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ABSTRACT Campylobacter jejuni is a major food-
borne pathogen that causes gastroenteritis in humans.
Chickens act as the reservoir host for C. jejuni, wherein
the pathogen asymptomatically colonizes the ceca
leading to contamination of carcasses during slaughter.
The major colonization factors in C. jejuni include
motility, intestinal epithelial attachment, acid/bile
tolerance, and quorum sensing. Reducing the expression
of the aforementioned factors could potentially reduce
C. jejuni colonization in chickens. This study investi-
gated the efficacy of subinhibitory concentration (SIC;
compound concentration not inhibiting bacterial
growth) of carvacrol in reducing the expression of C.
jejuni colonization factors in vitro. Moreover, the effect
of carvacrol on the expression of C. jejuni proteome was
investigated using liquid chromatography-tandem mass
spectrometry. The motility assay was conducted at
42�C, and the motility zone was measured after 24 h of
incubation. For the adhesion assay, monolayers of pri-
mary chicken enterocytes (w105 cells/well) were inoc-
ulated with C. jejuni (6 log cfu/well) either in
the presence or absence of carvacrol, and the adhered
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C. jejuni were enumerated after 90 min of incubation at
42�C. The effect of carvacrol on C. jejuni quorum
sensing and susceptibility to acid/bile stress was
investigated using a bioluminescence assay and an acid–
bile survival assay, respectively. The SIC (0.002%) of
carvacrol reduced the motility of C. jejuni strains S-8
and NCTC 81-176 by w50 and 35%, respectively
(P , 0.05). Carvacrol inhibited C. jejuni S-8 and
NCTC 81-176 adhesion to chicken enterocytes by w0.8
and 1.5 log cfu/mL, respectively (P , 0.05). Moreover,
carvacrol reduced autoinducer-2 activity and increased
the susceptibility of C. jejuni to acid and bile in both
the strains (P , 0.05). Liquid chromatography-tandem
mass spectrometry revealed that the SIC of carvacrol
reduced the expression of selected C. jejuni colonization
proteins critical for motility (methyl-accepting chemo-
taxis protein), adhesion (GroL), growth and meta-
bolism (AspA, AcnB, Icd, Fba, Ppa, AnsA, Ldh, Eno,
PurB-1), and anaerobic respiration (NapB, HydB,
SdhA, NrfA) (P , 0.05). Results suggest the mecha-
nisms by which carvacrol could reduce C. jejuni colo-
nization in chickens.
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INTRODUCTION

Campylobacteriosis is one of the most common
causes of bacterial gastroenteritis in the United
States, affecting more than 1.3 million people annu-
ally (Scallan et al., 2011; Marder et al., 2017).
Campylobacter jejuni alone causes w90% of the re-
ported Campylobacter infections in humans
(Cody et al., 2013). In addition, this pathogen in-
creases the risk of Guillain–Barr�e syndrome and reac-
tive arthritis in patients, thereby leading to significant
health concerns and economic burden (Spiller, 2007;
Gradel et al., 2009; Hoffmann et al., 2011).
Chickens are the natural reservoir host for C. jejuni,

wherein the bacteria asymptomatically colonize the in-
testinal tract in high numbers (w8 log cfu/g of cecal con-
tents) by 3 to 4 wk of age (Humphery et al., 1993;
Dhillon et al., 2006; Hue et al., 2010). This high level
of cecal colonization leads to a high prevalence of the
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pathogen at the flock level and frequent contamination
of carcass during slaughter and processing (Allen et al.,
2007). Approximately 80% of human campylobacteriosis
cases are linked to contaminated poultry (EFSA, 2010).
Intensive research in the past 2 decades has increased our
understanding of the various mechanisms used by C.
jejuni to colonize chickens. The tolerance of C. jejuni
to acidic pH and alkaline bile is critical for the survival
of the bacterium in sufficiently high numbers (.2 Log)
during gut transit and successful colonization in the
ceca (Beery et al., 1988). Motility of bacteria, together
with chemotaxis, promotes migration ofC. jejuni toward
a protective niche such as the crypts of the ceca
(Hermans et al., 2011a). Evidence exists that motile C.
jejuni colonizes the ceca in higher numbers as compared
with nonmotile mutants indicating the necessity of
motility for persistent colonization in birds (Morooka
et al., 1985; Mertins et al., 2013). Once C. jejuni reaches
the cecal crypts, it attaches to the epithelial cells fol-
lowed by colonization (Beery et al., 1988). Quorum
sensing in C. jejuni via the production of signal mole-
cules (autoinducer-2 [AI-2]) allows communication
among themselves in response to change in the bacterial
population and the environment (Bassler et al., 1994;
Castillo et al., 2014). Thus, attenuating the aforemen-
tioned colonization factors could potentially lead to a
reduction in C. jejuni colonization in birds.
Several intervention strategies to control colonization

of C. jejuni have been tested (Hermans et al., 2011b)
with varying degrees of success. These approaches
include supplementation of bacteriocins (Stern et al.,
2005; Svetoch and Stern, 2010), bacteriophages
(Carrillo et al., 2005; Wagenaar et al., 2005), probiotics
(Arsi et al., 2015; Shrestha et al., 2017), and vaccination
(Buckley et al., 2010; Chintoan-Uta et al., 2016). With
an increasing demand for antibiotic-free and organic
chickens, novel antimicrobial approaches are desired,
which are safe, effective, and environmentally friendly.
The use of plant-derived antimicrobials represents such
an approach.
Since ancient times, humans have used plant-derived

compounds as food preservatives and health promotors.
Several components of plants have exhibited antibacte-
rial activity against a wide range of pathogens (Burt,
2004; Holley and Patel, 2005). Carvacrol is the active
component of oregano oil (Origanum glandulosum). It
is classified as generally recognized as safe by the US
Food and Drug Administration for use in food products
(Food and Drug Administration, 2012). We previously
reported that carvacrol affects the virulence attributes
of C. jejuni critical for causing infection in humans
(Upadhyay et al., 2017). However, the ability of carva-
crol to change the colonization potential of C. jejuni in
chickens is relatively unknown. Few previous in vivo
studies have tested the efficacy of infeed supplementa-
tion of carvacrol to reduce C. jejuni colonization with
inconsistent results (Arsi et al., 2014; Kelly et al.,
2017). This situation warrants further investigations in
the potential anti-Campylobacter mechanism(s) of ac-
tion of carvacrol in chickens. The research reported
here was undertaken to investigate the efficacy of subin-
hibitory concentration (SIC, highest concentration not
inhibiting bacterial growth) of carvacrol in reducing
the expression of C. jejuni colonization factors critical
for persistence in the chicken gut. Moreover, the effect
of carvacrol on the proteome of C. jejuni was investi-
gated by liquid chromatography-tandemmass spectrom-
etry (LC-MS/MS) analysis.
MATERIALS AND METHODS

Bacterial Strains and Culture Conditions

Two strains of C. jejuni (wild-type KADAMBIS8 and
NCTC 81-176) were used for all the experiments. The
wild-type KADAMBIS8 strain of C. jejuni was isolated
from commercial poultry in our laboratory, and its
genome sequence was published in GenBank under
accession no. SFCH00000000 (called S-8 strain)
(Wagle et al., 2020). Each C. jejuni strain was cultured
separately in 10 mL of sterile Campylobacter Enrich-
ment broth (CEB; catalog no. 7526A, Neogen Corp.,
Lansing, MI) and incubated at 42�C for 48 h under
microaerophilic conditions (5% O2, 10% CO2, and 85%
N2). After the growth, each strain was centrifuged at
3,000 rpm for 10 min and appropriately diluted and
plated to investigate the growth pattern.

Determination of the SIC of Carvacrol

Carvacrol was purchased from Sigma-Aldrich Co., St.
Louis, MO (catalog no. W224502). The SIC of carvacrol
was determined using a previously published protocol
(Amalaradjou et al., 2011) with slight modifications.
Sterile 96-well polystyrene plates (Costar; Corning
Incorporated, Corning, NY) containing serial dilutions
of carvacrol in CEB (100 mL/well) were inoculated
with w6 log cfu of C. jejuni wild-type S-8 or NCTC
81-176 in equal volume (100 mL) of CEB, followed by in-
cubation at 42�C for 24 h. Bacterial growth was deter-
mined by culturing on Campylobacter Line Agar
(CLA) plates (Line, 2001). The highest concentration
of carvacrol that did not inhibit the growth of C. jejuni
after 24 h of incubation was selected as the SIC for the
study. Because 100% ethanol (catalog no. E7023;
Sigma-Aldrich) was used as a diluent of carvacrol, it
was included as a control in all the experiments.

Effect of Carvacrol on Viability and
Proliferation of Chicken Enterocytes

Chicken enterocytes were harvested and cultured in
Dulbecco’s Modified Eagle Medium (DMEM; catalog
no. L0101-0500; VWR life science, NY) containing
additional growth factor supplements (10% heat-
inactivated fetal bovine serum [catalog no. 10082147;
Thermo Fisher Scientific, Carlsbad, CA], IX insulin-
transferrin-selenite [catalog no. I3146; Sigma-Aldrich],
and 1X epithelial cell growth supplement [catalog no.
PHG0313; Sigma-Aldrich]) as described previously
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(Rath et al., 2018). The effect of carvacrol on viability
and proliferation of chicken enterocytes was determined
using an MTT [3-(4, 5-dimethylthiazolyl-2)-2, 5-
diphenyltetrazolium bromide] Cell Proliferation Assay
Kit (ATCC 30-1010K; Manassas, VA) as per the stan-
dard published method (Zheng and Kunlong, 1992).
Briefly, the monolayers of primary chicken enterocytes
were grown in 96-well tissue culture plates (Costar) at
w105 cells per well for 24 h. The enterocytes were
treated with ethanol in DMEM (0.018%), carvacrol in
DMEM (0.002%), or DMEM (control) for 2 h. The
MTT reagent was added to each well, including blanks,
and incubated at room temperature in the dark for 2 h.
After the appearance of purple precipitation, detergent
was added, and the absorbance was recorded at 570 nm
by using a spectrophotometric microplate reader (Bio-
Rad Laboratories, Hercules, CA).
Effect of Carvacrol on Motility of C. jejuni

The effect of the SIC of carvacrol on the motility of C.
jejuni wild-type S-8 and NCTC 81-176 was determined
as described previously (Niu and Gilbert, 2004) with
modifications. Separate petri dishes containing 25 mL
of motility test medium (catalog no. 211436; Becton,
Dickinson and Company, Sparks, MD) alone (control)
or with ethanol (0.018%) or SIC of carvacrol were pre-
pared. A mid-log culture (10 h) of C. jejuni was centri-
fuged at 3,000 rpm for 15 min and washed 2 times with
Butterfield’s phosphate diluent (BPD; 0.625 mmol/L
potassium dihydrogen phosphate, pH 6.67). Five micro-
liters of washed culture (w7 log cfu/mL) was stab inoc-
ulated at the center of the motility medium. After
incubation under a microaerophilic environment at
42�C for 24 h, the zone of motility (bacterial migration
distance from the site of stab to the periphery of agar
plate) was measured.
Effect of Carvacrol on Adhesion of C. jejuni
to Chicken Enterocytes

The effect of SIC of carvacrol on adhesion of C. jejuni
wild-type S-8 and NCTC 81-176 to primary chicken
enterocytes was determined as previously reported
(Koo et al., 2012). Chicken enterocytes were harvested
and cultured as described previously (Rath et al.,
2018). Monolayers of primary chicken enterocytes were
grown in 24-well tissue culture plates (Costar) at
w105 cells per well and inoculated with C. jejuni w6
log cfu/well (multiplicity of infection–10:1) either alone
(control) or in combination with ethanol or SIC of carva-
crol. The inoculated monolayers were incubated at 42�C
for 1.5 h under a microaerophilic environment. After in-
cubation, the inoculated monolayers were rinsed 3 times
in BPD and lysed with 1 mL of 0.1% Triton X-100 (cat-
alog no. 171315-01; Invitrogen, Carlsbad, CA) treat-
ment for 15 min. The number of C. jejuni that adhered
to the enterocytes was determined by serial dilution
and plating of BPD containing enterocyte lysate on
CLA plates followed by incubation under microaero-
philic conditions at 42�C for 48 h.
Effect of Carvacrol on Quorum Sensing
(AI-2) Activity of C. jejuni

The effect of SIC of carvacrol on AI-2 levels of C.
jejuni wild-type S-8 and NCTC 81-176 was investigated
by Vibrio harveyi bioluminescence assay as per the stan-
dard published protocol with slight modifications
(Bassler et al., 1994; Castillo et al., 2014). Briefly, C.
jejuni was cultured to mid-log phase (10 h) in the pres-
ence or absence of 0.002% carvacrol followed by centrifu-
gation at 4,000 rpm. The cell-free supernatant (CFS)
was collected and filtered using a 0.2-mm syringe filter.
Similarly, V. harveyi strain BB152 was grown overnight
in Luria Bertani broth (catalog no. M1245; HiMedia
Laboratories Pvt. Ltd., Mumbai, India) at 30�C, and
the supernatant was prepared. The reporter strain of
V. harveyi (BB170) was also cultured in Luria Bertani
broth at 30�C for 24 h and diluted 1:5,000 with autoin-
ducer assay medium (Inoculumw 3 log cfu/mL). Ninety
microliters of diluted reported strain were dispensed into
96-well microtiter plates followed by addition of 10 mL of
CFS of carvacrol-treated or untreated C. jejuni or CFS
of V. harveyi strain BB152 (positive control) or autoin-
ducer assay medium (negative control). The plate was
incubated at 30�C continuously, and the luminescence
of mixture was measured every 20 min for 8 h using a
Cytation 5 multi-mode reader (BioTek Instruments,
Inc., Winooski, VT). The self-induction of luminescence
in V. harveyi strain BB170 due to their growth in nega-
tive controls was deducted from positive controls and
treatments before data analysis.
Effect of Carvacrol on Susceptibility of
C. jejuni to Acid and Bile

C. jejuni encounters acid and bile in the proventricu-
lus and duodenum, respectively, during passage through
the gastrointestinal tract of poultry before colonization
in the cecum. Therefore, we evaluated the effect of carva-
crol on the susceptibility of C. jejuni to acid and bile us-
ing a previously described method (Beumer et al., 1992).
Briefly, hydrochloric acid (catalog no. H1758; Sigma-
Aldrich) at 0.000316 N and Oxgall bile (catalog no.
01585; Chem-Impex Int’l Inc., Wood Dale, IL) at 0.3%
were used to prepare solutions similar to gastric juice
(pH 3.5) and bile (pH 6.0), respectively. A mid-log cul-
ture of C. jejuni S-8 or NCTC 81-176 in the presence
or absence of SIC of carvacrol was prepared as described
previously. The mid-log culture was inoculated in the
acid followed by incubation at 42�C for 1 h to represent
food retention time in the proventriculus. The acid-
exposed C. jejuni cells were then transferred to bile solu-
tion and incubated at 42�C for 5 min (average food
retention time in the duodenum). The numbers of sur-
vivingC. jejuniwere enumerated by dilution and plating
on CLA at each step.
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Proteomic Analysis of C. jejuni Exposed to
Carvacrol

The effect of carvacrol on the proteome of C. jejuni
wild-type S-8 and NCTC 81-176 was determined using
LC-MS/MS as described previously (Miyamoto et al.,
2015; Wagle et al., 2019). Briefly, C. jejuni (w6 log
cfu/mL) was incubated in the presence or absence of
0.002% carvacrol at 42�C for 10 h. The planktonic cells
were washed with nuclease-free water (catalog no.
AM9937; Thermo Fisher), and proteins were extracted
using the B-Per bacterial protein extraction reagent
(catalog no. 90084; Thermo Fisher). The samples were
then subjected to SDS-PAGE (catalog no. NP0327BOX,
NuPage 4 to 12% Bis-Tris protein gel; Thermo Fisher) at
220 V for 35 min. Each lane of gel was excised to 1 mm2

pieces and destained with 50% acetonitrile (catalog no.
AX0145; Sigma-Aldrich) in ammonium bicarbonate
(catalog no. A6141; Sigma-Aldrich) for 45 min. The gel
pieces were dehydrated by adding acetonitrile and vac-
uum dried for 10 min. Dehydrated gels were treated
with dithiothreitol (15 mg/mL in 25 mmol/L ammo-
nium bicarbonate; catalog no. D9779; Sigma-Aldrich)
to reduce disulfide bonds in proteins followed by reduc-
tion with iodoacetamide (37 mg/mL in ammonium bi-
carbonate; catalog no. I1149; Sigma-Aldrich) for 1 h.
The residuals of iodoacetamide were removed by
washing with ammonium bicarbonate buffer, and the
gel pieces were dehydrated again using acetonitrile.
The proteins in the gel pieces were digested with trypsin
(20 ng per mL in 25 mmol/L ammonium bicarbonate;
catalog no. 786-690; Biosciences, St. Louis, MO) over-
night at 37�C. The resultant peptides were analyzed
by LC-MS/MS technique using an Agilent 1200 series
microflow HPLC coupled to a Bruker AmaZon-SL quad-
rupole ion trap mass spectrometer (Bruker Daltonics
Inc., Billerica, MA) with a captive spray ionization
source. The proteins were identified by matching MS/
MS spectra to protein sequences of C. jejuni NCTC 81-
176 available at the uniprot.org using in house
MASCOT software (Matrix Science Inc., Boston, MA)
(Perkins et al., 1999). The proteins were identified based
on,5% false discovery rate and 1 unique peptide from a
protein.
Statistical Analyses

A completely randomized designed was used for the
study. The bacterial counts were logarithmically trans-
formedbefore analysis to achieve homogeneity of variance
(Byrd et al., 2003). All experiments had triplicate samples
and replicated 2 times (n5 6) on each strain of C. jejuni.
Data from independent trials were pooled and analyzed
using ANOVA with Fisher least significant difference
test formultiple comparisons onGraphPadPrism, version
8.0 (GraphPad Software, San Diego, CA). For the prote-
omic analysis, Scaffold Proteome Software, version 4.8
(Proteome Software Inc., Portland, OR), was used to
analyze MASCOT files. Spectral counting quantitative
method in Scaffold determined differentially expressed
proteins between carvacrol treated and untreated C.
jejuni cells using Student t test. Differences were consid-
ered significant with P values, 0.05.
RESULTS

Determination of SIC of Carvacrol

Based on growth curve analysis, the highest concen-
tration of carvacrol that did not significantly inhibit
the growth of C. jejuni (both strains) after incubation
at 42�C for 24 h was 0.002% (Data not shown).

Effect of Carvacrol on Viability and
Proliferation of Chicken Enterocytes

The effect of carvacrol on viability and proliferation of
chicken enterocytes is shown in Figure 1. Carvacrol at
the SIC level did not affect the viability of enterocytes
as revealed by a nonsignificant change in the absorbance
values between control and treatment. Similarly,
ethanol did not affect the viability and proliferation of
primary chicken enterocytes (P . 0.05).

Effect of Carvacrol on C. jejuni Motility

Figure 2 shows the effect of SIC of carvacrol on
C. jejuni motility at 42�C. The SIC of carvacrol reduced
the motility of C. jejuni wild-type S-8 (Figure 2A) and
C. jejuni NCTC 81-176 (Figure 2B) without affecting
the pH of the medium (P , 0.05). The control had a
zone of 8.5 cm in both the strains, whereas carvacrol
0.002% decreased the motility by w50 and 35% in
wild-type S-8 and NCTC 81-176, resulting in a zone of
4.26 and 5.7 cm in carvacrol treatment, respectively.
Ethanol did not affect the motility of either strain of
C. jejuni (P . 0.05).

Effect of Carvacrol on Adhesion of C. jejuni
to Primary Chicken Enterocytes

The effect of carvacrol on C. jejuni attachment to pri-
mary chicken enterocytes is presented in Figure 3. In the
absence of carvacrol, w4.7 log cfu/mL of C. jejuni wild-
type S-8 (Figure 3A) and w5 log cfu/mL of C. jejuni
NCTC 81-176 (Figure 3B) adhered to primary chicken
enterocytes. Carvacrol at 0.002% decreased attachment
of C. jejuni wild-type S-8 and NCTC 81-176 by w0.8
and 1.5 log cfu/mL, respectively, as compared with their
controls (P , 0.05). The presence of ethanol did not
affect the attachment of both strains of C. jejuni to pri-
mary chicken enterocytes (P . 0.05).

Effect of Carvacrol on Quorum Sensing
(Autoinducer) Activity of C. jejuni

The effect of carvacrol on AI-2 levels of C. jejuni S-8
and NCTC 81-176 is shown in Figure 4. The AI-2 levels
in the supernatant of untreatedC. jejuni S-8 (Figure 4A)
and NCTC 81-176 (Figure 4B) determined by
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Figure 1. Effect of SIC (0.002%) of carvacrol on viability and proliferation of chicken enterocytes determined using MTT cell proliferation assay.
Results are averages of 2 independent experiments, each containing triplicate samples (mean and SEM). Different letters across treatments indicate
the statistical difference at P , 0.05. Abbreviations: MTT, 3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide; SIC, subinhibitory
concentration.
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luminescence measurement wasw1,610 and 850 relative
light units (RLU) (corresponds to 17 and 9% of positive
control, V. harveyi BB152) at the end of 8 h. The pres-
ence of 0.002% carvacrol reduced AI-2 levels in C. jejuni
S-8 and NCTC 81-176 tow730 RLU (54.65% reduction)
Figure 2. Effect of SIC (0.002%) of carvacrol onmotility ofCampylobacter
independent experiments, each containing triplicate samples (mean and SEM
by symbols (�:;, respectively) at the top of each bar. Abbreviation: SIC,
and 160 RLU (81.17% reduction), respectively
(P, 0.05). The presence of ethanol did not significantly
affect AI-2 production in C. jejuni S-8; however, ethanol
reduced AI-2 production by 23.52% in C. jejuni NCTC
81-176 at 8 h incubation (P , 0.05).
jejuniwild-type S-8 (A) andNCTC 81-176 (B). Results are averages of 2
). Individual data points of control, ethanol, and carvacrol were indicated
subinhibitory concentration.



Figure 3. Effect of SIC (0.002%) of carvacrol on attachment of Campylobacter jejuni wild-type S-8 (A) and NCTC 81-176 (B) to primary chicken
enterocytes. Results are averages of 2 independent experiments, each containing triplicate samples (mean and SEM). Individual data points of control,
ethanol, and carvacrol were indicated by symbols (�:;, respectively) at the top of each bar. Abbreviation: SIC, subinhibitory concentration.
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Effect of Carvacrol on Susceptibility of
C. jejuni to Acid and Bile

Figure 5 shows the susceptibility of carvacrol-treated
C. jejuni to acid and bile. There was no significant differ-
ence in the baseline (before exposure to acid and bile) be-
tween control and treatment in both strains. After
exposure to acid, w7.4 log cfu/mL of C. jejuni wild-
type S-8 survived in the controls (Figure 5A). Further
exposure of C. jejuni S-8 to Oxgall bile did not reduce
the counts (w7.1 log cfu/mL) in the controls
(P . 0.05). In contrast to controls, the presence of SIC
of carvacrol resulted in w1.2 log cfu/mL reductions
(from 7.3 to 6.1 log cfu/mL) after acid exposure
(P , 0.05). Moreover, carvacrol resulted in additional
0.6 log cfu/mL reductions (6.1–5.5 log cfu/mL) after
exposure to bile solution. Similar results were observed
in C. jejuniNCTC 81-176 strain (Figure 5B). The reduc-
tions were w0.82 log cfu/mL after exposure with acid
and an additional 0.56 log cfu/mL after exposure to
bile (P , 0.05). The presence of ethanol did not affect
the susceptibility of either strain of C. jejuni to acid
and bile (P . 0.05).
Proteomic Profile of C. jejuni Exposed to
Carvacrol

The effect of carvacrol on protein expression of
C. jejuni wild-type S-8 and NCTC 81-176 is shown in
Tables 1 and 2, respectively. The exposure of C. jejuni
wild-type S-8 to SIC of carvacrol resulted in the downre-
gulation of several proteins that play a major role in the
cecal colonization in chickens (Table 1). Carvacrol
downregulated proteins essential for flagellar chemotaxis
(methyl-accepting chemotaxis protein [MCP]),
interactions with host cells (AspA), anaerobic respira-
tion (NapB), metabolism (AcnB, Icd, Fba, Ppa), and
stress tolerance (Tpx) by at least 1.5 times. However, 2
other stress tolerance proteins (AhpC and KatA) were
upregulated by approximately 2 times with carvacrol
treatment. The ethanol treatment did not affect the
expressions of aforementioned proteins of C. jejuni
wild-type S-8 with the exception of inorganic pyrophos-
phatase (Ppa) (P . 0.05).

The exposure of C. jejuni NCTC 81-176 to the SIC of
carvacrol downregulated proteins essential for capsule
formation (WcbK), chemotaxis (MCP), attachment to
enterocytes (GroL), growth and metabolism (AnsA,
AspA, Eno, Idh, PurB-1), protein biosynthesis (CysK,
Tuf), and anaerobic respiration (NrfA, SdhA, HydB)
(Table 2). The upregulated proteins (CBF2, HemE,
GmhA-1, ThrC, YajC, PyrE) were mainly related to
protein biogenesis. Among the aforementioned proteins,
the majority of the proteins were not altered with
ethanol treatment; however, it reduced expression of
NrfA and CBF2 by w3.3 and 1.67 times, respectively,
and upregulated expression of HemE by w2.4 times.
DISCUSSION

Motility and adhesion are the 2 major factors respon-
sible for the colonization of C. jejuni in birds (Van Deun
et al., 2008). Tolerance to acid and bile further facilitates
the colonization by increasing the number of C. jejuni
that are able to reach the ceca. Moreover, AI-2 produc-
tion in C. jejuni contributes to chicken colonization by
coordinating the expression of virulence and host coloni-
zation factors (Quiñones et al., 2009). Therefore, attenu-
ating the aforementioned factors could potentially
reduce the colonization of C. jejuni in the poultry gut.



Figure 4. Effect of SIC (0.002%) of carvacrol on AI-2 levels of Campylobacter jejuni wild-type S-8 (A) and NCTC 81-176 (B) determined by biolu-
minescence assay. Results are averages of 2 independent experiments, each containing triplicate samples (mean and SEM). Abbreviation: SIC,
subinhibitory concentration.
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With increasing antibiotic resistance in C. jejuni
(Luangtongkum et al., 2009; Cha et al., 2016), there is
a need for novel strategies to control C. jejuni in
chickens. We investigated the efficacy of carvacrol in
reducing C. jejuni colonization potential in vitro as a
first step before conducting future in vivo experiments.

As an alternative to antibiotics, the anti-Campylo-
bacter effect of carvacrol has been tested previously
(Van Alphen et al., 2012; Upadhyay et al., 2017). How-
ever, these studies mainly evaluated the antiadhesion
properties of carvacrol using human epithelial cells. In
the present study, we used primary chicken enterocytes
as a model to determine the efficacy of carvacrol in
reducing the attachment ability of C. jejuni to chicken
gut epithelium. The effect of carvacrol was investigated
at SIC because the SIC of antimicrobial is known to
modulate virulence properties of bacteria including
C. jejuni (Van Alphen et al., 2012; Castillo et al., 2014;
Upadhyay et al., 2017; Wagle et al., 2017a, b; Shrestha
et al., 2019 a, b; Wagle et al., 2019) without killing
them or inhibiting their growth.

Flagella-mediated motility of C. jejuni is imparted by
polar flagella, which is crucial for reaching attachment
sites for colonization in poultry gut (Morooka et al.,
1985; Hermans et al., 2011a). Our results revealed that
carvacrol significantly decreased C. jejuni motility in
both the strains (Figure 2). Similar results were reported
previously when C. jejuni motility was tested at human
body temperature (37�C) in the presence and absence of
carvacrol (Van Alphen et al., 2012), berries (Salaheen
et al., 2014), and b-resorcylic acid (Wagle et al.,
2017a). In contrast to these studies, we have conducted
motility assay at 42�C to represent the temperature
encountered by Campylobacter in the poultry gut. This
selection of temperature is crucial because the respira-
tory proteins (NapA, NrfA, SdhA, HydB, MfrA) are
expressed differently between the 2 temperatures (37�C
and 42�C), thereby affecting the intensity and extent
of C. jejuni motility (Kassem et al., 2012). A concurrent
study by �Simunovi�c et al. (2020) also investigated the ef-
fect of carvacrol on motility of C. jejuni NCTC 11168 at
42�C. The minimum inhibitory concentration (MIC)
(0.0032%) estimations of �Simunovi�c et al. (2020) were
similar to our MIC values indicating similar interactions
between carvacrol and C. jejuni. However, unlike our
study, �Simunovi�c et al. (2020) did not observe any inhib-
itory effect by carvacrol (0.25 MIC) on C. jejuni
motility. This is probably because the test concentration
used in �Simunovi�c et al. (2020) study is 2.75 times lower
than our test concentration. In our previous study
(Upadhyay et al., 2017), we observed a dose-dependent
reduction in C. jejuni motility on exposure to carvacrol.



Figure 5. Effect of SIC (0.002%) of carvacrol on susceptibility of Campylobacter jejuni wild-type S-8 (A) and NCTC 81-176 (B) to acid and bile.
Results are averages of 2 independent experiments, each containing triplicate samples (mean and SEM). Individual data points of control, ethanol, and
carvacrol were indicated by symbols (�:; respectively) at the top of each bar. Abbreviation: SIC, subinhibitory concentration.
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At 0.001% concentration, carvacrol was less effective
than 0.002% in reducing C. jejuni motility. Therefore,
it is definitely possible that a test dose of 0.0007% is
not able to modulate the motility ofC. jejuni as observed
by �Simunovi�c et al. (2020).
Adherence of C. jejuni to mucus lining of cecal crypts

is the major prerequisite for successful colonization in
poultry (Beery et al., 1988). Our results from cell culture
revealed that SIC of carvacrol reduced adherence of C.
jejuni to primary chicken enterocytes (Figure 3) without
affecting the viability and proliferation of chicken enter-
ocytes (Figure 1). This result agrees with our previous
reports (Upadhyay et al., 2017) and others (Van
Alphen et al., 2012), which also showed the antiadhesion
property of carvacrol on human epithelial cells. Similar
results have also been reported with berries (Salaheen
Table 1. Differentially expressed proteins of Campylobacte
ethanol (0.018%), and control samples.

Protein description Gene name

Downregulated expression
Methyl-accepting chemotaxis protein CJJ81176_1498 C
Aspartate ammonia-lyase aspA H
Periplasmic nitrate reductase napB A
Aconitate hydratase B acnB M
Isocitrate dehydrogenase icd M
Fructose-bisphosphate aldolase fba M
Inorganic pyrophosphatase ppa M
Probable thiol peroxidase tpx S

Upregulated expression
Catalase katA S
Antioxidant, AhpC/Tsa family CJJ81176_0356 S
CjaC protein cjaC A

Different letters within row indicate significant change in expre
et al., 2014), cranberry extract (Ramirez-Hernandez
et al., 2015), Alpinia katsumadai extracts (�Siki�c
Poga�car et al., 2015), grape extract (Klan�cnik et al.,
2017), thyme extracts (�Siki�c Poga�car et al., 2016), herbal
extracts (Bensch et al., 2011), b-resorcylic acid (Wagle
et al., 2017a), and resveratrol (Klan�cnik et al., 2017).
Adding to the knowledge of these studies, our data sug-
gest that carvacrol exerts antiadhesion properties to pri-
mary chicken enterocytes at chicken body temperature
(42�C). This is significant because C. jejuni adheres
but does not invade chicken intestinal epithelial cells
during colonization in birds (Byrne et al., 2007;
Hermans et al., 2011a).

Quorum sensing plays an important role in motility
and biofilm formation in C. jejuni (Hermans et al.,
2011a). In addition, it was previously reported that
r jejuni strain wild-type S-8 among carvacrol (0.002%),

Functions

Fold change in expression (log2
transformed)

Control Ethanol Carvacrol

hemotaxis 0a 0.14a 23.32b

ost-cell interactions 0a 0a 23.32b

naerobic respiration 0a 0a 20.74b

etabolism 0a 20.15a 20.74b

etabolism 0a 0.14a 20.52b

etabolism 0a 0a 23.32b

etabolism 0a 20.51b 21.74c

tress response 0a 20.15a 20.74b

tress response 0a 0a 1b

tress response 0a 0a 0.93b

BC transport system 0a 0.38a 0.6b

ssion (P , 0.05).



Table 2. Differentially expressed proteins of Campylobacter jejuni NCTC 81-176 among carvacrol (0.002%), ethanol
(0.018%) and control samples.

Protein description Gene name Functions

Fold change in expression (log2
transformed)

Control Ethanol Carvacrol

Downregulated expression
Methyl-accepting chemotaxis

protein
CJJ81176_0289 Chemotaxis 0a 0.14a 21b

Methyl-accepting chemotaxis
protein

CJJ81176_0180 Chemotaxis 0a 0.24a 21b

60 kDa chaperonin groL Adherence 0a 20.15a 22.32b

Quinone-reactive
Ni/Fe-hydrogenase

hydB Anaerobic respiration 0a 20.12a 21b

Cytochrome c552 nrfA Anaerobic respiration 0a 21.74b 22.32c

Succinate dehydrogenase,
flavoprotein subunit

sdhA Anaerobic respiration 0a 0a 23.32b

L-asparaginase ansA Growth and Metabolism 0a 0a 21b

Pyruvate-flavodoxin oxidoreductase CJJ81176_1469 Growth and Metabolism 0a 20.15a 21.74b

Aspartate–tRNA(Asp/Asn) ligase aspS Growth and Metabolism 0a 0.14a 21.74b

Adenylosuccinate lyase purB-1 Growth and Metabolism 0a 0a 21.32b

Cysteine desulfurase CJJ81176_0265 Growth and Metabolism 0a 0.15a 21.32b

L-lactate dehydrogenase ldh Growth and Metabolism 0a 0.08a 20.52b

Enolase eno Growth and Metabolism 0a 20.15a 22.32b

Elongation factor Tu tuf Protein biosynthesis 0a 20.15a 21.74b

Cysteine synthase A cysK Protein biosynthesis 0a 20.15a 20.52b

GDP-mannose 4,6-dehydratase wcbK Capsule formation 0a 20.15a 21.74b

Upregulated expression
Putative peptidyl-prolyl cis-trans

isomerase
cbf2 Protein biosynthesis 0b 20.74c 1.85a

Uroporphyrinogen decarboxylase hemE Heme biosynthesis 0c 1.26b 3.58a

Phosphoheptose isomerase gmhA-1 Protein biosynthesis 0b 0b 1.38a

Threonine synthase thrC Protein biosynthesis 0b 0b 2.58a

Preprotein translocase, YajC
subunit

yajC Protein biosynthesis 0b 0.14b 1.72a

Orotate phosphoribosyltransferase pyrE Metabolism 0b 0b 1.38a

Different letters within row indicate significant change in expression (P , 0.05).
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AI-2 productions in C. jejuni NCTC 81-176 contributes
to colonization in chickens and interaction with epithe-
lial cells (Quiñones et al., 2009). In the present study,
carvacrol significantly reduced AI-2 levels in both the
strains indicating that it interferes with quorum sensing
in C. jejuni (Figure 4). Similar results were reported in
C. jejuni NCTC 11168 (strain isolated from humans)
in the presence of citrus extracts (Castillo et al., 2014)
and Euodia ruticarpa (Bezek et al., 2016). However,
�Simunovi�c et al. (2020) did not observe a reduction in
quorum sensing of C. jejuni NCTC 11168 with carvacrol
treatment. Because the antimicrobial efficacy is dose
dependent, this variation between our study and that
of the study by �Simunovi�c et al. (2020) could be owing
to differences in SIC doses of carvacrol (0.002 vs.
0.0007%, respectively) and C. jejuni strains (NCTC
81-176 vs. NCTC 11168) used for the study.

The survivability of C. jejuni on exposure to stress
factors, especially acid and bile in the chicken gut, is
essential for reaching bacterium at a level (.2 log) suf-
ficient for colonization in the cecum (Beery et al., 1988;
Hermans et al., 2011a). Our results indicate that expo-
sure to carvacrol increased C. jejuni susceptibility to
aforementioned stress factors (Figure 5). The SIC of
carvacrol was also reported to increase the susceptibil-
ity of Salmonella Typhimurium to antibiotics (Johny
et al., 2010). The increased susceptibility of C. jejuni
in the presence of carvacrol could be because of the
weakening of cell surface structure leading to increase
cell membrane permeability (La Storia et al., 2011).
Another reason for the increased susceptibility of
C. jejuni could be a reduction in the expression of
gene/proteins contributing to acid/bile stress toler-
ance. For example, Salaheen etal. (2018) observed
that exposure of C. jejuni to phenolic extracts from
blackberry and blueberry reduced the expression of
tpx and ahpC genes.
To study the potential anti-Campylobacter mecha-

nism of action(s) of carvacrol, LC-MS/MM–based
proteome profiling was conducted. Liquid
chromatography-tandem mass spectrometry analysis
identified 232 and 313 proteins in C. jejuni S-8 and
NCTC 81-176, respectively. We found that the expo-
sure of C. jejuni to carvacrol led to modulation of
select proteins essential for intestinal colonization in
chickens in both the strains. For example, MCP is
essential for sensing chemoattractants leading to acti-
vation of MCP-dependent signaling pathway and
movement of C. jejuni to reach suitable sites for colo-
nization in birds and humans (Li et al., 2014). More-
over, Vegge et al. (2009) reported that the deletion of
select mcp genes (tlp1, tlp2, docB, docC) resulted in a
10-fold decrease in the ability of C. jejuni to invade
human epithelial cells and chicken embryo cells. In
the present study, the expression of MCP was reduced
in both the strains of C. jejuni treated with carvacrol
resulting in reduced motility as revealed by motility
assay (Figure 2). Similarly, the reduction in adhered
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C. jejuni counts with carvacrol treatment could be
owing to modulation of several proteins (AspA,
AcnB, Icd, Fba, Ppa, AnsA, Ldh, Eno, SdhA, PurB-
1) essential for growth and metabolism leading to defi-
ciency of metabolic energy for various functions. The
growth of C. jejuni by using amino acids (aspartate,
glutamate, and proline) as an energy source is crucial
for the persistence and colonization in the chicken gut.
Guccione et al. (2008) had revealed that aspartate
ammonia lyase (AspA) plays a key role in the amino
acid–dependent growth of C. jejuni. Besides, AspA fa-
cilitates entry and survival of C. jejuni within epithe-
lial cells (Novik et al., 2010). Similarly, chaperonin
GroL strengthens adherence of C. jejuni to entero-
cytes (Ayll�on et al., 2017). The anaerobic respiration
in the gut is mediated by several respiratory proteins
such as hydrogenase (HydB), dehydrogenase (SdhA),
nitrate reductase (NapA, NapB), and nitrite reductase
(NrfA), which play significant role in C. jejuni coloni-
zation in chickens (Weingarten et al., 2008; Kassem
et al., 2012). Carvacrol reduced the expression of
these proteins indicating that it hinders anaerobic
respiration thereby inhibiting interactions with host
cells. Although carvacrol affected proteins of similar
functions in both the strains, the specific response of
C. jejuni to the exposure of carvacrol varied between
the strains. For example, carvacrol downregulated
NapB in C. jejuni wild-type S-8, whereas the expres-
sion of NrfA, SdhA, and HydB proteins was reduced
in C. jejuni NCTC 81-176 strain. In addition, expo-
sure of C. jejuni wild-type S-8 to carvacrol altered
expression of selected stress tolerance proteins
(Table 1; upregulated AhpC and KatA, and downre-
gulated Tpx); however, these proteins were not
altered in C. jejuni NCTC 81-176 strain (Table 2).
These findings indicate that carvacrol affects multiple
proteins in C. jejuni, and the mechanism(s) of action
could vary with strains.
Although found to be effective in reducing the expres-

sion of C. jejuni chicken colonization factors in vitro,
the anti-Campylobacter efficacy of carvacrol needs
further in vivo validation. Previous in vivo studies
from our laboratory (Arsi et al., 2014) and elsewhere
(Kelly et al., 2017) have produced inconsistent reduc-
tions in C. jejuni cecal counts in response to infeed sup-
plementation of carvacrol. This result could be because
of a variety of confounding factors such as binding of
phytochemical to the feed, losses due to volatility, insuf-
ficient compound concentration in ceca, and so on.
Future studies should investigate the potential of novel
carrier systems (nanoparticles, emulsions) for
enhanced/protected delivery of carvacrol to target sites
such as the ceca.
In conclusion, we have demonstrated that carvacrol

attenuates C. jejuni by decreasing motility, attachment,
quorum sensing, and tolerance to stress in vitro. In addi-
tion, LC-MS/MS revealed modulation of select proteins
that could potentially contribute to impaired coloniza-
tion factor function in C. jejuni. However, in vivo studies
are warranted to further validate these results.
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