75 0.54 0.61

1SBS0 200PAA60 10 999 0.93 0.60 0.68 1.06 0.28 0.39 1.40 0.13 0.19 1.22 0.31 0.38

1SBS0 2SBS0 10 999 0.85 0.72 0.77 1.04 0.34 0.46 1.14 0.24 0.33 0.48 0.87 0.88

1SBS0 2SBS30 10 999 4.40 0.02 0.03 2.03 0.01 0.03 2.13 0.01 0.02 2.67 0.03 0.08

1SBS0 2SBS60 10 999 2.92 0.02 0.04 1.83 0.02 0.03 2.03 0.01 0.02 2.06 0.06 0.12

1SBS0 3SBS0 10 999 0.81 0.76 0.78 0.94 0.64 0.75 0.88 0.73 0.82 0.63 0.69 0.74

1SBS0 3SBS30 10 999 6.06 0.01 0.02 2.64 0.01 0.03 2.54 0.02 0.03 5.56 0.01 0.06

1SBS0 3SBS60 10 999 3.42 0.01 0.02 1.80 0.01 0.03 2.24 0.01 0.02 2.15 0.04 0.09

1SBS0 NC30 10 999 1.39 0.07 0.10 0.94 0.65 0.75 0.69 0.87 0.94 1.71 0.13 0.20

1SBS0 NC60 10 999 1.53 0.05 0.07 0.94 0.58 0.70 0.86 0.78 0.85 2.20 0.08 0.14

1SBS30 1SBS60 9 999 2.01 0.06 0.09 1.09 0.15 0.23 1.36 0.05 0.08 3.09 0.08 0.14

1SBS30 200PAA0 10 999 11.25 0.01 0.02 2.71 0.01 0.03 2.50 0.01 0.03 8.56 0.01 0.06

1SBS30 200PAA30 10 999 10.07 0.01 0.02 2.40 0.01 0.03 2.56 0.01 0.02 8.89 0.02 0.06

1SBS30 200PAA60 10 999 8.56 0.01 0.02 2.47 0.01 0.03 2.19 0.01 0.02 6.77 0.01 0.06

1SBS30 2SBS0 10 999 11.02 0.01 0.02 2.83 0.01 0.03 2.75 0.01 0.02 8.26 0.02 0.06

1SBS30 2SBS30 10 999 0.89 0.67 0.73 0.90 0.92 0.93 0.85 0.93 0.97 0.91 0.42 0.49

1SBS30 2SBS60 10 999 3.80 0.01 0.02 1.52 0.01 0.03 2.32 0.01 0.02 5.51 0.02 0.06

1SBS30 3SBS0 10 999 10.35 0.01 0.02 2.58 0.01 0.03 2.38 0.01 0.03 7.40 0.02 0.06

1SBS30 3SBS30 10 999 0.82 0.72 0.77 1.01 0.45 0.58 1.10 0.23 0.31 0.99 0.44 0.50

(Continued)
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TABLE 2 | Continued

PERMANOVA pairwise differences Bray Curtis Jaccard unifrac distance Unweighted unifrac distance Weighted unifrac distance

Group 1 Group 2 Sample size Permutations pseudo-F p-value q-value pseudo-F p-value q-value pseudo-F p-value q-value pseudo-F p-value q-value

1SBS30 3SBS60 10 999 3.11 0.02 0.03 1.41 0.02 0.03 1.82 0.02 0.04 5.69 0.01 0.06

1SBS30 NC30 10 999 9.87 0.01 0.02 2.55 0.00 0.03 2.01 0.02 0.03 2.65 0.09 0.16

1SBS30 NC60 10 999 11.76 0.01 0.02 2.71 0.01 0.03 2.35 0.01 0.02 3.90 0.04 0.08

1SBS60 200PAA0 9 999 6.86 0.01 0.02 2.75 0.01 0.03 2.43 0.01 0.02 2.72 0.02 0.06

1SBS60 200PAA30 9 999 5.83 0.00 0.02 2.45 0.01 0.03 2.87 0.01 0.02 2.63 0.03 0.08

1SBS60 200PAA60 9 999 4.95 0.01 0.02 2.56 0.01 0.03 2.08 0.01 0.02 2.26 0.07 0.13

1SBS60 2SBS0 9 999 6.79 0.01 0.02 2.87 0.01 0.03 2.43 0.01 0.02 2.46 0.07 0.13

1SBS60 2SBS30 9 999 1.36 0.12 0.16 1.04 0.28 0.39 1.41 0.01 0.02 1.29 0.27 0.36

1SBS60 2SBS60 9 999 1.16 0.19 0.25 1.05 0.27 0.39 0.98 0.46 0.56 1.25 0.34 0.41

1SBS60 3SBS0 9 999 6.08 0.01 0.02 2.57 0.01 0.03 2.39 0.01 0.02 2.56 0.05 0.11

1SBS60 3SBS30 9 999 1.74 0.07 0.10 1.14 0.09 0.15 1.00 0.39 0.49 1.80 0.19 0.27

1SBS60 3SBS60 9 999 0.81 0.68 0.73 0.96 0.66 0.75 1.02 0.38 0.48 0.59 0.72 0.76

1SBS60 NC30 9 999 6.20 0.01 0.02 2.61 0.01 0.03 1.86 0.01 0.02 2.04 0.16 0.23

1SBS60 NC60 9 999 6.97 0.01 0.02 2.71 0.01 0.03 2.07 0.01 0.02 2.38 0.08 0.14

200PAA0 200PAA30 10 999 1.13 0.30 0.37 1.06 0.24 0.36 1.26 0.07 0.10 0.69 0.56 0.62

200PAA0 200PAA60 10 999 1.30 0.12 0.16 1.21 0.08 0.14 1.64 0.06 0.10 1.87 0.14 0.21

200PAA0 NC30 10 999 1.51 0.06 0.10 0.91 0.80 0.85 0.89 0.76 0.84 1.83 0.13 0.20

200PAA0 NC60 10 999 1.97 0.04 0.07 1.14 0.14 0.23 1.19 0.15 0.22 2.64 0.10 0.17

200PAA30 200PAA60 10 999 1.04 0.40 0.47 1.06 0.29 0.40 1.60 0.07 0.10 1.60 0.19 0.27

200PAA30 NC30 10 999 2.16 0.04 0.07 0.96 0.62 0.74 1.09 0.30 0.39 2.51 0.10 0.17

200PAA30 NC60 10 999 2.65 0.01 0.02 1.11 0.24 0.36 1.16 0.22 0.31 3.41 0.05 0.10

200PAA60 NC30 10 999 1.49 0.13 0.17 0.98 0.51 0.63 0.91 0.58 0.68 2.17 0.13 0.20

200PAA60 NC60 10 999 1.62 0.08 0.11 1.02 0.43 0.57 1.16 0.23 0.31 2.55 0.08 0.14

2SBS0 200PAA0 10 999 0.82 0.73 0.77 0.98 0.58 0.70 1.29 0.17 0.25 0.65 0.60 0.66

2SBS0 200PAA30 10 999 1.65 0.03 0.06 1.13 0.10 0.15 1.51 0.02 0.03 1.10 0.34 0.41

2SBS0 200PAA60 10 999 1.54 0.09 0.12 1.33 0.01 0.03 1.09 0.33 0.42 1.26 0.31 0.38

2SBS0 2SBS30 10 999 7.75 0.01 0.02 2.84 0.01 0.03 2.92 0.00 0.02 3.17 0.03 0.08

2SBS0 2SBS60 10 999 5.31 0.01 0.02 2.74 0.01 0.03 2.89 0.01 0.02 2.93 0.02 0.06

2SBS0 3SBS0 10 999 0.74 0.77 0.79 0.86 0.84 0.87 0.81 0.71 0.80 0.42 0.83 0.85

2SBS0 3SBS30 10 999 11.49 0.01 0.02 3.88 0.01 0.03 3.69 0.01 0.02 7.64 0.01 0.06

2SBS0 3SBS60 10 999 6.22 0.01 0.02 2.73 0.01 0.03 2.78 0.01 0.02 3.24 0.03 0.07

2SBS0 NC30 10 999 1.55 0.07 0.10 0.93 0.77 0.84 0.72 0.96 0.97 1.54 0.19 0.27

2SBS0 NC60 10 999 1.93 0.01 0.02 1.12 0.17 0.27 0.93 0.49 0.59 2.25 0.10 0.17

2SBS30 200PAA0 10 999 8.04 0.01 0.02 2.75 0.01 0.03 2.70 0.01 0.02 3.63 0.04 0.08

2SBS30 200PAA30 10 999 7.22 0.01 0.02 2.38 0.01 0.03 2.69 0.01 0.02 3.59 0.02 0.06

2SBS30 200PAA60 10 999 6.29 0.01 0.02 2.53 0.01 0.03 2.56 0.01 0.03 3.10 0.04 0.08

2SBS30 2SBS60 10 999 2.57 0.01 0.02 1.38 0.01 0.03 2.02 0.01 0.02 3.13 0.01 0.06

(Continued)
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TABLE 2 | Continued

PERMANOVA pairwise differences Bray Curtis Jaccard unifrac distance Unweighted unifrac distance Weighted unifrac distance

Group 1 Group 2 Sample size Permutations pseudo-F p-value q-value pseudo-F p-value q-value pseudo-F p-value q-value pseudo-F p-value q-value

2SBS30 3SBS0 10 999 7.46 0.01 0.02 2.57 0.01 0.03 2.40 0.01 0.02 3.18 0.04 0.08

2SBS30 3SBS30 10 999 0.93 0.62 0.69 1.01 0.48 0.61 1.06 0.34 0.44 0.73 0.67 0.73

2SBS30 3SBS60 10 999 2.04 0.02 0.03 1.29 0.03 0.04 1.66 0.03 0.05 2.41 0.04 0.09

2SBS30 NC30 10 999 7.27 0.01 0.02 2.52 0.01 0.03 2.04 0.01 0.03 1.50 0.17 0.24

2SBS30 NC60 10 999 8.46 0.01 0.03 2.78 0.01 0.03 2.40 0.01 0.02 1.99 0.08 0.14

2SBS60 200PAA0 10 999 5.34 0.01 0.02 2.63 0.01 0.03 2.60 0.01 0.02 2.85 0.01 0.06

2SBS60 200PAA30 10 999 4.60 0.01 0.02 2.35 0.01 0.03 3.12 0.01 0.03 2.51 0.02 0.06

2SBS60 200PAA60 10 999 4.14 0.01 0.02 2.47 0.01 0.03 2.43 0.01 0.02 2.64 0.02 0.06

2SBS60 3SBS0 10 999 4.94 0.01 0.02 2.51 0.01 0.03 2.76 0.01 0.02 2.96 0.02 0.06

2SBS60 3SBS30 10 999 3.27 0.01 0.02 1.59 0.00 0.03 1.80 0.02 0.04 4.03 0.01 0.06

2SBS60 3SBS60 10 999 1.02 0.37 0.44 0.94 0.79 0.85 1.16 0.21 0.30 1.12 0.34 0.41

2SBS60 NC30 10 999 5.05 0.01 0.03 2.52 0.01 0.03 2.34 0.01 0.02 3.67 0.02 0.06

2SBS60 NC60 10 999 5.57 0.01 0.02 2.63 0.01 0.03 2.53 0.01 0.02 3.91 0.01 0.06

3SBS0 200PAA0 10 999 0.79 0.66 0.73 0.92 0.72 0.80 1.03 0.43 0.54 0.44 0.73 0.76

3SBS0 200PAA30 10 999 1.30 0.19 0.25 0.92 0.72 0.80 0.97 0.59 0.68 0.79 0.49 0.56

3SBS0 200PAA60 10 999 1.12 0.27 0.34 1.12 0.19 0.29 1.25 0.19 0.27 1.23 0.28 0.36

3SBS0 3SBS30 10 999 10.73 0.01 0.02 3.49 0.01 0.03 3.36 0.01 0.02 7.29 0.01 0.06

3SBS0 3SBS60 10 999 5.54 0.01 0.02 2.42 0.01 0.03 2.39 0.01 0.02 3.10 0.02 0.06

3SBS0 NC30 10 999 1.39 0.08 0.11 0.75 0.99 0.99 0.57 0.99 0.99 1.48 0.22 0.29

3SBS0 NC60 10 999 1.58 0.09 0.12 0.85 0.76 0.84 0.62 0.93 0.97 1.95 0.11 0.18

3SBS30 200PAA0 10 999 11.65 0.01 0.02 3.68 0.01 0.03 3.27 0.01 0.02 8.46 0.01 0.06

3SBS30 200PAA30 10 999 10.46 0.01 0.02 3.24 0.01 0.03 3.72 0.01 0.03 8.08 0.01 0.06

3SBS30 200PAA60 10 999 9.04 0.01 0.02 3.41 0.00 0.03 3.07 0.01 0.02 6.11 0.02 0.06

3SBS30 3SBS60 10 999 2.49 0.03 0.04 1.39 0.02 0.03 1.53 0.05 0.08 3.76 0.02 0.06

3SBS30 NC30 10 999 10.37 0.01 0.02 3.49 0.01 0.03 2.74 0.01 0.02 3.19 0.01 0.06

3SBS30 NC60 10 999 12.12 0.01 0.02 3.73 0.01 0.03 3.20 0.01 0.02 4.32 0.02 0.06

3SBS60 200PAA0 10 999 6.18 0.01 0.03 2.57 0.01 0.03 2.71 0.01 0.02 3.41 0.01 0.06

3SBS60 200PAA30 10 999 5.44 0.01 0.02 2.34 0.01 0.03 2.97 0.01 0.03 2.86 0.01 0.06

3SBS60 200PAA60 10 999 4.82 0.01 0.02 2.42 0.01 0.03 2.08 0.01 0.02 2.77 0.01 0.06

3SBS60 NC30 10 999 5.84 0.01 0.02 2.48 0.01 0.03 2.26 0.01 0.03 3.58 0.03 0.07

3SBS60 NC60 10 999 6.58 0.01 0.02 2.68 0.01 0.03 2.19 0.01 0.02 4.21 0.02 0.06

NC30 NC60 10 999 0.54 1.00 1.00 0.88 0.85 0.87 0.62 0.97 0.97 0.21 0.99 0.99

The statistical analyses from the beta diversity outputs were downloaded and imported into Excel. Group 1 was compared to Group 2 in a pairwise fashion, and significant Q-values and P-values are bolded. For pair-wise differences in

multidimensional data, q-values set the standard for significance. Overall, there are a cornucopia of changes associated with beta diversity by time and by treatment, which may ultimately lead to changes in microbial composition.
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FIGURE 4 | Significant beta diversity indices by time and treatment throughout the course of sanitation. (A) Bray-Curtis Matrix, (B) Jaccard Matrix, (C) Unweighted

Unifrac Distance Matrix, (D) Weighted Unifrac Distance Matrix. The colors: Red: 200 PAA, Blue: NTC, Light Green 1% SBS, Dark Green 2% SBS, Pink, 3% SBS, Blue

overreaching circle represents a majority of the SBS treatments. Dark blue line represents the separation between the SBS treatments and the controls (average).

pairwise contrasts of the significant effects were produced for the
metrics: Observed OTUs, Shannon Diversity, Pielou’s Evenness,
Faith PD (Figure 3; Table 1). There were no significant effects for
the OTU counts between treatments or measured effects (data
not shown). However, Pielou’s Evenness, Shannon Diversity, and
Faith PD indices all had significant effects of time. Using the Faith
PD diversity metric, there was a decrease in diversity between
0m (Q < 0.0–2) and an increase in α-diversity from 30 and
60m (Q < 0.02). There was no difference in alpha diversity from
0 to 60m. Pilou’s Evenness and the Shannon Diversity index
showed similar significant differences over time. Both indices
demonstrated a decrease in either diversity or read evenness from
0 to 30m and 0 to 60m (Q < 0.01; Figure 3; Table 1). Therefore,
the effects of time had quantitative effects on community richness
and evenness.

β-diversity analysis yielded significant differences in the
interaction effects over time. With α-diversity not statistically
significant for the effect of time nor the interaction of the
treatment by time, the community dissimilarity arose due to
the effects of the sanitizers over time alone. PERMANOVA
was used for the main effects, with full factorial pair-wise
contrasts documenting the significant effects of the sanitizers
on microbial community composition (significant relationships

bolded; Table 2). The weighted unifrac distance matrix was not
significant for any main effects nor the interaction. The effect of
SBS vs. PAA was continually reinforced with all of the other β-
diversity metrics as the contrasts between SBS and PAA at each
time point were significant (Q < 0.05). The visualization of this
separation is evident in Figure 4, with the blue line showing
the separation between the SBS versus the PAA treatment. PAA
and the NTC were not statistically significantly different from
one another throughout the trial, while all SBS treatment groups
had differences in β-diversity indices. Therefore, the effect of
the sanitizer on the microbial community is different, with PAA
being more similar to the NTC than SBS.

ANCOM Analysis of Compositional
Diversity
The use of ANCOM to discern quantitative compositional
differences between the treatment groups over time indicate
significant shifts by treatment and time. The populations present
in the ANCOM analysis are all statistically significantly different
than the background populations (Q < 0.05) and each other. The
composite diagram is shown on Figure 5. Compared to treatment
or time alone, the interaction of time by treatment was specifically
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FIGURE 5 | The Analysis of Composition of Microbiomes (ANCOM) throughout sanitation. Relative stack bar plots were created from the top 11 OTUs with a Q <

0.05 and a significant leverage effect that were statistically associated with the time by treatment effect. Ultimately, significant variations in microbial composition occur

over time and by treatment.

focused on due to the differences in β-diversity indices. The NTC
group had relative differences in Microvirgula, Barnsiella, and
Halomonas over time. The SBS treatment groups had a greater
percentage of Stentrophomonas, Schwanella, and Bacteroides.
The 3% SBS group had the greatest abundance in Bacteroides
overall, showing a stepwise increase over time in this population.
Likewise, the Aeromonadaceae, Actinobacter, Gallinobacterium,
Schwanella, Halomonas, and Pseudomonadaceae populations
decreased over time in the 3% SBS group. The PAA group also
has moreGallinobacterium, which was not detectable in the 30 or
60m 3% SBS group. Comparing the 3% SBS group with the 200
ppm PAA group, there were increases in Bacteroides, Schwanella
and a decrease in Neisseriaceae in the SBS group. Consistently
in the SBS groups, there were increases over time in Schwanella,
with fluctuations in Halomonas between each group.

DISCUSSION

While microbiome data is an important snapshot into the
microbial ecology of re-use water as it goes through the sanitation
process, it is not necessarily indicative of the species that are
recoverable. Unlike rinsate studies where the microbial ecology
drives shelf-life and food safety risks to the customer, re-use water
likely will go through additional, and unintended, sanitation by
the continuous infusion of antimicrobials throughout processing.
Therefore, injured bacterial populations are not necessarily
important as their continued biological weakening will occur
as their application in the plant will include the use of

additional antimicrobials, such as chlorine or PAA. Rinsate
bacteria recovered from the carcass will have time to recover
and pose a significant risk, whereas colonies isolated prior to
re-use will not likely have the time to recover. However, live
and healthy bacteria quantified directly without enrichment or
recoverymedia will absolutely pose a threat, andmay increase the
total microbial load on the carcass. Increasedmicrobial loadsmay
be more difficult to reduce if re-use water is implemented and
added to that load. Assessing sanitized re-use water for recovered
bacteria is necessary as recovered bacteria would likely point to a
lack of a bactericidal effect.

Therefore, total aerobic plate counts (APC) and total counts
from XLD media were used for this study. Aerobic plate counts
throughout poultry processing are an important indicator of total
microbial load and the risk of foodborne pathogens (Kim et al.,
2017; Samapundo et al., 2019). The initial goal of using XLD
was to recover any Salmonella present in re-use water that may
be resistant to sanitation. However, there was no recoverable
Salmonella. While not traditionally used in this manner, XLD

can serve as a general screen for total Enterobacteriaceae and

Pseudomonas. Accordingly, the plate counts were instead used

to determine if the treatments reduced the overall populations

recoverable on XLD. The use of XLD is interesting as it yields

some basic indicator species for poor sanitation, like E. coli,

Klebsiella, and Citrobacter, as well as Pseudomonas and Proteus
which are known spoilage organisms (Restaino et al., 1976; Toule
and Murphy, 1978; Guntzel, 1991; De Boer, 1998; Fielding et al.,
2012; Raposo et al., 2017).

Frontiers in Sustainable Food Systems | www.frontiersin.org 10 July 2020 | Volume 4 | Article 85

https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles


Feye et al. Acid Sanitizers Reduce Microbial Load

The efficacy of PAA and 3% SBS for the sanitation of re-use
water in microcosms is indistinguishable at 30m post-sanitation;
however, their effects on microbial ecology are drastically
different. The 1 and 2% SBS group are also effective at 60m, but
as enumerable APC counts at 60m occurred, the concentration
may not be high enough to result in bactericidal effects. However,
all treatments ultimately reduced the recoverable XLD counts. It
is unknown as to the effect of downstream antimicrobials on the
water nor the effects on bacterial loads on carcasses. Additional
studies need to be conducted to evaluate the use of re-use water
on the composition of carcass microbial ecology.

Changes to microbial ecology may be driven by a number of
factors. First, we assume the bacterial OTUs present at the end
of sanitation are alive and actively contributing to the ecology
of the water. Therefore, the changes in microbial ecology may
be an artifact of bactericidal effects on the cell and the resulting
DNA degradation. Consequently, the OTUs present at the end of
sanitation may be recovered from hardier cells or even dead cells
that have DNA still intact.

As there are no differences in alpha diversity due to treatment
nor the interaction of time and treatment, the ecological changes
of the water may be reflective of a population shifts over time.
Theoretically, if the sanitation process is killing a microbial
population, resistant populations may be blooming, populations
may be dying, and everything may actively be occurring.
Therefore, data presented herein may be a cumulative effect
resulting from the changes in microbial ecology and composition
due to treatment. More research is needed to determine if the
microbial ecology of the re-use water due to the treatment effects
ultimately impacts the carcass. Changes in microbial load and
carcass populations can affect food safety and spoilage. A rise
in Pseudomonas as indicated by the PAA data and the 1% SBS
data is indicative of a potential increase risk of reducing the shelf
life. More studies are required to determine if those effects are

a genuine risk. It does appear that the relative abundance of
spoilage bacteria decreases over time when the microcosms are
treated with SBS.

CONCLUSIONS

Water is already a significant cost to the poultry industry.
Compound this cost with the rise in water scarcity, it will
become important to re-use water in the future and conserve
high-quality, fresh water for consumption or critical processing
points. The study presented herein indicates that SBS at 3%
may be a good alternative to PAA for sanitizing re-use water
for the reduction of live microorganisms; however, the changes
in microbial ecology are much more difficult to interpret. The
efficacy of SBS (3%) is similar to that of PAA and it may favor
a different population that has the potential to impact spoilage
risks. However, more research is needed to determine if water
that has been sanitized with SBS has differences in spoilage risk
as well as to its contribution to carcass rinses.
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