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ABSTRACT Foodborne illness is an ongoing problem
worldwide and is caused by bacteria that invade the food
chain from the farm, slaughter house, restaurant or
grocery, or in the home and can be controlled by stra-
tegies using biocides (antiseptics and disinfectants).
Susceptibility profiles were determined for 96 Campylo-
bacter jejuni strains obtained in 2011–2012 from broiler
chicken house environments to antimicrobials and dis-
infectants as per the methods of the Clinical and Labo-
ratory Standards Institute and TREK Diagnostics using
CAMPY AST Campylobacter plates. Low prevalence of
antimicrobial resistance was observed in C. jejuni strains
to tetracycline (TET; 21.9%), ciprofloxacin (CIP;
13.5%), and nalidixic acid (NAL; 12.5%). The resistance
profiles had a maximum of 3 antimicrobials, CIP-NAL-
TET, with TET being the main profile observed. No
cross-resistance was observed between antimicrobials
and disinfectants. The C. jejuni strains (99%) were
resistant to triclosan, 32% were resistant to chlorhexi-
dine, and they all were susceptible to benzalkonium
chloride. The strains had low-level minimum inhibitory
concentrations (MICs) to the disinfectants P-128, Food
Service Sanitizer, F-25 Sanitizer, Final Step 512
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Sanitizer, OdoBan, dioctyldimethylammmonium chlo-
ride, didecyldimethylammonium chloride (C10AC),
benzyldimethyldodecylammonium chloride (C12BAC),
and benzyldimethyltetradecylammonium chloride
(C14BAC). Intermediate MICs against DC&R, cetyl-
pyridinium bromide hydrate, hexadecylpyridinium
chloride, ethylhexadecyldimethylammonium bromide,
and hexadecyltrimethylammonium bromide with
elevated intermediate MICs against Tek-Trol, benzyl-
dimethylhexadecylammonium chloride, tris(hydrox-
ylmethyl)nitromethane (THN), and formaldehyde. The
highest MIC were obtained for povidone-iodine. The
components THN and the benzylammonium chlorides
C12BAC and C14BAC were responsible for the inhibi-
tion by DC&R. The components C10AC and C12BAC
may act synergistically causing inhibition of C. jejuni by
the disinfectant P-128. The formaldehyde component in
DC&Rwas not effective againstC. jejuni compared with
the ammonium chloride components. Its use in disinfec-
tants may result in additional unnecessary chemicals in
the environment. Didecyldimethylammonium chloride is
the most effective ammonium chloride component
against C. jejuni.
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INTRODUCTION

Foodborne illness is an ongoing problem worldwide
(Bolton, 2015; Kaakoush et al., 2015; EFSA, 2016),
and the World Health Organization has estimated that
in 2015, there were 600 million cases and 420,000 deaths
worldwide from foodborne illnesses (WHO, 2015). In
2011, the Centers for Disease Control and Prevention
estimated thatCampylobacter species caused 845,024 ill-
nesses, 8,463 hospitalizations, and 76 deaths per year in
the United States (CDC, 2011; Scallan et al., 2011). In
2016, Campylobacter species were the most important
for causation of foodborne illnesses in the United States.
The Centers for Disease Control and Prevention Food-
borne Diseases Active Surveillance Network (FoodNet)
provides data on 15% of the United States and reported
Campylobacter species causing 8,547 cases of foodborne
illness (CDC, 2017), while Campylobacter jejuni is
considered the most common bacterial cause of acute
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gastroenteritis in humans worldwide (Colles et al., 2008;
Mukherjee et al., 2013; Cean et al., 2015; Sifr�e et al.,
2015; Han et al., 2020). Chickens and raw chicken prod-
ucts have been indicated as a major reservoir of C. jejuni
(Rosenquist et al., 2003; Pielsticker et al., 2012; Lopez
et al., 2015; Sahin et al., 2015; Thibodeau et al., 2015;
Han et al., 2020), both commercial chickens as well as
free-range chickens possess Campylobacter species, and
nearly 100% of broilers at slaughter may harbor
Campylobacter (USDA, 2020). C. jejuni is not just a
commensal organism in some chicken breeds, but it can
lead to disease of the birds and negatively affect the
birds’ welfare (Humphrey et al., 2014; Han et al., 2017).
Foodborne illness is caused by bacteria that invade

the food chain, and they may be derived from the
farm, the slaughter house, the restaurant or grocery, or
in the home and can be controlled by strategies that
include the use of biocides (antiseptics and disinfectants)
(Beier et al., 2005, 2017). Disinfectants are chemicals
that inhibit or kill a broad-spectrum of microorganisms
when used properly (White and McDermott, 2001);
however, the levels of formulated disinfectants actually
applied during the disinfection process may be at lower
concentration levels than required to kill the microor-
ganisms (Chapman, 2003). If the actual levels of biocides
used are lower than required to kill the targeted bacteria,
then the bacteria may form biofilms resulting in
increased antimicrobial resistance (AMR) (Capita
et al., 2014; Ziech et al., 2016), and the use of biocides
has been demonstrated to result in antimicrobial cross-
resistance (Maris, 1991; Sidhu et al., 2002a; Braoudaki
and Hilton, 2004; Beier et al., 2005; Davin-Regli and
Pag�es, 2012; Al-Jailawi et al., 2013; Gnanadhas et al.,
2013; Wales and Davies, 2015; Romaro et al., 2017;
Wand et al., 2017; Cadena et al., 2019). Cross-
resistance can result in a food safety hazard because
repeated biocide exposures can potentially induce
biocide tolerance (Morente et al., 2013), bacterial resis-
tance to biocides (Russell, 2002; Maillard, 2007; Davin-
Regli and Pag�es, 2012; Slipski et al., 2018), and exacer-
bate the trend of increasing AMR (Fraise, 2002). It
was demonstrated that trisodium phosphate adapted
C. jejuni strains had a weaker adaptive resistance to
further trisodium phosphate treatment and developed
a weak cross-resistance to antimicrobials compared
with other strains (Mavri and Mo�zina, 2013). In addi-
tion, antibiotic treatment of birds may cause these
treated birds to be predisposed to invasion by C. jejuni
by modification of the bird’s microbiota, thus providing
a suitable environment (Han et al., 2020).
The effects of some disinfectants have been previously

investigated against 3 C. jejuni strains (Wang et al.,
1983) and on 2 avian field strains of C. jejuni
(Guti�errez-Martín et al., 2011) with both studies deter-
mining excellent disinfectant capability against this bac-
terium. Guti�errez-Martín et al. (2011) showed that the
disinfectants were equally active in the presence or
absence of organic material. We have previously investi-
gated the effects of disinfectants and antibiotics on a
number of foodborne pathogens, Salmonella enterica
(Beier et al., 2011, 2017), Escherichia coli O157:H7
(Beier et al., 2013), the 6 main non-O157 Shiga toxin-
producing E. coli (non-O157 STEC) (Beier et al.,
2016), Campylobacter coli (Beier et al., 2019a), and the
pathogenic bacteria, vancomycin-resistant Entero-
coccus faecium (VRE) (Beier et al., 2008) and Pseudo-
monas aeruginosa (Beier et al., 2014). It was
demonstrated that the disinfectant component didecyl-
dimethylammonium chloride (C10AC) was the most
effective ammonium chloride against these pathogenic
bacteria and in the complex disinfectant P-128. Howev-
er, C10AC and the benzyl ammonium chlorides in the
complex disinfectant P-128 appear to act equally and
synergistically against C. coli (Beier et al., 2019a).
This study focuses on the determination of the disinfec-
tant and antimicrobial susceptibility profiles of 96 C.
jejuni strains isolated from the litter of multiple broiler
houses to evaluate the occurrence of AMR and the effec-
tiveness of disinfectants and disinfectant components
against C. jejuni by determining the minimum inhibi-
tory concentrations (MICs) of the bacteria. The suscep-
tibility work conducted in this study with 22
disinfectants against 96 C. jejuni strains also can be
compared with our previous susceptibility studies of 6
different pathogens to verify the overall usefulness of
these disinfectants and determine whether cross-
resistance occurs between the disinfectants and antibi-
otics tested.
MATERIAL AND METHODS

C. jejuni Strains

The 96 C. jejuni strains tested in this study were pre-
viously isolated in 2011–2012 from shoe covers worn in
broiler chicken houses and the bacterial strains were
stored at 280�C as previously described (Beier et al.,
2019b).
Susceptibility Testing

The C. jejuni MICs were determined by both antimi-
crobial susceptibility testing (AST) and disinfectant sus-
ceptibility testing using standard broth microdilution
methods as per the Clinical and Laboratory Standards
Institute (CLSI, 2013, 2015) and the methods described
by TREKDiagnostic Systems for evaluating susceptibil-
ity using CAMPY AST Campylobacter Sensititre plates
(TREK, 2018).
Antimicrobial Susceptibility Testing

The CAMPY AST Campylobacter Sensititre plates
were used along with Sensititre cation adjusted
Mueller-Hinton broth containing Tris, EDTA, and
NaCl, pH 8 (tubes containing 5 mL media) that was
used for making the initial bacterial dilution in compar-
ison with a 0.5 McFarland standard, Sensititre cation-
adjusted Mueller-Hinton broth w/Tris, EDTA, and
NaCl w/Lysed horse blood (tubes containing 11 mL
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media) were used for the final bacterial dilution that was
used on the 96-well plates, and doseheads (#E3010)
were all obtained from Remel (Lenexa, KS). C. jejuni
strains were incubated for 48 h at 42�C for broth micro-
dilution testing because some strains did not sufficiently
grow in 24 h during a previous C. coli study from swine
(Beier et al., 2018). The C. jejuniMIC for the following 9
antimicrobials, tetracycline (TET), telithromycin, nali-
dixic acid (NAL), gentamicin, florfenicol, erythromycin,
clindamycin, ciprofloxacin (CIP), and azithromycin
were determined using the Sensititre susceptibility sys-
tem as per the instructions from Trek Diagnostic Sys-
tems (Thermo Fisher Scientific, Oakwood Village, OH)
(See Tables 1 and 2). The control used for AST was
the standard bacterium C. jejuni ATCC 33560. The
MICs were determined to be the lowest concentration
of the antibacterial chemical that showed no visible
growth of the target organism (Andrews, 2001) observed
on a SensiTouch imaging system (TREK Diagnostic
Systems Ltd., East Grinsted, UK).
Disinfectant Susceptibility Testing In this study, 22
disinfectants and disinfectant components were evaluated
by disinfectant susceptibility testing methods (Beier
et al., 2019a) against 96 C. jejuni strains isolated from
the litter of broiler chicken houses (Beier et al., 2019b).
The recommended uses and sources for obtaining 21 of
these disinfectants were previously reported (Beier et al.,
2017), and in this study, as in the previous study (Beier
et al., 2019a), the 22nd disinfectant component dio-
ctyldimethylammonium chloride (C8AC) was obtained
from Lonza Inc. (Fairlawn, NJ). The names and abbre-
viations used for the 15 disinfectants are listed with an
exponent of “CP” added to the names of the commercial
products as follows (name, abbreviation): benzalkonium
chlorideCP (BKC); ethylhexadecyldimethylammonium
bromide (CDEAB); cetylpyridinium bromide hydrate
(CPB); hexadecylpyridinium chlorideCP (CPC); hex-
adecyltrimethylammonium bromideCP (CTAB);
DC&RCP, N/A; Nolvasan SolutionCP (chlorhexidine
Table 1. Antimicrobial resistance profiles among 96 Campy
chicken houses.

Antimicrobial MIC50 (mg/mL) MIC90 (mg/m

Aminoglycosides
Gentamicin 0.5 1

Fluoroquinolones and
quinolones
Ciprofloxacin 0.06 8
Nalidixic acid �4 64

Ketolides
Telithromycin 0.5 0.5

Lincomycins
Clindamycin 0.12 0.25

Macrolides
Azithromycin 0.03 0.03
Erythromycin 0.25 0.5

Phenicols
Florfenicol 0.5 1

Tetracyclines
Tetracycline 0.25 64

Abbreviation: MIC, minimum inhibitory concentration.
diacetate), chlorhexidine; betadine first aid solutionCP

(10% povidone-iodine [P-I]); F-25 SanitizerCP (F25);
Final Step 512 SanitizerCP (FS512); Food Service
SanitizerCP (FSS); OdoBanCP, N/A; P-128CP, N/A;
Tek-TrolCP, N/A; triclosan (Erga San)CP, triclosan; and
the names of the 6 disinfectant components tested are
didecyldimethylammonium chloride (C10AC);
benzyldimethyldodecylammonium chloride (C12BAC);
benzyldimethyltetradecylammonium chloride
(C14BAC); benzyldimethylhexadecylammonium chlo-
ride (C16BAC); J.T. Baker 37% formaldehyde sol-
utionCP, formaldehyde (Form); and tris(hydroxylmethyl)
nitromethane (THN) The disinfectants are shown in
Table 3). Reverse osmosis water was produced by a
reverse osmosis system obtained from MilliporeSigma
(Bedford, MA) and used for making dilutions of disin-
fectants, and these solutions were filter sterilized using
0.2 mm ! 25 mm syringe filters (No. 431224; Corning
Inc., Corning, NY) before use. Some disinfectants
required dimethyl sulfoxide (DMSO) (MilliporeSigma,
St. Louis, MO) to be added to allow more concentrated
solutions to be produced. Dimethyl sulfoxide was added
to the following disinfectants and components: triclosan
(% DMSO added 5 80%, % DMSO in final
solution 5 4%), C14BAC (20%, 1%), C16BAC (60%,
3%), THN (60%, 5%), CPB (100%, 4%), and CTAB
(100%, 4%). The amount of DMSO contained in the wells
of the MIC analysis solutions did not exceed 5%.
Some complex disinfectants comprised multiple active

components, and the percentage of active ingredients for
the complex disinfectants evaluated here were previously
described (Beier et al., 2017). C. jejuni MICs of all com-
plex disinfectants were evaluated on the original disin-
fectants. The chlorhexidine-resistant breakpoint, MIC
�1 mg/mL, defined by Leelaporn et al. (1994) for Staph-
ylococci was used for C. jejuni in this study. The suscep-
tible/resistant criteria used for C. jejuni against
triclosan were the same criteria used by Health and
Rock (2000): bacteria with MICs , 0.5 mg/mL were
lobacter jejuni strains isolated from the litter of broiler

L)
Range of

MICs (mg/mL)

No. (%)

BreakpointResistant

0.25–1 0 (0) �8

0.06–16 13 (13.5) �1
�4–.64 12 (12.5) �64

0.25–2 0 (0) �16

0.06–0.5 0 (0) �8

�0.015–0.06 0 (0) �8
0.06–1 0 (0) �32

0.5–2 0 (0) �8

0.12–.64 21 (21.9) �16



Table 2. The antimicrobial resistance and resistance profiles among 96 Campylo-
bacter jejuni strains isolated from the litter of broiler chicken houses.

Year

Total number of Number of strains resistant
Resistance
profilesC. jejuni strains To antimicrobials1 (%)

2011 91 12 (13.2) TET
6 (6.6) CIP-NAL
7 (7.7) CIP-NAL-TET

2012 5 2 (40) TET
Overall Total 96 27 (28.1)

1Antimicrobials evaluated were the following: aminoglycosides: gentamicin; fluo-
roquinolones and quinolones: ciprofloxacin (CIP); nalidixic acid (NAL); ketolides: teli-
thromycin; lincomycins: clindamycin; macrolides: azithromycin; erythromycin; phenicols:
florfenicol; and tetracyclines: TET, tetracycline.
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susceptible and bacteria with MICs . 2 mg/mL were
resistant. The susceptible/low-level resistance/resistant
criteria for BKC defined by Sidhu et al. (2002b) for
Gram-negative bacteria were used here: C. jejuni strains
with MICs ,30 mg/mL were susceptible, low-level resis-
tance was assigned to bacteria with MICs from 30 to
50 mg/mL, and those strains with MICs .50 mg/mL
were considered resistant to BKC.
The methods used for disinfectant susceptibility

determination followed the standard broth microdilu-
tion methods of the Clinical and Laboratory Stan-
dards Institute using Mueller-Hinton broth (CLSI,
2013, 2015) and the methods described by TREK
Diagnostic Systems for evaluating susceptibility to
Campylobacter (TREK, 2018) and were the same as
those used for disinfectant susceptibility testing of
C. coli from swine (Beier et al., 2019a). It was shown
that Mueller-Hinton broth does not influence the re-
sults of bactericidal tests with disinfectants
(Langsrud and Sundheim, 1998). The concentrations
of disinfectants used in the 96-well plates for suscepti-
bility testing of C. jejuni were made fresh each d and
were the same as those used for C. coli strains from
swine (Beier et al., 2019a). The control organism
used during these microaerobic disinfectant testing
studies was C. jejuni ATCC 33560.
Calculation of Component MICs for Disinfectants
Containing Multiple Components The following
calculations were made to determine the theoretical
MICs (theoMICs) for each component in a multiple-
component disinfectant.
Calculation of the theoMICs for the Active Compo-
nents of the Complex Disinfectant DC&RCP

DC&RCP comprised a mixture of 3 active components,
THN 19.2%, benzylammonium chlorides (BAC)
(C12BAC-67%, C14BAC-25%, and C16BAC-7% and
[C8, C10, and C18]-1%) 3.08%, and Form 2.28%. The
theoMICs of the individual active components in
DC&RCP, theoMICsTHN

DC&R, theoMICsBACs
DC&R, and

theoMICsForm
DC&R, were obtained by multiplying the

DC&RCP MICs from Table 3 (1, 2, 4, 8, 16, and 32 mg/
mL) by the percentage of each component of interest
19.2, 3.08, and 2.28, respectively, followed by dividing
the result by the sum of the percentages for all active
components in DC&RCP, 24.56, as previously described
(Beier et al., 2017).
Calculation of the theoMICs for the P-128CP Active
Components The P-128CP disinfectant contains the
active components C10AC 5.07% and the BAC
(C12BAC-40%, C14BAC-50%, and C16BAC-10%)
3.38%. The theoMICs of the individual active compo-
nents of P-128CP were calculated similar to the DC&RCP

active components previously mentioned. Briefly, the
theoMICs of the individual active components in P-
128CP, theoMICsC10AC

P2128 and theoMICsBACs
P2128 were

obtained by multiplying the P-128CP MICs from Table 3
(0.125, 0.25, 0.5, 1, 2, and 4 mg/mL) by the percentage of
each component of interest 5.07 and 3.38, respectively,
followed by dividing the result by the sum of the active
component percentages in P-128CP, 8.45.
RESULTS

Antimicrobial Resistance

The AMR profiles of 96 C. jejuni isolated from the
litter of broiler chicken houses are shown in Table 1.
Table 1 provides the MIC50, MIC90, range of MICs,
and the number of bacteria resistant to the 9 antimicro-
bials evaluated in this study. Only a low level of AMR
was observed for 3 of the 9 antimicrobials, TET
(21.9%), CIP (13.5%), and NAL (12.5%). These 96 C.
jejuni strains had no resistant characteristics toward
the other 6 antimicrobials tested. Table 2 shows the
resistance profiles of the strains resistant to TET, CIP,
and NAL as well as the number of strains demonstrating
each resistance profile.
Disinfectant Susceptibility

The distribution of C. jejuni MICs for the 22 disinfec-
tants and disinfectant components tested are shown in
Table 3. All strains were susceptible to BKC demon-
strating MICs of 8 mg/mL or less. Thirty-one of the 96
strains (32%) were resistant to chlorhexidine. Ninety-
five of the 96 strains (99%) were resistant to triclosan.
The MIC levels for the disinfectant P-128CP were be-
tween 0.125 and 4 mg/mL, which were similar to the
MICs of the components of P-128CP, C10AC,
C12BAC, and C14BAC. The MICs of the component
C10AC were between 0.125 and 4 mg/mL, MICs of
C12BAC were between �0.25 and 4 mg/mL with one



Table 3. Distribution of disinfectant and disinfectant component susceptibility profiles of 96 Campylobacter jejuni strains isolated from the litter of broiler chicken houses.

MIC (mg/mL)

MIC50 (mg/mL) MIC90 (mg/mL)Disinfectant �0.125 0.125 �0.25 0.25 0.5 �1 1 �2 2 4 8 16 32 64 128 256 512 1,024 2,048 4,096

DC&RCP 161 1 35 31 8 4 1 2 8
Tek-TrolCP 1 1 2 23 65 4 64 64
Chlorhexidine2 2 63 223 73 13 13 0.5 13

Triclosan4 1 93 333 523 13 323 323

P-128CP 2 5 33 48 7 1 1 1
BKC5 11 25 34 18 6 2 1 2
P-I 2 3 15 56 20 1,024 2,048
FSS 1 3 28 44 20 1 2
F25 5 24 42 23 2 1 2
FS512 1 6 26 46 16 1 1 2
OdoBanCP 7 26 39 22 2 1 2
CPB 1 3 26 46 19 1 4 8
CPC 2 6 19 41 27 1 4 8
CDEAB 2 17 44 33 4 8
CTAB 1 6 52 36 1 4 8
C8AC6 1 14 36 31 4 8 2 0.5 4
C10AC6 5 8 46 35 1 1 0.5 1
C12BAC6 24 38 26 4 3 1 0.5 1
C14BAC6 1 14 55 26 2 4
C16BAC6 1 4 56 35 8 16
THN6 1 11 44 28 4 1 3 2 2 8 32
Formaldehyde6 3 36 47 2 8 16 32

Abbreviations: BKC, benzalkonium chloride; CDEAB, ethylhexadecyldimethylammonium bromide; chlorhexidine, Novasan SolutionCP; CP, commercial product; CPB, cetylpyridinium bromide hydrate; CPC,
hexadecylpyridinium chloride monohydrate; CTAB, hexadecyltrimethylammonium bromide; C8AC, dioctyldimethylammonium chloride; C10AC, didecyldimethylammonium chloride; C12BAC, benzyldime-
thyldodecylammonium chloride; C14BAC, benzyldimethyltetradecylammonium chloride; C16BAC, benzyldimethylhexadecylammonium chloride; FS512, Final Step 512 SanitizerCP; FSS, Food Service SanitizerCP;
F25, F-25 SanitizerCP; MIC, minimum inhibitory concentration; P-I, providone-iodineCP; THN, tris(hydroxylmethyl)nitromethane.

Breakpoints.
1Number of strains at this MIC.
2MIC �1 mg/mL are considered resistant for chlorhexidine (Leelaporn et al., 1994).
3The entries in bold indicate resistance.
4MIC .2 mg/mL are considered resistant for triclosan (Heath and Rock, 2000).
5MIC ,30 mg/mL are susceptible, MIC from 30–50 mg/mL are low-level resistant, and MIC .mg/mL are considered resistant for BKC (Sidhur et al., 2002b).
6This entry is a disinfectant component.
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Figure 1. Concentrations of the ammonium chloride disinfectant
components at the molar MICs (MICMs) against 96 Campylobacter
jejuni. Abbreviation: MIC, minimum inhibitory concentration.
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outlier at 64 mg/mL, and MICs of C14BAC were be-
tween 0.5 and 4 mg/mL. The elevated intermediate
MICs of C16BAC were higher at 2–32 mg/mL. The
MICs of DC&RCP were between �1 and 32 mg/mL.
The elevated intermediate level MICs of THN (99%)
were primarily between 4 and 1,024 mg/mL and those
for Form (components of DC&RCP) were also elevated
at 4–128 mg/mL, and the complex disinfectant Tek-
TrolCP had elevated intermediate MIC levels of 4–
128 mg/mL. The MICs of P-I demonstrated high levels
at 128–2,048 mg/mL.
The following disinfectants and a disinfectant compo-

nent showed low-level MICs for FSS at 0.25–2 mg/mL;
forF25 andFS512 at 0.25–4mg/mL, andMICs forOdoBan
of �0.25–4 mg/mL. In addition, low-level MICs were
observed for the ammonium chloride C8AC of 0.125–
8 mg/mL. Intermediate level MICs were observed for
CPB and for CPC of 0.5–16 mg/mL, CDEAB of 1–8 mg/
mL and for CTAB of 1–16 mg/mL. No cross-resistance
was observed between antimicrobials and disinfectants.
The Calculated theoMICs for the DC&RCP

Active Components

The calculated theoMICs for the active component
THN resulted in theoMICsTHN

DC&R 5 0.782, 1.564,
3.128, 6.256, 12.51, and 25.02 mg/mL. The calculated
theoMICs for the active components C12BAC,
C14BAC, and C16BAC (BAC) resulted in
theoMICsBAC

DC&R 5 0.125, 0.25, 0.5, 1, 2, and 4 mg/
mL. The calculated theoMICs for the active component
Form resulted in theoMICsForm

DC&R 5 0.0928,
0.186, 0.371, 0.742, 1.485, and 2.97 mg/mL. The calcu-
lated theoMICsTHN

DC&R were then compared with the
THNMICs shown in Table 3 to determine if the theoret-
ical MICs would be able to inhibit the bacteria tested in
this study. So too were the calculated theoMICsBAC

DC&R

compared with the C12BAC, C14BAC, and C16BAC
MICs shown in Table 3, and the calculated theoMICs-
Form

DC&R were also compared with the Form MICs
shown in Table 3.

The Calculated theoMICs for the P-128CP

Active Components

The calculated theoMICs for the active component
C10AC resulted in theoMICsC10AC

P2128 5 0.075, 0.15,
0.3, 0.6, 1.2, and 2.4 mg/mL. The calculated theoMICs
for the active component BACs resulted in
theoMICsBACs

P2128 5 0.05, 0.1, 0.2, 0.4, 0.8, and
1.6 mg/mL. The calculated theoMICs for C10AC and
the BACs were compared with the MICs for C10AC
and the BACs in Table 3 to determine if the calculated
theoretical MIC for both chemical species would be
able to disinfect these bacteria.

Comparison of the Ammonium Chloride
Disinfectant Components for C. jejuni
Inhibition

Figure 1 depicts the curves generated for the number
of the 96 C. jejuni strains inhibited by concentrations
of different ammonium chloride disinfectant components
in mmol/L (mM).
DISCUSSION

Antimicrobial Resistance

The 96C. jejuni strains isolated in 2011–2012 from the
litter of broiler chicken houses demonstrated low level
AMR to CIP, NAL, and TET. This result was similar
to the AMR measured in C. coli strains isolated in
1998–1999 from swine cecal contents, rectal swabs, and
feces showing low level AMR to only NAL and TET
(Beier et al., 2019a), whereas, C. coli strains isolated in
2015 from swine demonstrated low level AMR to a larger
number of antimicrobials, CIP, NAL, telithromycin,
clindamycin, azithromycin, erythromycin, and TET
(Beier et al., 2019a). The resistance profiles shown by
the 2011–2012 C. jejuni strains from chicken houses
are simple profiles made up of 1 to 3 antimicrobials,
whereas the resistance profiles shown by the 2015 C.
coli strains from swine are complex and made up of 1
to 5 different antimicrobials (Beier et al., 2019a).

Disinfectant Susceptibility

Ninety-five of 96 C. jejuni strains (99%) were highly
resistant to triclosan and 1 strain was susceptible. These
results are in agreement with previous results for P. aer-
uginosa (Beier et al., 2014) and C. coli (Beier et al.,
2019a) bacterial strains that were highly resistant to tri-
closan and with partial resistance in VRE strains to tri-
closan (Beier et al., 2008). However, Salmonella (Beier
et al., 2011, 2017), E. coli O157:H7 (Beier et al., 2013),
and non-O157 STEC (Beier et al., 2016) were all suscep-
tible to triclosan. Triclosan is a synthetic product and
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has long been described as a biocide; however, triclosan
has a specific bacterial cellular target (Webber et al.,
2017) and as such, functions like an antimicrobial. Tri-
closan has been shown to inhibit the highly conserved
enzyme enoyl-acyl carrier protein reductase, the final
enzyme in the fatty acid biosynthesis elongation cycle
(Heath and Rock, 2000). Triclosan is known to cause ge-
netic mutations in at least 5 genes in E. coli causing
multidrug resistance (Lu et al., 2018), affecting efflux
pumps and membrane permeability. We refer to triclo-
san as a pseudoantibiotic because it is a synthetic prod-
uct and functions similarly as an antibiotic (Beier et al.,
2019a). The US Food and Drug Administration has
banned the use of triclosan in hand soaps in 2016
(FDA, 2016). However, triclosan will continue to be
used in “sanitizers” or wipes, acne treatments, body
washes, toothpaste, and some antibacterial dish soaps
(FDA, 2016). As demonstrated here, C. jejuni, a food-
borne pathogen, along with other previously studied
pathogenic bacteria, C. coli, P. aeruginosa, and VRE
are resistant to triclosan.

In these C. jejuni strains, 31 of 96 strains (32%) from
chicken houses were resistant to chlorhexidine.
Throughout our studies that included 8 pathogenic bac-
terial species, only 1 other species showed a lower resis-
tance to chlorhexidine at 11%, E. coli O157:H7 from
cattle (Beier et al., 2013). Vancomycin-resistant E. fae-
cium strains showed 76% resistance to chlorhexidine
(Beier et al., 2008), while non-O157 STEC (Beier
et al., 2016), Salmonella from feedlot cattle (Beier
et al., 2017), and C. coli from swine (Beier et al.,
2019a) demonstrated approximately a 90% resistance
rate against chlorhexidine. Finally, P. aeruginosa
(Beier et al., 2014) and Salmonella from turkeys (Beier
et al., 2011) both demonstrated an 100% resistance
rate to chlorhexidine. This suggests possible differential
management procedures between growers that should be
explored in more detail in relation to efficacy. Perhaps,
the chlorhexidine exposure of the chickens during grow
out was at lower concentrations or for less time, or
perhaps, the C. jejuni was exposed to chlorhexidine
before contamination of the birds.

The 96 C. jejuni strains tested were all susceptible to
the biocide BKC. Benzalkonium chloride is commonly
used as a preservative for ocular medications for humans,
but BKC is used to prevent skin infections and clean
wounds in animals and is used as a sanitizer in the dairy
industry, on poultry farms, and fisheries. Our previous
studies also found that C. coli strains (Beier et al.,
2019a) and VRE strains (Beier et al., 2008) were suscep-
tible to BKC, whereas E. coli O157:H7 strains (Beier
et al., 2013) and non-O157 STEC strains (Beier et al.,
2016) had elevated susceptibilities with a small fraction
of strains demonstrating intermediate resistance to
BKC. Some Salmonella strains (Beier et al., 2011,
2017) demonstrated elevated susceptibility to BKC,
but a high percentage of strains demonstrated intermedi-
ate resistance to BKC. However, P. aeruginosa strains
(Beier et al., 2014) were highly resistant to BKC. It is
of interest that both C. jejuni strains and C. coli strains
(Beier et al., 2019a) were susceptible with only low MIC
values for BKC. It is known that C. jejuni and C. coli
have high DNA homology (Roop et al., 1984) and they
also have similar or identical antigens (H�ebert et al.,
1984); therefore, it is not surprising that they have
similar susceptibilities to certain chemicals.
The C. jejuni strains showed relatively low-level MICs

to P-128CP, FSS, F25, FS512, OdoBanCP, C8AC,
C10AC, C12BAC, and C14BAC. C. coli strains demon-
strated similar MIC profiles for these 9 chemicals (Beier
et al., 2019a), whereas Salmonella strains showed much
higher MICs for all these chemicals (Beier et al., 2011,
2017). E. coli O157:H7 strains and non-O157 STEC
strains (Beier et al., 2013, 2016) had MICs against these
chemicals that were similar to the higher MIC levels
observed against C. jejuni, but lower level MICs were
not observed for these 9 chemicals in E. coli O157:H7
and non-O157 STEC bacteria. The component C10AC
was found to have the lowest susceptibilities against
these 2 bacterial species as it did with the Salmonella
strains previously studied (Beier et al., 2011, 2017).
However, P. aeruginosa strains had much higher MIC
levels for all 9 disinfectants (Beier et al., 2014), but
again, the component C10AC had the lowest susceptibil-
ity. Except for C. jejuni and C. coli (Beier et al., 2019a),
C10AC has shown the best inhibition characteristics
against all the pathogenic bacteria studied.
The C. jejuni strains showed intermediate MICs

against DC&RCP, CPB, CPC, CDEAB, and CTAB.
The C. coli strains demonstrated similar intermediate
MICs against these chemicals (Beier et al., 2019a). Sal-
monella strains showed higher intermediate MIC levels
against these same chemicals (Beier et al., 2017). E.
coli O157:H7 strains (Beier et al., 2013) and non-O157
STEC strains (Beier et al., 2016) demonstrated higher
MIC levels for DC&RCP, and non-O157 STECs had
higher MIC levels for CDEAB and CTAB. Furthermore,
P. aeruginosa had much higher MICs against the chem-
icals DC&RCP, CPB, CPC, CDEAB, and CTAB than
the other pathogenic bacteria studied.
The C. jejuni strains showed elevated intermediate

MICs against Tek-TrolCP, C16BAC, THN, and Form.
The levels of C. jejuni MICs against Tek-TrolCP and the
3 other disinfectant components are similar to the levels
obtained for the C. coli MICs against the same chemicals
(Beier et al., 2019a). However, THN and formaldehyde
have more activity againstC. jejuni. The highestC. jejuni
MICs observed in the study were against P-I, which is
used in veterinary clinics and human medicine (Beier
et al., 2017). The label on the commercial container of
P-I recommends that an application rate of 100,000 mg/
mL of the P-I solution be applied directly to the wound
surface. This application level is about 49 to 98 times in
excess over the amount of P-I required to disinfect the
C. jejuni strains tested in this study. No cross-resistance
was observed between antimicrobials and disinfectants.
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Calculated Theoretical MICs

The calculated theoMICsTHN
DC&R, theoMICsBACs

DC&R,
and the theoMICsForm

DC&R were compared with the
actual C. jejuni MICs against THN, the BACs
(C12BAC, C14BAC, and C16BAC), and Form to deter-
mine which component(s) of DC&RCP had the appro-
priate MICs to result in the inhibition of C. jejuni. The
calculated theoMICsTHN

DC&R were at levels high enough
to disinfect about 87.5% of the bacteria tested. This
result is unlike the results obtained for the theo-

MICsTHN
DC&R for all other pathogenic bacteria previ-

ously studied. Here, THN appears to play a part in the
inhibition of a large fraction of the bacteria, whereas in
previous studies, it had no effect in the disinfection pro-
cess (Beier et al., 2019a). The theoMICsBACs

DC&R, specif-
ically the calculated theoretical MIC levels of the
components C12BAC and C14BAC, were at sufficient
levels to disinfect all of the C. jejuni strains tested.
The BAC component of DC&RCP was determined to
be the main active component in previous studies
against VRE (Beier et al., 2008) and other gram-
negative bacterial strains (Beier et al., 2011, 2013,
2014, 2016, 2017, 2019a). But, the calculated theoMICs-
Form

DC&R were not at sufficient levels needed to disinfect
these C. jejuni strains. Likewise, the Form component in
DC&RCP was not sufficient to inhibit any of the other
previously tested pathogenic bacteria, VRE (Beier
et al., 2008), Salmonella (Beier et al., 2011, 2017), E.
coli O157:H7 (Beier et al., 2013), P. aeruginosa (Beier
et al., 2014), non-O157 STECs (Beier et al., 2016), and
C. coli (Beier et al., 2019a). Therefore, the addition of
Form in disinfectants does not affect the inhibition of
C. jejuni but only results in increased levels of unneces-
sary chemicals in the environment.
In a similar manner as DC&RCP previously stated, the

calculated theoMICsC10AC
P2128 and theoMICsBACs

P2128

were compared with the actual C. jejuni MICs against
C10AC and the BACs to account for bacterial inhibition
by P-128CP. Both concentrations of C10AC and the
component C12BAC would be sufficient to disinfect
the C. jejuni strains studied. We expect that these 2
chemicals act synergistically to inhibit C. jejuni.

Ammonium Chloride Components
Inhibition of C. jejuni

Based on the concentrations (molar MICs) of different
ammonium chloride components required to inhibit the
96 C. jejuni strains, the component C10AC appears to
be the most effective of all the ammonium chloride com-
ponents for inhibiting C. jejuni. This activity is followed
by C8AC, C12BAC, and C14BAC. The component
C16BAC was not effective at inhibiting the C. jejuni
strains in this study. In a previous study with 111 C.
coli strains (Beier et al., 2019a), components C10AC
and C14BAC appeared to have equal activity, with in-
termediate activity by C8AC and C12BAC, followed
by C16BAC also not being effective at inhibiting C.
coli strains. In all previous studies of pathogenic bacte-
ria, C10AC was the most effective disinfectant compo-
nent against VRE (Beier et al., 2008), Salmonella
(Beier et al., 2011, 2017), E. coli O157:H7 (Beier et al.,
2013), P. aeruginosa (Beier et al., 2014), and non-
O157 STECs (Beier et al., 2016).
CONCLUSION

A low prevalence of AMR was observed in the 96 C.
jejuni strains isolated from the litter of broiler chicken
houses to 3 of the 9 antimicrobials tested, TET
(21.9%), CIP (13.5%), and NAL (12.5%). All other anti-
microbials tested resulted in zero AMR prevalence in the
C. jejuni strains. The observed resistance profiles were
quite simple with a maximum of 3 antimicrobials, CIP-
NAL-TET, with the single antimicrobial profile of
TET being the primary profile observed. No cross-
resistance was observed between the antimicrobials
and the 22 disinfectants. Ninety-nine percent of the C.
jejuni strains were resistant to the pseudoantibiotic tri-
closan, whereas 32% of the strains were resistant to
chlorhexidine and all 96 C. jejuni strains were suscepti-
ble to BKC. The C. jejuni strains demonstrated rela-
tively low-level MICs to P-128CP, FSS, F25, FS512,
OdoBanCP, C8AC, C10AC, C12BAC, and C14BAC.
These bacteria demonstrated intermediate MICs against
DC&RCP, CPB, CPC, CDEAB, and CTAB and
elevated intermediate MICs against Tek-TrolCP,
C16BAC, THN, and Form. The highest MICs were
observed for P-I; however, the recommended application
rate of P-I is 49- to 98-fold higher than the observed C.
jejuni MICs. The calculated theoretical MICs for the
components of DC&RCP demonstrate that THN and
the BACs C12BAC and C14BAC were responsible for
all the C. jejuni inhibition by DC&RCP. But, the compo-
nent Form was not a useful component of DC&RCP for
inhibition of C. jejuni. The calculated theoretical MICs
for the components of P-128CP show that the 2 compo-
nents C10AC and C12BAC may act synergistically to
inhibit C. jejuni. The most effective ammonium chloride
component for inhibiting C. jejuni strains was C10AC
followed by C8AC, C12BAC, and C14BAC. Compared
to the other ammonium chlorides tested, C16BAC was
not effective at inhibiting C. jejuni . The use of Form
in DC&RCP is questionable because it is not effective
against C. jejuni compared with the other components
of DC&RCP, and its inclusion would only result in addi-
tional unnecessary chemicals in the environment.
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