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ABSTRACT Salmonella enterica Agona (S. Agona)
and Salmonella enterica Saintpaul (S. Saintpaul) are
among the emerging drug-resistant Salmonella in turkey
production and processing. Rapid solutions to control
emerging and uncommon serotypes such as S. Agona
and S. Saintpaul are needed. This study tested pimenta
essential oil (PEO) as a processing antibacterial against
S. Agona and S. Saintpaul in experiments representative
of different stages of turkey processing. The compound
effectively reduced S. Agona and S. Saintpaul in nutri-
ent broth studies and with mature biofilm assays. PEO
was tested against a combination of S. Agona and S.
Saintpaul in ground turkey meat and nonprocessed
breast meat. In the first experiment with ground turkey,
samples were inoculated with a mixture of S. Agona and
S. Saintpaul (»3 log10 CFU/g) and treated with PEO at
different concentrations (0% PEO, 0.25% PEO, 0.5%
PEO, 1% PEO, 2% PEO, and 2.5% PEO). In the second
experiment with turkey breast, samples inoculated with
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»3 log10 CFU/g (SA+SP) were dipped in different con-
centrations of PEO with chitosan (CN) for 2 min. In
both these experiments, samples were stored at 4°C, and
Salmonella recovery was carried out at 0, 1, 3, 5, and 7
d. All experiments followed a completely randomized
design and were repeated 6 times (n = 6). Statistical
analysis was done using the PROC-ANOVA procedure
of SAS. In the ground turkey meat, PEO at or above 2%
reduced 2 log10 CFU/g of Salmonella by day 1. PEO at
2.5% in ground turkey meat resulted in enrichment-neg-
ative samples by 1 min, indicative of the rapid killing
effect of the compound at a high concentration of PEO
(P ≤ 0.05). A maximum reduction of 1.7 log10 CFU Sal-
monella/g of turkey breast meat was obtained after
2 min of dip treatment containing CN and 2.5% PEO.
Results indicate that PEO could be used as a plant-
based processing antibacterial against S. Agona and S.
Saintpaul in turkey processing. Upscaling to plant-level
studies is necessary before recommending its usage.
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INTRODUCTION

Foodborne salmonellosis is a zoonotic illness caused
by nontyphoidal Salmonella, a bacterial pathogen colo-
nizing the gut of food animals, including poultry. Among
the 15 most common foodborne illness-causing agents,
Salmonella ranks first in causing the most economic bur-
den, which imposes $4.7 billion annually (Hoffman et
al., 2015; Scharff, 2020). Among the recent outbreaks,
over 75% of foodborne salmonellosis was attributed to 7
food categories, including chicken, egg, and turkeys
(CDC, 2021).
Several serotypes of Salmonella are circulating in tur-
key production, and many of them are emerging causes
of foodborne outbreaks (Miller et al., 2020). Multiple
Salmonella outbreaks linked to turkey products were
reported in the past decade. Multidrug-resistant
(MDR) S. Heidelberg and S. Hadar—associated out-
breaks, involving contaminated ground turkey meat and
turkey burgers, respectively, were reported during 2010
and 2011 (CDC, 2022). An S. Schwarzengrund-associ-
ated recall of approximately 78,000 pounds of ground
turkey meat occurred in 2018 (CDC, 2022). MDR S.
Reading serotypes were previously isolated from ground
turkey meat samples involved in a multistate outbreak,
reporting 358 illness cases and 1 death (CDC, 2022).
Industry predominantly focuses on controlling major

serovars directly linked to the product’s safety for many
reasons, leaving the possibility of other circulating sero-
vars causing future outbreaks distant. It is also thought
that an antibacterial intervention applied against a
major serovar could target other minor serovars. In an
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earlier investigation involving isolation and serotyping
of Salmonella spp. from ground turkey and turkey meat
parts, the researchers identified 15 serotypes, including
Salmonella enterica Saintpaul (S. Saintpaul) and Sal-
monella enterica Agona (S. Agona). Salmonella Saint-
paul was the second predominant serotype isolated from
retail meats, exclusive to ground turkey meat from the 8
participating FoodNet (Connecticut, Georgia, Mary-
land, Minnesota, Oregon, Tennessee, California, and
New York) sites and showed a good correlation with
human isolates (Zhao et al., 2006). On the other hand,
S. Agona was isolated from chicken breast, legs, and
ground turkey with a constant presence observed in all 4
seasons and contributed 10% of total isolated serotypes
(Erol et al., 2013).

In the United States, turkeys contributed 28.19 and
18.61% of nonclinical and clinical isolates of S. Agona from
animal-related source pools (CDC, 2022). Salmonella in
the ceca and fecal matter and those attached to the car-
casses serve as a source of cross-contamination during
poultry processing. The contamination can occur at any
processing stage, starting from the transportation of flocks
to the slaughterhouses until the final product is packaged.
Even though appropriate scalding temperature, quality
water, good airflow, good processing practices, and low
water pH could reduce the Salmonella load on the carcass
to a certain extent, appropriate interventions applied at
various critical control points can ensure a better microbio-
logically safe product (USDA FSIS, 2021).

Essential oils could be a promising natural and
environmentally friendly antimicrobial intervention to
control multiple emerging and drug-resistant serotypes
of Salmonella in animal production and processing,
including turkeys (Nair and Kollanoor Johny, 2017;
Dewi et al., 2021,2022; Nair et al., 2023). Pimenta essen-
tial oil (PEO), also known as allspice oil, approved as
generally recognized as safe (GRAS) status (CFR, Title
21 x182.20) by the FDA (FDA, 2023), is extracted from
the pimenta tree belonging to the Myrtaceae family.
The oil contains eugenol, b myrcene, and E caryophyl-
lene as 3 major antimicrobial components extracted
from different plant parts (Samuel M�erida-Reyes et al.,
2020). The oil exerts antibacterial activity against a
broad spectrum of pathogens, including Staphylococcus
aureus, Escherichia coli, Bacillus subtilis, Salmonella
spp., Streptococcus, Candida, Pseudomonas aeruginosa,
Acinetobacter baumannii, and Enterococcus faecalis
(Lowe et al., 2017; Lorenzo-Leal et al., 2019; Ismail et
al., 2020; Milenkovi�c et al., 2020). The presence of phe-
nolic compounds and flavonoids in PEO also could con-
tribute to its antioxidant properties (Milenkovi�c et al.,
2020). The oil has been proven for its pharmacological
benefits, including anticancer, antimutagenic, antipy-
retic, and antihemorrhagic effects (Contreras-Moreno,
2018). It has been reported to be beneficial in the food
industry when combined with chitosan (CN) against
aflatoxins and Aspergillus flavus (Chaudhari et al.,
2022). Recent reports show that PEO and its nanoemul-
sion can also be used in the turkey meat industry against
MDR Salmonella Heidelberg (Nair and Kollanoor
Johny, 2017). Although the mechanism of action of
PEO is not fully understood, it is possible that, like
many other essential oils, it could damage the cell mem-
brane and its ATP machinery, resulting in bacterial cell
death (Burt, 2004). Moreover, the primary component
of PEO, eugenol, has been proven for its effect on down-
regulating virulence genes of S. Enteritidis (Kollanoor
Johny et al., 2012; Kollanoor Johny et al., 2017).
The use of PEO as a direct antimicrobial additive is a

least explored areas to improve the postharvest food
safety of ground turkey meat. Targeting multiple MDR
Salmonella serotypes in ground turkey meat and non-
processed turkey breast meat is a unique aspect of this
study as it represents a real-world situation of turkey
meat contamination. In addition, we also explored dif-
ferent methods such as the use of coating agents to
reduce the dip time of meat in PEO and to improve the
contact time of the essential oil with Salmonella sero-
types, utilizing the filming properties of coating agents.
Hence, this study aimed to determine the efficacy of
PEO on MDR S. Agona and S. Saintpaul in ground tur-
key meat. This study also determined the effect of a
combination dip treatment of PEO with CN on S.
Agona and S. Saintpaul attached to the nonprocessed
turkey breast meat.
MATERIALS AND METHODS

Bacterial Strains and Culture Conditions

S. Agona and S. Saintpaul strains were obtained from
a commercial turkey integrator. Each strain was cul-
tured separately using a loopful of bacterial culture
added into tryptic soy broth (TSB; catalog no. C7141,
Criterion, Hardy Diagnostics, Santa Maria, CA) and
incubated at 37°C for 24 h. After 3 successive subcul-
tures in TSB, a stock culture was made by adding 15%
glycerol (Glycerol; catalog no. J62399, Alfa Aesar,
Haverhill, MA) to the bacterial culture and stored at
�80°C until further use. Working cultures of S. Agona
and S. Saintpaul were separately prepared by adding
100 mL of stock culture to 10 mL TSB and then incu-
bated aerobically at 37°C for 24 h. Strains were induced
resistance to nalidixic acid (NA) by culturing the
strains in TSB containing NA sodium salt (CAS no.
3374-05-8, Alfa Aesar, Haverhill, MA) as previously
published (Nair et al., 2019, 2021a,b). Cultures were
serially diluted using phosphate buffer saline (PBS;
pH = 7.2) and plated with appropriate dilutions on
xylose lysine desoxycholate agar (XLD; catalog no.
C7322, Criterion, Hardy Diagnostics, Santa Maria, CA)
plates containing 50 mg/mL NA and incubated at 37°C
for 24 h. The growth of bacteria was identified by identi-
fying black-colored colonies on the plates (Kollanoor
Johny et al., 2012; Nair and Kollanoor Johny, 2017).
Preparation of Bacterial Inoculum

Salmonella strains grown in TSB after incubating at
37°C for 24 h were centrifuged at 3600 rpm for 15 min.
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The supernatant was discarded, and the pellet was
washed thrice using PBS. The pellet was resuspended
using PBS and used as an inoculum for each experiment.
Appropriate dilutions were done for obtaining the bacte-
rial inoculum required for each experiment (Kollanoor
Johny et al., 2012)
Construction of Comparative Growth Curves
of S. Agona and S. Saintpaul

Bacterial survival and growth for both strains were
studied separately by determining the bacterial growth
at 0, 3, 6, 12, and 24 h of incubation in 10 mL TSB with
50 mg/mL NA containing 100 mL of bacterial culture at
37°C. At each time point, bacterial cultures were serially
diluted, and appropriate dilutions were plated on
XLD + NA agar plates and incubated the plates at 37°C
for 24 h. Black colonies were counted, and dilution fac-
tors were applied to calculate bacterial count per mL of
TSB (Kollanoor Johny et al., 2007).
Determining the Antibiotic Susceptibility of
S. Agona and S. Saintpaul

Strains were cultured by adding 100 mL of working
cultures into 10 mL of TSB and incubating at 37°C for
24 h. After 24 h of incubation, a loopful of culture was
streaked on XLD agar, and plates were kept in an incu-
bator at 37°C for 24 h. Salmonella colonies turned into
black round colonies on XLD plates and were submitted
to the Veterinary Diagnostic Lab (VDL), University of
Minnesota (Saint Paul, Minnesota), to determine antibi-
otic susceptibility. Different categories of clinically rele-
vant antibiotics were tested against these strains, and
the minimum inhibitory concentration was determined
for each antibiotic. The antibiotic susceptibility test was
done using Sensititre plates (Trek Diagnostic System,
Thermo Fisher Scientific, MA). The interpretation was
done based on the criteria of the Clinical and Laboratory
Standards Institute (CLSI) for evaluating minimum
inhibitory concentration (Nair and Kollanoor Johny et
al., 2018)
Determining the Sub-Inhibitory
Concentration (SIC), Minimum Inhibitory
Concentration (MIC), and Minimum
Bactericidal Concentration (MBC) of PEO
Against S. Agona and S. Saintpaul

The sub-inhibitory concentration (SIC), minimum
inhibitory concentration (MIC), and minimum bacteri-
cidal concentration (MBC) of PEO (Spectrum Chemi-
cal, New Brunswick, NJ) against S. Agona and S.
Saintpaul were determined (Kollanoor Johny et al.,
2007). Different concentrations of PEO were prepared in
10 mL TSB containing 50 mg/mL NA. A 4
log10 CFU/mL bacterial inoculum was prepared from
the diluted and resuspended bacterial pellet obtained
after centrifugation of the overnight culture of Salmo-
nella strains in TSB. A 100 mL portion of bacteria was
added to each treatment and incubated at 37°C for 24 h.
A control sample containing Salmonella inoculated TSB
with no PEO was also included. Bacterial growth was
enumerated at 0 and 24 h of incubation after plating
appropriate dilutions of bacteria on XLD + NA agar
plates. The study was repeated 6 times. The MIC of
PEO against Salmonella is taken as the concentration at
which the oil inhibits the growth of Salmonella strains in
TSB at 37°C (no visible growth, however, bacterial sur-
vival and counts are expected). The MBC is taken as the
concentration at which the oil causes the complete inac-
tivation of Salmonella in TSB (no visible growth and at
least >6 log10 CFU/mL reduction). The SIC is the con-
centration just below the MIC with no reduction of bac-
terial growth in TSB (no inhibitory effects due to the
oil) (Kollanoor Johny et al., 2007, 2010, 2012).
Determining the Effect of PEO on Mature
Biofilms Formed by S. Agona and S.
Saintpaul

Twenty-four well plate assay was used to determine
the effect of PEO on mature biofilms formed by both
serotypes of Salmonella (Upadhyay et al., 2013). Each
well was filled with 2 mL TSB + 50 mg/mL NA. After
adding 100 mL of 5 log10 CFU/mL inoculum of Salmo-
nella into the well, the plates were incubated at 37°C for
4 d and 4°C for 7 d to form mature biofilms. After the
biofilm formation, the MBC, or >MBC of PEO, was
added to the wells. To follow, TSB was diluted and
plated on XLD + NA agar. Positive control was kept
without adding PEO into the wells. The media was then
removed, washed thrice with PBS, and removed from
the well. The wells were scraped to loosen the bacteria
attached to the mature biofilm and then plated again on
XLD + NA after serially diluting it in PBS. The plates
were incubated at 37°C for 24 h. The effects of PEO on
mature biofilm film were determined by counting the
bacterial colonies grown on XLD + NA plates and
applying appropriate dilution factors to obtain the
remaining viable bacterial populations.
Determining the Effect of PEO Against S.
Agona and S. Saintpaul in Ground Turkey

This experiment followed the published protocols
using ground turkey meat experiments (Dewi et al.,
2021). Briefly, commercial ground turkey meat with
93% protein and 7% fat was purchased from a local gro-
cery store and used in this study. Twenty g of ground
turkey meat was weighed and packed separately in
Whirl-Pak bags (Whirl-Pak, Nasco, Madison, WI) for
each treatment. A 3 to 3.5 log10 CFU/mL S. Agona and
S. Saintpaul in combination was added into the ground
turkey meat and mixed well to distribute the inoculum.
This experiment had 7 treatment groups, 5 different
PEO concentrations (0.25%, 0.5%, 1%, 2%, and 2.5%),
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and 2 control groups. In all the essential oil groups,
respective volumes of the oil were added directly to the
meat and mixed well. The positive control group had
Salmonella inoculated meat without PEO. The negative
control group had neither the oil nor the Salmonella
inoculum. Each Whirl-Pak bag was closed and stored at
4°C for 7 d. The bacterial counts were detected from the
respective ground meat samples on storage days 0, 1, 3,
5, and 7. For bacterial recovery, samples were homoge-
nized well for a minute using a homogenizer (Stomacher,
100/125V, 50/60 Hz, Neutec Group Inc., 200 Central
Ave, Farmingdale, NY) and serially diluted in PBS.
Appropriate dilutions were plated on XLD + NA plates
and incubated at 37°C for 24 h before counting the bac-
terial colonies. One g sample was also enriched in 10 mL
sodium selenite cystine (SCB; Criterion, Hardy Diag-
nostics, Santa Maria, CA) to maximize Salmonella’s
detection limit.
Determining the Effect of PEO-CN Coating
on Nonprocessed Turkey Breast Meat
Against S. Agona and S. Saintpaul

Chitosan (Sigma Aldrich, St. Louis, MO) coating
solution was prepared by adding (2% v/v) CN into dis-
tilled water and stirring overnight to make a homoge-
nous mixture with a final concentration of 2%. After 12
h of stirring, different concentrations of PEO were added
to each coating solution and allowed another 6 h to mix
well (Upadhyay et al., 2015). For this study, nonpro-
cessed, fresh turkey breast meat obtained from a local
slaughter unit was used. Turkey meat was cut into sam-
ples of 20 g weight. A bacterial inoculum prepared using
overnight culture of S. Agona and S. Saintpaul was used
for inoculating the meat samples. An inoculum of 3 to
3.5 log10 Salmonella 2 serotype mix was inoculated over
the meat samples and allowed to attach for 20 min at
room temperature. Each meat sample was then dipped
in coating solutions containing different concentrations
of PEO in Whirl-Pak bags for 2 min. The positive con-
trol was the meat samples inoculated with Salmonella
and dipped in PBS for 2 min. Inoculated samples dipped
in CN coating solution without PEO served as the CN
control to differentiate the effect of CN alone compared
to CN added with different PEO concentrations. After
the dip treatment, meat samples were stored at 4°C for 7
d. Bacterial recovery was done on days 0, 1, 3, 5, and 7
of storage. On respective days, samples were transferred
to 20 mL PBS in a Whirl-Pak bag and homogenized well
for a minute using a homogenizer. The samples were
then serially diluted, plated on XLD + NA plates, and
incubated at 37°C for 24 h.
Determining the Effect of PEO on L*, a*, and
b* Values of Ground Turkey Meat

L* (lightness), a* (redness), and b* (yellowness) val-
ues of meat samples were measured using a spectropho-
tometer (Hunter Lab MiniScan EZ 4500S
Spectrophotometer, Reston, VA). Samples were pre-
pared as described in section 4.6 except inoculating with
Salmonella. The instrument was calibrated per instruc-
tions and recorded on white and black platforms. L*, a*,
and b* values were then measured from each meat sam-
ple on days 0, 1, 3, 5, and 7 of storage at 4°C. Each treat-
ment and control group had 6 samples at a given time
point.
Determining the effect of PEO on L*, a*, and b*

values of nonprocessed turkey breast meat coated
with food-grade edible CN. Samples were prepared
as described previously, except these experiments
did not use a Salmonella inoculum. L*, a*, and b*
values were measured from meat samples using a
spectrophotometer on days 0, 1, 3, 5, and 7 of stor-
age at 4°C.
Determining the Effect of PEO on pH Values
of Ground Turkey Meat

Samples were prepared as described previously, except
these experiments did not use a Salmonella inoculum.
The pH of each sample was measured using a pH meter
(Apera Instruments Premium—Series PH60S Food pH
Tester, Columbus, OH) on days 0, 1, 3, 5, and 7 of stor-
age at 4°C.
Determining the Effect of PEO and CN Dip on
the pH of Nonprocessed Turkey Meat

Samples were prepared as described previously, except
these experiments did not use a Salmonella inoculum.
The pH of each sample was measured using a pH meter
on days 0, 1, 3, 5, and 7 of storage at 4°C.
Statistical Analysis

Each experiment followed a completely randomized
design and was repeated 6 times (n = 6 samples/treat-
ment). Bacterial counts were transformed into log10 val-
ues, and dilution factors were applied before the
statistical analysis. The PROC-ANOVA procedure of
SAS was used to detect the significant difference
between groups. Mean separation was done using
Tukey’s test. Significance was tested at P < 0.05.
RESULTS

Growth Dynamics of S. Agona and S.
Saintpaul

With an initial inoculum level of »4.5 log10 CFU/mL,
S. Saintpaul reached 8.3 log10 CFU per mL at 6 h of
incubation at 37°C in tryptic soy broth. Whereas, within
the same time frame, S. Agona took 12 h to reach the
same population levels (Figure 1).



Figure 1. Growth curve of S. Agona (A) and S. Saintpaul (B) cul-
tured in the TSB at 37°C for 24 h (n = 6).

Table 1B. Antibiotic susceptibility profile of S. Saintpaul strain.

Antibiotics MIC (mg/mL)

Amoxicillin >016.00; resistant
Clindamycin >004.00; resistant
Gentamicin >008.00; resistant
Novobiocin >004.00; resistant
Oxytetracycline >008.00; resistant
Penicillin >008.00; resistant
Spectinomycin >064.00; resistant
Streptomycin 064.00; resistant
Sulfadimethoxine >256.00; resistant
Sulphathiazole 256.00; resistant
Tetracycline >008.00; resistant
Trimethoprim/sulphamethoxazole <000.50; susceptible
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Antibiotic Susceptibility of S. Agona and S.
Saintpaul

Both S. Agona and S. Saintpaul strains were resistant
to multiple clinically relevant antibiotics, including
amoxicillin, clindamycin, gentamicin, novobiocin, oxy-
tetracycline, penicillin, spectinomycin, streptomycin,
sulfadimethoxine, sulphathiazole and tetracycline
(Tables 1A and 1B).
MIC, MBC, and SIC of PEO Against S. Agona
and S. Saintpaul

Approximately 4 log10CFU of S. Agona was recovered
on XLD agar plates as initial inoculum from all the
treatment groups at 0 h of incubation except for 0.25%
and 0.5% groups (white bar; Figure 2A). An immediate
reduction of S. Agona populations at 0 h was evident in
treatment groups containing 0.25% and 0.5% PEO. At
24 h, PC and PEO at 0.005% and 0.01% had 8 log10
CFU/mL of S. Agona, whereas 0.05% and 0.1% of PEO
had 6 log10 CFU/mL growth at 37°C (black bars;
Figure 2A). Zero point two five percent and 0.5% PEO
resulted in a complete reduction of Salmonella in TSB
after 24 h.
Table 1A. Antibiotic susceptibility profile of S. Agona strain.

Antibiotics MIC (mg/mL)

Amoxicillin 001.00; resistant
Clindamycin >004.00; resistant
Gentamicin Resistant
Novobiocin >004.00; resistant
Oxytetracycline >008.00; resistant
Penicillin 008.00; resistant
Spectinomycin >064.00; resistant
Streptomycin Resistant
Sulfadimethoxine >256.00; resistant
Sulphathiazole >256.00; resistant
Tetracycline >008.00; resistant
Trimethoprim/sulphamethoxazole </=005.00; resistant
Similarly, 4.5 log10 CFU/mL of S. Saintpaul was
recovered in all treatment groups as well as in control
groups at 0 h of incubation and reached up to 8.5 log10
after 24 h of incubation in both PC and 0.0005% PEO
(Figure 2B). However, PEO at 0.01%, 0.05%, and 0.1%
resulted in a growth of 8, 7.5, and 6.9 log10 S. Saintpaul
CFU/mL after 24 h of incubation at 37°C. PEO at
0.25% resulted in a complete reduction of S. Saintpaul
at 0 and 24 h of incubation. Briefly, MBC, MIC, and
SIC of PEO against both S. Agona and S. Saintpaul
were identified as 0.25%, between 0.1 and 0.25%, and at
or below 0.005% of PEO, respectively (Figures 2A and
2B)
Effect of PEO on the Mature Biofilms Formed
by S. Agona and S. Saintpaul

In the control groups, both S. Agona and S. Saintpaul
had »5.4- and 6.6- log10 CFU/mL of bacteria associated
with the mature biofilms at 37°C, respectively. PEO at
0.25% reduced S. Agona and S. Saintpaul by 2.1- and
2.8- log10CFU/mL of associated bacterial cells in the
mature biofilms at 37°C (P < 0.05). A complete reduc-
tion of S. Saintpaul cells was observed when PEO was
tested 0.5% (2X MBC) of PEO at 37°C. The maximum
decrease of 4.5 log10 S. Agona/mL was observed when
0.5% of PEO was used on the mature biofilms
(Figure 3A; second cluster). S. Agona and S. Saintpaul
could also produce biofilms in polystyrene well plates
even at 4°C and reached a count of 1.4- and 3.2-
log10CFU/mL, respectively, after 7 d of incubation
(Figure 3B). A complete reduction of Salmonella in the
mature biofilms was observed with 0.25% PEO in poly-
styrene plates incubated at 4°C (Figure 3B).
Effect of PEO Against S. Agona and S.
Saintpaul in Ground Turkey Meat

In the positive control groups, 3.2 log10 CFU of S.
Agona and S. Saintpaul mixture were consistently recov-
ered from the ground meat samples stored at 4°C from
day 0 to 7. PEO at 0.25% and 0.5% concentrations were
the least effective in reducing the Salmonella combina-
tion in the ground turkey meat with a maximum



Figure 2. Effect of PEO against S. Agona (A) and S. Saintpaul (B) in tryptic soy broth culture at 37°C for 0 h, and 24 h (Mean § SE; n = 6). a
−f: bars with different superscripts are significantly different from each other at P < 0.05. Abbreviations: PC: positive control; PEO: pimenta essen-
tial oil.
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reduction of 0.36 and 0.5 log10 CFU/g, respectively at 4°
C (data not shown). One percent PEO caused a maxi-
mum reduction of 0.9 log10 CFU/g at day 3 of storage at
4°C compared to PC. Two percent PEO was effective in
reducing 1.5 log10 CFU/g immediately after inoculation,
whereas 2 to 2.5 log10 CFU/g reduction was obtained in
subsequent days of storage at 4°C. Two-point five per-
cent PEO effectively reduced the Salmonella mix in
ground turkey meat immediately after inoculation, and
the magnitude of reduction was nearly 3.4 log10 CFU/g
compared to PC (Figure 4).
Effect of PEOWith a Coating Agent, CN on S.
Agona and S. Saintpaul Mix on
Nonprocessed Turkey Meat

Salmonella recovery from the turkey breast meat
samples from PC groups was between 3 to 3.4 log10
CFU/g during 7 d of storage at 4°C (Figure 5; white
bars). It was found that 2% CN alone did not reduce
Salmonella than PC (gray bars). The combination of
2% CN with 0.25% PEO was also ineffective in reduc-
ing Salmonella on turkey breast meat and resulted in
2.7 to 3 log10 CFU/g Salmonella recovery throughout
the storage period (data not shown). Dip treatment
in 0.5% and 1% PEO with 2% CN reduced 1- and
1.4- log10 CFU/g, respectively, on day 3 of storage at
4°C (data not shown). A maximum reduction of 1.54
log10 CFU/g was obtained on day 7 from turkey
meat dipped in 2% CN with 2% PEO for 2 min. PEO
at 2.5% PEO and CN at 2% effectively reduced 1.4
to 1.7 log10 CFU/g Salmonella from day 0 to day 7
of storage at 4°C (Figure 5).
Effect of PEO on L*, a*, and b* Values of
Ground Turkey Meat

Table 2A depicts the L*, a*, and b* values of the
ground turkey meat in response to PEO treatments.
The L* values of meat samples from the control groups
were between 49.55 and 58.53. The L* values of ground
turkey meat samples mixed with different concentra-
tions of PEO were compared with that of NC (control).
PEO at 1, 2, and 2.5% concentrations in ground turkey
meat showed L* values between 52.16 and 59.95, 56.22
and 63.80, 57.07 and 63.65, respectively, during storage
at 4°C. PEO at 2 and 2.5% showed a significant differ-
ence from other groups from day 1 (P < 0.05). The a*
values of ground turkey meat samples were 3.46 to 6.24,
3.96 to 6.65, 4.71 to 6.98, 5.74 to 7.04 in NC, 1% PEO,



Figure 3. Effect of PEO on mature biofilm formed by S. Agona
and S. Saintpaul at 37°C (A) and 4°C (B) (Mean § SE; n = 6). a, b—
bars with different superscripts are significantly different from each
other at P < 0.05. Abbreviations: PC: positive control; PEO: pimenta
essential oil.
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2% PEO, and 2.5% PEO, respectively, during the stor-
age period at 4°C. Day 7 a* values for all treatments sig-
nificantly differed from the NC (P < 0.05). The b*
values between 14.70 and 17.24, 15.31 and 17.46, 14.99
and 17.11, 16.24 and 17.24 were observed from the
ground turkey meat samples in the NC group, 1% PEO,
2% PEO, and 2.5% PEO, respectively (Table 2A).
Figure 4. Effect of PEO on S. Agona and S. Saintpaul in ground
turkey meat (Mean § SE; n = 6). a, b, c, d—bars with different super-
scripts at a single time point significantly differ at P < 0.05. Abbrevia-
tions: PC: positive control; PEO: Pimenta essential oil.
Effect of PEO on L*, a*, and b* Values of
Nonprocessed Turkey Meat Coated With
PEO Using CN

Table 3A depicts the L*, a*, and b* values of the
ground turkey meat in response to PEO treatments with
CN coating. The L* values for meat samples from NC
were in the range of 43.99 to 51.11. The samples dipped
in 2% CN showed L* values between 39.29 and 47.13.
None of the dip treatments in PEO and CN combina-
tions resulted in a significant change in L* values of
meat samples over 7 d of storage at 4°C (P > 0.05). The
a* values of meat samples from the NC control group
and those dipped in CN were �0.17 to �1.03 and �0.37
to �1.74, respectively. a* values between �0.28 to
�1.93, �0.43 to �1.22, and �0.40 to �0.92 were noticed
with samples dipped in a combination of CN and 1%,
2%, and 2.5% PEO, respectively. The b* values for nega-
tive control samples range from 5.87 to 7.93 for 7 d stor-
age period. Meat samples dipped in 2% CN showed b*
values from 7.24 to 8.81. Dip treatments including 1%
PEO + 2% CN, 2% PEO + 2% CN, and 2.5%
PEO + 2% CN resulted in b* values of 6.67 to 7.85, 6.49
to 10.2 and 8.08 to 9.32, respectively (Table 3A).
Effect of PEO and/or CN Coating on pH
Values Of Turkey Meat

The pH values of ground turkey meat samples without
PEO (negative control) ranged from 5.93 to 6.28 during
the storage period of 7 d. Ground turkey meat samples
with 1% PEO and 2% PEO had pH values ranging
between 6.05 and 6.47, 6.21 and 6.72, respectively, from
day 0 to day 7 of storage at 4°C. The addition of 2.5%
PEO into the ground turkey meat samples resulted in
pH values of 6.17 to 6.53 on various days of storage at 4°
C (Table 2B).
The pH values of nonprocessed turkey breast meat

samples dipped in DI water (NC) for 2 min ranged from
5.94 to 6.89 during 7 d of storage at 4°C. Dipping the
turkey meat samples in 2% CN coating solution with or
without PEO for 2 min resulted in the pH values lower
than the NC during storage (P < 0.05). CN with 1%
PEO and 2% PEO dip treatments resulted in pH values
ranging from 5.55 to 6 and 5.6 to 5.78, respectively, dur-
ing 7 d of storage at 4°C. pH values between 5.6 and 5.94
were observed from the turkey breast meat samples
stored in the refrigerator after dipping in 2.5% PEO
with CN (Table 3B).
DISCUSSION

S. Agona and S. Saintpaul are commonly found sero-
types in turkey meat products over many years (Erol et
al., 2013). The consistent presence of these serotypes in
turkeys indicates their hardiness to environmental fac-
tors and antimicrobials used in production and process-
ing facilities. The results of comparative growth,
antibiotic susceptibility and biofilm formation data of



Figure 5. Effect of coating of PEO with CN on S. Agona and S.
Saintpaul on turkey breast meat (Mean § SE; n = 6). a, b, c, d—bars
with different superscripts at a single time point significantly differ at P
< 0.05. Abbreviations: PC: positive control; PEO: pimenta essential oil.
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these serotypes obtained from this study also supports
the persistence and emergence as potentially outbreak-
causing strains of these serotypes in turkey production.
Our goal in the study was to test the efficacy of plant-
derived interventions against such serotypes of Salmo-
nella that could co-exist on farm environments and in
turkey products and devise control strategies before out-
breaks occur.

Essential oils have been studied extensively for their
manifold uses in the meat industry for the past few years
due to their many benefits, including clean-label pros-
pects (Dewi and Kollanoor Johny, 2022). The applica-
tion of essential oil in meat industry has been explored
at different stages of meat processing and packaging
because of their multiple benefits including its use in
food preservation and safety. Essential oils are consid-
ered as eco-friendly options for antimicrobial, antioxi-
dant, and flavoring agents in the food industry (Maurya
et al., 2021). It is imperative to choose the effective
essential oil and the stage when targeting emerging sero-
types of Salmonella in turkey production and process-
ing.
Table 2A. Effect of PEO on L*, a*, and b* of ground turkey meat on

L* Day 0 Day 1

NC 56.94 § 2.33a 49.55 § 0.81a

1% PEO 54.95 § 1.87a 52.16 § 0.90a

2% PEO 58.07 § 0.84a 56.22 § 1.22b

2.5% PEO 59.44 § 1.75a 57.07 § 0.55b

a* Day 0 Day 1
NC 5.40 § 0.64a 6.24 § 0.45a

1% PEO 5.82 § 0.98a 6.65 § 0.25a

2% PEO 6.21 § 0.58a 6.98 § 0.60a

2.5% PEO 5.78 § 0.76a 6.53 § 0.34a

b* Day 0 Day 1
NC 16.37 § 0.71a 15.47 § 0.40a

1% PEO 16.61 § 1.18a 16.35 § 0.52a

2% PEO 17.69 § 0.65a 17.11 § 0.48a

2.5% PEO 16.63 § 1.26a 17.24 § 0.51a

The color values for each group are represented as Mean § SE (n = 6).
a,bValues with different superscripts at a single time point significantly differ
Comminuted turkey products, including ground tur-
key, can contain portions from turkey skin, bone, and
meat, potentially increasing the chances of Salmonella
contamination in the final product (USDA FSIS, 2021).
Combining these parts during the final stages of meat
processing and the chances of contamination from grind-
ing equipment demand the need for the direct addition
of antimicrobials at or after grinding. Our study
addressed this situation by adding and mixing PEO into
the ground turkey meat inoculated with Salmonella
cocktail. We found that PEO at 2.5% significantly
reduced S. Agona and S. Saintpaul when used as a direct
antimicrobial additive in ground turkey meat (Figure 4).
Previously, Dewi and co-authors determined the efficacy
of 3 plant-derived antimicrobials (PDAs), lemongrass
essential oil (LGEO), citral, and trans-cinnamaldehyde
(TC), against S. Heidelberg in ground turkey meat
(Dewi et al., 2022). They also reported higher Salmo-
nella reductions at 2% TC concentrations in ground tur-
key meat at 4°C on day 3 (Dewi et al., 2022), consistent
with the findings of our study. A separate study tested
2,000 ppm lauric alginate and 1% carvacrol (CR)
against S. Typhimurium in ground turkey. The com-
pounds had a synergistic effect reducing the bacterial
load to less than a log10CFU/g after 24 h of storage com-
pared to the 5-log initial inoculum (Oladunjoye et al.,
2013). In the same study, 2% CR reduced 2 to 3
log10CFU/g Salmonella in ground turkey meat when 3
strains of S. Typhimurium were used for the inoculation
(Oladunjoye et al., 2013). These studies indicate the
necessity of higher concentrations of essential oils for
better efficacy against different Salmonella serotypes.
The consistency in reducing Salmonella at higher con-
centrations of essential oils was also evident in this
study. The magnitude of reduction could be maximized
either by increasing the concentrations of essential oils
or by combining them with other antimicrobials.
Exploring the right processing stage to implement

essential oil interventions is challenging and can be
affected by the type of final meat products. Previous
studies show that developing a dipping model can best
target pathogens attached to unprocessed meat. Similar
days 0, 1, 3, 5, and 7 of storage at 4°C.

Day 3 Day 5 Day 7

53.89 § 1.03a 57.65 § 0.45a 58.53 § 1.72a

57.54 § 1.11a 59.95 § 1.17a 59.67 § 0.60a,b

60.45 § 1.13b 63.92 § 0.85b 63.80 § 0.92b

60.11 § 1.02b 63.65 § 0.77b 62.29 § 0.95a,b

Day 3 Day 5 Day 7
5.22 § 0.39a 3.82 § 0.65a 3.46 § 0.36a

6.03 § 0.25a 3.96 § 0.74a 5.53 § 0.43b

5.60 § 0.60a 4.71 § 0.81a 5.98 § 0.40b

6.28 § 0.31a 5.74 § 0.37a 7.04 § 0.43b

Day 3 Day 5 Day 7
14.70 § 0.53a 17.24 § 0.31a 15.00 § 0.98a

15.31 § 0.45a 17.46 § 0.44a 16.50 § 0.16a

14.99 § 0.81a 16.46 § 0.64a 16.13 § 0.54a

16.35 § 0.46a 16.35 § 0.46a 16.24 § 0.46a

at P < 0.05.



Table 2B. Effect of PEO on pH of ground turkey meat on days 0, 1, 3, 5, and 7 of storage at 4C.

Day 0 Day 1 Day 3 Day 5 Day 7

NC 6.17 § 0.03a 6.26 § 0.01a 5.93 § 0.01a 6.23 § 0.06a 6.28 § 0.05a

1% PEO 6.22 § 0.03a,b 6.29 § 0.02a,b 6.05 § 0.03a 6.47 § 0.09a,b 6.37 § 0.05a

2% PEO 6.26 § 0.01b 6.31 § 0.01b 6.21 § 0.04b 6.55 § 0.03b 6.72 § 0.06b

2.5% PEO 6.27 § 0.01b 6.38 § 0.05b 6.17 § 0.04b 6.53 § 0.05b 6.38 § 0.05a

The pH values for each group are represented as Mean § SE (n = 6).
a,bvalues with different superscripts at a single time point significantly differ at P < 0.05.

Table 3A. Effect of PEO and CN dip on L*, a*, and b* values of turkey meat at days 0, 1, 3, 5, and 7 of storage at 4°C.

L* Day 0 Day 1 Day 3 Day 5 Day 7

NC 51.11 § 3.71a 46.11 § 0.99a,c 44.44 § 1.10a 44.29 § 1.22a 43.99 § 1.14a

2% CN 41.74 § 1.29a 39.29 § 1.40b 42.33 § 1.22a 45.66 § 0.90a 47.13 § 2.97a,b

1% PEO + 2% CN 44.98 § 1.38a 43.27 § 0.72a,b,c 43.40 § 1.07a 46.91 § 1.33a 51.47 § 1.80b

2% PEO + 2% CN 46.39 § 2.57a 41.99 § 1.88a,b 44.93 § 1.77a 44.00 § 2.46a 49.61 § 1.52a,b

2.5% PEO + 2% CN 43.59 § 4.10a 47.47 § 0.95c 46.07 § 0.70a 51.74 § 2.88a 51.18 § 0.62a,b

a* Day 0 Day 1 Day 3 Day 5 Day 7
NC �1.03 § 0.64a �0.17 § 0.24a �0.95 § 0.36a �1.58 § 0.23a �0.81 § 0.94a

2% CN �0.37 § 0.32a �0.54 § 0.63a �0.84 § 0.27a �1.74 § 0.53a �1.42 § 0.39a

1% PEO + 2% CN �0.28 § 0.41a �0.38 § 0.17a �0.72 § 0.24a �1.19 § 0.46a �1.93 § 0.33a

2% PEO + 2% CN �0.47 § 0.56a �0.43 § 0.38a �0.43 § 0.52a �0.92 § 0.34a �1.22 § 0.22a

2.5% PEO + 2% CN �0.40 § 0.53a �0.86 § 0.20a �0.89 § 0.20a �0.55 § 0.26a �0.92 § 0.40a

b* Day 0 Day 1 Day 3 Day 5 Day 7
NC 6.99 § 0.33a 7.93 § 0.83a 6.45 § 0.52a 5.87 § 0.60a 6.48 § 0.54a

2% CN 7.26 § 1.04a 8.31 § 0.61a 8.24 § 0.71a 8.81 § 1.44a,b 7.24 § 0.79a,b

1% PEO + 2% CN 7.45 § 0.64a 7.85 § 0.73a 7.63 § 0.69a 6.67 § 0.68a,b 6.84 § 0.64a

2% PEO + 2% CN 7.58 § 0.58a 7.14 § 0.40a 6.49 § 0.45a 9.97 § 0.36b 10.2 § 0.54b

2.5% PEO + 2% CN 8.11 § 0.44a 8.08 § 0.50a 8.77 § 0.45a 8.61 § 0.73a,b 9.32 § 1.08a,b

The color values for each group are represented as Mean § SE (n = 6).
a−cvalues with different superscripts at a single time point significantly differ at P < 0.05.
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to our research using multiple Salmonella serotypes,
Nair and co-workers tested CR, TC, and thyme oil as
2 min dip treatments against a combination of S. Enteri-
tidis, S. Typhimurium, and S. Heidelberg on turkey
breast cutlets. They found that a 0.9 to 1.7 log10 CFU/
mL reduction in Salmonella can be obtained with 2%
essential oil dip treatment (Nair et al., 2014). A sequen-
tial dipping model with bacteriophage and essential oils
(0.8% thymol and 1.6% CR) for 3 min also resulted in an
additive effect on Salmonella reduction on chicken pieces
stored at 4°C for 5 d compared to their individual treat-
ments (Moon et al., 2020). Our previously reported
study also explored the combination of caprylic acid and
peracetic acid as scald additive against drug resistant S.
Heidelberg. We found that 1% caprylic acid with 0.5%
PAA in scalding water was in effective in reducing more
than 2.5 log10 CFU/mL of S. Heidelberg attached to
chicken skin (Manjankattil et al., 2021).
Table 3B. Effect of PEO and CN dip on pH of turkey meat at days 0,

Day 0 Day 1

NC 5.94 § 0.07a 6.10 § 0.16a

2% CN 5.37 § 0.03b 5.63 § 0.05b

1% PEO + 2% CN 5.55 § 0.10b 5.72 § 0.03b

2% PEO + 2% CN 5.60 § 0.12b 5.66 § 0.04b

2.5% PEO + 2% CN 5.60 § 0.05b 5.73 § 0.03b

The pH values for each group are represented as Mean § SE (n = 6).
a−cvalues with different superscripts at a single time point significantly differ
Pimenta essential oil has also been tested as scalding
and chilling tank additives against S. Heidelberg. Three
different concentrations of PEO were tested along 3
time points and found that the antibacterial effect is
concentration and time-dependent. Nearly 2 log10 CFU/
sq. inch reduction of Salmonella was obtained when
PEO was used in the scalder water, whereas 2.4 log10
CFU/sq. inch reduction was obtained when used in
chilled water for 5 min. The same study reported a
decline in pathogen populations for 48 h at 4°C storage.
It was also found that PEO nanoemulsion resulted in a
comparable decrease in S. Heidelberg populations as
with PEO (Nair and Kollanoor Johny, 2017).
Salmonella surviving after chilling and antimicrobial

wash steps can be a harmful risk for consumers purchas-
ing turkey breast meat or whole carcasses. The strong
attachment of Salmonella and less reduction associated
with antimicrobial dip were established in our previous
1, 3, 5, and 7 of storage at 4C.

Day 3 Day 5 Day 7

6.34 § 0.16a 6.58 § 0.11a 6.89 § 0.15a

5.96 § 0.14a,b 6.01 § 0.12b 6.30 § 0.14b

5.81 § 0.10b 5.81 § 0.06b 6.00 § 0.15b,c

5.65 § 0.05b 5.77 § 0.05b 5.78 § 0.08c

5.70 § 0.03b 5.94 § 0.17b 5.84 § 0.05b,c

at P < 0.05.



10 MANJANKATTIL ET AL.
studies (Manjankattil et al., 2021). A shorter duration of
dip treatment in PEO after chilling may not be sufficient
to tackle the strongly attached Salmonella on turkey
breast meat. This indicates the need for an edible coat-
ing agent with excellent filming properties to provide
maximum contact time for antimicrobials to act on
pathogens even with a 2-min dip treatment. In the cur-
rent study, we tested an additive effect of PEO with an
edible coating agent CN against 2 emerging serotypes of
Salmonella. Previous studies show that 0.5% CN dip
treatment effectively reduced less than 1 log of S. Typhi-
murium per cm2 of chicken skin. Zero point five percent
CN effectively reduced aerobic gram-negative spoilage
bacteria to an undetectable level over 12 d of storage at
4°C (Menconi et al., 2013). In contrast, 2% CN dip for
2 min was ineffective against S. Agona and S. Saintpaul
on turkey breast meat in this study. A 2% CN (w/v) in
combination with citrus extract showed an additive
effect in reducing S. Typhimurium on turkey fillets to
4.5 and 5 log10 CFU/g at 4 and 10°C, respectively, after
21 d of storage (Vardaka et al., 2016). However, a com-
bination treatment of CN and PEO resulted in only less
than 2 log10 CFU/g reduction of target serotypes in this
study.

Intervention-resistant Salmonella biofilms can be con-
sidered a biological hazard and a source of contamina-
tion of turkey meat and meat products from the
processing facility. A biofilm can be defined as an assem-
blage of microbial cells that is irreversibly associated
with a surface and enclosed in a matrix of primarily
polysaccharide material (Donlan et al., 2002). Bacteria
in biofilms are highly resistant to many environmental
conditions including disinfectants compared to their
planktonic counterparts. Among the many compounds
explored against biofilms formed by Salmonella, essen-
tial oils have shown promising results in the past years.
Essential oils like thyme oil, oregano essential oil, and
CR effectively reduced the biofilm formation by S.
Typhimurium. In the same study, the researchers found
that 0.1% CR effectively reduced biofilms to undetect-
able levels on stainless steel within a contact time of 1 h
(Soni et al., 2013). LGEO was also reported to have a
pronounced effect in reducing biofilm formation by S.
Heidelberg in microtiter plates (Dewi et al., 2021). TC
has reported efficacy against S. Saintpaul in established
biofilms on stainless steel (Piovezan et al., 2014).

The extent of biofilm formation can significantly vary
with strains of Salmonella, and we found that both S.
Agona and S. Saintpaul can produce biofilms at both 37
and 4°C. Consistent with other essential oils, PEO effec-
tively eliminated mature biofilm-attached Salmonella in
microtiter well plates (Figures 2A and 2B). We also
noticed that S. Agona associated with mature biofilms
was more resistant than S. Saintpaul and had compara-
tively lower reduction with PEO treatments (Figures
2A and 2B).

The mechanisms of action of essential oils were
broadly studied in the past years because of its multiple
use in the food industry. It is reported that the varieties
of bioactive substances present in the essential oils
contribute their antimicrobial activity by interacting
with one or more molecular pathways in microorgan-
isms. Cytotoxic effects of some essential oils could be
attributed to their activity on disrupting cell membrane
and interfering with energy metabolism (Li et al., 2022).
Highly concentrated phenolic compounds in essential
oils like PEO can also increase the fluidity of cells and
leakage of intracellular materials (Li et al., 2022). It is
also reported that some essential oils can cause cell cycle
arrest and bacterial filamentation (Li et al., 2022).
Sensory analysis studies must be conducted before

adopting the intervention in the processing units. It is
also vital to conduct a cost-benefit analysis of PEO
incorporation at different processing stages, finding eco-
nomical sources of the essential oil, obtaining volume
discounts, and consideration of added costs of the equip-
ment, if such modifications are to be made (Viator et al.,
2017). Overall, the results of this study indicate the
potential of using PEO as an antimicrobial in various
turkey processing stages to improve the microbiological
safety of turkey meat and meat products. PEO was
highly effective in reducing multiple emerging serovars
of Salmonella in turkey breast meat and ground turkey
meat without adversely affecting meat samples’ color
parameters and pH values.
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