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Salmonella attached to the poultry skin is a major source of carcass contamination
during processing. Once attached to the poultry skin, it is difficult to detach and
inactivate Salmonella by commonly used antimicrobial agents since the pathogen is
entrapped deeply in the feather follicles and the crevices on the skin. Essential oils
could be natural, safe, and effective alternatives to synthetic antimicrobial agents during
commercial and organic processing setup. The present study evaluated the efficacy
of pimenta (Pimenta officinalis Lindl.) leaf essential oil (PEO), and its nanoemulsion
in reducing Salmonella Heidelberg attachment on to turkey (Meleagris gallopavo)
skin during simulated scalding (65◦C) and chilling (4◦C) steps in poultry processing.
A multidrug resistant S. Heidelberg isolate from the 2011 ground turkey outbreak in the
United States was used in the study. Results showed that PEO and the nanoemulsion
resulted in significant reduction of S. Heidelberg attachment on turkey skin. Turkey skin
samples treated with 1.0% PEO for 5 min resulted in >2 log10 CFU/sq. inch reduction
of S. Heidelberg at 65 and 4◦C, respectively (n = 6; P < 0.05). Similarly, skin samples
treated with 1.0% pimenta nanoemulsion (PNE) for 5 min resulted in 1.5- and 1.8- log10

CFU/sq. inch reduction of S. Heidelberg at 65 and 4◦C, respectively (n = 6; P < 0.05).
In addition, PEO and PNE were effective in reducing S. Heidelberg on skin during short-
term storage at 4 and 10◦C (temperature abuse) (n = 6; P < 0.05). No Salmonella
was detected in the dipping solution containing 0.5 or 1.0% PEO or PNE, whereas
a substantial population of the pathogen survived in the control dipping solution. The
results were validated using scanning electron -, and confocal - microscopy techniques.
PEO or PNE could be utilized as an effective antimicrobial agent to reduce S. Heidelberg
attachment to turkey skin during poultry processing.

Keywords: pimenta, essential oil, Salmonella Heidelberg, turkey skin, microscopy

INTRODUCTION

Historically, Salmonella enterica serovar Heidelberg (S. Heidelberg) has been one of the common
Salmonella associated with poultry and is frequently isolated from turkeys (Foley et al., 2008;
Jackson et al., 2013). Being one of the most invasive of Salmonella serotypes in humans, the
pathogen has surfaced to importance causing significant economic loss to the poultry industry
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and public health. In 2011, the consumption of contaminated
ground turkey meat resulted in 136 human infections in 34
United States (CDC, 2011). In 2013, multidrug resistant (MDR)
S. Heidelberg infections were linked to contaminated poultry
products from a commercial processor in California (CDC,
2014a). Another outbreak caused by S. Heidelberg, including its
MDR clones, was reported from a Tennessee correctional facility
linked to consumption of contaminated poultry meat (CDC,
2014b). More recently, S. Heidelberg was ranked third among the
most common etiological agents of human salmonellosis in the
United States (CDC, 2013) and is currently an urgent threat to the
United States food supply due to their high antibiotic resistance
(AR) potential (Folster et al., 2012a,b; Shah et al., 2017)

Turkeys can harbor S. Heidelberg in their cecum without
showing clinical disease (Poppe et al., 2005; Nair et al., 2016). The
excretion of the pathogen through droppings can contaminate
farm, and faulty evisceration step during processing could result
in the contamination of turkey carcasses with S. Heidelberg
(WHO, 2009). Salmonella attached to the carcass skin is a major
source of poultry meat contamination during processing (Kim
et al., 1996; Carrasco et al., 2012). During the scalding step,
the turkey carcasses are immersed in water at 59 to 63◦C for
50 to 125 s (FSIS, 2010) to up to a reported 65◦C (Logue
et al., 2003) to loosen the hair follicles (Carrasco et al., 2012).
This step is considered as the first and critical step where a
high likelihood of cross-contamination with pathogenic bacteria,
including Salmonella, could occur (Russell, 2008; Carrasco et al.,
2012). During chilling, the carcasses are immersed in cold
water (4.4◦C) where the chances of cross-contamination of
carcasses with Salmonella is high (Nagel et al., 2013). The
water uptake and swelling of the poultry skin during immersion
chilling also expose deep channels and crevices on the skin,
making the conditions favorable for bacterial attachment (Kim
et al., 1996). The oily nature of poultry skin, penetration of
Salmonella into the feather follicles, entrapment of Salmonella
in the skin crevices, and the presence of high organic load
on skin surface during scalding and chilling may reduce the
effectiveness of chlorine and other commercially used synthetic
disinfectants (Lillard, 1990; Kim et al., 1996; Yang et al.,
2001; Nchez et al., 2002; Nagel et al., 2013). Along with
these factors, various genetic mechanisms enable Salmonella to
attach tightly to the skin of poultry carcasses (Salehi et al.,
2017).

Recently, there is a tremendous interest in using natural
antimicrobials as an alternative to synthetic chemicals against
pathogens during food production (Burt, 2004; Lanciotti et al.,
2004; Amalaradjou et al., 2010; Kollanoor Johny et al., 2010; Nair
et al., 2015; Surendran Nair et al., 2016; Surendran-Nair et al.,
2016). Among the emerging and widely researched alternatives,
essential oils (EO) or their components are reported effective
against foodborne pathogens such as Salmonella, Campylobacter,
and Escherichia coli O157 in vitro and in vivo (Kollanoor
Johny et al., 2008; Amalaradjou et al., 2010; Kollanoor-Johny
et al., 2012a,b; Nair et al., 2014, 2015). The United States
Food and Drug Administration (USFDA) has approved the use
of selected EOs in food matrices (FDA, 2016) and therefore,
their efficacy could be evaluated as safe and natural alternatives

in commercial and organic poultry production systems (GPO,
2017). The use of EOs is also advantageous since they possess
multiple active chemical sites to counteract pathogens using
different mechanisms reducing the potential for the development
of antimicrobial resistance against EOs (Venkitanarayanan et al.,
2013; Surendran Nair et al., 2017).

Pimenta essential oil (PEO), commonly known as allspice
oil, is extracted from the leaves of Pimenta officinalis Lindl.
and is approved as Generally Recognized As Safe (GRAS;
CFR-Title 21: Part 182, Sec. 182.20) compound by the Food
and Drug Administration (FDA, 2016). The major component
of PEO is eugenol (>80%) (Suzuki et al., 2014). The PEO
possesses antimicrobial activity against several microorganisms
such as Staphylococcus epidermidis, Proteus hauseri, Micrococcus
yunnanensis, and Corynebacterium xerosis (Suzuki et al., 2014).
PEO also possesses in vitro antimicrobial activity against Listeria
monocytogenes (Aureli et al., 1992). However, no studies have
been conducted to explore the efficacy of PEO against Salmonella
in poultry or poultry products. Therefore, the current study
evaluated the efficacy of PEO and its nanoemulsion (PNE) on
S. Heidelberg attachment on turkey skin. The specific objectives
of the study were (1) to investigate the effect of PEO or PNE
on reducing S. Heidelberg attachment (high inoculum and low
inoculum) to turkey skin at 4 or 65◦C, (2) to determine the
effect of PEO or PNE on reducing S. Heidelberg (low inoculum)
survival on skin during storage for 2 days at 4 or 10◦C, and (3)
to illustrate the effect of PEO on S. Heidelberg (low inoculum)
attachment to the turkey skin using confocal microscopy (CM)
and scanning electron microscopy (SEM).

MATERIALS AND METHODS

All biosafety procedures in Dr. Kollanoor Johny’s laboratory
are approved by the Institutional Biosafety Committee at the
University of Minnesota.

Bacterial Strain and Growth Conditions
An MDR S. Heidelberg isolate from the 2011 ground turkey
outbreak in the United States (kindly donated by Dr. Irene
Hanning, College of Genome Sciences and Technology,
University of Tennessee and Dr. Venkitanarayanan, University
of Connecticut), was used for the study. Working cultures of
S. Heidelberg was prepared from the glycerol stock cultures
stored at −80◦C. S. Heidelberg was made resistant to 50 µg/ml
nalidixic acid sodium salt (NA; CAS. no. 3374-05-8, Alfa Aesar,
Haverhill, MA, United States) for selective enumeration. The
growth of S. Heidelberg (overnight culture) in tryptic soy
broth (TSB; catalog no.C7141, Criterion, Hardy Diagnostics,
Santa Maria, CA, United States) was determined on xylose
lysine desoxycholate agar plates (XLD; catalog no. C 7322,
Criterion, Hardy Diagnostics, Santa Maria, CA, United States)
containing, 50 µg/ml NA and incubating at 37◦C for 24 h.
Then, final inoculum levels of 4 and 7 log10 CFU/ml were
prepared from overnight broth culture (∼9 log10 CFU/ml)
after centrifugation (3,600 × g, 15 min, 4◦C) (Allegra X-14 R
centrifuge, Beckman Coulter; 5350 Lakeview Parkway S Drive,
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Indianapolis, IN, United States) and suspending the pellets in
sterile phosphate-buffered saline (PBS; pH 7.2) (Kollanoor-Johny
et al., 2012a).

Turkey Skin Preparation
Turkey drumsticks purchased from a local retail store were used
for the study. The skin was separated from underlying muscles
using a sterile scalpel, and 1 inch × 1 inch skin portions were
exposed to UV light for 5 min to kill the background microbial
flora before the application of S. Heidelberg on the skin surface
(Kim et al., 1996).

Inoculation of S. Heidelberg on Turkey
Skin Surface
The skin samples were dipped in 100 ml PBS containing 4 and
7 log10 CFU/ml S. Heidelberg for 20 min. Skin samples were
stored at room temperature in a biosafety cabinet for 1 h for
Salmonella attachment. Unattached and loose Salmonella were
removed by immersing the skin samples in sterile PBS for 5 min.
Non-inoculated skin samples dipped in sterile PBS were used as
negative controls (Kim et al., 1996; Tamblyn and Conner, 1997;
Tamblyn et al., 1997).

PEO, PNE, and Determination of Particle
Size of PNE
PEO (≥99%; Natural, Food Grade; PCcode: 1002115007;
Product: W290106-100G-K; Lot# MKBS7421V) was purchased
from Sigma–Aldrich (St. Louis, MO, United States). PEO was
mixed (by vortexing) in DI water for 30 s to prepare desired
concentrations (0.5 and 1.0% v/v) for treating the turkey skin
in all the experiments. PNE was prepared using high energy
sonication technique as described previously (Ghosh et al.,
2013; Bhargava et al., 2015). Briefly, PEO was emulsified in
DI water adding tween 80 (2:1) and homogenized under high
energy sonication (750 W) using a sonicator (Soniprep 450). The
procedure was continued for 20 min with short intervals in an
ice containing chamber to reduce the heat generation during
sonication and to avoid the evaporative loss of the oil. The
stability and particle size of PNE were determined using dynamic
light scattering method after storing PNE at room temperature
for 7 days (Bhargava et al., 2015).

Dip Treatment of PEO or PNE on
S. Heidelberg Attached to Turkey Skin at
65◦C
PEO or PNE at concentrations of 0.5 and 1.0% (v/v) were
freshly prepared in sterile DI water by vortexing for 30 s, and
used in the study by maintaining the temperature at 65◦C
using a hot water bath (Model: 89032-226, VWR international,
1310 Goshen parkway, PA, United States). The temperature of
the treatment water was set at 65◦C to simulate the scalding
step in poultry processing, and the temperature was monitored
using a thermocouple for constancy. Each skin sample was
inoculated with S. Heidelberg (4 log10 CFU/sq. inch or 7 log10
CFU/sq. inch) and separately dipped in 0, 0.5 or 1% (v/v) of
PEO or PNE for the 30 s, 3 min, or 5 min. The skin samples

were homogenized immediately after the dip treatment in fresh
10 ml PBS, and S. Heidelberg survival rate was determined. An
industry control (chlorine, 50 ppm) and a solvent control (tween
80, 1%) were also tested with the lower inoculum level of S.
Heidelberg at 65◦C following the same protocol as detailed above
to determine if these treatments had any effect on the pathogen
populations.

Dip Treatment of PEO or PNE on Skin
Attached S. Heidelberg at Chilling
Temperature
Concentrations of PEO or PNE at 0.5 and 1.0% (v/v) were freshly
prepared in DI water by vortexing for 30 s, and used in the
study by maintaining the temperature at 4◦C. The temperature
of the treatment water was maintained at 4◦C to simulate chilling
in poultry processing. Each skin sample was inoculated with S.
Heidelberg (4 log10 CFU/sq. inch or 7 log10 CFU/sq. inch) and
separately dipped in 0, 0.5, or 1% (v/v) of PEO or PNE for the
30 s, 3 min, or 5 min. Then skin samples were homogenized
immediately after the dip treatment in fresh 10 ml PBS, and
S. Heidelberg attachment was determined. An industry control
(chlorine, 50 ppm) and a solvent control (tween 80, 1%) were
also tested with the lower inoculum level of S. Heidelberg at 4◦C
following the same protocol as detailed above to determine if
these treatments had any effect on the pathogen populations.

Dip Treatment of PEO or PNE on
S. Heidelberg Survival on Skin Surface
during Storage at Chilling and Abuse
Temperature
The PEO or PNE treatments at 1% (v/v) was prepared in sterile
DI water by vortexing for 30 s, at 4◦C and used for dip treating
skin samples; S. Heidelberg inoculated (4 log10 CFU/sq. inch) and
non-inoculated (control) skin samples for 5 min under chilling
temperature were kept. Then the (non-dripping) samples were
packaged under aerobic conditions and stored at 4 or 10◦C for
48 h (FSIS, 2002; Ingham et al., 2007). S. Heidelberg attachment
was determined by sampling at 0, 2, 24, and 48 h of storage after
PEO and PNE treatments.

Microbiological Analysis
The surviving S. Heidelberg attached on the skin after PEO
or PNE treatments were determined by enumeration. The
skin samples were homogenized with 10 ml sterile PBS in a
stomacher (100/125V, 50/60Hz; Neutec Group Inc., 200 Central
Ave, Farmingdale, NY, United States) for 2 min at 200 rpm. Then
the sample homogenates were serially diluted 10-folds, and a
volume of 100 µl from appropriate dilutions was surface plated
on XLD containing 50 µg/ml NA. The surviving S. Heidelberg
were enumerated after 24 h incubation at 37◦C (Kollanoor-
Johny et al., 2012a). A 100 µl of the dipping solution after
all the treatments were directly surface plated on XLD + NA
plates to determine any surviving pathogen populations in the
dipping solution. Further, 1 ml of the dipping solution was
enriched in 10 ml of selenite cysteine broth (Criterion, Hardy
Diagnostics, Santa Maria, CA, United States), incubated for 12 h
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and streaked on XLD + NA plates for detection of surviving
bacteria if any.

CM of Turkey Skin Treated with PEO
Turkey skin (1 inch × 1 inch) portions were inoculated
with 4 log10 CFU/sq. inch S. Heidelberg. Skin samples were
dip treated in 1% PEO for 5 min at 4◦C. Immediately
after treatments, the skin samples were stained with L7012
LIVE/DEAD R© BacLight Bacterial Viability Kit (Catalog number:
L7012, Thermo Fisher Scientific, Waltham, MA, United States)
as described previously (Seo and Frank, 1999). Briefly, the
inoculated and non-inoculated skin samples with or without
treatment with PEO were immersed in a solution containing
equal volume of SYTO R© 9 green-fluorescent nucleic acid stain
(Catalog number: L7012, Thermo Fisher Scientific, Waltham,
MA, United States) and propidium iodide Catalog number:
L7012, Thermo Fisher Scientific, Waltham, MA, United States)
red-fluorescent nucleic acid stain. The SYTO R© 9 dye stains
both live and dead cells. However, propidium iodide penetrates
only through damaged cell membranes (dead bacteria) and
masks the intensity of SYTO R© 9 dye when both dyes are
present. Therefore, live and dead bacteria appear as green and
red, respectively. The skin samples were examined for live
and dead bacteria under a confocal microscope (Nikon A1
spectral confocal microscope, University of Minnesota Imaging
Center) after incubating at room temperature for 15 min. Non-
inoculated skin samples dipped in sterile DI water or PEO served
as negative controls. Similarly, S. Heidelberg inoculated skin
samples dipped in sterile DI water for 5 min were included as
positive controls.

SEM of Turkey Skin Treated with PEO
Turkey skin samples (1 inch × 1 inch) inoculated with S.
Heidelberg (4 log10 CFU/sq. inch) was dipped in 1% PEO
for 5 min at 4◦C. Non-inoculated skin samples dipped in
sterile DI water or PEOs were used as negative controls.
S. Heidelberg dipped in sterile DI water for 5 min served
as S. Heidelberg controls. Sample preparation for electron
microscopy was conducted as previously described with some
modifications (Lee et al., 2014). Briefly, immediately after
each treatment, the skin samples were stored in primary
fixative [3% paraformaldehyde, 1.5% glutaraldehyde, and 2.5%
sucrose in 0.1 M sodium cacodylate buffer with 5mM
calcium chloride and 5mM magnesium chloride (pH 7.4)]
for 12 h. Then the samples were fixed in 2% osmium
tetroxide and 0.1 M sodium cacodylate buffer for 12 h. Then
the samples were washed in ultrapure water (NANOpure
Infinity R©; Barnstead/Thermo Fisher Scientific; Waltham, MD,
United States) and dehydrated by ascending grades of ethanol
series. Samples were processed in a critical point dryer
(Autosamdri-814; Tousimis; Rockville, MD, United States)
and mounted on aluminum stubs, sputter-coated with gold-
palladium, and observed using a scanning electron microscope
(S3500N; Hitachi High Technologies America, Inc.; Schaumberg,
Illinois; University of Minnesota Imaging Center) at an
accelerating voltage of 5.00 kV.

Statistical Analysis
A completely randomized design was used to analyze the effect
of PEO and PNE treatments on S. Heidelberg in all experiments.
Each skin sample served as the experimental unit. The number of
S. Heidelberg colonies were logarithmically transformed before
analysis to achieve homogeneity of variance (Byrd et al., 2003).
The detection limit of S. Heidelberg was set at 1.0 log10 CFU/ml
on XLD plates. The samples from which no bacteria were
recovered after spread plating, but positive after enrichment, were
assumed a value of 0.95 for analysis (9 CFU/ml) (Seo et al., 2000;
Young et al., 2007). The data were analyzed using the PROC
MIXED procedure of SAS (version 9.3) (SAS Institute, 2004).
Differences among the least square means were detected using

FIGURE 1 | Effect of PEO against S. Heidelberg attachment on turkey skin at
scalding temperature (65◦C) at higher initial inoculum. S. Heidelberg (7 log10

CFU/sq. inch) inoculated skin samples were treated with 0, 0.5, or 1.0% PEO
for 30 s, 3 min, or 5 min at 65◦C. The skin samples were homogenized
immediately after the dip treatment and the pathogen populations were
determined. The treatments were significantly different at P < 0.05.

FIGURE 2 | Effect of PEO against S. Heidelberg attachment on turkey skin at
scalding temperature (65◦C) at lower initial inoculum. S. Heidelberg (4 log10

CFU/sq. inch) inoculated skin samples were treated with 0, 0.5, or 1.0% PEO
for 30 s, 3 min, or 5 min at 65◦C. The skin samples were homogenized
immediately after the dip treatment and the pathogen populations were
determined. The treatments were significantly different at P < 0.05.
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Fisher’s least significant difference test. A P value of <0.05 was
considered statistically significant.

RESULTS AND DISCUSSION

Effect of PEO or PNE against
S. Heidelberg Attachment on Turkey Skin
at Scalding Temperature (65◦C)
Scalding is the step where the feather follicle is loosened
for feather removal (picking) (Carrasco et al., 2012; FSIS,
2015). Scalding tanks are a potential area for carcass cross-
contamination with pathogens such as Salmonella and
Campylobacter (FSIS, 2015). Cross-contamination can lead
to the attachment of Salmonella to the skin surface eventually
making it hard to detach the pathogens with commonly used
antimicrobial agents (Lillard, 1990; Kim et al., 1996; Yang et al.,
2001; Nchez et al., 2002; Nagel et al., 2013).

In the current study, two levels of initial inocula were tested:
a higher inoculum level of 7 log10 CFU/sq. inch, and a lower
inoculation level of 4 log10 CFU/sq. inch. The application of PEO
resulted in a significant reduction of S. Heidelberg attachment on
turkey skin at scalding temperature when a high-level inoculum
of S. Heidelberg was used (Figure 1). The PEO treatment at
a concentration of 0.5% resulted in 1.13 log10 CFU/sq. inch
reduction of S. Heidelberg after 5 min dip treatment (P < 0.05)
at 65◦C, compared to the Salmonella control. Whereas, 1% PEO
dip treatment resulted in 1.37, 1.57 and 2.05 log10 CFU/sq. inch
reduction of S. Heidelberg in 30 s, 3 min, and 5 min, respectively
at 65◦C (P < 0.05) (Figure 1). The PEO treatment was also
effective when a low initial inoculum of S. Heidelberg was tested
and was concentration dependent (Figure 2). The PEO treatment
at the lower concentration of 0.5% resulted in 0.72, 1.09, and
1.87 log10 CFU/sq. inch reduction of S. Heidelberg in 30 s,
3 min, and 5 min dip treatment, respectively at 65◦C (P < 0.05)
whereas, 1% PEO dip treatment resulted in 1.66, 1.87, and 2.19
log10 CFU/sq. inch reduction of S. Heidelberg in 30 s, 3 min,
and 5 min (enrichment negative), respectively 65◦C (P < 0.05)
(Figure 2).

Chlorine is a common antimicrobial agent used in poultry
processing (Sohaib et al., 2015). However, chlorine may lose
its efficacy in scalding tanks due to the high organic load
associated with the carcass, and the evaporative loss of the
chlorine over time in the scalding tanks (FSIS, 2015). Organic
acids can be used in scalding tanks. However, organic acids
such as acetic, citric, lactic, malic, mandelic, propionic, or
tartaric acid require a concentration of 2.0–6.0% to obtain
2 log10 CFU or more reduction of Salmonella attached to
the skin of broiler carcasses (Tamblyn and Conner, 1997).
In addition, previous studies reported the reduced activity of
commonly used synthetic antimicrobial agents such as sodium
hypochlorite, acetic acid, trisodium phosphate, and sodium
metabisulfite against Salmonella attached to poultry skin, and
revealed the potential of increased resistance of Salmonella to
these antimicrobial treatments (Tamblyn et al., 1997). In the
current study, S. Heidelberg reduction obtained with the use

FIGURE 3 | Pimenta nanoemulsion (PNE) was prepared by emulsifying PEO in
DI water using tween 80 (2:1) and homogenized under high energy sonication
(750 W) using a sonicator. The procedure was continued for 20 min with short
intervals. The stability and particle size of PNE were determined using dynamic
light scattering method after storing PNE at room temperature for 7 days.

FIGURE 4 | Effect of PNE against S. Heidelberg attachment on turkey skin at
scalding temperature (65◦C) for lower initial inoculum. S. Heidelberg (4 log10

CFU/sq. inch) inoculated skin samples were treated with 0, 0.5, or 1.0% PNE
for 30 s, 3 min, or 5 min at 65◦C. The skin samples were homogenized
immediately after the dip treatment and the pathogen populations were
determined. The treatments were significantly different at P < 0.05.

of 1% PEO after 5 min at the lower inoculum level tested was
comparable to that of organic acids, and other USDA approved
synthetic antimicrobial agents (Tamblyn et al., 1997; Tamblyn and
Conner, 1997).

After exploring the efficacy of PEO at both inoculum levels,
we focused on the lower inoculum (4 log10 CFU/sq. inch) to
test the effect of PNE. Although the reported contamination
level of Salmonella on poultry carcasses exiting the chillers
is ∼ 2.0 log10 CFU/carcass (Waldroup, 1996), we increased
the inoculum to 4 log10 CFU/sq. inch to avoid any potential
bias in determining the efficacy of PNE treatment. The
nanoemulsion of PEO (PNE) could increase the solubility and
stability of PEO in water, and the fine droplet size could
increase the availability of PEO (Landry et al., 2014). The
peak droplet size of the prepared PNE remained in the range
of 1.6–2.3 nm during a storage period of 7 days at room
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FIGURE 5 | Effect of chlorine (50 ppm) and tween 80 (1.0%) against S.
Heidelberg attachment on turkey skin at scalding temperature (65◦C) for lower
initial inoculum. S. Heidelberg (4 log10 CFU/sq. inch) inoculated skin samples
were treated with 50 ppm chlorine or 1.0% tween 80 for 30 s, 3 min, or 5 min
at 65◦C. The skin samples were homogenized immediately after the dip
treatment and the pathogen populations were determined.

temperature which could indicate its increased stability in the
water (Figure 3).

The PNE treatment resulted in significant reduction of S.
Heidelberg on the skin which was comparable to the respective
concentrations of PEO at 65◦C. The PNE treatment at 0.5%
resulted in 1.07, 0.53 and 0.95 log10 CFU/sq. inch reduction of
skin-attached S. Heidelberg after 30 s, 3 min, and 5 min dip
treatment, respectively at 65◦C (P < 0.05). Similarly, 1.0% PNE
resulted in 1.14, 1.03, and 1.51 log10 CFU/sq. inch reductions of S.
Heidelberg after 30 s, 3 min, and 5 min dip treatment, respectively
at 65◦C (P < 0.05; Figure 4). In the current experiment, both
PEO and PNE showed similar efficacy since PEO also had small
droplet size and uniform distribution on the skin surface due to
the vigorous homogenization in DI water before application on
the skin surface.

After the treatments, no S. Heidelberg was detected in
the dipping solution containing PNE and PEO treatments
(enrichment negative). However, a substantial population of the
pathogen survived in the control dipping solution. The positive
controls had 2.2-, 1.9-, and 2.3- log10 CFU/ml of S. Heidelberg
after 30 s, 3 min, and 5 min dip treatments at 65◦C. In addition,
we conducted experiments using chlorine (50 ppm; industry
control) and tween 80 (1.0%; solvent control) and found that
these controls had no effect on the skin attached S. Heidelberg
at 65◦C compared to the Salmonella control (P > 0.05; Figure 5).

Effect of PEO or PNE against
S. Heidelberg Attachment on Turkey Skin
at Chilling Temperature (4◦C)
Chilling is a critical step in poultry processing where the internal
temperature of the poultry carcass is reduced to 40◦F (4.4◦C)
or below within 4–8 h of slaughtering to prevent the growth
of pathogenic bacteria including Salmonella (FSIS, 2014). The
cross-contamination of carcasses with Salmonella is high in

FIGURE 6 | Effect of PEO against S. Heidelberg attachment on turkey skin at
chilling temperature (4◦C) for higher initial inoculum. S. Heidelberg (7 log10

CFU/sq. inch) inoculated skin samples were treated with 0, 0.5, or 1.0% PEO
for 30 s, 3 min, or 5 min at 4◦C. The skin samples were homogenized
immediately after the dip treatment and the pathogen populations were
determined. The treatments were significantly different at P < 0.05.

FIGURE 7 | Effect of PEO against S. Heidelberg attachment on turkey skin at
chilling temperature (4◦C) for lower initial inoculum. S. Heidelberg (4 log10

CFU/sq. inch) inoculated skin samples were treated with 0, 0.5, or 1.0% PEO
for 30 s, 3 min, or 5 min at 4◦C. The skin samples were homogenized
immediately after the dip treatment and the pathogen populations were
determined. The treatments were significantly different at P < 0.05.

chiller where the carcasses are immersed in chilling water, and
the carcass exiting the chiller tank often carry a significant
amount of the pathogen (Lillard, 1990; Nchez et al., 2002).
In the current study, the PEO application as dip treatment
at 4◦C significantly reduced the attachment of S. Heidelberg
on turkey skin and the reduction was concentration and
contact time dependent after 5 min of exposure for higher
inoculation (Figure 6). Dip treatment of PEO at 0.5 and
1% did not result in significant reduction of skin attached
S. Heidelberg for a contact period of 30 s at 4◦C when
higher initial inoculum of S. Heidelberg was used (P > 0.05;
Figure 6). However, 3- and 5- min dip treatment with PEO
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FIGURE 8 | Effect of PNE against S. Heidelberg attachment on turkey skin at
chilling temperature (4◦C) for lower initial inoculum. S. Heidelberg (4 log10

CFU/sq. inch) inoculated skin samples were treated with 0, 0.5, or 1.0% PNE
for 30 s, 3 min, or 5 min at 4◦C. The skin samples were homogenized
immediately after the dip treatment and the pathogen populations were
determined. The treatments were significantly different at P < 0.05.

FIGURE 9 | Effect of chlorine (50 ppm) and tween 80 (1.0%) against S.
Heidelberg attachment on turkey skin at chilling temperature (4◦C) for lower
initial inoculum. S. Heidelberg (4 log10 CFU/sq. inch) inoculated skin samples
were treated with 50 ppm chlorine or 1.0% tween 80 for 30 s, 3 min, or 5 min
at 65◦C. The skin samples were homogenized immediately after the dip
treatment and the pathogen populations were determined.

resulted in a significant reduction of S. Heidelberg compared
to the control at both concentrations tested (P < 0.05;
Figure 6).

The PEO treatment showed higher efficacy against S.
Heidelberg at 4◦C with the low initial inoculum of Salmonella (4
log10 CFU/sq. inch skin) compared to the higher inoculation (7
log10 CFU/sq. inch skin). In addition, both PEO concentrations
resulted in rapid reduction of S. Heidelberg for a contact time as
low as 30 s (P < 0.05; Figure 7). For the 0.5% PEO dip treatment,
reduction of 0.89, 1.50, and 1.74 log10 CFU/sq. inch was obtained
with 30 s, 3 min, and 5 min contact time, respectively at 4◦C,
compared to the controls (P < 0.05), whereas, a reduction of

1.3, 1.99, and 2.40 log10 CFU/sq. inch was obtained with 1.0%
PEO after 30 s, 3 min, and 5 min dip treatment, compared to the
control at 4◦C (P < 0.05; Figure 7).

In the current study, PEO was rapidly effective against
S. Heidelberg attachment on turkey skin (3 or 5 min for
higher initial inoculum, and 30 s, 3 min, or 5 min for
lower initial inoculum). As a usual practice, poultry carcass is
immersed in the chilling tank at 4.4◦C, and the antimicrobial
agents get sufficient contact time to reduce Salmonella (Nagel
et al., 2013). However, common antimicrobial agents including
chlorine were found to be less effective against skin-attached
Salmonella. Chlorine reduced less than 1.0 log10 CFU/ml of S.
Typhimurium attachment on poultry skin at a concentration
of 50 ppm for 50 min contact time (Yang et al., 2001).
In our study, the PEO dip treatment showed similar or
better/higher efficacy compared to other synthetic antimicrobial
agents approved for the chilling process. For example, a
common antimicrobial, sodium metabisulfite, was ineffective
against firmly attached Salmonella even after 60 min immersion
treatment at 0◦C. In addition, acetic acid (5%) and sodium
metabisulfite (1%) were ineffective against S. Typhimurium
attachment on poultry skin under aforementioned chilling
conditions (Tamblyn et al., 1997). Additionally, organic acids
such as acetic, citric, lactic, malic, mandelic, propionic, or
tartaric acid required a concentration of 4.0% or above to get
at least 2 log10 reduction of S. Typhimurium attachment on
poultry skin at 0◦C for 60 min contact time (Tamblyn and
Conner, 1997). Another antimicrobial, sodium hypochlorite,
was effective against skin-attached S. Typhimurium only when
used at higher concentrations such as 400 and 800 ppm
for a contact time of 60 min at 0◦C to result in <2 log10
CFU/ml reductions of firmly attached Salmonella on the skin
surface.

In addition to the potential use of PEO in chilling tanks,
it could be used for post-chill dip treatment during poultry
processing since PEO dip treatment was effective rapidly
against skin-attached S. Heidelberg. Post-chill dip application
of antimicrobial agents is currently practiced as a part
of the multiple hurdle technology along with antimicrobial
interventions in the chilling tanks (Nagel et al., 2013; Nair et al.,
2015). The advantage of post-chill dip application is that the
carcass is in contact with the antimicrobial agent for a shorter
duration (30 s) and a higher concentration of antimicrobial
agent can be used without deteriorating the carcass quality. The
antimicrobial agent would be more efficient since there is less
organic load compared to the chilling tank (Nagel et al., 2013).
In the current study, 30 s dip treatment of PEO resulted in
0.83 and 1.3 log10 CFU/sq. inch reductions of S. Heidelberg
with 0.5 and 1.0% PEO, respectively at 4◦C. It is comparable
to the reduction achieved during post chill dip treatment using
other synthetic antimicrobial agents or other EOs (Nagel et al.,
2013; Nair et al., 2014, 2015). For example, 40 or 400 ppm
chlorine and 1000 or 5000 ppm lysozyme resulted in less
than 1 log10 CFU/ml reduction of S. Typhimurium on broiler
carcass when used as post-chill dip treatment for 20 s (Nagel
et al., 2013). Similarly, post chill application of carvacrol at
0.5, 1.0, or 2% for 30 s resulted in less than a log10 CFU/ml
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FIGURE 10 | (A) Effect of PEO against S. Heidelberg attachment on turkey
skin at chilling temperature (4◦C) and storage at 4◦C for 48 h. S. Heidelberg (4
log10 CFU/sq. inch) inoculated skin samples were treated with 0 or 1.0% PEO
for 5 min at 4◦C. The samples were packaged under aerobic conditions and
stored at 4◦C. S. Heidelberg attachment was determined by sampling at 0, 2,
24, and 48 h of storage after PEO treatments. The treatments were
significantly different at P < 0.05. (B) Effect of PEO against S. Heidelberg
attachment on turkey skin at chilling temperature (4◦C) and storage at 10◦C
for 48 h. S. Heidelberg (4 log10 CFU/sq. inch) inoculated skin samples were
treated with 0 or 1.0% PEO for 5 min at 4◦C. The samples were packaged
under aerobic conditions and stored at 10◦C. S. Heidelberg attachment was
determined by sampling at 0, 2, 24, and 48 h of storage after PEO treatments.
The treatments were significantly different at P < 0.05.

reduction of Salmonella spp. (S. Enteritidis, S. Heidelberg, and
S. Typhimurium) on skinless, boneless turkey breast cutlets (Nair
et al., 2014).

The PNE treatment also showed significant reduction of
skin-attached S. Heidelberg at 4◦C (Figure 8). Lower initial
inoculum (4.0 log10 CFU/sq. inch) of S. Heidelberg was used
to study the effect of PNE on skin-attached S. Heidelberg
since PEO treatment showed similar or higher efficacy when
used against the lower initial inoculum of S. Heidelberg. At
chilling temperature, PNE at 0.5% resulted in 0.94, 1.53 and
1.47 log10 CFU/sq. inch reductions of S. Heidelberg in 30 s,
3 min, and 5 min dip treatment, respectively (P < 0.05),
compared to the S. Heidelberg control. Likewise, PNE at 1%
resulted in 1.51, 1.74, and 1.76 log10 CFU/sq. inch reductions
of S. Heidelberg after 30 s, 3 min, and 5 min dip treatment,

FIGURE 11 | (A) Effect of PNE against S. Heidelberg attachment on turkey
skin at chilling temperature (4◦C) and storage at 4◦C for 48 h. S. Heidelberg (4
log10 CFU/sq. inch) inoculated skin samples were treated with 0 or 1.0% PNE
for 5 min at 4◦C. The samples were packaged under aerobic conditions and
stored at 4◦C. S. Heidelberg attachment was determined by sampling at 0, 2,
24, and 48 h of storage after PEO treatments. The treatments were
significantly different at P < 0.05. (B) Effect of PNE against S. Heidelberg
attachment on turkey skin at chilling temperature (4◦C) and storage at 10◦C
for 48 h. S. Heidelberg (4 log10 CFU/sq. inch) inoculated skin samples were
treated with 0 or 1.0% PEO for 5 min at 4◦C. The samples were packaged
under aerobic conditions and stored at 10◦C. S. Heidelberg attachment was
determined by sampling at 0, 2, 24, and 48 h of storage after PNE treatments.
The treatments were significantly different at P < 0.05.

respectively at 4◦C compared to the control (P < 0.05)
(Figure 8).

After the treatments, no S. Heidelberg was detected in
the dipping solution containing PNE and PEO treatments
(enrichment negative). However, a substantial population of the
pathogen survived in the control dipping solution. The positive
controls had 2.5-, 2.4-, and 2.6- log10 CFU/ml of S. Heidelberg
after 30 s, 3 min and 5 min dip treatments at 4◦C. In addition,
we conducted experiments using chlorine (50 ppm; industry
control) and tween 80 (1.0%; solvent control) and found that
these controls had no effect on the skin attached S. Heidelberg
at 4◦C compared to the Salmonella control. Chlorine treatment
resulted in only 0.37 and 0.44 log10 CFU/sq. inch reductions of S.
Heidelberg (P > 0.05; Figure 9) for 3 and 5 min dip treatments,
respectively whereas tween 80 treatment resulted in same S.
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FIGURE 12 | Effect of PEO against S. Heidelberg attachment on turkey skin at simulated chilling temperature (4◦C) – Confocal microscopy of the outer surface of
skin: (A) Negative control (Turkey skin + DI water), (B) Pimenta control (Turkey skin + DI water + PEO), (C) Salmonella control (Turkey skin + DI water +
S. Heidelberg) and (D) Treatment (Turkey skin + DI water + S. Heidelberg + PEO).

Heidelberg count as that of Salmonella control in all the three dip
treatments at 4◦C (P > 0.05; Figure 9).

Effect of PEO or PNE against
S. Heidelberg Attachment on Turkey Skin
at 4◦C and Stored for 48 h at 4◦C and
10◦C
The PEO treatment at 1% applied for 5 min at 4◦C showed
a higher reduction of S. Heidelberg attachment on turkey skin
(Figure 7). Therefore, the same combination was used for
determining the efficacy of PEO or PNE treatments against
S. Heidelberg attachment on turkey skin for 48 h storage at
4◦C (Figure 10A) and 10◦C (Figure 10B; abuse temperature).
The PEO treatment (1.0%) resulted in 2.27, 1.63, and 1.83 log10
CFU/sq. inch reduction of S. Heidelberg after 2, 24 and 48 h

of storage at 4◦C (P < 0.05) (Figure 10A). The skin samples
were also stored at 10◦C to determine S. Heidelberg attachment
at abuse temperature during refrigerated storage (FSIS, 2002).
S. Heidelberg multiplied during 10◦C storage in the S. Heidelberg
controls. However, 1% PEO dip treatment for 5 min significantly
reduced S. Heidelberg growth and multiplication on the skin after
2, 24, and 48 h of storage at 10◦C (P < 0.05; Figure 10B).

The PNE (1.0%) treatment was also effective in reducing
S. Heidelberg attachment on turkey skin at 4 and 10◦C; the
efficacy was comparable to the 1.0% PEO treatment for 5 min
under similar storage conditions. The PNE treatment resulted in
significant reduction in S. Heidelberg attachment after 2, 24 and
48 h of storage at 4◦C (P < 0.05; Figure 11A). Likewise, PNE
resulted in a similar reduction in S. Heidelberg populations after
storage at 10◦C (P < 0.05; Figure 11B). Therefore, the results
of the present study indicate that PEO and PNE treatments are
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FIGURE 13 | Effect of PEO against S. Heidelberg attachment on turkey skin at simulated chilling temperature (4◦C) – Confocal microscopy of the inner surface of
skin: (A) Negative control (Turkey skin + DI water), (B) Pimenta control (Turkey skin + DI water + PEO), (C) Salmonella control (Turkey skin + DI water + S. Heidelberg)
and (D) Treatment (Turkey skin + DI water + S. Heidelberg + PEO).

effective in reducing S. Heidelberg attachment on turkey skin
when stored at 4◦C for 48 h. Also, PEO and PNE treatments
were effective in reducing S. Heidelberg attachment on turkey
skin during abuse temperature (10◦C) condition for 48 h.

Effect of PEO on S. Heidelberg
Attachment to Turkey Skin Illustrated
Using CM and SEM
As expected, S. Heidelberg was not present in the negative
controls (Figures 12A, 13A, 14A, 15A). The CM and SEM
revealed that the PEO treatment had no deleterious effect
on turkey skin. The skin cells maintained normal shape
(Figures 12B, 13B, 14B, 15B). Inoculation of skin samples with
S. Heidelberg resulted in the attachment of the pathogen to both

sides. The physical structure of the skin surface contributed to
the firm attachment of S. Heidelberg onto the skin surface. The
pathogen could penetrate deep into the crevices and feather
follicles on the outer skin surface. In addition, the swelling of
skin cells during the immersion process could have exposed
deep channels and crevices on the skin resulting in enhanced
S. Heidelberg attachment to the skin surface (Kim et al., 1996).
The presence of flagella in Salmonella is also a major contributing
factor for firm attachment of the pathogen to the poultry skin.
Flagellar structural subunits (flgK, fliC, and fljB) and motor units
(motA, motB) play a significant role in the Salmonella attachment
to the poultry skin (Salehi et al., 2017).

The CM of the S. Heidelberg treated skin revealed many
live S. Heidelberg cells (green rod-shaped cells) on the outer
(Figure 12C) and inner (Figure 13C) surfaces of the skin.
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FIGURE 14 | Effect of PEO against S. Heidelberg attachment on turkey skin at simulated chilling temperature (4◦C) – Scanning electron microscopy of the outer
surface of skin: (A) Negative control (Turkey skin + DI water), (B) Pimenta control (Turkey skin + DI water + PEO), (C) Salmonella control (Turkey skin + DI
water + S. Heidelberg) and (D) Treatment (Turkey skin + DI water + S. Heidelberg + PEO).

However, on the PEO treated skin, S. Heidelberg attachment was
significantly less (Figures 12D, 13D) as indicated by several dead
cells (red rod-shaped cells) (Figure 13D). Similarly, SEM also
revealed a significant reduction of S. Heidelberg on the inner
and outer surfaces of the skin in the PEO treated skin samples
(Figures 14D, 15D) compared to the S. Heidelberg controls
(Figures 14C, 15C). The attachment of S. Heidelberg was more
on the inner surface of the skin relative to the outer surface which
could be due to the strong adherence of Salmonella in the adipose
tissue underneath the skin (Tan et al., 2014).

Potential Mechanisms of Action of EOs
against S. Heidelberg
The active components present in the EOs elicit antimicrobial
property against pathogenic microorganisms (Kollanoor Johny
et al., 2008; Amalaradjou et al., 2010; Kollanoor-Johny et al.,
2012a,b; Nair et al., 2014, 2015). These components include

eugenol, carvacrol, thymol, cinnamaldehyde, p-cymene and a
multitude of others that kill microorganisms by different modes
of actions such as disruption of the cell wall, degradation
of cytoplasmic membranes, alteration of membrane potential,
disruption of proton motive force, and leakage of cellular
contents through multiple targets in the microbial cell (Burt,
2004). However, the mode of action of essential oils could vary
between Gram-negative and Gram-positive bacteria. The features
of Gram negative bacterial cell such as less lipophilic nature, the
presence of outer membrane and the lipopolysaccharide could
make Gram negative bacteria more resistant to the effect of
essential oil components (Nazzaro et al., 2013). On the other
side, we have previously reported high antibacterial activity
for essential oil ingredients such as trans-cinnamaldehyde and
eugenol against S. Enteritidis in broiler chickens (Kollanoor-
Johny et al., 2012a,b).

In the present study, the PEO treatment caused significant
reduction of S. Heidelberg attached to turkey skin. The exact
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FIGURE 15 | Effect of PEO against S. Heidelberg attachment on turkey skin at simulated chilling temperature (4◦C) – Scanning electron microscopy of the inner
surface of skin: (A) Negative control (Turkey skin + DI water), (B) Pimenta control (Turkey skin + DI water + PEO), (C) Salmonella control (Turkey skin + DI
water + S. Heidelberg) and (D) Treatment (Turkey skin + DI water + S. Heidelberg + PEO).

mechanism of action of PEO against S. Heidelberg has not
been understood. However, PEO contains eugenol as a major
active component having strong inhibitory activity against
both Gram-negative and Gram-positive bacteria (Hyldgaard
et al., 2012). The presence of eugenol might have resulted in
morphological alterations of the microbial cell, including the
disruption of the cell membrane, and formation cleft, and pore
leading to the leakage of contents and subsequent death of
microorganisms (Suzuki et al., 2014). Moreover, eugenol can
down-regulate several critical genes in S. Enteritidis responsible
to adhesion and invasion of cultured avian epithelial cells
in vitro (Kollanoor-Johny et al., 2012a; Upadhyaya et al.,
2013). More investigations are required to understand the exact
mechanism of action of PEO on S. Heidelberg attached to
turkey skin.

CONCLUSION

In the current study, we investigated the potential of PEO and
PNE on S. Heidelberg attached to turkey skin in simulated
scalding and chilling conditions. The highest reduction of
skin attached S. Heidelberg was observed when 1.0% PEO or
PNE was used for 5 min dip treatment at scalding (65◦C) or
chilling temperature (4◦C). Although comparable S. Heidelberg
reductions were obtained at both temperatures, a slightly
better effect was noticed with 1% PEO at the tested scalding
temperature. An antimicrobial treatment that results in 2 log
or more reduction of Salmonella when applied during chilling
is considered effective since Salmonella may be present on the
poultry carcass in the range of <100 cells after processing
(Tamblyn et al., 1997). Interestingly, no S. Heidelberg was
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detected in the dipping solution containing PNE and PEO
treatments, although the pathogens were present in the control
dipping solution. This result indicates that PEO and PNE
could prevent cross-contamination or recontamination of the
pathogens in case the same water is used for dipping/washing
carcasses. Moreover, PEO and PNE were effective in reducing
S. Heidelberg on skin during a storage period of 2 days at
chilling and abuse temperatures. CM and SEM revealed a deep
infiltration and attachment of S. Heidelberg in the inner and
outer surfaces of the skin. Treatment with PEO reduced pathogen
attachment on either side as evidenced from the CM and SEM
images.

Overall, the results indicate that PEO or PNE treatments
could be potential alternatives to synthetic antimicrobial agents
to reduce S. Heidelberg attachment to turkey skin during
poultry processing. Although the PEO was solubilized by the
nanoemulsion method, the potency did not differ significantly
between the PEO and PNE treatments. We are investigating the
possibility of scale-up investigations with PEO by incorporating
other parameters such as different Salmonella enterica serotypes
of importance, exploring techniques to lower the levels of PNE
and PEO for application on turkey carcasses, varying levels of
organic content in the water, the age of scalding and chill water,
and the effect of PEO during long-term storage. Furthermore,

sensory evaluation of carcasses treated with PEO and PNE
treatments must be carried out.
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