Reduction of Salmonella Infantis on skin-on, bone-in chicken thighs by
cetylpyridinium chloride application and the impact on the skin microbiota
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ABSTRACT Salmonella Infantis has been the etiologi-
cal agent of numerous foodborne outbreaks of nonty-
phoidal Salmonella. Consequently, there is an emergent
need to mitigate Salmonella Infantis among poultry.
Thus, this study evaluated the efficacy of cetylpyridi-
nium chloride (CPC) versus peroxyacetic acid (PAA),
on bone-in, skin-on chicken thighs for the reduction of
Salmonella and changes in the microbiota. Exactly 100
skin-on, bone-in chicken thighs (2 trials, 0 and 24 h,
k = 5,1n =5, N = 50) were inoculated with 10° CFU /mL
of a nalidixic acid resistant strain of S. Infantis for an
attachment of 10° CFU/g. Thighs were treated with
20 s part dips (350 mL): a no inoculum, no treatment
control (NINTC); no treatment control (NTC); tap
water (TW); TW+CPC; TW+PAA. Following treat-
ment, thighs were rinsed in 150 mL of nBPW, and rin-
sates were collected. Rinsates were spot plated for
Salmonella and aerobic bacteria (APC). Log;q trans-
formed counts were analyzed using a mixed-effects
model (random effect = trial) with means separated
using Tukey’s HSD (P < 0.05). The genomic DNA of

rinsates was extracted, and the 16S rDNA was
sequenced on an Illumina MiSeq. Microbiota data were
analyzed using QIIME2, with data considered significant
at P <0.05 (main effects) and Q<0.05 (pairwise differen-
ces). Treatment x time interactions were observed for
both Salmonella and APC (P < 0.05). The treatment of
thighs with PAA and CPC reduced Salmonella and
APC in respect to the controls. Numerically, thighs
treated with CPC had less Salmonella (4.29 log,(CFU/
g) and less APC (4.56 log10CFU /g) at 24 h than all other
treatments (P > 0.05). Differences in diversity metrics
were not consistently observed between treatments;
however, in trial 2, the NTC treated thighs were differ-
ent than those treated with CPC (P < 0.05; Q < 0.05).
In both trials, ANCOM, the analysis of microbiome com-
positional profiles, revealed shifts at both the phylum
and order levels with thighs being different in the rela-
tive abundances of Proteobacteria (P < 0.05). In conclu-
sion, treatment of skin-on poultry parts with CPC may
reduce the risk of foodborne outbreaks caused by Salmo-
nella Infantis.
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INTRODUCTION

Poultry producers in the United States (US) process
billions of pounds of poultry in a year, with approxi-
mately 112.5 pounds of poultry consumed per capita in
2019 (NAMI, 2020; NCC, 2020). However, salmonellosis
is a common risk with the consumption of poultry
(Henchion et al., 2014; Kalaba et al., 2017). As such, Sal-
monella enterica is a public health concern, infecting
approximately 1.35 million people in the United States
annually (CDC, 2019a). Currently, poultry processors
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utilize acidifiers to mitigate foodborne pathogens such as
Salmonella enterica throughout poultry processing. How-
ever, due to the acid tolerance response seen in certain
Salmonella enterica serovars to organic and inorganic
acids, alternative interventions need to be employed
(Kieboom and Abee, 2006). One prevalent serovar, Sal-
monella Infantis, which has been isolated in poultry feed,
live chickens, and raw products, has led to significant
outbreaks in the US (CDC, 2019b; Shariat et al., 2020).
In the past few years, an emerging strain of S. Infantis
has been reported globally (Aviv et al., 2014). These
emerging strains have been reported to have enhanced
biofilm formation, adhesion, and invasion into avian and
mammalian host cells with increased resistance to antibi-
otics and other antimicrobials (Aviv et al., 2014).

Therefore, there is a need for alternative interventions
capable of reducing S. Infantis. Currently, peroxyacetic
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acid (PAA), an organic peroxide that dissociates into
acetic acid and hydrogen peroxide, is one of the more
widely utilized chemical intervention in poultry process-
ing (Dittoe et al., 2019a, b). Undeniably, PAA has been
proven to be an effective antimicrobial for reducing Sal-
monella serovars across various industries (3 Baldry,
1983; Jolivet-Gougeon et al., 2006; Dittoe et al., 2019a,
b). However, previous evidence has suggested up-regula-
tion of virulence genes coinciding with the acid-tolerance
response genes in various Salmonella enterica serovars
(Garcia-Del Portillo et al., 1993; Ryan et al., 2015;
Lianou et al., 2017; Szmolka et al., 2018). Due to the
complex nature of processing and the complex matrices
of poultry carcasses, the final concentrations of
PAA that pathogens may be treated with could be sub-
inhibitory and thus increase the risk of biocide tolerance
(Foster and Hall, 1991; Finstad et al., 2012;
Cadena et al., 2019; Lin et al, 1995). Therefore,
potential alternatives such as quaternary ammonium
compounds (QAC), including the surfactant cetylpyri-
dinium chloride (CPC) require continued evaluation.
By binding to the anionic sites on the surface mem-
branes of bacteria, various levels of QACs can cause
slow or rapid cell death by damaging the cell walls then
leaking or solubilizing cellular components, based on low
or high concentrations (Morente et al., 2013). The use of
CPC among inoculated poultry parts has demonstrated
comparable reduction of Salmonella serovars to that of
PAA treated parts (Scott et al., 2015; Chylkova et al.,
2017; Zhang et al., 2018). Therefore, the current study
was conducted to determine the effects of CPC
(Cecure®, Safe Foods Corporation™ Little Rock, AR)
on reducing a marker strain of S. Infantis as compared
to the standard poultry processing antimicrobial perace-
tic acid PAA (Promoat®, Safe Foods Corporation™,
Little Rock, AR) on inoculated skin-on parts. Due to the
buffering effect of the skin that may reduce the efficacy
of antimicrobials, thus impacting the survival of
attached Salmonella by increasing cell attachment and
protecting attached cells, skin on parts were utilized in
the current study (Tan et al., 2014a,b).

Increasing attention has been geared toward under-
standing the impact that antimicrobials have on poultry
carcass microbiota, especially as next-generation
sequencing methods become less costly and more readily
accessible. Recent explorations into poultry carcass
microbiota, processing reuse water microbiota, and bio-
mapping processing have reported useful insights for
poultry processors (Feye et al., 2020a,b). Identifying the
indigenous poultry carcass microbiota can have impor-
tant implications for food safety and quality, particu-
larly in understanding the relationship between
indigenous bacteria and pathogens on carcasses and
throughout the processing plant (Rothrock et al., 2016;
Kim et al., 2017; Handley et al., 2018; Wages et al.,
2019; Feye et al., 2020a,b). Analyzing the effects of anti-
microbials and the relationships between pathogens and
indigenous microbiota on various poultry products offer
potential specific intervention strategies for improving
their shelf-life and safety. Thus, the first objective of the

current study was to compare the antimicrobials PAA
and CPC on S. Infantis inoculated skin-on chicken
thighs. The second objective was to determine whether
shifts in microbiota on chicken thighs occurred when
treated with PAA or CPC when inoculated with S.
Infantis using short-read sequencing targeting the V4
region of 16S rDNA.

MATERIALS AND METHODS
Chicken Part Procurement

The current experiment was conducted as 2 separate
trials with the application of antimicrobials followed by
sampling for microbiological analyses. Each trial con-
sisted of 50 skin-on chicken thighs (2 trials, 5 treat-
ments, 0 h and 24 h, 5 replicates per treatment) with an
average weight of 253 g obtained postharvest from a
commercial poultry processing facility as a component
of standard poultry slaughter operations. As parts were
collected from an off-campus commercial poultry proc-
essing plant, this study was exempt from the University
of Arkansas (UA) Institutional Animal Care and Use
Committee oversight. Immediately postprocessing, the
chicken thighs were transported directly to the UA Cen-
ter for Food Safety, Fayetteville, AR. Thighs were
stored at 4°C overnight until the start of the study.

Preparation of Nalidixic Acid Resistant
Salmonella

Fresh and pure S. Infantis (CDC H3517) culture was
obtained and grown overnight at 37°C in Mueller Hinton
Broth (MHB; Hardy Diagnostics, Irving, TX). The
strain used was associated previously with an outbreak
from alfalfa sprouts (Dong et al., 2003). The S. Infantis
strain was made nalidixic acid resistant as per
Olson et al. (2020). The antibiotic-resistant strain and
nalidixic acid supplemented (64 ©g/mL) Xylose Lysine
Dextrose (NA+XLD; HiMedia, West Chester, PA) was
used in this study as a marker strain for the determina-
tion of effects specifically on S. Infantis.

Inocula Preparation

The day before each individual trial began, 500 mL of
MHB was inoculated with the NA resistant S. Infantis
and grew overnight in a shaking incubator. Immediately
following the overnight incubation, approximately
50 mL of the inocula were aseptically transferred into
separate 50 mL conical tubes and centrifuged (Eppen-
dorf 5810R, Eppendorf, Hamburg, Germany) at
18,000 x g for 3 min. The supernatant was decanted
and washed with 1 x PBS 2 times. After the final wash,
the pellets were resuspended in 1 x PBS. A representa-
tive part from each treatment for 0 h and 24 h time
points were inoculated with the same inocula with there
being 5 replications for each trial. Therefore, at each
trial, there were 10 thighs inoculated per poultry rinsate
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bag with there being approximately 100 mL of 8 logg
CFU per mL of S. Infantis. Thus, the chicken parts were
inoculated using 1 mL of inoculum per 25 g of parts,
with the mean weight of each thigh at 253.16 &+ 2.96 g.
The inocula were hand massaged into the poultry thighs
for 1 min and allowed to adhere for 60 min at 4°C.

Treatments were prepared in the laboratory following
manufacture specifications for poultry processing in 15 L
of tap water. Due to the stability of the products and the
short duration of the antimicrobial dips, room tempera-
ture water was used in the current study. Concentrations
were confirmed with titration kits provided by the manu-
facturer at 5,000 ppm (0.5%) of CPC (Cecure) and
600 ppm of PAA (Promoat). Exactly 400 mL of each
treatment were aliquoted into sterile, individual collection
bags. A randomly selected chicken part was added using
sterile forceps and agitated for 15 s to allow for complete
contact. The part was then aseptically transferred to a
second sterile, empty rinsate bag, and the remaining
treatment was allowed to drip off for 2 to 3 min before
the remaining liquid in the collection bag was decanted.

The treatments utilized were as follows: a no inocu-
lum, no treatment control (NINTC); a no-treatment
control (NTC); a tap water control (TW); PAA + TW
(600 ppm); CPC + TW (5,000 ppm). There was no dif-
ference in inoculation for NTC thighs and thighs
selected for other treatment groups. The thighs treated
with TW were used as a mechanical control to account
for the rinsing effect the treatments may have had on
loosely attached Salmonella (Lillard, 1989; Zhang et al.,
2018). Following the CPC dip, per 21 CFR § 173.375
(2,020), the parts were aseptically moved to a sterile rin-
sate bag with tap water and dipped until fully sub-
merged for 10 s to rinse residual CPC from the parts
(USDA-FSIS, 2020). Parts were subsequently moved to
individual dry, sterile rinsate bags.

After treatment, parts were either stored at 4°C for 24
h or were immediately prepared for microbial analysis (0
and 24 h). At the designated time point, individual parts
were rinsed using 150 mL of neutralizing buffered peptone
water (nBPW, Hardy Diagnostics, Irving, TX) in sterile
rinsate bags. The parts were manually agitated using a
180° arcing motion for 1 min (United States Department
of Agriculture- Federal Safety Inspection Service USDA-
FSIS, 2013). The parts were then aseptically removed
from the bags and discarded, and the subsequent rinsates
were used for Salmonella and total aerobic plate count
(APC) as well as 16S rDNA sequencing.

Salmonella and Aerobic Bacteria
Enumeration

An aliquot of 1 mL of each sample was transferred to
individual 2 mL microcentrifuge tubes. These tubes were
stored at —80°C until DNA extraction and sequencing
analysis could be completed. Another 20 L from each
sample was serially diluted (1:10) to 10~ in 180 uL of
1 x PBS in a flat bottom 96 well plate. The rinsate sam-
ples were then spot plated with 10 uL of each serial

dilution on NA+XLD for S. Infantis and Tryptic Soy
Agar (TSA; Millipore Corporation, Billerica, MA) for
total aerobic plate counts. Plates were left to dry entirely
before inverting and were incubated aerobically at 37°C
for 24 h. Only black colonies on the NA+XLD plates
were counted as Salmonella Infantis (Scott et al., 2015).

DNA Extraction

The 1 mL aliquots of reserved rinsate samples were
centrifuged (Heraeus Pico 21, Thermo Fisher Scientific,
Langenselbold, Germany) for 10 min at 5,000 x g to pel-
let the rinsates. Genomic DNA from these pellets was
extracted using a QIAamp DNeasy Blood and Tissue
Kit (Qiagen, Valencia, CA), following the standard pro-
tocol provided with the kit. The concentration and
purity of the DNA were measured for each extracted
sample using a NanoDrop ND-1000 (Thermo Scientific,
Wilmington, DE). The extracted samples were then
diluted to 10 ng/uL of DNA. Samples were stored at
—20°C until further analysis occurred.

lllumina MiSeq Library Preparation and
Sequencing

A library targeting the V4 region of 16S rDNA was
prepared as per Kozich et al. (2013). Following the
MiSeq v2 (500 cycles) Reagent cartridge (Illumina, San
Diego, CA) manufacturer protocol, the pooled library
was combined with a PhiX Control v3 (Illumina), 0.2 N
fresh NaOH, and HT'1 buffer (Illumina), for a final con-
centration of 12 pM. The final library was loaded on a
MiSeq v2 (500 cycles) reagent cartridge for sequencing,
and the procedures were monitored via the Illumina
BaseSpace website. Resulting sequences (fastq files)
were downloaded from Illumina BaseSpace and
uploaded to a GitHub depository (https://github.com/
RickeLab-UW /Microbiome-of-Poultry-Thigh-Rinsates-
Inoculated-with-Salmonella-Infantis.git). Data were also
uploaded to NCBI Sequence Read Archive (SRA)
under the accession PRJNA729057.

Microbiological Statistical Analysis

Each chicken part was randomly assigned a treat-
ment, a time point, and a trial before analysis. Rinsates
from both trials were used for microbiological data, and
then separated by trial during microbiome analysis.
Data were collected at 0 h and 24 h. The colony forming
units (CFU) of Salmonella and APC were log;, trans-
formed and reported as either log;y CFU of S. Infantis
per g chicken (logyo CFU/g) or logyy CFU of total aero-
bic bacteria per g chicken, respectively. Data were ana-
lyzed through RStudio (RStudio Team, 2020), using a
linear mixed-effects model through the lmerTest pack-
ages (Kuznetsova et al., 2017), with the fixed (main)
effects evaluated being treatment and time and the ran-
dom effect being trial. Means were evaluated and sepa-
rated with Tukey’s HSD using the emmeans and
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multcomp packages (Hothorn et al., 2008; Lenth, 2021).
Significance was set at P < 0.05.

QIIME2 Analysis

The FASTQ files of sequencing output were down-
loaded from the Illumina Biospace and sequence read
analysis was performed using Quantitative Insights into
Microbial Ecology (QIIME2) pipeline version 2020.2
(Bolyen et al., 2019). Sequences from both trials were
imported as separate datasets and followed similar cod-
ing paths. Demultiplexed sequences were imported as
paired-end sequences using Casava 1.8 (Callahan et al.,
2016). Sequences were subsequently denoized and fil-
tered for quality with DADA2 with the q2-dada2 plugin
(Callahan et al., 2016). Chimeras were filtered with con-
sensus in the g2-dada2 plugin. Amplicon sequence var-
iants (ASVs) were aligned with mafft using the q2-
alignment plugin and were used to create a phylogenetic
tree with fasttree2 using the g2-phylogeny plugin
(Price et al., 2010). Sequences were rarified to the same
number of random reads from each sample for diversity
analyses, with a sampling depth set at 450 sequences for
trial 1 and a sampling depth of 300 for trial 2.

The microbiome metrics for « diversity, B diversity,
and Principal Coordinate Analysis were determined
using the q2-diversity plugin. For « diversity metrics
Faith’s Phylogenetic Diversity (Faith’s PD), Shannon
Diversity, and Pielou’s Evenness were utilized, while
Weighted UniFrac and Jaccard Dissimilarity were
applied for B diversity (Jaccard, 1912;  Faith et al.,
1987; Lozupone and Knight, 2005). Pairwise differences
were determined for o diversity metrics using Kruskal-
Wallis, whereas the pairwise differences for g diversity
metrics were determined using PERMANOVA and
PERMDISP. The « diversity interactions between treat-
ment and time for trial 1 were analyzed using the
parametric ANOVA. The B diversity interactions for
trial 1 were analyzed using ADONIS, a nonparametric,
multivariate analysis of variance that accounts for both
Fuclidean and non-Euclidean distances in ecological
diversity (Anderson, 2001). Interactions and main effects
were considered significant at a P < 0.05, while pairwise
differences were considered significant at a Q < 0.05.

Operational taxonomical units (OTUs) were classi-
fied using the q2-feature-classifier with SILVA.138 (99%
OTUs full-length sequences) classifier from phylum to
genus at a 97% confidence interval (McDonald et al.,
2012; Bokulich et al., 2018). Analysis of composition of
microbiomes (ANCOM) was performed to define spe-
cific quantitative differences of taxa across treatments
and time for trial 1, and treatment only for trial 2
(Mandal et al., 2015).

RESULTS
Microbiological Analysis

The first objective of the current study was to deter-
mine the effects of CPC (Cecure) application versus

PAA (Promoat) application in reducing the population
levels of Salmonella Infantis on chicken parts. With trial
analyzed as a random effect in a mixed-effect model,
there was a treatment by time interaction between the
Salmonella level and total aerobic bacteria (log,g CFU/g;
P < 0.05; Figure 1). Only one sample from NINTC thighs
was reported positive for S. Infantis at 24 h; therefore,
the mean log;, CFU of S. Infantis per gram of thigh was
only 0.17 at 24 h post-treatment (Figure 1A). Nonethe-
less, both groups of NINTC thighs at 0 h and 24 h (0.00
and 0.17 log;g CFU/g, respectively) were statistically
indistinguishable from each other and different from all
other groups (P < 0.05, Figure 1A). Thighs treated with
TW (6.41 and 5.71 log;o CFU/g at 0 h and 24 h, respec-
tively) were not statistically different from NTC thighs
(6.33 and 7.16 log;y CFU/g at 0 h and 24 h, respectively)
at either time point. At 0 h, thighs treated with PAA
(5.19 log;o CFU/g) and those treated with CPC (5.38
log;o CFU/g) were not statistically different from each
other. Thighs treated with PAA at 0 h (5.19 log;o CFU/
g) were different from the NTC thighs, while those
treated with CPC (5.38 logg CFU/g) were not different
from those treated as NTC (P < 0.05, Figure 1A). At 24
h, thighs treated with CPC (4.29 log;, CFU/g) were
numerically lower in total Salmonella than those treated
with PAA (4.96 log;o CFU/g). In addition, thighs treated
with PAA (4.96 log;o CFU/g) at 24 h post-treatment
were not significantly different from those treated with
TW (5.71 log;o CFU/g), while thighs treated with CPC
(4.29 log;o CFU/g) were different. The only antimicrobial
treatment that was significantly different in Salmonella
load at 24 h from their 0 h counterparts were those
treated with CPC (P < 0.05; 5.38 and 4.29 log;y CFU/
g). However, the mean Salmonella load on thighs treated
with PAA were relatively stable, with thighs treated with
PAA at 24 h not being different from those treated with
PAA at 0 h (5.19 and 4.96 log;o CFU/g).

There was a significant interaction between treatment
and time on the total aerobic bacteria recovered from
thighs inoculated with S. Infantis (P < 0.05; Figure 1B).
Total aerobic microbial loads on thighs from all treat-
ment groups were not significantly different between
treatment groups at 0 h (5.47, 6.59, 6.33, 5.77, 5.20 log;g
CFU/g; Figure 1B). At 24 h, the total aerobic microbial
populations of thighs treated with NTC and TW (7.15
and 7.06 log;o CFU/g) were different than those treated
with CPC and PAA, with CPC and PAA not being dif-
ferent (4.56 and 5.59 log;o CFU/g). At the same time (24
h), there was no difference between thighs treated with
NINTC (4.21 log;p CFU/g) and those treated with CPC
and PAA. Numerically, at 0 h, thighs treated with PAA
had the lowest numerical mean load of APC (5.20 log;g
CFU/g); whereas, at 24 h, thighs treated with CPC had
the lowest numerical load of APC (4.56 log;o CFU/g).

Microbiome Analysis

The second objective of the current study was to
determine the overall effect of these treatments on the
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Figure 1. Boxplots of microbiological counts of nalidixic resistant Salmonella (64 ng/nL) and APC counts at 0 h and 24 h. (A) A treatment by
time interaction on the total nalidixic resistant Salmonella (Logio CFU/g) on thighs inoculated with a nalidixic resistant strain of S. Infantis
(N=50,n=5k=>5, P<0.05). (B) A treatment by time interaction on the total aerobic bacteria (Log;o CFU/g) on thighs inoculated with a nali-
dixic resistant strain of S. Infantis (N = 50, n = 5, k = 5, P < 0.05). The treatments utilized were: a no inoculum, no treatment control (NINTC); a
no treatment positive control (NTC); tap water (TW); PAA + TW (600 ppm); CPC + TW (5,000 ppm), all applied as a 20 s part dip via rinsate.

Means with different superscripts are considered significantly different (a,d).

skin microbiota. The rinsates from the first trial were
used to examine if shifts occurred over time in response
to treatment, while the rinsates from the second trial
were used to evaluate the 24 h time point exclusively.
The current study employed quantitative and qualita-
tive o and B metrics to analyze sequences while compar-
ing phylogenetic and nonphylogenetic diversity
differences in microbiota composition. The « diversity
metrics utilized in this study were Pielou’s Evenness,
Shannon’s Diversity, and Faith’s PD; the 8 metrics used
were Jaccard Dissimilarity and Weighted UniFrac.

The main effects of treatment, time, and trial, and the
interactions between, were evaluated for o and 8 metrics
using ANOVA and ADONIS (Table 1, P < 0.05). There
was not a significant 3-way interaction for any « or B
metrics. The following interactions were significant

(Table 1, P < 0.05): treatment by time for Weighted
UniFrac; treatment by trial for Jaccard; and time by
trial for Jaccard. The main effect of treatment was sig-
nificant for Pielou’s evenness, Shannon’s Diversity, and
Faith’s PD (Table 1, P < 0.05). The main effect of time
was not significant for any metrics (Table 1, P > 0.05).
The main effect of trial was significant for Pielou’s even-
ness and Shannon’s Diversity. Because the 2 trials were
independent and the main effect of trial was influencing
the results, the trials were split in the analysis pipeline.

Trial 1

The main effects of treatment and time, and the inter-
action between them, were evaluated for o and 8 metrics
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Table 1. Overall ANOVA (« diversity) and ADONIS (8 diversity) results for main effects of treatment, time, trial, and the interactions

between them (P < 0.05).

Metric Treatment Time Trial Treatment x Time Treatment x Trial Time x Trial Treatment x Trial x Time
Evenness” 3.17E-20 0.331 0.040 0.247 0.222 0.628 0.401
Shannon’s Diversity” 2.72E-20 0.834 0.037 0.155 0.251 0.282 0.744
Faith’s PD” 1.85E-08 0.951 0.279 0.412 0.693 0.057 0.814
Weighted UniFrac® 0.001 0.629 0.081 0.001 0.539 0.274 0.929
Jaccard® 0.001 0.240 0.001 0.261 0.008 0.033 0.460

'Bolded P values are significant (P < 0.05).

% diversity metrics. These metrics are quantitatively evaluated using ANOVA for significance in evenness, evenness and richness, and weighted phylo-
genetic diversity within samples through Pielou’s Evenness, Shannon’s Diversity, and Faith’s Phylogenetic Diversity, respectively.
38 diversity is evaluated through ADONIS to determine significance in qualitative dissimilarity and weighted phylogenetic differences between samples

through Jaccard Dissimilarity and Weighted UniFrac.

Table 2. Trial 1 ANOVA (« diversity) and ADONIS (8 diver-
sity) results for main effects of treatment and time, and the inter-
action between the two (P < 0.05)."

Metric Treatment' Time' Treatment x Time
Evenness” 0.060 0.879 0.848
Shannon’s Diversity” 3.19E-03 0.465 0.184
Faith’s PD” 0.778 0.957 0.522
Weighted UniFrac® 0.001 0.028 0.801
Jaccard® 0.001 0.003 0.778

'Bolded P values are significant (P < 0.05).

%o diversity metrics. These metrics are quantitatively evaluated using
ANOVA for significance in evenness, evenness and richness, and weighted
phylogenetic diversity within samples through Pielou’s Evenness, Shan-
non’s Diversity, and Faith’s Phylogenetic Diversity, respectively.

38 diversity is evaluated through ADONIS to determine significance in
qualitative dissimilarity and weighted phylogenetic differences between
samples through Jaccard Dissimilarity and Weighted UniFrac.

using ANOVA and ADONIS (Table 2, P < 0.05). An
interaction between treatment and time was not signifi-
cant for either @ or 8 metrics. The main effect of treat-
ment was significant for Shannon’s Diversity (P < 0.05)
but not other « metrics (P > 0.05). Time was not signifi-
cant across « diversity assessment (P > 0.05). Treat-
ment and time were both significant for Weighted
UniFrac and Jaccard Distance (P < 0.05).

Using Kruskal-Wallis to determine the main effect of
treatment among « metrics, there was a significant main
effect of treatment on Shannon’s Diversity (Figure 2),
but there were no significant pairwise differences
between the treatment groups (Supplemental Table 1;
P < 0.05, Q > 0.05). The main effect of treatment was
trending toward significance (P = 0.057) for Pielou’s
Evenness, and there was no effect of treatment on
Faith’s Phylogenetic Diversity Index (Supplemental
Table 2; P> 0.05). Thus, samples from trial 1 were not
different in evenness, richness, nor phylogenetically
weighted diversity.

Although there was no interaction between treatment
and time using ADONIS, there was a main effect for
both treatment and time (P < 0.05). Therefore, main
effect of treatment and subsequent pairwise differences
in B diversity between groups were determined using
PERMANOVA and PERMDISP. In addition, due to
the reporting of the main effect of time for both Jaccard
and Weighted UniFrac using ADONIS as significant
(P < 0.05), PCoA plots were separated by time for both
B diversity metrics (Figure 3). For Jaccard Dissimilarity,
PERMANOVA, and PERMDISP were significant for
the main effect of treatment (P < 0.05, Supplemental
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Figure 2. Trial 1 « box plot for Shannon Diversity group significance (N = 50, n = 10, k = 5, P < 0.05, Q > 0.05). Shannon Diversity, a measure
of richness and evenness, was the only o metric in which the main effect was significant through Kruskal-Wallis (P = 0.019). However, no differences
occurred between treatment groups (Q > 0.05). The treatments utilized were: a no inoculum, no treatment control (NINTC); a no treatment control
(NTC); a tap water control (TW); PAA + TW (600 ppm); CPC + TW (5,000 ppm). Rinsate samples from NINTC thighs were different from sam-
ples from thighs from all other groups. No significant differences were found between rinsates samples from other thighs (Q > 0.05).
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Figure 3. Trial 1 PCoA Emperor Plots of (A) Jaccard and (B) Weighted UniFrac. Because the main effect of treatment and time were signifi-
cant for both metrics using ADONIS (P < 0.05), time (0 h and 24 h) was used as the third axis, shown by the separated clusters.

Table 2). For Weighted UniFrac, PERMANOVA was
significant for the main effect (P < 0.05), but PERM-
DISP was not (P > 0.05). In both Jaccard Dissimilarity
and Weighted UniFrac, NINTC thigh samples were dif-
ferent from thighs from all other groups for PERMA-
NOVA (Q < 0.05, Supplemental Table 2). Significant
differences were not found between rinsate samples from
thighs of other treatment groups (Q > 0.05). Using
PERMDISP, the dispersion of the data was significant
between NINTC thighs and thighs from other groups
through Jaccard Dissimilarity (Q > 0.05).

Trial 2

Unlike trial 1, trial 2 focused specifically on the 24 h
time point to provide a more defined snapshot into the
microbiota response. Since treatment was the only main
effect of interest, ANOVA and ADONIS were not used
for this trial. Kruskal-Wallis was instead used to

determine significance of the main effect of treatment
for the o diversity metrics. Treatment was significant
for Pielou’s Evenness and Shannon’s Diversity (P <
0.05, Supplemental Table 3; Figure 4) but was not sig-
nificant for Faith’s PD (P> 0.05, Supplemental Table 3;
Figure 4). The microbiota on noninoculated thighs
(NINTC) was different in evenness and richness (Pie-
lou’s Evenness and Shannon’s Diversity) from the micro-
biota on thighs from all other groups (P < 0.05). The
microbiota from NTC thighs was different in evenness
and richness from the microbiota on thighs from all
treated thighs. There were no statistical differences in
microbiota evenness and richness in thighs treated with
TW, CPC, or PAA (Q > 0.05, Supplemental Table 3;
Figure 4).

Pairwise differences in 8 diversity between treatment
groups were again evaluated through PERMANOVA
and PERMDISP. The main effect of treatment was sig-
nificant in PERMANOVA for Jaccard Dissimilarity and

Weighted  UniFrac (P < 0.05, Figure 5;
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Figure 4. Trial 2 a group significance of (A) Pielou’s Evenness, (B) Shannon’s Diversity, and (C) Faith’s PD (P < 0.05, N = 25, n = 5,k = 5).
Pairwise comparisons are included in supplementary data. The treatments utilized were: a no inoculum, no treatment control (NINTC); a no treat-
ment control (NTC); a tap water control (TW); PAA + TW (PAA, 600 ppm); CPC + TW (CPC, 5,000 ppm).

Supplemental Table 4). Treatment was significant for
PERMDISP for Weighted UniFrac (P < 0.05), but not
for Jaccard (P> 0.05). In evaluating pairwise differences
through PERMANOVA, the microbiota on NINTC
thighs were statistically different in Jaccard Dissimilar-
ity to the microbiota on NTC thighs (Q < 0.05) but
were not different from the microbiota on thighs from all
other groups. The microbiota on NTC thighs were sig-
nificantly different from the microbiota on thighs
treated with CPC and TW (Q < 0.05). There were no
differences in Jaccard Dissimilarity between microbiota

on thighs treated with CPC, PAA, or TW (Q > 0.05).
Because the main effect of treatment was not significant
for PERMDISP in Jaccard, dispersions in the data did
not account for any of these differences (P < 0.05). In
evaluating pairwise differences through PERMANOVA,
the microbiota on NINTC thighs was different in
Weighted UniFrac from the microbiota on NTC thighs
and the microbiota on thighs treated with PAA and TW
(Q < 0.05). The microbiota on thighs treated with CPC
and on NINTC thighs were not different (Q > 0.05).
The microbiota on NTC thighs were different from the
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Figure 5. Trial 2 PCoA Emperor Plots of (A) Jaccard and (B) Weighted UniFrac. Treatment was significant through ADONIS for trial 2 (P <

0.05).

microbiota on thighs treated with CPC and TW, but
not PAA. There were no significant differences in the
diversities on thighs treated with TW, PAA, or CPC (Q
> 0.05). The only significant pairwise differences in
PERMDISP for Weighted UniFrac was between the
microbiota of the NINTC treated thighs and the
NTC thighs (P < 0.05, Q < 0.05). The pairwise differen-
ces between NINTC thighs and thighs treated with
PAA, and between NTC thighs and thighs treated with
CPC, were trending toward significance (P < 0.05, Q >
0.05).

ANCOM Compositional Diversity Analysis

Trial 1 ANCOM results revealed significant shifts due
to treatment and due to treatment over time at both the
phylum and genus levels (P < 0.05, Figures 6 and 7). At
the phyla level, due to treatment and time, all taxa
reported at the phylum level were significantly different
(P<0.05, W >0, Figure 6A). The most abundant phyla
on NINTC thighs at 0 h and 24 h were Firmicutes (P <
0.05, W = 1), and the most abundant phyla on all other
thighs at both time points were Proteobacteria (P <
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Figure 6. Significantly different taxa at the phyla level during trial 1 (P < 0.05, N = 50, n = 5, k = 5). (A) Interaction of treatment and time
using ANCOM, in which all reported phyla were significantly different (W > 0). Main effect of treatment using ANCOM, in which Epsilonbacter-
aeota (B; W = 10) and Proteobacteria (C; W = 7) were significantly different.

0.05, W = 2). At that same level, among the main effect
of treatment, Proteobacteria and Epsilonbacteriota were
significantly different (P < 0.05, W = 7, 10, respectively,
Figure 6B; Supplemental Figure 1) in relative abun-
dance. Proteobacteria (P < 0.05, W = 7) and Firmu-
cutes (P > 0.05, W = 1) had the highest numerical
relative abundances on all thighs, with Firmicutes
most prevalent on NINTC thighs and Proteobacteria
the most prevalent on all inoculated thighs. Of the
inoculated thighs, those treated with CPC had the low-
est numerical relative abundance of Proteobacteria and
the highest numerical relative abundance of Firmicutes.

At the genus level, the only significantly different taxa
were Ruminococcaceae UCG-014 (P < 0.05, W = 25,
Figure 7A; Supplemental Figure 2). The NINTC thighs
had the highest OTU reads of Ruminococcaceae UCG-
014 at both time points. Thighs treated with CPC at 24
h had the highest OTU reads of Ruminococcaceae
UCG-014 of the inoculated thighs but reads were rela-
tively similar otherwise for inoculated thighs at both
time points. Among the main effect of treatment, Enter-
obacteriaceae was significantly different in relative
abundance (P < 0.05, W = 313, Figure 7B). The NTC
thighs had the highest number of OTU reads of Entero-
bacteriaceae and thighs treated with CPC had the low-
est number of OTU reads.

Trial 2 ANCOM revealed significant shifts at the
phyla levels in microbiota due to treatment only. Only 4

phyla were significantly different in relative abundance:
Proteobacteria, Firmicutes, Bacteroidetes, and a previ-
ously unassigned taxonomy (P < 0.05, W = 3, 4, 2, and
8, respectively; Figure 8; Supplemental Figure 3). Simi-
lar to trial 1, NINTC thighs had the lowest relative
abundance of Proteobacteria (P < 0.05, W = 3) and the
highest of Firmicutes (P < 0.05, W = 4). Thighs treated
with CPC mirrored this pattern of relative abundances
of Proteobacteria and Firmicutes as the NINTC thighs.
There were no significant differences at the genus level
(P > 0.05), therefore the order level was analyzed, and
significant shifts were determined (Supplemental Figure
4). All reported taxa were significantly different at the
order level (P < 0.05; Figure 9). Numerically, thighs
treated with CPC had the lowest relative abundances of
Enterobacteriales for the inoculated thighs (P < 0.05,
W = 11), and greater relative abundances of Lactobacil-
lales (P < 0.05, W = 1) and Bacillales (P < 0.05,
W = 1), compared to the other inoculated thighs.
Thighs treated with CPC, PAA, and TW also exhibited
similar relative abundances of Bacillales, yet more than
the NTC thighs (P < 0.05, W =1).

DISCUSSION

The current study was performed to explore the
impact of a 20 s application of CPC and PAA as
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Figure 7. Significantly different taxa at the genus level during trial 1 (P < 0.05, N = 50, n = 5, k = 5). (A) Interaction of treatment and time
using ANCOM, in which Ruminococcaceae UCG-014 was significantly different in relative abundance (W = 134). (B) Main effect of treatment using
ANCOM, in which Enterobacteriaceae was significantly different in relative abundance (W = 313).

antimicrobial part dips on the microbiota of skin-on
chicken thighs when inoculated with Salmonella Infan-
tis. Quaternary ammonium cation surfactants such as
CPC are commonly utilized across food and health
industries as an antimicrobial surfactant (NCBI, 2021).
Surfactants have been demonstrated to lower the surface
tension of water on the skin of poultry and increase the
solubility of inorganic compounds, which may decrease
cell viability and the ability of bacterial cells to attach
to poultry skin (Kim and Day, 2007). In the current
study, when skin-on chicken thighs were treated with
CPC, the reduction of S. Infantis seen in response to
CPC was not different to that of the treatment of thighs
with PAA at 0 h. However only PAA treated thighs
were significantly different from NTC thighs. Nonethe-
less there was a possible inhibitory effect over time on
thighs treated with CPC. Previous reports have sug-
gested CPC disrupts cell viability and attachment to
skin, which may explain the current study’s effect show-
ing a reduction of loads of Salmonella and total aerobic
bacteria over time (Yegin et al., 2019). Nonetheless, it
remains unknown if the current inhibitory effect
occurred because the surfactant specifically prevents
attachment to the skin or if the agent alters Salmonella
adaptability.

In the current study, thighs treated with CPC and
PAA were not significantly different in the reduction of
S. Infantis or overall aerobic bacterial load at 0 h. At

0 h, the total Salmonella load on thighs treated with
CPC was not different from NTC thighs, while thighs
treated with PAA were. At 24 h thighs treated with
CPC were numerically lower in total aerobic microor-
ganisms than thighs treated with PAA, and thighs from
both groups were different from the NTC thigh group. It
is also interesting to note similar behavior in total Sal-
monella on thighs treated with TW and thighs treated
with CPC. In the current methodology, thighs treated
with CPC were also followed by a TW rinse, per 21 CFR
§ 173.375 (U. S. Food and Drug Administration, 2020).
The mechanical rinsing control treatment did inhibit
over time similar to the CPC treatment, but this behav-
ior was not seen again in total aerobic load. Thighs
treated with TW were also significantly different from
NTC thighs at 24 h but were not different at 0 h. Thus,
the additional mechanical rinsing of poultry parts may
have then played a role in removing loosely attached
Salmonella when treated with CPC, which would not be
done in a typical processing procedure by PAA (Lil-
lard, 1989; USDA-FSIS, 2021).

Previously reported findings are inconsistent on the
effectiveness of PAA and CPC as antimicrobials applied
to poultry carcasses, varying based on the method of use
(i.e., dip or spray), using a water dip or a pressurized
water spray after CPC treatment, concentration, and as
use of meat and point of inoculation (Scott et al., 2015;
Chylkova et al., 2017; Moore et al., 2017; Zhang et al.,
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Figure 8. Significantly different taxa at the phyla level during trial 2 (P < 0.05, N = 25, n = 5, k = 5). Main effect of treatment using ANCOM,
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W = 3), and Bacteroidetes (D; W = 2).

2018). As such, Scott et al. (2015) determined that PAA
reduced Salmonella over time while CPC was not differ-
ent at 0 h or 24 h when chicken wings were inoculated
with a five-strain Salmonella inoculum (Montevideo,
Typhimurium, Heidelberg, Enteritidis, and Newport)
and treated with either PAA or CPC. In addition,
Zhang et al. (2018) found that CPC treatment in a post-
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Figure 9. Significantly different taxa at the order level during trial 1
(P<0.05 N =25 n =5,k =5). Main effect of treatment using ANCOM,
in which all reported orders were significantly different (W > 0).

cut-up immersion tank at 0.35% and 0.60% reduced Sal-
monella on chicken breasts by 2.5 and 3.5 log CFU /sam-
ple and reduced Campylobacter by 4 and 5 log CFU/
mL. Alternatively, PAA at 0.07% and 0.1% reduced Sal-
monella and Campylobacter by only 1.5 log CFU/mL
(Zhang et al., 2018). In an in vitro simulated chiller tank
for 90 min at 4°C, Chylkova et al. (2017) concluded that
CPC at 2,000 ppm effectively reduced several species of
Salmonella as well as FEscherichia coli. However,
Moore et al. (2017) found that the treatment of ground
chicken frames that had been inoculated with Salmo-
nella Heidelberg and Campylobacter jejuni with CPC
(6,000 ppm or 0.6%) and PAA (1,000 ppm) resulted in a
0.9 and 1.4 log;o CFU /g of Salmonella at 24 h post-treat-
ment. In summation, validating the best methods for
utilizing CPC may be useful to explore in future studies
for poultry processors to reduce pathogenic contamina-
tion successfully.

While traditional microbiological techniques have
historically been utilized for pathogen detection in poul-
try processing, the increasing accessibility of next-gener-
ation sequencing has initiated a more in-depth approach
for understanding the role of microbial ecosystems on
carcasses and throughout processing plants (Rothrock
et al., 2016; Kim et al., 2017; Handley et al., 2018;
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Wages et al., 2019; Feye et al., 2020a). While previous
research has explored shifts in carcass microbiota
throughout commercial poultry processing and reported
possible relationships between indigenous pathogens
and nonpathogen microbial taxa present on poultry
meat and skin, these studies stop short of pathogen inoc-
ulation (Kim et al., 2017; Handley et al., 2018;
Wages et al., 2019). In fact, the inoculation of chicken
thighs at such a level in the current study, although pro-
viding valuable information, impeded the background
microbiota from behaving more naturally as what would
be seen in a commercial scenario. There was a bottleneck
of OTU reads across trials because of inoculation, espe-
cially since the current sequencing pipeline could not
quantify the ecological differences of the microbiota and
are instead presented on a relative basis (Feye et al.,
2020a). This is evident by the differences in significance
between trials for « and g diversity.

Trial 1 Shannon’s Diversity was significant for the
main effect but not for any pairwise differences (Figure 2,
Supplemental Table 1). Pielou’s Evenness was also
trending toward significance for the main effect
(Supplemental Table 1). Shannon’s Diversity measures
species richness and evenness, or the number of species
and their abundances, within samples and then com-
pares these diversities between samples (Pielou, 1966).
Differences occurring between the noninoculated and
inoculated thighs were expected as those inoculated had
a higher microbial count due to the loosely attached
microorganisms on the thighs (Lillard, 1989). Although
differences in Shannon’s Diversity were trending toward
significance, especially between NTC and NINTC
treated thighs, the overall species richness and evenness
between the groups were not significantly different,
revealing the background microbiota were similar in
richness and evenness. The lack of significance for
Faith’s PD (Supplemental Table 1), which weighs eco-
logical differences phylogenetically, is further evidence
of the background microbiota having similar taxonomi-
cal distribution between thighs during this trial and
may explain why time was not significant. For trial 2,
there were more significant differences in « diversity
between groups at 24 h. The noninoculated thighs were
different in all three diversity metrics from inoculated
thighs, with the exception of TW-treated thighs through
Faith’s PD (Figure 4, Supplemental Table 3). Similarly,
NTC thighs were different from all other thighs (inocu-
lated or not) in all diversity metrics, except for thighs
treated with CPC through Faith’s PD (Figure 4,
Supplemental Table 3). By 24 h post-treatment, the
microbiota may have stabilized as the loosely attached
microorganisms and dead cells may not have been as
present in the rinsates, explaining the significant differ-
ences in trial 2 that were not as evident in the first trial
(Lillard, 1989).

Similarly, B diversity results varied between trials. For
trial 1, NINTC thighs were different in Jaccard and
Weighted UniFrac from all inoculated thighs, but there
were no differences between inoculated groups (Figure 3,
Supplemental Table 2). For trial 2, there were

differences in Jaccard between noninoculated thighs and
only NTC thighs. For Weighted UniFrac, the noninocu-
lated thighs were different from all other inoculated
thighs except for thighs treated with CPC. Furthermore,
there were significant differences between NTC thighs
and thighs treated with tap water and thighs treated
with CPC for Jaccard and Weighted UniFrac. As previ-
ously stated, the mechanical rinsing due to tap water for
both treatments may have more successfully removed
loosely attached cells from the chicken parts, and by 24
h post-treatment this effect was more apparent for back-
ground microbiota. The differences in the current results
by looking at treatment and time versus only looking at
the 24 h time point between the 2 trials may provide
insight for future microbiome shelf-life studies. By using
sequencing analysis pipelines in multiple ways, future
studies may gain a multitude of insights that following
only one pipeline may not otherwise give.

The use of ANCOM provides the ability to quantita-
tively evaluate relative differences in composition due to
treatment and over time. The current research looked at
variations in taxa at the phylum, order, and genus levels.
Because this research was looking at shifts in the micro-
biota of inoculated pieces, an overwhelming proportion
of OTU reads from the inoculated Salmonella species
dominated the results, which is apparent in the current
ANCOM results. There was background Proteobacteria
(and subsequently FEnterobacteriaceae) on NINTC
thighs during both trials; however, the influence on com-
parisons of taxon due to inoculation is apparent on inoc-
ulated thighs. Nonetheless, thighs treated with CPC
had greater relative diversities in OTUs of indigenous
microbial taxa during both trials and time points than
the other inoculated thighs, including the greatest rela-
tive abundance of Firmicutes and the subsequent orders
within.

During trial 1, there was a significant difference in rel-
ative abundance of Enterobacteriaceae when evaluating
treatment only. Figure 6A shows a similar change in
numerical abundance of OTU reads of Enterobacteria-
ceae as shown in the microbiological data (Figure 1A),
suggesting treatment and the inoculated S. Infantis
influenced these reads. It is interesting to note a wider
distribution of OTU reads of Enterobacteriaceae due
to PAA treatment compared to CPC treatment
(Figure 6A). Alternatively, ANCOM results for treat-
ment by time for this trial revealed Ruminocaccaceae
UCG-014 as the only significantly different genus. Inter-
estingly, thighs treated with CPC at 24 h had the high-
est number of OTU reads of this taxon of the inoculated
thighs.

By analyzing the 24 h time point only, the results of
trial 2 were advantageous in revealing the effects of
treatment on background taxa as the background micro-
biota may have stabilized by this time point as revealed
by the o and B diversity results. Furthermore, because
current sequencing analysis techniques cannot differenti-
ate the DNA of live, recoverable, or dead bacterial cells
(Feye et al., 2020a), the 0 h time point samples during
trial 1 may have contributed to the lack of significance
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between o and g diversity metrics. In addition, during
trial 2, of the significantly different taxa determined
through ANCOM at the order level, thighs treated with
CPC had the lowest abundance of Enterobacteriales in
relation to the abundances of background taxa such as
Lactobacillales (Supplemental Figure 4). Also, thighs
treated with CPC, PAA, and TW had greater relative
abundances of Bacillales in relation to other taxa than
the NTC thighs. The inoculation of thighs with Salmo-
nella Infantis also resulted in a high relative abundance
of Enterobacteriales among NTC thighs and those
treated with PAA. Nonetheless, thighs treated with
CPC or TW had greater relative abundances of back-
ground indigenous microorganisms despite inoculation.
It is also interesting to note that there was a 1.2 logg
CFU/mL numerical difference between the NINTC
thighs at 0 and 24 h post-treatment. This numerical dif-
ference is not typical of shelf-life; however, these time
points were not significantly different as seen in
Figure 1B. The lack of difference is most likely due to
the distribution of the data which may be attributed to
the background microbiota present on the obtained
thighs. Due to the overwhelm of Salmonella in the
sequencing pipeline, it was not possible to explore the
endogenous microbiota thoroughly. Further explora-
tions into inoculated carcass microbiota through shelf-
life studies may provide more insight into the impact
CPC may have had in these results.

CONCLUSIONS

The current study revealed a possible over-time inhib-
itory effect on Salmonella Infantis when treated with
CPC that was not observed among the thighs treated
with PAA. The treatment of chicken thighs with CPC
resulted in an increased reduction in Salmonella over
time (0 and 24 h), while thighs treated with PAA
remained static. Further studies assessing skin invasion
and attachment by using transcriptomic or reverse tran-
scriptase-qPCR. analyses to explore CPC use on S.
Infantis and other Salmonella strains may provide more
insight into the exact roles of cationic surfactants inhib-
iting Salmonella species. These assays can further
explore cellular behavior and responses, including
genetic up- and down-regulations, which the current
study did not assess.

Treatment of thighs with CPC also allowed the micro-
biota to overcome the bottleneck of Proteobacteria and
Enterobacteriales that was most likely due to the inocu-
lation of thighs with Salmonella Infantis. As a limitation
of short-read sequencing, the current sequencing pipe-
lines cannot quantitatively describe population differen-
ces between specific taxa or define species (Grim et al.,
2017; Feye et al., 2020a). This limitation is especially
problematic for enteric pathogens such as Salmonella
enterica serovars, as they have few copies of the 16S
region and are similar to other enteric species such as F.
coli (Grim et al., 2017). Despite this, the current results
show significant shifts due to treatment. As sequencing

technologies and analysis pipelines become more refined
and quantitative, exploring indigenous microbiota in
response to pathogenic microbial presence may help pro-
vide better insight into indicator taxa in addition to tra-
ditional microbiological data.

Finally, all parts used for this study were gathered
from an outside processing facility, setting no control
measures regarding the feed, farms, flocks, trucks, or
processing day. Variations in skin microbiota can
depend on many factors and are not limited to antimi-
crobial treatment. The current results reveal that only
one or 2 trials may provide a small snapshot into the
skin microbiota, as several confounding variables may
exist in the pipeline between the farm and the processing
plant. In the future, it will be essential to repeat these
types of studies over multiple trials with sufficient repli-
cation for more in-depth analyses.
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