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ABSTRACT  Campylobacter jejuni infection in hu-
mans is strongly associated with the consumption of
contaminated poultry products. With increasing con-
sumer demand for minimally processed and natural
product, there is a need for novel intervention strate-
gies for controlling C. jejuni. Antimicrobial coatings
are increasingly being used for preventing food con-
tamination due to their efficacy and continuous pro-
tection of product. This study investigated the efficacy
of pectin and chitosan coating fortified with eugenol
to reduce C. jejuni on chicken wingettes. Pectin, chi-
tosan, and eugenol are generally recognized as safe sta-
tus compounds derived from berries, crustaceans, and
cloves respectively. Each wingette was inoculated with
a mixture of 4 wild-type strains of C. jejuni (approx-
imately 10" CFU/sample) and randomly assigned to
controls, pectin (3%), chitosan (2%), eugenol (0.5, 1, or
2%), or their combinations. Following 1 min of coating,
wingettes were air-dried, vacuum sealed, and sampled
on 0, 1, 3, 5, and 7 d of refrigerated storage for C. je-
juni and aerobic counts (n = 5 wingettes/treatment/d).
In addition, the effect of treatments on wingette color

and expression of C. jejuni survival /virulence genes was
evaluated. All 3 doses of eugenol or chitosan signif-
icantly reduced C. jejuni and aerobic bacteria from
0 d through 7 d. Incorporation of 2% eugenol in chi-
tosan improved coating efficiency and reduced C. je-
juni counts by approximately 3 Log CFU/sample at
the end of 7 d of storage (P < 0.05). Similarly, the
antimicrobial efficacy of pectin was improved by 2%
eugenol and the coating reduced C. jejuni by approxi-
mately 2 Log CFU /sample at 7 d of storage. Chitosan
coating with 2% eugenol also showed greater reduc-
tions of total aerobic counts as compared to individual
treatments of eugenol and chitosan. No significant dif-
ference in the color of chicken wingettes was observed
between treatments. Exposure of C. jejuni to eugenol,
chitosan, or combination significantly modulated select
genes encoding for motility, quorum sensing, and stress
response. Results demonstrate the potential of pectin or
chitosan coating fortified with eugenol as a postharvest
intervention against C. jejuni contamination on poultry
products.
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INTRODUCTION

Campylobacter is a major foodborne pathogen caus-
ing bacterial illness in humans worldwide (Mangen
et al., 2016; Marder et al., 2017). The incidence
of this pathogen recently surpassed the incidence of
Salmonella (17.43 vs. 16.66 per 100,000) in the United
States with the incorporation of culture-independent
diagnostic tests (Marder et al., 2017). Out of 17
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species of Campylobacter, Campylobacter jejuni is re-
sponsible for 90% of the campylobacteriosis in humans
(Hermans et al., 2011). C. jejuni is frequently associated
with gastroenteritis, reactive arthritis, and Guillain-
Barré syndrome (Spiller, 2007; Gradel et al., 2009). The
primary source of human Campylobacter infection re-
ported through risk assessment studies is the consump-
tion and handling of poultry products (Friedman et al.,
2004; Danis et al., 2009). The high level of Campylobac-
ter in the ceca of birds (approximately 10° CFU/g) and
low infective dose (approximately 500 CFU) poses a se-
rious public health concern if carcasses are not properly
decontaminated (Beery et al., 1988; Black et al., 1988;
Achen et al., 1998).

Studies have shown that C. jejuni survives during
poultry processing and can cross-contaminate poultry
carcasses (Stern et al., 2001; Allen et al., 2007). The
poultry producers rely on the use of various chemicals
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for washing poultry carcasses to decrease the micro-
bial load. Peracetic acid is the most commonly used
antimicrobial for decontamination of carcasses during
processing; however, it results in minimal reduction (ap-
proximately 1.5 Log) and can cause irritation at high
concentration (>1,000 ppm) that could lead to occupa-
tional hazards (Bauermeister et al., 2008; Nagel et al.,
2013; Pechacek et al., 2015; The Poultry Site, 2015).
Similarly, chlorine has limited effectiveness and its effi-
cacy further decreases in the presence of organic matter
and a pH above 7.0 (Northcutt et al., 2005; Oyarzabal,
2005). The generation of potential mutagens from the
reaction of chlorine and organic materials further raises
concerns owing to associated health hazards, includ-
ing cancer (Donato and Zani, 2010; Dore, 2015). As
an alternative to peractic acid and chlorine, various
other chemicals including trisodium phosphate, hy-
drogen peroxide, and organic acids have been stud-
ied (Zhao and Doyle, 2006; Bauermeister et al., 2008;
Riedel et al., 2009; Birk et al., 2010). However, the
aforementioned chemicals have limited effectiveness and
can cause discoloration of carcass and residues in meat
(Bilgili et al., 1998; SCVPH, 1998; EFSA BIOHAZ
Panel, 2014).

Numerous studies have focused on plant-derived an-
timicrobials as an alternative of conventional chemical-
based treatments to decontaminate food products (Pei
et al., 2009; Mattson et al., 2011; Olaimat et al., 2014;
Calo et al., 2015; Olaimat and Holley, 2015; Upad-
hyay et al., 2015, 2016; Woo-Ming, 2015; Wagle et al.,
2017a). The antimicrobial coating on poultry products
represents a viable intervention to reduce or eliminate
foodborne pathogens (Cagri et al., 2004; Ricke and
Hanning, 2013). However, few studies have utilized an-
timicrobial coating on poultry cuts to reduce Campy-
lobacter (Olaimat et al., 2014; Woo-Ming, 2015), and
there are no reports on the efficacy of pectin and
chitosan coating fortified with eugenol in reducing C.
jejuni load on chicken wingettes. The incorporation
of antimicrobial agents in the coatings offers several
advantages such as increased contact time, and pos-
sible synergism between 2 compounds thereby requir-
ing low concentrations to inhibit or reduce foodborne
pathogens (Cagri et al., 2004; Sangsuwan et al., 2009).
Additionally, the coatings remain on the food prod-
uct thereby protecting foods from contamination dur-
ing storage and handling. Pectin is a plant-derived
heteropolysaccharide and commonly used as a gelling
and thickening agent in jelly, marmalades, and confec-
tionaries and as edible coating in foods (Moalemiyan
et al., 2012). Chitosan is a linear polysaccharide ob-
tained from crustaceans with significant antimicrobial
activity against Salmonella, Listeria, and C. jejuni
(Ganan et al., 2009; Olaimat et al., 2014; Olaimat and
Holley, 2015; Upadhyay et al., 2015; Woo-Ming, 2015).

Various active components with significant antimi-
crobial efficacy from plant sources have been reported
(Burt, 2004; Calo et al., 2015). Eugenol (EG) is the ac-
tive component of clove oil (Fugenia caryophyllus) and
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has shown significant antimicrobial efficacy as an an-
timicrobial wash or as chitosan-based coating on food
products against various foodborne pathogens includ-
ing Listeria monocytogenes (Upadhyay et al., 2015),
Salmonella (Mattson et al., 2011; Upadhyaya et al.,
2016), and FEscherichia coli (Pei et al., 2009). All of
the aforementioned compounds are classified as gener-
ally recognized as safe by the US FDA for use in foods
(Code of Federal Regulations 21 part 184, 170, and 172
for pectin, chitosan, and eugenol, respectively).

The objective of this study was to investigate the
efficacy of pectin and chitosan coating fortified with
eugenol to reduce C. jejuni on chicken wingettes. In ad-
dition, the effect of treatments on the color of chicken
wingettes was evaluated. Moreover, the effect of treat-
ments on the expression of C. jejuni genes essential for
survival and virulence was also determined.

MATERIALS AND METHODS

Campylobacter Strains and Culture
Conditions

Four wild-type strains (S-1, S-3, S-4, S-8) of C. je-
juns isolated from commercial poultry were cultured ac-
cording to a standard published method (Wagle et al.,
2017a,b). Each C. jejuni strain was cultured in Campy-
lobacter enrichment broth (CEB; catalog no. 7526A,
Neogen Corp., Lansing, MI) for 48 h followed by subcul-
ture for 24 h under microaerophilic conditions at 42°C.
The strains were centrifuged at 3,000 rpm for 10 min
and washed twice in Butterfield’s phosphate diluent
(BPD; 0.625 mM potassium dihydrogen phosphate, pH
7.2). Each strain was appropriately diluted for plating,
and equal portions of the strains were combined to use
as the inoculum for the study.

Preparation of Coating Treatments

Two coating materials namely pectin and chitosan
were used as carriers of eugenol on chicken wingettes.
For the study with pectin, 3% pectin solution was pre-
pared as described previously (Upadhyaya et al., 2016).
Briefly, 3 g of pectin powder obtained from citrus peel
(catalog no. P9135, Sigma-Aldrich Co., St. Louis, MO)
was added to BPD and heated to 60°C for 15 min.
For the study with chitosan, medium molecular weight
(MMW; 190 to 310 kDa) chitosan (catalog no. 448877,
Sigma-Aldrich) was chosen as carrier for eugenol and its
2% solution was prepared in 50 mM acetic acid (catalog
no. UN2789, Thermo Fisher Scientific, Fair Lawn, NJ)
according to a previously published method with slight
modifications (Upadhyay et al., 2015). Three concen-
trations of eugenol (0.5, 1, and 2%) were prepared by
adding required volume of eugenol (catalog no. E51791,
Sigma-Aldrich) into BPD solution followed by mixing
with a magnetic stirrer for 30 min. The eugenol coat-
ing treatments (0.5, 1, and 2% EG) were prepared by
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adding appropriate quantity of eugenol in 3% pectin
or 2% chitosan solution. The concentrations of coating
treatments were selected based on preliminary experi-
ments on adherence and antimicrobial strength of the
coating on chicken wingettes. The BPD and 50 mM
acetic acid in BPD were included as controls. The pHs
of all the solutions were adjusted using 10 N NaOH to
6.5 £+ 0.2.

Evaluation of Antimicrobial Efficacy of
Coating Treatments on Chicken Wingettes

A published method was used to evaluate the an-
timicrobial activity of coating treatments (Olaimat
et al., 2014). Briefly, chicken wingettes were made from
chicken wings procured from University of Arkansas pi-
lot processing plant and inoculated with 50 puL mixture
of C. jejuni (approximately 10" CFU/sample) followed
by air-drying for 30 min to facilitate bacterial adher-
ence. Wingettes were coated with controls (BPD, acetic
acid), eugenol (0.5, 1, and 2%), coating materials (3%
pectin or 2% chitosan), or coating materials fortified
with eugenol for 1 min followed by air-drying for 30 min
on each side. All the samples were vacuum-sealed and
stored at 4°C until sampling on 0, 1, 3, 5, and 7 d.

Enumeration of C. jejuni and Aerobic
Bacteria on Chicken Wingettes

For the processing of chicken wingettes, each wingette
was dipped in 30 mL of Dey-Engley neutralizing broth
(catalog no. C7371, Hardy Diagnostics, Santa Maria,
CA) and blended using stomacher (Stomacher® 400
Circulator, Steward Ltd, Worthing, West Sussex, UK)
at 250 rpm for 30 s. For all samples, a serial dilu-
tion (1:10) of each sample was made and plated on
Campylobacter line agar plates (Line, 2001) and tryptic
soy agar (catalog no. DF0369-17-6, Becton, Dickinson
and Company, Sparks, MD) plates. C. jejuni counts
were enumerated after incubation at 42°C under mi-
croaerophilic condition for 48 h and aerobic bacteria
were enumerated after incubation under aerobic condi-
tion at 37°C for 24 h.

Color Analysis

For the color analysis, a separate batch of chicken
wingettes not inoculated with C. jejuni was allocated
and coated with treatments as mentioned above. Fol-
lowing air-drying of wingette samples, color of the sam-
ples was measured using a chroma meter (CR 400/410,
Konica Minolta Sensing Americas, Inc., Ramsey, NJ) as
described previously (Wagle et al., 2017a). The chroma
meter provides information about 3 different colors (L,
a, and b indicating relative lightness, redness, and yel-
lowness, respectively). The instrument was calibrated
against a tile, and average color values were recorded
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from 3 different locations on each sample. The samples
were then vacuum-sealed to store at 4°C.

Gene Expression Analysis Using Real-Time
Quantitative PCR

The effect of eugenol, chitosan, and their combi-
nation on the expression of survival and virulence
genes of C. jejuni was studied as described previously
(Wagle et al, 2017a,b) using real-time quantitative PCR
(RT-qPCR) in the presence of chicken meat exu-
date. Chicken meat exudate was prepared according
to a standard published method (Birk et al., 2004).
Following the mid-log growth of a wild strain of C.
jejuni (S-8) in CEB at 42°C under microaerophilic con-
dition, bacteria were exposed to chicken meat exudate
treated with subinhibitory concentrations (SICs) of
eugenol (0.0125%) or chitosan (0.0125%) or their com-
bination for 1 h at 25°C. The total RNA was extracted
using RNA mini kit (catalog no. 12183018A, Invitro-
gen, Carlsbad, CA) and treated with DNase I (cata-
log no. 18068015, Thermo Fisher Scientific, Foster city,
CA). The complementary DNAs (cDNA) were pre-
pared using iScript ¢cDNA synthesis kit (catalog no.
1708890, Bio-Rad Laboratories, Inc., Hercules, CA).
Primer 3 software (National Center for Biotechnology
Information, Bethesda, MD) was used for designing
all the primers from Gene Bank and obtained from
Integrated DNA Technologies, Inc. (Coralville, TA)
(Table 1). The amplified products were detected by us-
ing SYBR Green reagent (iQ SYBR Green Supermix,
catalog no. 1708880, Bio-Rad Laboratories, Inc.). Data
were normalized to endogenous control (165 rRNA),
and relative quantification of amplified genes was calcu-
lated using the comparative critical threshold (AACY)
method on the QuantStudio 3 Real-Time PCR system
(Applied Biosystems, Thermo Fisher). Duplicate sam-
ples were used, and the study was repeated 3 times
(n = 6).

Statistical Analysis

The study was a completely randomized design. In
total, 4 trials were conducted on the chicken wingettes
with 5 wingettes per treatment per storage day for 225
and 250 wingettes in total per pectin and chitosan trial,
respectively. Each trial was replicated twice (n = 950
chicken wingettes per total trials). For the analysis, bac-
terial counts were logarithmic transferred to maintain
the homogeneity of variance (Byrd et al., 2001) and the
data of color analysis and gene expression were pooled
before analysis. The data were analyzed by using the
PROC MIXED procedure in SAS version 9.3 software
(SAS Institute Inc., Cary, NC). The treatment means
were separated by least-square means analysis, and the
significance level was P < 0.05 for statistical difference.
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Table 1. Primers used for gene expression analysis using real-time quantitative PCR.

Gene with accession no. Primer Sequence (5'-3")

16S-rRNA (NC_002163.1) Forward 5- ATAAGCACCGGCTAACTCCG-3
(product length 78 bp) Reverse 5-TTACGCCCAGTGATTCCGAG-3
motA (NC_002163.1) Forward 5-AGCGGGTATTTCAGGTGCTT-3
(product length 75 bp) Reverse 5-CCCCAAGGAGCAAAAAGTGC-3¥
motB (NC_.002163.1) Forward 5-AATGCCCAGAATGTCCAGCA-3
(product length 51 bp) Reverse 5-AGTCTGCATAAGGCACAGCC-3
fliA (NC_002163.1) Forward 5-AGCTTTCACGCCGTTACGAT-3
(product length 56 bp) Reverse 5-TCTTGCAAAACCCCAGAAGT-3
cetA (NC.002163.1) Forward 5-CCTACCATGCTCTCCTGCAC-3
(product length 78 bp) Reverse 5-CGCGATATAGCCGATCAAACC-3
cetB (NC_002163.1) Forward 5-GCCTTGTTGCTGTTCTGCTC-3
(product length 88 bp) Reverse 5-TTCCGTTCGTCGTATGCCAA -3
cadF (NC_002163.1) Forward 5-CGCGGGTGTAAAATTCCGTC-3
(product length 135 bp) Reverse 5-TCCTTTTTGCCACCAAAACCA-3
ciaB (NC_002163.1) Forward 5-TCTCAGCTCAAGTCGTTCCA-3
(product length 50 bp) Reverse 5-GCCCGCCTTAGAACTTACAA-3
jlpA (NC_002163.1) Forward 5-AGCACACAGGGAATCGACAG-3
(product length 66 bp) Reverse 5-TAACGCTTCTGTGGCGTCTT-3
sodB (NC_002163.1) Forward 5-CAAAACTTCAAATGGGGGCGT-3
(product length 98 bp) Reverse 5-CACAGCCACAGCCTGTACTT-3
katA (NC_002163.1) Forward 5-ATGCTGAACGCGATGTGAGA -3
(product length 99 bp) Reverse 5- CGCGGATGAAGAATGTCGGA-3
luzS (NC-002163.1) Forward 5-AGTGTTGCAAAAGCTTGGGA-3
(product length 106 bp) Reverse 5-GCATTGCACAAGTTCCGCAT-3'
racS (NC_002163.1) Forward 5-AGACAAGTTGCCGAAGTTGC -3
(product length 79 bp) Reverse 5-AGGCGATCTTGCCTACTTCA-3
racR (NC_002163.1) Forward 5-AGAGAACAGCTTGTAAGTCGCT-3
(product length 83 bp) Reverse 5-ACCCTTAAGCGACCGATGAT -3/

RESULTS

Antimicrobial Efficacy of Coating Treatment
With or Without Eugenol Against C. jejuni
on Chicken Wingettes

The effect of eugenol in reducing C. jejuni on chicken
wingettes was evaluated in both pectin and chitosan tri-
als presented in Tables 2 and 3, respectively. C. jejuni
counts recovered from the wingettes not subjected to
coating treatment (baseline) ranged from 5.27 to 6.72
Log CFU/sample in all the trials. Washing with BPD
produced a maximum reduction of approximately 1.44
Log CFU/sample compared to baseline in pectin trials
(Table 2); however, in the chitosan trial 2 (Table 3),
the reduction was not significant on 0 and 3 d. The
0.5, 1, and 2% eugenol consistently reduced C. jejuni
counts on chicken wingettes by at least 0.8, 0.56, 0.66,
and 0.72 Log CFU/sample compared to BPD control
in trials 1 and 2 of pectin and chitosan studies, respec-
tively. Among the 3 doses of eugenol, 2% produced sig-
nificantly greater reductions than 0.5% on 0 and 7 d
in both pectin trials, 7 d in chitosan trial 1, and on 0
and 1 d in chitosan trial 2. Similarly, 2% EG was more
effective than 1% EG on 0 and 7 d in pectin trial 1, 1
and 3 d in pectin trial 2, 7 d in chitosan trial 1, and 0
and 1 d in chitosan trial 2. There was significant differ-
ence in anti-Campylobacter effect between 0.5 and 1%

EG on 7 d in pectin trial 2; however, the results were
not consistent between trials.

The effect of pectin as a coating material and the
eugenol-pectin coating combinations against C. jejuni
is presented in Table 2. Pectin consistently reduced C.
jejuni counts on majority of storage time points by at
least 0.6 Log CFU/sample as compared to non-coated
(baseline) chicken wingettes. However, there were no
consistent differences between pectin and BPD controls
in both trials. Incorporation of eugenol in the pectin
coating consistently improved the anti- Campylobacter
activity of pectin (P < 0.05), but the combination was
similar in efficacy as compared with eugenol in majority
of storage days (P > 0.05). Among the 3 combination
treatments, 2% eugenol-pectin combination produced
at least 2.1 Log CFU /sample reduction and this was sig-
nificantly greater when compared with 0.5% combina-
tions in most of the storage days (0, 1, 5, and 7 d in trial
1 and 0, 1, and 5 d in trial 2). Similarly, this reduction
was significantly greater in 2 storage days (0 and 5 d in
trial 1 and on 1 and 3 d in trial 2) as compared to 1%
combination treatment. There were no significant dif-
ferences between 0.5 and 1% combination treatments of
pectin and eugenol with the exception on 1 d in trial 1.

Table 3 shows the effect of chitosan coating either
alone or in combination with eugenol against C. jejuni
on chicken wingettes. Chitosan coating consistently re-
duced C. jejuni counts with a range from 0.74 to 2.06
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Table 2. The efficacy of eugenol (0, 0.5, 1, or 2%), pectin (0 or 3%), and their combinations as coating treatment to reduce C. jejuni
on chicken wingettes.!

1d

3d

5d

7d

Trial no. Treatments 0d

1 Baseline 6.55 + 0.07**
BPD control 5.41 4 0.05"
0.5% Eugenol 4.57 + 0.21°%
1% Eugenol 4.51 + 0.11%*
2% Eugenol 3.95 + 0.124%
3% Pectin 5.57 £ 0.12b=
0.5% Eugenol +3% Pectin 4.66 + 0.16%*
1% Eugenol + 3% Pectin 4.38 + 0.13%4x
2% Eugenol + 3% Pectin 3.40 + 0.27°%

2 Baseline 6.72 + 0.05%"

BPD control
0.5% Eugenol
1% Eugenol

5.69 + 0.07"v
4.74 £ 0.13%9x
4.42 + 0.23%00x

2% Eugenol 412 4 0.275
3% Pectin 5.55 & 0.14>Y
0.5% Eugenol +3% Pectin 4.90 £+ 0.13%v

1% Eugenol + 3% Pectin
2% Eugenol + 3% Pectin

4.61 + 0.18¢dex
4.22 + 0.33%0Lv

6.14 + 0.14%%Y
5.21 £ 0.15"%
4.04 + 0.11¢4
4.01 £+ 0.11¢9¥
3.88 + (.09¢dex
5.35 + 0.18P*¥
4.31 + 0.08¢%%
3.75 £ 0.14%ev
3.50 + 0.27%%
6.11 + 0.06*~
4.92 + 0.05%%
4.19 £ 0.17%ey
4.37 + 0.074x
3.75 £ 0.15%%Y
5.49 + 0.17>%v
4.31 + 0.374x
4.41 + 0.16%x
3.85 £ 0.17%%

5.77 + 0.112Y
5.03 4 0.06"%Y
3.98 + 0.17%Y
3.94 + 0.12¢dy>
3.60 + 0.14%4x
4.79 + 0.11b*
3.97 + 0.11¢4
3.73 £ 0.10%4¥
3.50 + 0.114x
6.17 &+ 0.16°%
4.73 + 0.05PY
3.93 + 0.084¥
4.11 + 0.05%*
3.62 + 0.224
5.06 4 0.05P%Y

4.07 £ 0.1260%

4.20 + 0.06%Y
3.65 £+ 0.134x¥

6.06 + 0.05%Y
4.98 £ 0.07>
3.98 + 0.19%Y
3.98 + 0.13%¥
3.55 4+ 0.27¢dx
5.03 4 0.17>¥*
3.81 + 0.12¢%
3.86 + 0.20%
3.16 + 0.30%x
5.63 £ 0.06*Y
4.53 + 0.08¢%
3.85 4 0.16%¢
3.48 4+ 0.17%Y
3.46 + 0.18%
5.03 + 0.11%Y
4.05 + 0.14%%y
3.83 4+ 0.19%eY
3.47 £ 0.15%%Y

5.81 4 0.05%Y
4.83 4+ 0.11"
3.58 + 0.11¢d
3.29 + 0.394~
2.58 4+ 0.37%Y
4.82 + 0.23"*
3.83 + 0.07¢%
3.60 £ 0.23¢0¥
3.17 + 0.184x
5.27 + 0.05%”
4.51 + 0.08"Y
3.95 £ 0.08%Y
3.48 + 0.264Y
3.31 + 0.24%
4.55 + 0.14>7
3.73 £+ 0.19%4¥
3.57 + 0.12¢4%
3.37 4+ 0.23%

In = 5 replicates per treatment per day per trial. Values (Log CFU/sample) presented as mean + standard error of the mean. Within the same
trial, different superscripts a—f in columns and w-z in rows differ significantly at P < 0.05.

Table 3. The efficacy of eugenol (0, 0.5, 1, or 2%), chitosan (0 or 2%), and their combinations as coating treatment to reduce C.
jejuni on chicken wingettes.!

Trial no. Treatments 0d 1d 3d 5d 7d

1 Baseline 6.09 + 0.08% 5.78 4 0.09** 5.85 + 0.11%% 5.89 + 0.11%% 5.93 £ 0.128%
BPD control 5.08 4 0.03"* 4.98 + 0.12"% 4.88 + 0.15* 4.90 + 0.10>* 4.82 + 0.08"*
0.5% Eugenol 4.28 + 0.09%* 4.30 £ 0.10%9% 4.07 £ 0.06%* 4.20 £+ 0.06%* 4.16 £ 0.09%*
1% Eugenol 3.88 + 0.41¢4x 4.24 + 0.08¢4x 3.95 + 0.23%% 4.05 + 0.15%* 4.15 + 0.08%*
2% Eugenol 3.81 £ 0.07¢0x 3.92 £ 0.27¢dex 3.67 + 0.21¢% 3.56 + 0.32¢% 2.61 + 0.514
Acetic acid control 6.00 + 0.128% 4.81 + 0.06" 5.07 4 0.08>Y 4.97 + 0.05>Y 4.83 + 0.12"Y
2% Chitosan 3.94 + 0.10%9x 3.82 £ 0.274ekx 3.95 4+ 0.07° 3.97 £ 0.14%% 3.71 + 0.14°%
0.5% Eugenol +2% Chitosan 3.50 + 0.16%e 3.24 + (0.29%0exy 3.66 + 0.20%% 3.83 + 0.31%¢ 2.75 + 0.619¥
1% Eugenol + 2% Chitosan 2.93 + 0.17°¥ 3.16 £ 0.24F&xy 3.85 £ 0.39¢% 3.53 £ 0.08%%Y 2.89 + 0.581¥
2% Eugenol + 2% Chitosan 2.91 4 0.209* 2.86 4 0.25 &% 2.85 4 0.580x 2.66 + 0.500% 2.45 + 0.481x

2 Baseline 6.40 + 0.03* 6.11 + 0.06%Y 5.32 £ 0.22%7 5.62 £ 0.10*Y 5.87 £ 0.020%¥7
BPD control 5.69 + 0.09%* 4.98 + 0.06>*Y 4.78 + 0.10*Y 4.70 + 0.09"Y 5.02 £ 0.07>¥
0.5% Eugenol 4.32 + 0.31> 4.11 + 0.05%% 4.01 £+ 0.15"* 3.98 + 0.10%* 3.83 £ 0.26%0%
1% Eugenol 4.36 + 0.16"* 3.80 + 0.27%% 4.01 + 0.08* 3.95 + 0.08%* 3.81 + 0.31¢dx

2% Eugenol

Acetic acid control

2% Chitosan

0.5% Eugenol +2% Chitosan
1% Eugenol + 2% Chitosan
2% Eugenol 4+ 2% Chitosan

3.34 + 0.25¢4%y
5.79 + 0.07%*
4.30 £ 0.09>*
3.95 + 0.19Pox
3.11 + 0.58
2.62 4 0.549¢

2.99 + 0.23%e
5.00 4 0.07>Y
3.93 £ 0.16%*
3.55 + 0.45%4%
3.44 + 0.30%x
2.70 4 0.20%*

3.30 + 0.28])'(‘”’(1’)(')/

4.79 + 0.09*Y
4.01 + 0.25"
3.89 + 0.15P¢
3.26 + 0.20%x
3.05 + 0.18%x

3.78 £ 0.11¢9x
5.00 + 0.09%>Y
4.07 £ 0.21¢%
3.76 + 0.37¢4x
3.14 4 0.35%x
2.73 4+ 0.50%%

3.22 + (.67
5.16 + 0.06%P*Y
4.20 £ 0.08°~
3.87 4 0.3304x
3.05 & 0.62°~
3.03 £ 0.28°

1

n = 5 replicates per treatment per day per trial. Values (Log CFU/sample) presented as mean + standard error of the mean. Within the same

trial, different superscripts a—g in columns and x—z in rows differ significantly at P < 0.05.

Log CFU /sample in both trials. Acetic acid (control for
chitosan coating with or without eugenol) reduced C.
jejuni counts in trial 1 from 1 to 7 d; however, in trial 2,
an inconsistent reduction was observed as compared to
baseline. When compared with BPD control, acetic acid
did not significantly reduce C. jejuni counts on major-
ity of storage days. The combination of eugenol and chi-
tosan produced consistent reduction of at least 0.9 Log
CFU/sample when compared with acetic acid in both
trials. Among the 3 combinations of eugenol and chi-
tosan when compared with acetic acid control, the max-
imum reduction was approximately 3 Log CFU/sample
on 0 d of both trials observed with 1 and 2% eugenol-
chitosan combinations. The 2% eugenol—chitosan coat-
ing produced greater reduction of C. jejuni counts than

that by chitosan alone in both trials (P < 0.05). This re-
duction was also significantly different from 2% eugenol
alone in majority of storage days (0, 1, 3, and 5 d) in
trial 1 and only on 5 d in trial 2. Additionally, there
were no consistent differences among 0.5, 1, and 2%
eugenol—chitosan combinations.

Antimicrobial Efficacy of Coating Treatment
With or Without Eugenol Against Aerobic
Bacteria on Chicken Wingettes

Tables 4 and 5 show the effect of eugenol on the
total aerobic bacterial counts on chicken wingettes
(from pectin and chitosan study, respectively). The
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Table 4. The efficacy of eugenol (0, 0.5, 1, or 2%), pectin (0 or 3%), and their combinations as coating treatment against aerobic
bacteria on chicken wingettes.!

Trial no. Treatments 0d 1d 3d 5d 7d

1 Baseline 4.69 + 0.03%* 4.73 + 0.13** 5.50 + 0.18%Y 6.65 + 0.05%% 7.15 4+ 0.10%
BPD control 4.39 £ 0.07*7 4.43 £ 0.17%7 5.23 £ 0.20*Y 6.46 £ 0.217% 6.98 £ 0.06*™
0.5% Eugenol 3.86 + 0.16"Y 3.32 4+ 0.24%4~ 4.03 + 0.11¢4 5.26 4 0.08%* 6.29 + 0.07>"
1% Eugenol 3.73 £ 0.09>” 3.69 £ 0.12¢7 3.71 £ 0.22¢:47 5.03 £ 0.165%Y 6.34 £ 0.08Px
2% Eugenol 3.42 + 0.07%9# 3.66 + 0.16%4~ 3.71 + 0.14%4# 5.22 4 0.10%Y 6.16 + 0.13P0x
3% Pectin 4.35 £ 0.11%7 4.43 + 0.18>7 4.73 £ 0.18P* 5.99 + 0.12> 6.53 & 0.22P
0.5% Eugenol +3% Pectin 3.55 + 0.13Ped” 3.47 4+ 0.14%4~ 3.86 + 0.12¢4# 5.29 4 0.08%Y 6.26 + 0.10P%
1% Eugenol + 3% Pectin 3.42 + 0.10%4# 3.62 4 0.15%9 3.81 + 0.08%4 4.71 £ 0.13% 6.36 £ 0.05"9
2% Eugenol + 3% Pectin 3.29 + 0.1847 3.27 + 0.224# 3.57 + 0.16%% 4.19 + 0.10%Y 5.98 + 0.19%%

2 Baseline 4.56 £ 0.08*7 5.32 £ 0.12% 5.99 £ 0.17%% 7.05 £ 0.19%v 7.05 £ 0.12%%
BPD control 4.35 + 0.14%7 5.25 + 0.18*Y 6.16 + 0.14>% 6.95 £+ 0.10*" 7.04 + 0.14%%
0.5% Eugenol 3.81 £ 0.06"* 4.41 4 0.20"Y 5.00 £ 0.13%% 5.98 £ 0.09%4v 6.19 £ 0.06"
1% Eugenol 3.68 + 0.23"* 4.15 + 0.28P¥ 5.02 + 0.13P¢x 5.67 4 0.224v 6.35 + 0.02>"
2% Eugenol 3.68 4 0.11% 3.34 £ 0.19% 5.05 £ 0.14"¢x 5.77 £ 0.12¢4w 6.04 + 0.09¢%
3% Pectin 4.26 + 0.24%Y 5.58 + 0.10** 5.43 + 0.26"* 6.42 + 0.03"" 6.53 £+ 0.21>%

0.5% Eugenol +3% Pectin
1% Eugenol + 3% Pectin
2% Eugenol + 3% Pectin

3.84 4+ 0.06"™
3.55 + 0.11"
2.98 + 0.37°¥

4.01 £ 0.06"¢Y
3.80 + 0.10%Y
3.35 £ 0.324

4.99 £ 0.18%%
4.96 £ 0.08%*
4.76 £+ 0.15%%

6.18 £ 0.06"°"
5.77 4+ 0.1164
5.74 4 0.074v

6.26 + 0.06""
6.18 + 0.057"
5.96 + 0.12¢V

1

n = 5 replicates per treatment per day per trial. Values (Log CFU/sample) presented as mean + standard error of the mean. Within the same
trial, different superscripts a—e in columns and v—z in rows differ significantly at P < 0.05.

Table 5. The effect of eugenol (0, 0.5, 1, or 2%), chitosan (0 or 2%), and their combinations as coating treatment against aerobic
bacteria on chicken wingettes.!

Trial no. Treatments 0d 1d 3d 5d 7d

1 Baseline 4.30 + 0.10*# 4.84 + 0.08%Y 5.59 & 0.15%% 5.85 + 0.06™" 5.54 £ 0.06™P*
BPD control 3.93 + 0.07"" 4.63 + 0.11"¥ 5.46 + 0.10%P= 5.85 + 0.04*Y 5.42 + 0.16"*
0.5% Eugenol 3.62 £ 0.10%” 4.09 £ 0.08%Y 4.59 4 0.07°%Y 5.33 £ 0.02" 4.81 £ 0.09%4x
1% Eugenol 3.28 + 0.119# 3.99 + 0.09°¥ 4.58 + 0.05%Y 5.35 + 0.03" 5.00 £ 0.11¢%
2% Eugenol 3.32 £ 0.18%4 3.94 £ 0.09%% 4.04 £ 0.169* 4.93 £ 0.09% 4.68 £ 0.064"
Acetic acid control 3.96 + 0.07"* 4.46 + 0.06*P¥ 5.28 + 0.14P% 5.74 + 0.11»v 5.76 + 0.06*"
2% Chitosan 3.10 £ 0.099¥ 3.95 & 0.10%% 4.85 £ 0.13%" 4.87 4 0.12¢ 4.71 + 0.04%4v
0.5% Eugenol +2% Chitosan 2.73 + 0.06%” 3.51 + 0.069¥ 4.20 + 0.109% 4.81 + 0.05%Y 4.59 + 0.029%
1% Eugenol 4+ 2% Chitosan 2.53 + 0.19%Y 3.83 £ 0.05%% 4.08 £ 0.25%* 4.63 £ 0.09%v 4.53 £ 0.054"
2% Eugenol + 2% Chitosan 2.61 + (.18~ 3.23 + 0.159% 3.54 + 0.15%% 3.96 + 0.099% 3.94 + 0.13%V

2 Baseline 4.79 + 0.20*Y 5.38 4+ 0.03** 5.52 + 0.05%% 5.77 4+ 0.028% 6.61 + 0.05*
BPD control 4.50 + 0.11% 5.31 4+ 0.21%% 5.34 + 0.06*~ 5.63 £ 0.03%* 6.49 + 0.08*"
0.5% Eugenol 3.74 + 0.10>¥ 4.79 + 0.11x 4.83 + 0.07> 5.01 4 0.08>* 5.65 + 0.04""
1% Eugenol 3.99 + 0.17%Y 4.22 + 0.24%9¥ 4.75 + 0.07%0% 4.97 £ 0.12>v 5.58 + 0.06""
2% Eugenol 3.71 + 0.13> 3.73 4 0.16°Y 4.53 + 0.08"¢x 4.96 + 0.06* 5.45 + 0.17>v
Acetic acid control 4.58 + 0.16Y 5.34 4 0.128% 5.31 £ 0.17%% 5.60 £ 0.05%* 6.26 £ 0.17*"
2% Chitosan 3.42 + 0.16%%~ 4.52 + 0.14Pcx 4.51 + 0.11Pex 4.75 £ 0.05"%x 5.21 £ 0.14"v
0.5% Eugenol +2% Chitosan 3.14 £ 0.14%¢Y 4.75 4+ 0.23" 4.70 £ 0.15"%x 4.95 £ 0.08"Wx 5.34 + 0.16">"
1% Eugenol + 2% Chitosan 2.92 + 0.22°% 3.98 4 0.249¢ 4.31 + 0.13%4y 4.80 + 0.19"* 5.33 + 0.32>v
2% Eugenol + 2% Chitosan 2.90 £ 0.17% 2.79 + 0.51%¥ 3.94 £ 0.10%* 4.15 £ 0.18%% 4.71 + 0.32¢V

1

n = 5 replicates per treatment per day per trial. Values (Log CFU/sample) presented as mean + standard error of the mean. Within the same

trial, different superscripts a—e in columns and w—z in rows differ significantly at P < 0.05.

aerobic counts on chicken wingettes not subjected to
any treatment (baseline) were approximately 4.5 Log
CFU/sample on 0 d. The aerobic counts increased by
at least 1.2 Log CFU/sample by the end of 7 d in all
trials (P < 0.05). The treatment with BPD failed to
reduce aerobic bacteria in all the trials except on 0 and
1 d in chitosan trial 1 (Table 5). All the tested doses
of eugenol consistently reduced aerobic counts by at
least 0.51 Log CFU/sample from 0 to 7 d when com-
pared with BPD controls. There was no significant dif-
ference among 0.5, 1, and 2% eugenol treatments on
majority of days (3, 5, and 7 d) in both pectin tri-
als and chitosan trial 2 and on 0 and 1 d in chitosan
trial 1.

Table 4 also shows the effect of pectin and eugenol—
pectin coating on the total aerobic counts on chicken
wingettes. Pectin coating significantly reduced aerobic
counts starting from 3 to 7 d in both trials. Eugenol—
pectin combination coating also reduced the counts
consistently and improved the antibacterial efficacy of
pectin at the beginning (0 to 5 d in trial 1 and 0 to 3
d in trial 2) but not on 7 d in both trials. However, no
significant differences have been observed among 0.5,
1, and 2% eugenol-pectin combinations on majority of
storage days (0, 1, 3, 7 d) in trial 1, and on 3 and 7 d
in trial 2.

The effect of chitosan and eugenol-chitosan combi-
nation on the total aerobic counts on chicken wingettes
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Table 6. The effect of 0.0125% MMW chitosan and 0.0125% eugenol on the expression of C. jejuni genes essential for survival and

virulence.
Gene product
Gene function Relative gene expression (Logig RQ)!
Treatments
Control Acetic acid Chitosan Eugenol Eugenol + chitosan
motA Motility 0 ~0.09 £ 0.03* ~0.35 £ 0.17" ~0.51 £ 0.15 -0.32 £ 0.11°
motB Motility ob 0.13 + 0.09" 0.21 + 0.03* ~0.13 4 0.06° 0.24 4 0.08*
fliA Motility 0? 0.09 £ 0.04* 0.08 £+ 0.09* -0.04 + 0.02* 0.13 £ 0.10*
cetA Energy taxis ob 0.08 + 0.14° 0.13 £+ 0.07° 0.05 + 0.06" 0.20 £ 0.08"
protein/motility
cetB Energy taxis 0* -0.05 + 0.14* -0.05 £+ 0.29* -0.02 + 0.10* 0.08 4+ 0.36*
protein/motility
cadF’ Attachment 0* 0.11 £ 0.06* 0.08 £+ 0.09* -0.10 + 0.04* 0.10 £ 0.09*
ciaB Attachment o> 0.18 £ 0.16*" 0.25 + 0.02" 0.02 £ 0.08" 0.32 & 0.10*
jlpA Attachment 0° 0.09 £ 0.06° 0.43 + 0.08" 0.08 £ 0.15° 0.55 £ 0.03*
sodB Superoxide o> 0.03 % 0.04" 0.20 4 0.04? 0.08 % 0.10" 0.19 £ 0.04%
dismutase
katA Catalase/oxidative 0* -0.01 + 0.05* 0.14 £+ 0.12* ~0.23 + 0.11° ~0.18 4 0.06"
stress
luzS Quorum sensing 0 0.05 + 0.11# 0.09 + 0.06 ~0.29 + 0.11° ~0.23 + 0.08"
racS Two-component 0* 0.06 + 0.12* 0.09 + 0.21* -0.06 £ 0.07* 0.05 £+ 0.30*
sensor/histidine
kinase
racR Two-component 0 0.14 + 0.16* 0.06 £ 0.27* -0.11 £+ 0.08* -0.02 £ 0.06"
regulator

In = 6 replicates per treatment. Values (mean + standard error of the mean) with different superscripts within a row indicate significant change

in gene expression (P < 0.05).

is shown in Table 5. Treatment of chicken wingettes
with acetic acid did not significantly reduce aerobic
counts with the exception on 0 and 3 d in trial 1.
In contrast, chitosan coating significantly reduced the
counts across all storage days in both trials. This re-
duction ranged from 0.72 to 1.2 and from 0.86 to 1.37
Log CFU/sample in trials 1 and 2, respectively. Similar
result was observed with 0.5 and 1% eugenol-chitosan
combination coating. The 2% eugenol—chitosan coat-
ing showed greater reductions as compared to 0.5%
combination treatments beginning from 3 d in both tri-
als whereas in comparison with 1% combination treat-
ments, it was significantly different on 1, 3, 5, and
7 d in trial 1 and on 1, 5, and 7 d in trial 2. More-
over, the reduction obtained with 2% eugenol—chitosan
was significantly different from the individual’s treat-
ment of chitosan and eugenol across all storage days in
both trials with the exception on 0 d in trial 2.

Effect of Coating Treatments on the Color
of Chicken Wingettes

The coating of chicken wingettes with eugenol,
pectin, chitosan, and their combination did not affect
the lightness, redness, and yellowness of meat (Supple-
mentary Tables S1 and 2). However, the refrigerated
storage time had a significant effect on the yellowness
of chicken wingettes and decreased the color value by at
least 3 units in all the treatments (Supplementary Ta-
ble S1C). Similarly, storage time significantly increased
the lightness of chicken wingettes treated with chitosan

alone or in combination with 0.5 or 1% EG by 3 units
(Supplementary Table S2A).

Effect of Eugenol and Chitosan on
Expression of C. jejuni Virulence Genes

The gene expression profile of C. jejuni in response
to SICs of eugenol, chitosan, and their combinations is
shown in Table 6. The presence of SICs of eugenol, chi-
tosan, and their combination significantly changed the
expression of select genes coding for pathogen motil-
ity, stress response, quorum sensing, and attachment to
epithelial cells. The SIC of eugenol significantly down-
regulated the expression of genes coding for motil-
ity (motA, motB), stress response (katA), and quorum
sensing (luxS). However, energy taxis genes (cetA, cetB)
responsible for directional motility, attachment genes
(cadF, ciaB, jlpA), and 2-component regulatory pro-
teins (RacR-RacS) were not affected (P > 0.05). Chi-
tosan at SIC level, downregulated motA gene, however,
upregulated select genes for motility (motB), attach-
ment (ciaB, jlpA), and stress response (sodB). Other
genes essential for C. jejuni motility (flid, cetA, cetB),
stress response (katA), quorum sensing (luzS), and
2-component regulatory system (racS-racR) were not
changed by chitosan (P > 0.05). Similar to chitosan,
the eugenol—chitosan combination downregulated motA
gene and upregulated genes motB, ciaB, jlpA, and sodB.
In addition, the combination also downregulated genes
luzS and katA, an effect similar to eugenol treatment.
The combination of eugenol and chitosan reduced the
expression of cetA as compared to control (P < 0.05).
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The individual treatments did not modulate the ex-
pression of cetA (P > 0.05). The acetic acid treat-
ment did not affect the expression of tested genes
(P > 0.05).

DISCUSSION

Campylobacter contamination of poultry product is
one of the major risk factors for human campylobacte-
riosis (Friedman et al., 2004). Despite rigorous search
for interventions to be utilized in the processing fa-
cility, the pathogen is widely present on raw poul-
try products (Stern et al., 2001). In addition, there
is an increase in consumer preference toward prod-
uct with minimal processing and chemical treatment.
A potential strategy for controlling Campylobacter is
by antimicrobial coating of raw poultry products. In
this study, we investigated the efficacy of eugenol as
a coating treatment of chicken wingettes and hypothe-
sized that increasing contact time between compounds
and bacteria could improve the antibacterial activity of
eugenol.

In order to coat the chicken wingettes with eugenol,
we selected 2 coating materials, pectin and chitosan,
which are extensively studied as films in the food in-
dustry as an alternative of conventional packaging ma-
terials (Aider, 2010; Moalemiyan et al., 2012). Pectin
dissolves at neutral pH, whereas chitosan requires acid-
ification. Therefore, we used acetic acid at 50 mM to
dissolve the compound. Pectin itself did not exhibit an-
timicrobial activity against C. jejuni (Table 2). Similar
findings were reported previously where pectin coat-
ing did not significantly reduce coliforms on shrimp
(Alvarez et al., 2014) and Salmonella on eggs (Upad-
hyaya et al., 2016). In contrast to pectin, coating of
chicken wingettes with MMW chitosan exerted signif-
icant antimicrobial activity against C. jejuni (Table
3). Olaimat et al. (2014) used chitosan/k-carrageenan
combination coating on chicken breast. They found
significant reduction (up to 2.78 Log CFU/g) of C.
jejuni with the coating containing mustard extract. In
the present study, the incorporation of select concen-
trations of eugenol in coating materials significantly
improved the efficacy of pectin and chitosan coating
materials. This finding was also similar to previous re-
ports from other studies where the incorporation of
eugenol significantly improved the efficacy of pectin
coating against Salmonella Enteritidis (Upadhyaya
et al., 2016) and chitosan coating against L. monocy-
togenes (Upadhyay et al., 2015). However, the pectin
fortified with eugenol was similar in efficacy as com-
pared with eugenol alone. Since pectin coating will be
present on the poultry products during storage, it would
potentially protect the product from microbial contami-
nation during handling or subsequent processing until it
reaches the consumer. In addition, coatings could con-
trol moisture transfer, gas exchange, or oxidation pro-
cesses thereby protecting the foods (Rojas-Graii et al.,
2009). Therefore, although found to be similar in its an-
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timicrobial efficacy in the current experimental design,
eugenol-pectin coating provides additional advantages
than eugenol wash.

Reducing aerobic counts on chicken wingettes is im-
portant to increase the shelf life of product during re-
frigeration (Kim and Marshall, 2000). Coating of raw
chicken wingettes with eugenol and its coating materi-
als significantly reduced total aerobic counts (Tables 4
and 5). However, none of the treatments checked fur-
ther growth of aerobic bacteria on chicken wingettes
with storage days. Kim and Marshall (2000) had sim-
ilar findings when 1% organic acids treated chicken
wings were stored at 4°C for 12 d. Since chicken skin
harbors diverse bacteria including psychrophiles (Cox
et al., 1998; Kim et al., 2017), the increase in aero-
bic plate count could be due to growth of these bacte-
ria. Even though there was an increase in aerobic plate
counts by at least 1.2 Log CFU/sample on 7 d in con-
trols, the counts in controls as well as in treatments
were below the critical point (8 Log CFU/cm?) where
fresh meat produces sliminess due to bacterial spoilage
(Cox et al., 1998).

We investigated the effect of the treatments on color
of chicken wingettes since it is one of the key factors to
assess the quality of poultry products for purchaser.
We observed that there were no significant differ-
ences in color (lightness, redness, yellowness) of chicken
wingettes between treatments and controls (Supple-
mentary Tables). Khan et al. (2015) had also observed
similar results with 0.05% eugenol on raw chicken. Dur-
ing storage, studies have shown that changes in color
values are more pronounced within 6 h after post-
mortem and become less variable later on (Petracci
and Fletcher, 2002). It was also reported previously
that color of poultry meat changed to lighter and more
brownish with time due to growth of microbes, pH, lipid
oxidation, and other deteriorating factors (Khan et al.,
2015). We did not observe any significant change in
color except yellowness with storage days probably due
to the effect of coating material.

Previous studies from our lab (Arambel et al., 2015;
Upadhyay et al., 2017; Wagle et al., 2017a,b) as well as
other researchers (Castillo et al., 2014; Oh and Jeon,
2015; Kovacs et al., 2016) have determined that phyto-
chemicals at subinhibitory concentrations modulate the
expression of genes in various microbes including C. je-
juni. We investigated the effect of SICs of eugenol and
chitosan on the expression of C. jejuni genes associated
with survival and virulence to delineate their poten-
tial mechanism of action. Since pectin failed to reduce
C. jejuni counts compared to BPD controls (Table 2),
its effect on C. jejuni gene expression was not deter-
mined. Gene expression analysis was studied in the
presence of chicken meat juice to represent the meat
environment, especially because chicken meat juice is
known to modulate the physiology of C. jejuni thereby
enhancing their survival in the poultry products (Birk
et al., 2004; Brown et al., 2014). Several researchers
have used 16S rRNA as an endogenous control in
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real-time qPCR (Klancénik et al., 2006; Tasara and
Stephan, 2007; Hays, 2009; Koolman et al., 2016), and
we used the same gene for calibrating the expression
of other genes. A variety of genes responsible for bac-
terial virulence have been characterized for C. jejuni
(Hermans et al., 2011). The movement of C. jejuni to-
ward substrate at low temperature (4°C) is responsible
for their survival in meat (Hazeleger et al., 1998). The
motility of C. jejuni is imparted through flagella and
encoded by the genes motA, motB, and fliA, which also
play a role in the pathogenesis of human Campylobacter
infection (Young et al., 2007). In addition, the energy
taxis genes (cetA, cetB) are essential for motility in re-
sponse to stimuli, attachment, and biofilm formation
on various surfaces (Kalmokoff et al., 2006; Hermans
et al., 2011). Moreover, cadF and jlpA are responsible
for cell surface attachment (Jin et al., 2003; Hermans et
al., 2011). The 2-component regulatory proteins (RacR-
RacS) are necessary for temperature-dependent growth
of C. jejuni (Hermans et al., 2011). Previously, it was
shown that C. jejuni luxS mutants were unable to sur-
vive in meat environment (Ligowska et al., 2011). Sim-
ilarly, stress response (katA, sodB) genes are impor-
tant for adaptation and survival of C. jejuni (Atack
and Kelly, 2009). We observed that eugenol significantly
downregulated the expression of select genes encoding
motility (motA, motB) and quorum sensing (luzS) in C.
jejuni thereby potentially limiting the survival in meat
environment (Table 6). Similarly, eugenol also down-
regulated katA gene, which is in contrast to the previ-
ous reports (Kovéacs et al., 2016) with clove oils possi-
bly due to difference in C. jejuni strains (wild type vs.
NCTC 11168). The expression level of majority of genes
in eugenol—chitosan combination was similar to that of
either eugenol or chitosan except cetA and jlpA. We
observed an upregulation of few virulence genes (motB,
ciaB, jlpA) and stress gene (sodB) in response to chi-
tosan. This could potentially be due to trigger of a com-
pensatory or stress response pathway. A transcriptomic
study would shed more light on the effect of chitosan on
virulence and other critical genes. Overall, these find-
ings suggest that the aforementioned treatments could
affect the potential of C. jejuni to survive in meat and
cause disease in humans.

CONCLUSION

Pectin and chitosan coating fortified with eugenol
on the poultry cuts consistently reduce C. jejuni. In
addition, eugenol, chitosan, and their combination
modulated transcription of several genes essential for
survival and virulence of C. jejuni. Since a 2-Log re-
duction of C. jejuni from poultry carcass translates into
more than 90% reduction in the risk of human Campy-
lobacter infections (Nauta et al., 2016), the aforemen-
tioned treatments represent a safe, effective, and natu-
ral approach that could improve poultry product safety.
Follow-up studies testing the effect of the coating on the
organoleptic properties of meat are warranted.
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Supplementary data are available at Poultry Science
online.

Supplementary Table S1. The effect of eugenol (0,
0.5, 1, or 2%), pectin (0 or 3%), and their combina-
tions as coating treatment on the color (A: lightness,
B: redness, C: yellowness) of chicken wingettes.

Supplementary Table S2. The effect of eugenol (0,
0.5, 1, or 2%), chitosan (0 or 2%), and their combina-
tions as coating treatment on the color (A: lightness,
B: redness, C: yellowness) of chicken wingettes.

ACKNOWLEDGMENTS

This research was funded in part by the United States
Department of Agriculture-National Institute of Food
and Agriculture-Organic Agriculture Research and
Extension Initiative- 2017-51300-26815.

REFERENCES

Achen, M., T. Y. Morishita, and E. C. Ley. 1998. Shedding and
colonization of Campylobacter jejuniin broilers from day-of-hatch
to slaughter age. Avian Dis. 42:732-737.

Aider, M. 2010. Chitosan application for active bio-based films pro-
duction and potential in the food industry. Food Sci. Technol.
43:837-842.

Allen, V. M., S. A. Bull, J. E. L. Corry, G. Domingue, F. Jgrgensen,
J. A. Frost, R. Whyte, A. Gonzalez, N. Elviss, and T. J.
Humphrey. 2007. Campylobacter spp. contamination of chicken
carcasses during processing in relation to flock colonisation. Int.
J. Food Microbiol. 113:54-61.

Alvarez, M. V., L. A. Ortega-Ramirez, M. M. Gutierrez-Pacheco,
A. T. Bernal-Mercado, 1. Rodriguez-Garcia, G. A. Gonzalez-
Aguilar, A. Ponce, M. D. R. Moreira, S. I. Roura, and J. F.
Ayala-Zavala. 2014. Oregano essential oil-pectin edible films as
anti-quorum sensing and food antimicrobial agents. Front. Mi-
crobiol. 5:699.

Arambel, H. R., A. N. Donoghue, K. Arsi, A. Upadhyay, A. Woo-
Ming, P. Blore, K. Venkitanarayanan, and D. Donoghue. 2015.
Chitosan supplementation reduces enteric colonization of Campy-
lobacter jejuni in broiler chickens and down-regulates expression
of colonization genes. Adv. Food Technol. Nutr. Sci. Open J.
1:104-111.

Atack, J. M., and D. J. Kelly. 2009. Oxidative stress in Campylobac-
ter jejuni: responses, resistance and regulation. Future Microbiol.
4:677-690.

Bauermeister, L. J., J. W. Bowers, J. C. Townsend, and S. R. Mc-
Kee. 2008. Validating the efficacy of peracetic acid mixture as an
antimicrobial in poultry chillers. J. Food Prot. 71:1119-1122.

Beery, J. T., M. B. Hugdahl, and M. P. Doyle. 1988. Colonization of
gastrointestinal tracts of chicks by Campylobacter jejuni. Appl.
Environ. Microbiol. 54:2365-2370.

Bilgili, S., D. Conner, J. Pinion, and K. Tamblyn. 1998. Broiler skin
color as affected by organic acids: Influence of concentration and
method of application. Poult. Sci. 77:752-757.

Birk, T., A. C. Grgnlund, B. B. Christensen, S. Kngchel, K. Lohse,
and H. Rosenquist. 2010. Effect of organic acids and marination
ingredients on the survival of Campylobacter jejuni on meat. J.
Food Prot. 73:258-265.

Birk, T., H. Ingmer, M. T. Andersen, K. JOrgensen, and L.
Br@ndsted. 2004. Chicken juice, a food-based model system suit-
able to study survival of Campylobacter jejuni. Lett. Appl. Mi-
crobiol. 38:66-71.

Black, R. E., M. M. Levine, M. L. Clements, T. P. Hughes, and
M. J. Blaser. 1988. Experimental Campylobacter jejuni infection
in humans. J. Infect. Dis. 157:472-479.


https://academic.oup.com/ps/article-lookup/doi/10.3382/ps/pey505#supplementary-data

1470

Brown, H. L., M. Reuter, L. J. Salt, K. L. Cross, R. P. Betts, and A.
H. M van Vliet. 2014. Chicken juice enhances surface attachment
and biofilm formation of Campylobacter jejuni. Appl. Environ.
Microbiol. 80:7053-7060.

Burt, S. 2004. Essential oils: their antibacterial properties and po-
tential applications in foods—a review. Int. J. Food Microbiol.
94:223-253.

Byrd, J. A., B. M. Hargis, D. J. Caldwell, R. H. Bailey, K. L.
Herron, J. L. McReynolds, R. L. Brewer, R. C. Anderson, K. M.
Bischoff, T. R. Callaway, and L. F. Kubena. 2001. Effect of lac-
tic acid administration in the drinking water during preslaughter
feed withdrawal on Salmonella and Campylobacter contamination
of broilers. Poult. Sci. 80:278-283.

Cagri, A., Z. Ustunol, and E. T. Ryser. 2004. Antimicrobial edible
films and coatings. J. Food Prot. 67:833-848.

Calo, J. R., P. G. Crandall, C. A. O’Bryan, and S. C. Ricke. 2015.
Essential oils as antimicrobials in food systems — a review. Food
Control 54:111-119.

Castillo, S., N. Heredia, E. Arechiga-Carvajal, and S. Garcia. 2014.
Citrus extracts as inhibitors of quorum sensing, biofilm formation
and motility of Campylobacter jejuni. Food Biotechnol. 28:106—
122.

Cox, N. A.,; S. M. Russell, and J. S. Bailey. 1998. The microbiology
of stored poultry. Pages 266-287 in The Microbiology of Meat
and Poultry. Blackie Academic & Professional, New York.

Danis, K., M. Di Renzi, W. O’Neill, B. Smyth, P. McKeown, B.
Foley, V. Tohani, and M. Devine. 2009. Risk factors for sporadic
Campylobacter infection: an all-Ireland case-control study. Euro.
Surveill. 14:19123.

Donato, F., and C. Zani. 2010. Chronic exposure to organochlo-
rine compounds and health effects in adults: cancer, non-Hodgkin
lymphoma. Review of literature. Ann. Ig. 22:357-367.

Dore, M. H. 2015. Threats to human health: use of chlorine, an
obsolete treatment technology. Pages 197-212 in Global Drinking
Water Management and Conservation. Springer Water. Springer,
Cham. doi.org/10.1007/978-3-319-11032-5-9.

EFSA BIOHAZ Panel. 2014. Scientific opinion on the evaluation of
the safety and efficacy of peroxyacetic acid solutions for reduction
of pathogens on poultry carcasses and meat. EFSA J. 12:3599.

Friedman, C. R., R. M. Hoekstra, M. Samuel, R. Marcus, J. Bender,
B. Shiferaw, S. Reddy, S. D. Ahuja, D. L. Helfrick, F. Hardnett,
and M. Carter. 2004. Risk factors for sporadic Campylobacter
infection in the United States: a case-control study in FoodNet
sites. Clin. Infect. Dis. 38:5285-5296.

Ganan, M., A. V. Carrascosa, and A. J. Martinez-Rodriguez. 2009.
Antimicrobial activity of chitosan against Campylobacter spp. and
other microorganisms and its mechanism of action. J. Food Prot.
72:1735-1738.

Gradel, K. O., H. L. Nielsen, H. C. Schgnheyder, T. Ejlertsen, B.
Kristensen, and H. Nielsen. 2009. Increased short- and long-term
risk of inflammatory bowel disease after Salmonella or Campy-
lobacter gastroenteritis. Gastroenterology 137:495-501.

Hays, J. P. 2009. The evaluation of putative endogenous control
housekeeping genes for real-time polymerase chain reaction ex-
pression studies in moraxella catarrhalis. Diagn. Microbiol. Infect.
Dis. 65:323-326.

Hazeleger, W. C., J. A. Wouters, F. M. Rombouts, and T. Abee.
1998. Physiological activity of Campylobacter jejuni far below the
minimal growth temperature. Appl. Environ. Microbiol. 64:3917—
3922.

Hermans, D., K. Van Deun, A. Martel, F. Van Immerseel, W.
Messens, M. Heyndrickx, F. Haesebrouck, and F. Pasmans. 2011.
Colonization factors of Campylobacter jejuni in the chicken gut.
Vet. Res. 42:82.

Jin, S., Y. C. Song, A. Emili, P. M. Sherman, and V. L. Chan. 2003.
JIpA of Campylobacter jejuni interacts with surface-exposed heat
shock protein 90alpha and triggers signalling pathways leading to
the activation of NF-kappaB and p38 MAP kinase in epithelial
cells. Cell Microbiol. 5:165-174.

Kalmokoff, M., P. Lanthier, T. L. Tremblay, M. Foss, P. C. Lau, G.
Sanders, J. Austin, J. Kelly, and C. M. Szymanski. 2006. Pro-
teomic analysis of Campylobacter jejuni 11168 biofilms reveals a
role for the motility complex in biofilm formation. J. Bacteriol.
188:4312-4320.

WAGLE ET AL.

Khan, A., K. Allen, and X. Wang. 2015. Effect of Type I and Type
IT antioxidants on oxidative stability, microbial growth, pH, and
color in raw poultry meat. Food Nutr. Sci. 6:1541-1551.

Kim, C. R., and D. L. Marshall. 2000. Quality evaluation of refrig-
erated chicken wings treated with organic acids. J. Food Quality
23:327-335.

Kim, S. A., S. H. Park, S. I. Lee, C. M. Owens, and S. C.
Ricke. 2017. Assessment of chicken carcass microbiome responses
during processing in the presence of commercial antimicro-
bials using a next generation sequencing approach. Sci. Rep. 7:
43354.

Klané¢nik, A., N. Botteldoorn, L. Herman, and S. S. Mozina. 2006.
Survival and stress induced expression of groEL and rpoD of
Campylobacter jejuni from different growth phases. Int. J. Food
Microbiol. 112:200-207.

Koolman, L., P. Whyte, C. Burgess, and D. Bolton. 2016. Viru-
lence gene expression, adhesion and invasion of Campylobacter
jejuni exposed to oxidative stress (HoOs). Int. J. Food Microbiol.
220:33-38.

Kovéacs, J. K., P. Fels6, L. Makszin, Z. Papai, G. Horvath, H.
Abrahém, T. Palkovics, A. Boszorményi, L. Emédy, and G.
Schneider. 2016. Antimicrobial and virulence-modulating effects
of clove essential oil on the foodborne pathogen Campylobacter
jejuni. Appl. Environ. Microbiol. 82:615-6166.

Ligowska, M., M. T. Cohn, R. A. Stabler, B. W. Wren, and L.
Brendsted. 2011. Effect of chicken meat environment on gene ex-
pression of Campylobacter jejuni and its relevance to survival in
food. Int. J. Food Microbiol. 145:S111-S115.

Line, J. E. 2001. Development of a selective differential agar for
isolation and enumeration of Campylobacter spp. J. Food Prot.
64:1711-1715.

Mangen, M. J., A. H. Havelaar, J. A. Haagsma, and M. E. E.
Kretzschmar. 2016. The burden of Campylobacter-associated dis-
ease in six European countries. Microbial Risk Analysis. 2:48-52.

Marder, E. P., P. R. Cieslak, A. B. Cronquist, J. Dunn, S.
Lathrop, T. Rabatsky-Ehr, P. Ryan, K. Smith, M. Tobin-
D’Angelo, D. J. Vugia, and S. Zansky. 2017. Incidence and trends
of infections with pathogens transmitted commonly through food
and the effect of increasing use of culture-independent diagnostic
tests on surveillance-foodborne diseases active surveillance net-
work, 10 US Sites, 2013-2016. MMWR. Morb. Mortal. Wkly. Rep.
66:397-403.

Mattson, T. E.; A. K. Johny, M. A. R. Amalaradjou, K. More, D. T.
Schreiber, J. Patel, and K. Venkitanarayanan. 2011. Inactivation
of Salmonella spp. on tomatoes by plant molecules. Int. J. Food
Microbiol. 144:464-468.

Moalemiyan, M., H. S. Ramaswamy, and N. Maftoonazad. 2012.
Pectin-based edible coating for shelf-life extension of ataulfo
mango. J. Food Process Eng. 35:572-600.

Nagel, G. M., L. J. Bauermeister, C. L. Bratcher, M. Singh, and S. R.
McKee. 2013. Salmonella and Campylobacter reduction and qual-
ity characteristics of poultry carcasses treated with various an-
timicrobials in a post-chill immersion tank. Int. J. Food Microbiol.
165:281-286.

Nauta, M. J., G. Johannessen, L. L. Adame, N. Williams, and H.
Rosenquist. 2016. The effect of reducing numbers of Campylobac-
ter in broiler intestines on human health risk. Microbial Risk
Analysis 2:68-77.

Northcutt, J. K., D. P. Smith, M. T. Musgrove, K. D. Ingram, and A.
Hinton, Jr. 2005. Microbiological impact of spray washing broiler
carcasses using different chlorine concentrations and water tem-
peratures. Poult. Sci. 84:1648-1652.

Oh, E., and B. Jeon. 2015. Synergistic anti- Campylobacter jejuni ac-
tivity of fluoroquinolone and macrolide antibiotics with phenolic
compounds. Front. Microbiol. 6:1129.

Olaimat, A. N., Y. Fang, and R. A. Holley. 2014. Inhibi-
tion of Campylobacter jejuni on fresh chicken breasts by k-
carrageenan/chitosan-based coatings containing allyl isothio-
cyanate or deodorized oriental mustard extract. Int. J. Food Mi-
crobiol. 187:77-82.

Olaimat, A. N., and R. A. Holley. 2015. Control of Salmonella on
fresh chicken breasts by k-carrageenan/chitosan-based coatings
containing allyl isothiocyanate or deodorized Oriental mustard
extract plus EDTA. Food Microbiol. 48:83-88.



EUGENOL COATING REDUCES C. JEJUNI

Oyarzabal, O. A. 2005. Reduction of Campylobacter spp. by com-
mercial antimicrobials applied during the processing of broiler
chickens: a review from the United States perspective. J. Food
Prot. 68:1752-1760.

Pechacek, N., M. Osorio, J. Caudill, and B. Peterson. 2015. Evalua-
tion of the toxicity data for peracetic acid in deriving occupational
exposure limits: a minireview. Toxicol. Lett. 233:45-57.

Pei, R. S, F. Zhou, B. P. Ji, and J. Xu. 2009. Evaluation of com-
bined antibacterial effects of eugenol, cinnamaldehyde, thymol,
and carvacrol against F. coli with an improved method. J. Food
Sci. 74:M379-M383.

Petracci, M., and D. L. Fletcher. 2002. Broiler skin and meat color
changes during storage. Poult. Sci. 81:1589-1597.

Ricke, S. C., and I. Hanning. 2013. Food safety applications of
nanoparticles. Pages 115-125 in Nanotechnology Safety. R. As-
matulu ed. Elsevier, Amsterdam.

Riedel, C. T., L. Brgndsted, H. Rosenquist, S. N. Haxgart, and
B. B. Christensen. 2009. Chemical decontamination of Campy-
lobacter jejuni on chicken skin and meat. J. Food Prot. 72:1173-
1180.

Rojas-Graii, M. A., R. Soliva-Fortuny, and O. Martin-Belloso. 2009.
Edible coatings to incorporate active ingredients to fresh-cut
fruits: a review. Trends Food Sci. Technol. 20:438-447.

Sangsuwan, J., N. Rattanapanone, R. A. Auras, B. R. Harte, and P.
Rachtanapun. 2009. Factors affecting migration of vanillin from
chitosan/methyl cellulose films. J Food Sci. 74:C549-C555.

SCVPH. 1998. Report of the scientific committee on veterinary
measures relating to public health (SCVPH) on benefits and
limitations of antimicrobial treatments for poultry carcasses.
Accessed Sept. 22, 2017. https://ec.europa.eu/food/sites/food/
files/safety/docs/sci-com_scv_out14_en.pdf.

Spiller, R. C. 2007. Role of infection in irritable bowel syndrome. J.
Gastroenterol. 42:41-47.

Stern, N. J., P. Fedorka-Cray, J. S. Bailey, N. A. Cox, S. E.
Craven, K. L. Hiett, M. T. Musgrove, S. Ladely, D. Cosby, and
G. C. Mead. 2001. Distribution of campylobacter spp. in selected
u.s. poultry production and processing operations. J. Food Prot.
64:1705-1710.

Tasara, T., and R. Stephan. 2007. Evaluation of housekeeping genes
in Listeria monocytogenes as potential internal control references

1471

for normalizing mRNA expression levels in stress adaptation
models using real-time PCR. FEMS Microbiol. Lett. 269:265—
272.

The Poultry Site. 2015. Chemistry of Oxidative Disinfectants.
Accessed Sept. 20, 2018. http://www.thepoultrysite.com/articles/
3589 /chemistry-of-oxidative-disinfectants/.

Upadhyay, A., K. Arsi, B. R. Wagle, I. Upadhyaya, S. Shrestha,
A. M. Donoghue, and D. J. Donoghue. 2017. Trans-
Cinnamaldehyde, carvacrol, and eugenol reduce Campylobacter
jejuni colonization factors and expression of virulence genes in
Vitro. Front. Microbiol. 8:713.

Upadhyay, A., I. Upadhyaya, D. P. Karumathil, H. Yin, M. S. Nair,
V. Bhattaram, C. Chen, G. Flock, S. Mooyottu, and K. Venkita-
narayanan. 2015. Control of Listeria monocytogenes on skinless
frankfurters by coating with phytochemicals. LWT - Food Sci.
Technol. 63:37-42.

Upadhyaya, I., H. B. Yin, M. S. Nair, C. H. Chen, R. Lang,
M. J. Darre, and K. Venkitanarayanan. 2016. Inactivation of
Salmonella Enteritidis on shell eggs by coating with phytochem-
icals. Poult. Sci. 95:2106-2111.

Wagle, B. R., K. Arsi, A. Upadhyay, S. Shrestha, K. Venkita-
narayanan, A. M. Donoghue, and D. J. Donoghue. 2017a. [3-
resorcylic acid, a phytophenolic compound, reduces Campy-
lobacter jejuni in postharvest poultry. J. Food Prot. 80:1243-
1251.

Wagle, B. R., A. Upadhyay, K. Arsi, S. Shrestha, K. Venkita-
narayanan, A. M. Donoghue, and D. J. Donoghue. 2017b. Appli-
cation of B-resorcylic acid as potential antimicrobial feed additive
to reduce Campylobacter colonization in broiler chickens. Front.
Microbiol. 8:599.

Woo-Ming, A. N. 2015. Reduction of Campylobacter Jejuni on
Chicken Wingettes by Treatment with Caprylic acid, Chitosan
or Protective Cultures of Lactobacillus spp. PhD diss., Univer-
sity of Arkansas.

Young, K. T., L. M. Davis, and V. J. DiRita. 2007. Campylobacter
jejuni: molecular biology and pathogenesis. Nat. Rev. Microbiol.
5:665-679.

Zhao, T., and M. P. Doyle. 2006. Reduction of Campylobacter jejuni
on chicken wings by chemical treatments. J. Food Prot. 69:762
767.


https://ec.europa.eu/food/sites/food/files/safety/docs/sci-com_scv_out14_en.pdf
https://ec.europa.eu/food/sites/food/files/safety/docs/sci-com_scv_out14_en.pdf
http://www.thepoultrysite.com/articles/3589/chemistry-of-oxidative-disinfectants/
http://www.thepoultrysite.com/articles/3589/chemistry-of-oxidative-disinfectants/

