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ABSTRACT Salmonella Heidelberg (SH) is a highly
invasive human pathogen for which turkeys can serve as
reservoir hosts. Colonization of turkeys with SH may
result in potential contamination and is a greater chal-
lenge to prevent in comminuted products. Antimicrobial
efficacy of 3 GRAS-status plant-derived antimicrobials
(PDAs), lemongrass essential oil (LG), citral (CIT),
and trans-cinnamaldehyde (TC), against SH in ground
turkey, a comminuted product implicated in several out-
breaks, was evaluated in this study. Ground turkey sam-
ples inoculated with »3.50 log10 CFU/g of a three-strain
SH cocktail were treated with either LG, CIT, or TC at
either 0.5, 1, or 2% (vol/wt). Samples were stored at 4°
C, and bacterial enumeration was performed on d 0, 1,
3, and 5. Appropriate controls were included alongside
all treatments. Fluorescence microscopy was performed
to evaluate the direct impact of the PDAs against SH in
� 2021 The Authors. Published by Elsevier Inc. on behalf of Poultry
Science Association Inc. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

Received August 3, 2021.
Accepted November 2, 2021.
1Corresponding author: anupjohn@umn.edu

1

vitro. Appearance and aroma difference testing of raw
patties was also performed for select treatments with
trained sensory panelists. Treatment with 2% TC
yielded a 2.5 log10 CFU/g reduction by d 1 and complete
reduction by d 5 (P < 0.05). By d 3, 2% CIT and 2% LG
resulted in SH reduction of at least 1.7 log10 CFU/g
(P < 0.05). Addition of 1% TC resulted in reduction of
at least 1.8 log10 CFU/g by d 3 (P < 0.05). Participants
could distinguish PDA-treated raw patties by aroma.
Most participants (7/11) could not distinguish patties
treated with 0.5% TC based on appearance. Microscopic
images indicate that all PDAs resulted in disruption of
the SH membrane. Results of the present study indicate
that the three tested PDAs, LG, CIT, and TC are effec-
tive against SH in ground turkey, indicating their poten-
tial use as interventions to mitigate Salmonella
contamination in comminuted turkey products.
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INTRODUCTION

Salmonella is the leading cause of foodborne illness in
the United States, accounting for an estimated 1.35 mil-
lion cases annually (CDC, 2020). Outbreaks of Salmo-
nella have been linked to the consumption of
contaminated poultry products. As consumer interest in
high protein and low-fat diets increases, so has the pro-
jected demand for products like turkey meat. The U.S.
Department of Agriculture (USDA) projected the
increase of turkey meat production in 2020 by
1,561 million pounds (USDA ERS, 2020). Despite con-
tinued efforts to mitigate pathogens in poultry products,
contamination with Salmonella continues to occur and
has resulted in costly recalls (CDC, 2011, 2019a,b).
Among the serovars of Salmonella responsible for out-

breaks and for which turkeys can serve as reservoir hosts,
Salmonella Heidelberg is an invasive pathogen in humans.
S. Heidelberg can colonize the turkey gastrointestinal
tracts in a commensal-like manner, resulting in asymptom-
atic carriage (Bearson et al., 2017). Colonization of turkeys
with S. Heidelberg increases the possibility of contamina-
tion during the processing stage. This is challenging to pre-
vent, especially in comminuted products such as ground
turkey, because a Salmonella-positive carcass may contam-
inate multiple batches of carcasses during processing.
The USDA’s Food Safety and Inspection Services

(FSIS) has increased the stringency of their Salmonella
performance standards following cases of Salmonella
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outbreaks involving ground turkey products
(FSIS, 2016). The 2016 FSIS performance standards
allowed for a maximum of 7.1% of young turkey car-
casses sampled to test positive for Salmonella
(FSIS, 2016), whereas ground turkey samples are
allowed a maximum of 13.5%. The threshold had been
greater in 2011 when FSIS allowed up to 50% of sam-
pled ground turkey to test positive for Salmonella. The
higher threshold for ground turkey, compared to their
whole carcasses counterparts is, in part, due to the
greater challenge in controlling Salmonella in commi-
nuted poultry products.

Although the prevalence of Salmonella from poultry
products has decreased with additional control meas-
ures, Salmonella outbreaks associated with poultry
products continue to occur (McEntire et al., 2014;
Antunes et al., 2016). Therefore, interventions to mit-
igate the presence of S. Heidelberg in ground turkey
are necessary to ensure a microbiologically safe prod-
uct. Plant-derived extracts have garnered interest for
food industry applications with the rise in popularity
of the clean label among consumers. The antimicro-
bial properties of several plant-derived extracts and
their components have previously been investigated.
Cinnamon and lemongrass are commonly used in a
variety of food products. Major components of cinna-
mon extract and lemongrass essential oil (LG) are
trans-cinnamaldehyde (TC) and citral (CIT), respec-
tively. These plant-derived antimicrobials are gener-
ally recognized as safe (GRAS) and approved for use
in foods by the FDA (21 CFR x 182.20 and 182.60)
(FDA, 2020a, b).

The antimicrobial properties of LG have previously
been demonstrated against S. Heidelberg both in
vitro, in water, and on chicken skin and meat
(Peichel et al., 2019; Dewi et al., 2021). CIT is an acy-
clic monoterpene aldehyde that is the major compo-
nent in LG, comprising up to 85% of the essential oil.
Therefore, it is highly likely that most of the antimi-
crobial efficacy of LG could be contributed by CIT.
Both compounds were included in this study to
explore if there were any differences in their activities
against S. Heidelberg. Similar to LG, studies have
reported the antimicrobial activity of CIT against Sal-
monella and other Gram-negative foodborne patho-
gens, like Cronobacter sakazakii (Kim et al., 1995;
Shi et al., 2016). Like CIT, TC is an aromatic
aldehyde that is commonly utilized as a flavoring
agent in food products. TC has demonstrated
antimicrobial properties against Salmonella and
enhanced the thermal destruction of Escherichia coli
O157:H7 in ground beef (Amalaradjou et al., 2010;
Kollanoor Johny et al., 2010). Therefore, the objective
of this study was to evaluate the antimicrobial effi-
cacy of the plant-derived antimicrobials (PDAs), LG,
CIT, and TC, against S. Heidelberg in ground turkey
during refrigerated storage and determine whether
they changed the appearance or the aroma of the
patties.
MATERIALS AND METHODS

Bacterial Strains and Growth Conditions

Three strains of S. Heidelberg were used in this study,
including a strain from the 2011 outbreak in ground tur-
key (GT2011; Minnesota Department of Health), the
2014 outbreak in mechanically separated chicken
(N13X001904; Tennessee Department of Health), and S.
Heidelberg ATCC 8326. These strains were selected
based on our previous studies (Nair and Kollanoor
Johny, 2017; Nair et al., 2018; Dewi et al., 2021;
Nair et al., 2021). Each strain was taken from a �80°C
frozen stock and grown separately in 10 mL trypticase
soy broth (TSB; catalog no. C7141, Criterion, Hardy
Diagnostics, Santa Maria, CA) at 37°C for 24 h. All 3
strains were made resistant to 50 mg/mL nalidixic acid
(NA; CAS. no. 3374-05-8, Alfa Aesar, Haverhill, MA)
for selective enumeration and after 3 successive propaga-
tions were pelleted by centrifugation (3,600 £ g for
15 min at 4°C; Allegra X-14R, Beckman Coulter, South
Kraemer Boulevard, Brea, CA). The pellet was sus-
pended in 10 mL sterile phosphate-buffered saline
(PBS, pH 7.2) for the inoculum. The growth of Salmo-
nella was determined by serial dilution and plating on
xylose lysine deoxycholate agar (XLD; catalog no.
C7322, Criterion, Hardy Diagnostics) incubated at 37°C
for 24 h.
Plant-Derived Antimicrobial Agents

Lemongrass essential oil (LG; Natural, Food Grade;
Catalog no. W262404-1KG-K), citral (CIT; Natural,
Food Grade, FCC; Catalogue no. W230316-1KG-K),
and trans-cinnamaldehyde (TC; Food Grade, FCC; Cat-
alogue no. W228605-1KG-K) were purchased from
Sigma Aldrich (St. Louis, MO).
Antimicrobial Efficacy of PDAs Against S.
Heidelberg in Ground Turkey

S. Heidelberg Inoculation and PDA Treatment -

Ground turkey (Commercial brand; 93% lean, 7% fat)
purchased from a grocery store was divided into 15-
gram samples. Each sample was then inoculated with
500 mL of the 3-strain cocktail of NA-resistant S. Heidel-
berg and hand mixed to achieve »3.50 log10 CFU S. Hei-
delberg per g of ground turkey. They were
subsequently mixed with either LG, CIT, or TC, at
either 0.5, 1, or 2% (vol/wt.) (Dewi et al., 2021;
Manjankattil et al., 2021). Positive (PC; inoculated but
not treated with PDAs) and negative (NC; not inocu-
lated and not treated with PDAs) controls were included
in each experiment. The samples were then formed into
patties and stored in a sterile Whirl-Pak bag and refrig-
erated at 4°C before S. Heidelberg enumeration.
Microbiological Analysis S. Heidelberg populations in
the patties were enumerated on d 0 (30 min after inocu-
lation), 1, 3, and 5 after inoculation. For enumeration,
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35 mL of PBS was added to the Whirl-Pak bag contain-
ing the patty. The bags were subsequently homogenized
for 1 min using a stomacher (100/125V, 50/60Hz; Neu-
tec Group Inc., Farmingdale, NY). The samples were
then serially diluted, and 100 mL from appropriate dilu-
tions were plated onto XLD + 50 mg/mL NA plates.
Plates were incubated at 37°C for 24 h before bacterial
enumeration. Samples were enriched with selenite cys-
tine broth (SCB; Hardy Diagnostics) and streaked on
XLD+NA plates after 24 h of incubation to detect any
surviving S. Heidelberg that was not observed with ini-
tial plating.
Visualization of Effect of PDAs on S.
Heidelberg Using Fluorescence Microscopy

To examine the direct antimicrobial effect of the
PDAs against S. Heidelberg, a fluorescence-based
microscopy assay was performed. The 3 strains of S. Hei-
delberg were combined into a cocktail, pelleted by cen-
trifugations, and suspended in PBS. Then, 0.1% (vol/
vol) of either LG, CIT, or TC was added to the solution
and incubated for 15 min. S. Heidelberg cocktail without
either PDA was kept alongside the treatments as a con-
trol. The solutions were stained with equal volumes of
SYTO 9 green-fluorescent nucleic acid stain and propi-
dium iodide red-fluorescent nucleic acid stain from the
LIVE/DEAD BacLight Bacterial Viability Kit (catalog
no. L7012, Thermo Fisher Scientific, Waltham, MA).
The SYTO 9 dye stains all cells, whereas the propidium
iodide penetrates only those with compromised cell
membranes, thus staining only damaged or dead bacte-
rial cells. After 15-min incubations in the dark, 5 mL of
the stained culture was placed on a slide and observed
under a fluorescence microscope (Axio Scope.A1; Carl
Zeiss MicroImaging GmbH, Pleasanton, CA). The
SYTO 9 dye was visualized using the GFP fluorescence
filter, whereas the propidium iodide dye was observed
with the DsRED fluorescence filter.
Appearance and Aroma Difference Testing of
Raw Patties

Ground Turkey Treatments Ground turkey (93%
lean, 7% fat) purchased from a local grocery store was
divided into 15 g patties and treated with one of the fol-
lowing: no added treatment, 1% LG, 1% CIT, 0.5% TC
or 1% TC (vol/wt). Only one set of untreated control
were included along with treatments as the samples
were not challenged with S. Heidelberg. The ground tur-
key samples were then kept refrigerated at 4°C for 5 d
and taken out of refrigeration approximately 30 min
before the sensory testing.
Panel Participants Eleven members of the trained
panel from the Sensory Center at the University of Min-
nesota, consisting of 2 males and 9 females, participated
in this test. All were 6-n-propylthiouracil (PROP) tast-
ers or supertasters. They were compensated for the one
testing session. The University of Minnesota’s
Institutional Review Board approved all recruiting and
experimental procedures (Study #6874).
Preparation of Samples for Appearance and Aroma
Evaluation Ground turkey samples for appearance
evaluation were presented in the shape of patties with a
diameter of approximately 5 cm. A single patty was
placed in a Hefty Everyday Soak Proof 12 oz. foam bowl
(Reynolds Consumer Products LLC., Lake Forest, IL)
with a single layer of Reynolds Kitchens Quick Cut Plas-
tic Wrap (Reynolds Consumer Products LLC.) over the
top. Each bowl received an individual 3-digit blinding
code. The plastic wrap was replaced once every hour
throughout the 3 h of testing to maintain a clear view of
the ground turkey and eliminate any condensation. For
aroma evaluation, one teaspoon samples of raw ground
turkey were served to each panelist in 4 oz. foam cups
with opaque plastic lids (Dart Container Corporation,
Mason, MI). Each cup was given a unique 3-digit blind-
ing code.
Experimental Procedure Panelists began either with
the aroma or appearance part in approximately equal
proportions to balance any order or carryover effects.
Within both the aroma and the appearance parts, panel-
ists observed 4 treatment sets in a balanced order to
account for any potential order or carryover effects.
Each treatment set consisted of 2 control samples and 3
samples of a specific treatment (or 3 control samples and
2 samples of a specific treatment). Panelists were given
the instructions: “The 5 samples in this display comprise
a group of 2 and a group of 3. Please sort the samples
into the two groups based solely on their appearance or
aroma. Write the sample codes for the two groups in the
table below.”
For the appearance difference testing, 4 booths were

set up with display samples of each of the 4 antimicro-
bial treatment sets for this test, allowing all 11 partici-
pants to make their judgments on the same samples. For
the aroma difference testing, participants made evalua-
tions on their own sets. After sorting the samples into
their 2 groups (a group of 2 and a group of 3), partici-
pants were asked to “Please explain why you think these
two sample groups differ” (open-ended question).
Statistical Analysis

Ground Turkey Challenge Studies A completely ran-
domized design with a 3 £ 4 £ 4 factorial treatment
structure was followed for this study. The factors
included 3 different PDAs at 4 concentrations and 4 d at
which the patties were sampled across a 5-d storage
period. The S. Heidelberg-challenge experiments were
conducted with duplicates per treatment and repeated
3 times. Populations of S. Heidelberg were logarithmi-
cally transformed for analysis. Samples from which no
S. Heidelberg was recovered after spread plating but
detected after enrichment were assumed a value of 0.95
log10 CFU/g. The data was analyzed using the lmerTest
package of R (R, version 3.6.1, R Core Team), and a sig-
nificant difference was considered at P < 0.05.
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Appearance and Aroma Analyses Panelist responses
were scored either as correct if they correctly sorted the
2 groups or incorrect. The number of correct responses
out of 11 possible correct responses for the appearance
and for the aroma sorting tasks for each treatment was
tabulated. A binomial test was used to determine
whether the panelists were able to discriminate between
the untreated controls and each of the other treatments
for appearance and for aroma.
RESULTS

PDA Against S. Heidelberg in Ground Turkey

The S. Heidelberg populations in the untreated pat-
ties remained at approximately 3.35 log10 CFU/g of
ground turkey throughout the 5-d storage period. By
contrast, a greater decrease in S. Heidelberg was
observed over time in patties treated with the PDAs.
The bacterial reductions observed were also propor-
tional to the concentration of PDAs added to the patty,
with higher concentrations yielding greater reductions
in S. Heidelberg populations.

The addition of PDAs at 2% resulted in significant
reductions of S. Heidelberg in ground turkey by d 1 (P <
0.05; Figure 1). The greatest reduction in S. Heidelberg
was observed with 2% TC. At this concentration, TC
resulted in 2.50- and 3.09-log10 CFU/g reductions com-
pared to controls on d 1 and 3, respectively (P < 0.05).
By d 5 of storage, a complete reduction was observed in
TC-treated groups, with no S. Heidelberg detected in
samples even after enrichment. A similar magnitude of
reduction was observed between LG and CIT treated
patties. LG yielded a reduction of 1.67 and 2.64 log10
CFU/g by d 3 and 5, and CIT yielded 1.77 and 2.38-
log10 CFU/g (P < 0.05).
Figure 1. Effect of 2% LG, CIT, or TC on Salmonella Heidelberg surviv
n = 6/treatment). a − c Treatments within each sampling time that lack
Abbreviations: CIT, Citral; LG, Lemongrass essential oil; PC, untreated con
The PDAs exerted a similar time-dependent reduction
at lower concentrations, albeit at a smaller magnitude.
When added at 1%, TC yielded a reduction of 1.81 and
2.48 log10 CFU/g by d 3 and 5, respectively (Figure 2).
At the same time, LG and CIT at this concentration
yielded at most 0.55 and 0.81 log10 CFU/g reductions by
d 5. Treatment with 0.5% PDA yielded at most 0.84 log10
CFU/g reduction with TC after 5 d of storage (Figure 3).
Visualization of Effect of PDAs on S.
Heidelberg Using Fluorescence Microscopy

The effect of either LG, CIT, or PC on S.Heidelberg cell
membrane integrity was investigated by staining with
SYTO 9 dye (Figure 4) and propidium iodide (Figure 5).
Images were taken of the same field using different filters
to observe the 2 different stains. The SYTO 9 stain (green)
was most prominently visible among the S. Heidelberg
cells in the untreated control group (Figure 4A). Fewer
cells were stained green among the cultures treated with
the PDAs. Several green-stained cells were observed with
LG (Figure 4B) and CIT (Figure 4C), but none were
observed in TC-treated cultures (Figure 4D). By contrast,
a greater number of cells stained with the propidium iodide
dye were observed among the treatment groups compared
to the control (Figure 5).
Appearance and Aroma Difference Testing of
Raw Turkey Patties

The results for the appearance difference testing of the
raw turkey patties are portrayed in Table 1. All 11 par-
ticipants were able to detect differences in the appear-
ance of the raw patties treated with 1% LG or CIT
compared to the controls. The patties treated with LG
al in ground turkey on d 0, 1, 3, and 5 of storage at 4°C (Means § SEM;
common superscripts differ significantly from one another (P < 0.05).
trol; TC, trans-Cinnamaldehyde.



Figure 2. Effect of 1% LG, CIT, or TC on Salmonella Heidelberg survival in ground turkey on d 0, 1, 3, and 5 of storage at 4°C (Means § SEM;
n = 6/treatment). a − c Treatments within each sampling time that lack common superscripts differ significantly from one another (P < 0.05).
Abbreviations: CIT, Citral; LG, Lemongrass essential oil; PC, untreated control; TC, trans-Cinnamaldehyde.
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or CIT were described to have a browner or yellower
color compared to untreated controls. Ten participants
correctly distinguished patties treated with 1% TC from
controls. However, 7 of the 11 participants could not dis-
tinguish samples that were treated with 0.5% TC. TC-
treated patties were less pink compared to untreated
patties.

Table 2 portrays the results for the aroma difference
testing of the raw turkey patties. All participants
detected the differences in the aroma of all treated pat-
ties compared to the untreated controls. Cinnamon was
a common descriptor for the difference in aroma between
the controls and groups treated with TC. Whereas citrus
Figure 3. Effect of 0.5% LG, CIT, or TC on Salmonella Heidelberg survi
n = 6/treatment). a − c Treatments within each sampling time that lack
Abbreviations: CIT, Citral; LG, Lemongrass essential oil; PC, untreated con
and lemon were common descriptors for the difference
between the controls and the raw patties treated with
LG and CIT.
DISCUSSION

Control of Salmonella spp. in comminuted poultry
products such as ground turkey is especially challenging
because a single contaminated carcass has the potential
of disseminating the pathogen to a whole batch of
ground product. Therefore, exploration of additional
interventions is necessary to complement the control
val in ground turkey on d 0, 1, 3, and 5 of storage at 4°C (Means§ SEM;
common superscripts differ significantly from one another (P < 0.05).
trol; TC, trans-Cinnamaldehyde.



Figure 4. Effect of 0.1% LG, CIT, or TC on Salmonella Heidelberg cell membrane integrity − Fluorescence microscopy of bacteria stained with
SYTO 9: (A) untreated control, (B) lemongrass essential oil, (C) Citral, and (D) trans-Cinnamaldehyde. Abbreviations: CIT, Citral; LG, Lemon-
grass essential oil; TC, trans-Cinnamaldehyde.

Figure 5. Effect of 0.1% LG, CIT, or TC on Salmonella Heidelberg cell membrane integrity − Fluorescence microscopy of bacteria stained with
propidium iodide: (A) untreated control, (B) lemongrass essential oil, (C) Citral, and (D) trans-Cinnamaldehyde. Abbreviations: CIT, Citral; LG,
Lemongrass essential oil; TC, trans-Cinnamaldehyde.
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Table 1. The number of correct responses out of 11 possible
responses for the appearance sorting tasks for each treatment
involving raw turkey patties directly added with respective plant-
derived antimicrobial.

Treatment (% vol/wt)
Correct appearance

responses P value

Citral (1%) 11 <0.001
Lemongrass essential oil (1%) 11 <0.001
Trans-cinnamaldehyde (1%) 10 <0.001
Trans-cinnamaldehyde (0.5%) 4 0.019

P values are from a binomial test.

Table 2. The number of correct responses out of 11 possible
responses for the aroma sorting tasks for each treatment involving
raw turkey patties directly added with respective plant derived
antimicrobial.

Treatment (% vol/wt)
Correct aroma

responses P value

Citral (1%) 11 <0.001
Lemongrass essential oil (1%) 11 <0.001
Trans-cinnamaldehyde (1%) 11 <0.001
Trans-cinnamaldehyde (0.5%) 11 <0.001

P values are from a binomial test.
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measures that are currently in place. The use of natural
antimicrobials has garnered growing attention among
processors, with the increasing popularity of the clean
label trend among consumers and their beneficial effects,
including antibacterial properties (Zink, 1997). Plant-
derived extracts are among the naturally derived antimi-
crobials of interest for this purpose.

This study explored the direct antimicrobial proper-
ties of 3 PDAs, LG, CIT, and TC against S. Heidelberg
in ground turkey. The study demonstrated the antibac-
terial efficacy of the 3 PDAs against S. Heidelberg in
raw ground turkey during refrigerated storage, with
greater pathogen reduction observed with increasing
concentrations. TC exhibited the greatest antimicrobial
activity among the 3 plant-derived antimicrobials
explored. Furthermore, LG and CIT yielded comparable
reductions in S. Heidelberg populations. This indicates
that CIT may be the main component responsible for
the antimicrobial properties as it makes up to 85% of
LG. Other investigations exploring the use of the whole
essential oil and CIT alone have reported similar find-
ings (Adukwu et al., 2016). The results portrayed in this
study reflect the antimicrobial effect of the plant-derived
antimicrobials explored alone, without any additional
pathogen intervention.

The SYTO 9 and propidium iodide nucleic acid stains
differ in their ability to permeate the cell membrane. All
cells, regardless of the integrity of their membrane, are
stained by the SYTO 9 dye. Oppositely, the propidium
iodide dye is unable to penetrate intact membranes and
thus only stains cells that are damaged. Therefore,
uptake of the propidium iodide dye indicates that the
bacterial cells are either injured or dead based on the
permeability of their outer membrane. This suggests
that exposure to the antimicrobial extracts resulted in
changes to the membrane integrity of S. Heidelberg that
is indicative of dying or dead bacterial cells. Therefore,
the antimicrobial activity of the PDAs may involve
direct disruption to the S. Heidelberg cell membrane.
The lipophilic nature of TC and CIT potentially facili-
tated their interaction with the membrane-forming
lipids that are present in bacterial membranes
(Wang et al., 2018). Similar findings were observed in
studies exploring the effect of TC against the cell wall of
other organisms (Huang et al., 2019). Transmission elec-
tron microscopy of Salmonella Enteritidis exposed to
LG revealed structural damage to the cell wall and leak-
age of cellular contents (Raybaudi-Massilia et al., 2006).
Similarly, part of CIT’s antimicrobial properties was
attributed to its impact on membrane function and
integrity (Zheng et al., 2015; Shi et al., 2016).
Cinnamaldehyde and citral are flavor ingredients that

are commonly used to add cinnamon and citrus flavors
to food products, respectively (FDA, 2020b). We con-
ducted the appearance and aroma testing of the raw pat-
ties exposed to TC and CIT using 11 trained panelists as
a first step to determine if our approach of direct addi-
tion of the flavor compounds during patty preparation
would result in appreciable changes in the 2 attributes.
Results indicated that the trained panelists could detect
a noticeable aroma of the flavor compounds in raw tur-
key patties. They were also able to differentiate the pat-
ties by appearance, though fewer panelists (4 of 11) were
able to accurately distinguish patties treated with the
lower concentration of TC from untreated controls. Nei-
ther the impact of this change on the patties’ appeal to
or likeness of the participants nor the effect of cooking
on their sensory detection was explored in the current
study. The appearance of raw patties is a relevant factor
that consumers consider before purchase. Also, the anal-
ysis of aroma changes may also be pertinent after heat
treatment, as the cooking stage always precedes the con-
sumption of turkey patties. Results of sensory analysis
of products treated with rosemary oleoresin were
reported to differ between raw and cooked ground prod-
ucts. Rosemary extract is used as an ingredient in some
of the turkey products available in the market
(Keokamnerd et al., 2008). Our current focus is to con-
duct the consumer testing of raw and cooked patties
after a pre-grinding dip treatment of turkey meat with
TC and CIT for shorter duration without compromising
the microbiological safety.
Poultry products are always intended to be thoroughly

cooked, unlike other meat cuts, which may be consumed at
varying degrees of doneness. Improper preparation and
handling of poultry products by consumers at home con-
tribute to the cases of foodborne illnesses (Anderson et al.,
2004). A national survey conducted among U.S. adult gro-
cery shoppers found that 62% of participants owned a
meat thermometer, 73% used it to determine the doneness
of whole turkeys, but only 12% did the same for ground
poultry (Kosa et al., 2017). This study demonstrated that
the addition of PDAs in ground turkey patties reduced
bacterial pathogen survival during refrigerated storage.
The addition might also have contributed to increasing
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Salmonella susceptibility to heat during cooking. However,
this was not explored in the current study. For example,
Juneja et al. (2012) reported that the addition of TC to
ground chicken increased the lethal effect of heat against
Salmonella spp.

Other investigations had reported a more significant
reduction when these PDAs were used in combination
with other interventions. High-pressure processing
(HPP) is also a non-thermal intervention that is cur-
rently used in processing facilities as pathogen interven-
tions. This method is preferred as its antimicrobial
action is derived solely from physical damage to the bac-
terial cells (Sheen et al., 2015). However, operating at
high pressure where ideal pathogen reduction can be
achieved may result in undesirable changes to sensory
attributes. Results from this study indicate that the
PDAs, TC, CIT, and LG damage the bacterial cell mem-
brane, which may facilitate the antimicrobial effect of
pressure on Salmonella organisms. Likewise, the HPP
may enhance the antimicrobial properties of the PDAs
by providing greater access of the compounds to the
pathogen in the ground meat. Mathematical modeling
has demonstrated that the combination of HPP with
TC in ground chicken can exert a more significant
impact on Salmonella spp. even at lower concentrations
(Sheen et al., 2018; Chuang et al., 2021). Similarly,
modeling found that the combination of HPP and CIT
may obtain more than 5 log10 CFU/g reductions of E.
coli O157: H7 in ground beef (Chien et al., 2017).

The results of the present study indicate that TC,
CIT, and LG have inhibitory properties against S. Hei-
delberg in ground turkey, potentially due to their disrup-
tion of the S. Heidelberg cell membrane. These findings
indicate their potential use to reduce the risk of Salmo-
nella contamination in comminuted products. Addi-
tional studies exploring the combination of these PDAs
with other interventions are warranted to determine
how they could enhance the current pathogen interven-
tion strategies against Salmonella.
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