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ABSTRACT Salmonella Heidelberg (S. Heidelberg) is
a major pathogen implicated in foodborne outbreaks for
which poultry products can serve as an epidemiological
source. This study determined the efficacy of GRAS-sta-
tus lemongrass essential oil (LGEO) against S. Heidel-
berg in vitro and on the pathogen’s attachment to skin
and meat. At first, employing in vitro assays, the effect
of LGEO on multidrug-resistant S. Heidelberg multipli-
cation and motility was examined. Biofilm inhibition
and inactivation assays were also performed. The quo-
rum-sensing modulating effect of LGEO was deter-
mined. In follow-up experiments, chicken skin or meat
samples inoculated with S. Heidelberg were treated with
various concentrations of LGEO at different time points
at simulated scalding (54°C) and chilling (4°C) tempera-
tures. The samples were incubated, and the surviving
populations of S. Heidelberg were enumerated to deter-
mine if LGEO could be a potential processing aid in
poultry operations. Duplicate samples were included in
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each treatment, and the experiments were repeated at
least 3 times. Significant reductions of S. Heidelberg of
at least 4.0 log10 CFU/mL after 24 h in nutrient broth
and poultry cecal contents was observed with 0.5%
LGEO. Complete inhibition of motility, biofilm forma-
tion, and inactivation of pre-formed biofilms was
observed with 0.15% LGEO (P ≤ 0.05). Concentrations
of LGEO at 0.5% and 1% affected violacein production
(P ≤ 0.05). On skin samples, all concentrations signifi-
cantly reduced S. Heidelberg by 1.2 to 3.9 log10 CFU/
sample after 2 min at 54°C. We obtained a significant
reduction of the pathogen in meat samples at 54°C and
skin samples at 4°C with 2% LGEO. All concentrations
significantly reduced S. Heidelberg from the treatment
water kept at 4°C and 54°C (P ≤ 0.05). In conclusion,
LGEO could potentially serve as a natural antimicrobial
strategy in scalding and chilling waters to reduce S. Hei-
delberg during processing. However, additional studies
are warranted before recommending its commercial use.
Key words: lemongrass essential oil, Salmonella Heidelberg, broiler chicken meat, skin

2021 Poultry Science 100:101116
https://doi.org/10.1016/j.psj.2021.101116
INTRODUCTION

Salmonella enterica serovar Heidelberg (S. Heidelberg)
has emerged as a leading human and poultry serovar as
evidenced by its role in large multistate outbreaks associ-
ated with the consumption of contaminated poultry prod-
ucts (Foley et al., 2011; CDC, 2013; Gieraltowski et al.,
2017). Several multidrug-resistant (MDR) isolates of S.
Heidelberg have been implicated in these outbreaks,
including the one which occurred at a Tennessee correc-
tional facility involving mechanically separated chicken
(CDC, 2014). The invasiveness and high potential for
multidrug resistance in S. Heidelberg are of great concern,
and infections caused by this serovar may warrant the use
of antibiotic therapy to treat complications such as septice-
mia and myocarditis (Vugia et al., 2004; Dutil et al., 2010).
Salmonella often colonizes poultry without exhibit-

ing any clinical symptoms, and S. Heidelberg has
been reported to establish a commensal-like condition
in poultry (Bearson et al., 2017). Asymptomatic car-
riage of Salmonella in live birds increases the risk of
pathogen dissemination throughout the farm and
their transmission to consumers through poultry
products. Although the initial load of pathogens colo-
nizing birds is a critical control point in ensuring the
microbiological safety of poultry products, control
measures are also be applied at the postharvest stages
as poor hygiene and inadequate processing steps
could exacerbate transmission of the pathogen. Addi-
tional intervention strategies are being investigated
for use in the processing stages, particularly at the
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various critical control points. These include the
scalding, plucking, evisceration, and chilling steps.

In broiler chicken processing, the soft scalding stage
involves immersion of carcasses in the water at 54°C for
up to 2 min to loosen feather follicles and facilitate
feather removal (FSIS, 2015). Although more reduction
of Salmonella during scalding could be obtained with
higher temperatures, the heat may also result in changes
to the skin microtopography that would facilitate Sal-
monella attachment (Kim et al., 1993). Previous investi-
gations on the impact of scalding temperature on
Salmonella showed that chicken carcasses scalded at 52°
C and 56°C had 50 to 80% fewer Salmonella than car-
casses that were scalded at 60°C (Slavik et al., 1995).
Another critical control point is the chilling stage, where
the carcasses are immersed in cold water to rapidly lower
their temperature to approximately 4°C to inhibit
microbial growth (FSIS, 2014). Thus, there has been an
increase in the number of processing facilities in the
United States that employ post-chiller antimicrobial
interventions that were found successful in reducing Sal-
monella and other pathogens when used in combination
with the dip systems (Nagel et al., 2013). Several
approved antimicrobials are used to prevent bacterial
cross-contamination in immersion chilling systems
across the United States, and one antimicrobial promi-
nently utilized in these systems is chlorine. However, the
efficacy of chlorine for bacterial reduction decreases with
an increase in organic load and the alterations in the pH
of the water (Byrd and McKee, 2005).

The growing interest in natural antimicrobials as an
alternative to synthetic chemicals for food production
has propelled research on the antibacterial properties of
essential oils (EO) and their potential applications in
food production systems. The EO extracted from plants
of the Cymbopogon species, commonly known as lemon-
grass essential oil (LGEO), are generally recognized as
safe by the United States Food and Drug Administra-
tion (FDA 21 CFRx182.20) and follow European regu-
lations (1334/2008 & 178/2002). The antibacterial
properties of LGEO have been demonstrated against
major foodborne pathogens in various mediums, includ-
ing broths, fruit juices, and minced meat (Barbosa et al.,
2009; Raybaudi-Massilia et al., 2006). However, there is
limited information on the effects of LGEO on S. Heidel-
berg's survival and several critical virulence factors. The
objectives of this study were to assess the effect of
LGEO on MDR S. Heidelberg multiplication, motility,
biofilm formation, and inactivation as well as LGEO’s
effect on S. Heidelberg attachment to broiler skin and
meat at scalding (54°C) and chilling (4°C) temperatures
independently and in sequence.
MATERIALS AND METHODS

In Vitro Experiments

Bacterial Strains and Growth Conditions Two S.
Heidelberg strains, S. Heidelberg 466 (N13F0000466)
and S. Heidelberg 1904 (13£001904), obtained from
mechanically separated chicken implicated in the 2014
Tennessee correctional facility outbreak (Dr. James Gib-
son, Division of Laboratory Services, Tennessee Depart-
ment of Health), were used in the study. Each strain was
taken from a -80°C frozen stock and grown individually
in 10 mL trypticase soy broth (TSB; catalog no. C7141,
Criterion, Hardy Diagnostics, Santa Maria, CA) at 37°C
for 24 h. The culture obtained after 3 successive propa-
gations was pelleted by centrifugation (3,600 x g for
15 min at 4°C; Allegra X-14R, Beckman Coulter, South
Kraemer Boulevard, Brea, CA) and washed twice with
sterile phosphate-buffered saline (PBS, pH 7.2). The
bacterial pellet was subsequently resuspended in 10 mL
PBS for the inoculum. Salmonella's growth was deter-
mined by serial dilution and plating appropriate culture
dilutions on xylose lysine deoxycholate agar (XLD; cat-
alog no. C7322, Criterion, Hardy Diagnostics, Santa
Maria, CA) at 37°C for 24 h.
Screening the Effective Concentrations of LGEO
against S. Heidelberg Lemongrass essential oil
(LGEO; East Indian Origin, Natural, Food Grade;
PCode: 1002104017; Product: W262404-SAMPLE-K;
Lot # MKBV3916V) was purchased from Sigma
−Aldrich (Milwaukee, WI, United States). A 24-well tis-
sue culture plate assay was used to determine effective
concentrations of LGEO (Kollanoor Johny et al., 2010).
Briefly, each well containing 2 mL of TSB was inocu-
lated with »5.0 log10 CFU/mL of either S. Heidelberg
466 or 1904. Then, LGEO diluted with appropriate pro-
portions of ethanol (Reagent Alcohol/ethanol; Catalog
no. BDH11560-4LP; BDH Chemicals, VWR, Missis-
sauga, ON, Canada) was added to the inoculated
medium at LGEO concentrations of 0.0075%, 0.015%,
0.15%, 0.5%, 1%, and 1.5% (vol/vol). The effect of etha-
nol as a diluent on the growth of S. Heidelberg was
tested using the highest concentration used as a diluent
(0.75%). Negative controls (without Salmonella or
LGEO), positive controls (with Salmonella without
LGEO), and diluent controls (with Salmonella and etha-
nol, without LGEO) were also kept alongside the treat-
ments. After mixing, the plates were then incubated at
37°C (optimal temperature for Salmonella growth), and
bacterial growth monitored by optical density (OD600)
using an ELISA plate reader (Dynex Revelation 4.22
Software, Dynex MRX Revelation; Dynex Technologies,
Denkendorf, Germany) before incubation and after 8
and 24 h of incubation. Duplicate samples were included,
and the experiment was repeated 4 times.
Effect of Selected LGEO Concentrations on S. Hei-
delberg Growth The results of the former assay were
validated using a macro-broth dilution assay. Separate
macro-broth dilution assays were conducted for
each strain. Briefly, 10 mL of TSB was inoculated with
»5.0 log10 CFU/mL of either isolate, supplemented with
either 0.0075%, 0.15%, 0.5%, or 1% (vol/vol) of LGEO,
and incubated at 37°C. Negative controls (without Sal-
monella or LGEO) and positive controls (with Salmo-
nella without LGEO) were also included. S. Heidelberg
was enumerated by serial dilution in PBS and surface
plating 0.1 mL on XLD before incubation, and after 8
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and 24 h of incubation. Duplicate samples were kept for
all treatments, and the experiment was repeated 3
times.
Effect of LGEO on S. Heidelberg Multiplication in
Cecal Contents The effects of LGEO on S. Heidelberg
multiplication in cecal contents were examined as
described previously (Kollanoor Johny et al., 2010).
Poultry cecal contents were transported to the lab in a
frozen state from a Minnesota processor. For studies,
the contents were thawed, pooled, diluted with PBS
(1:4.5), and autoclaved at 121°C for 15 min to inactivate
background microflora. Sterilizing the cecal contents
was necessary to observe the reduction obtained by
LGEO alone and minimize the potential antagonistic
effect of the natural microflora (Vasudevan et al., 2005;
Kollanoor Johny et al., 2010; Nair and Kollanoor
Johny, 2017a). A 0.1 mL sample of prepared cecal con-
tent was plated on XLD before the experiment to ensure
the inactivation of indigenous microorganisms. Sterile
15 mL polypropylene tubes containing 5 mL of the cecal
contents were inoculated with »5.0 log10 CFU/mL of
either isolates and treated with either 0.0075%, 0.15%,
0.5%, or 1% (vol/vol) of LGEO. The tubes and their
appropriate controls (negative and positive controls)
were incubated at 41°C based on the average poultry
body temperature. Before incubation and 24 h after
incubations, 1 mL was drawn from each tube, serially
diluted (1:10) with PBS, and plated on XLD for Salmo-
nella enumeration. Duplicate samples were kept for all
treatments, and the experiment was repeated 3 times.
Effect of LGEO on the Motility of S. Heidelberg The
effect of LGEO on S. Heidelberg motility was examined
using a motility assay (Niu and Gilbert, 2004). The
semi-solid agar was made using 20 mL of Luria-Bertani
broth (LB; catalog no. C6001, CulGenex, Hardy Diag-
nostics, Santa Maria, CA), 0.3% (w/v) agarose (catalog
no. C5001, Criterion, Hardy Diagnostics, Santa Maria,
CA) and poured into Petri dishes (100 by 15mm;
VWR). Treatment groups were supplemented with
either 0.0075%, 0.015%, or 0.15% (vol/vol) LGEO into
the agar mix before pouring onto plates. Then, 10 mL of
either S. Heidelberg isolates (»5.0 log10 CFU) were inoc-
ulated at the center of the plates and incubated for 8 h
at 37°C before the zone of motility diameter was mea-
sured. Appropriate controls were kept alongside treat-
ments, and at least 8 replicates were included for each
strain.
Effect of LGEO on S. Heidelberg Biofilm Formation-
The effect of LGEO in inhibiting the formation of bio-
films was examined on microtiter plates as described in
the published literature with modifications
(Mireles et al., 2001; Djordjevic et al., 2002). An over-
night culture of the S. Heidelberg isolates grown in LB
were centrifuged (3,600 x g for 15 min at 4°C), washed
with PBS, resuspended, and diluted in LB. Then, 200
mL of the diluted culture (»6.0 log10 CFU) was added to
sterile 96-well polystyrene microplate wells (Catalog no.
89089-578; Ref. 655184; Greiner Bio-One, VWR) along
with either 0.0075%, 0.15%, or 1% (vol/vol) LGEO. Pos-
itive controls with only the pathogen and negative
controls with only the broth were also included. The
outer rows and columns of the well plate were filled with
sterile PBS to prevent evaporation from the central
wells; the plates were then sealed with Parafilm (Ameri-
can National Can, Greenwich, CT, United States) and
incubated for 96 h at 41°C. Biofilm formation and plank-
tonic S. Heidelberg were quantified spectrophotometri-
cally using a 96-well microplate reader with absorption
measured at 600 nm. After incubation, the remaining
medium was removed from the wells to a separate micro-
titer plate, and absorbance was measured to quantify
planktonic or biofilm-unassociated S. Heidelberg. Wells
of the original plate was gently rinsed with sterile deion-
ized water 3 times and allowed to dry at room tempera-
ture for 15 min before the addition of 200 mL of 1%
crystal violet (Item no. ES802E, Catalog no. 89133-283;
Azer Scientific, Morgantown, PA) for 20 min. The
stained wells were then rinsed 3 times with sterile deion-
ized water, allowed to dry for 15 minutes, and destained
with 200 mL of ethanol (99%). The destaining solution
was transferred to a new microtiter plate, and the level
of crystal violet present quantified by optical density
(OD600) measurement. The experiment was replicated 6
times for each strain.
Effect of LGEO on Pre-Formed S. Heidelberg Bio-
film The effect of LGEO against pre-formed biofilms was
investigated on 48-well polystyrene cell culture plates with
a modified procedure (Upadhyay et al., 2013). Bacterial
culture was prepared similar to that for the biofilm inhibi-
tion assay, except the inoculum was diluted with sterile
PBS instead of LB. The wells containing 1 mL LB were
then inoculated with 100 mL of the S. Heidelberg strains
(»6.0 log10 CFU). The outer rows and columns of the well
plate were filled with sterile PBS, and the lid was secured
to the plate using Parafilm before incubation for 96 h at
41°C. After biofilm formation, the remaining medium was
removed and treated with either 0.0075%, 0.15%, or 1%
(vol/vol) LGEO in the wells for 2 h. The wells were subse-
quently scraped with sterile pipet tips for 5 min per well,
and surviving S. Heidelberg were enumerated on XLD
plates. Appropriate controls were kept along with the
treatments; the experiment was conducted in duplicates
and replicated 4 times.
Effect of LGEO on Bacterial Quorum Sensing (QS
Inhibition Assay) The quorum sensing (QS) modulat-
ing activities of LGEO was investigated by disk diffusion
assay performed with Chromobacterium violaceum
(Item no. 154931A; MicroKwik Culture Vial, Carolina
Biological Supply Company, Burlington, NC, United
States) as described (Adonizio et al., 2006). C. viola-
ceum was grown in LB broth incubated at 30°C for 18 h
before 100 mL of the broth was spread on LB agar plates.
Then, 100 mL aliquots of either 0.0075%, 0.15%, 0.5%,
or 1% (vol/vol) LGEO diluted with ethanol (99%) was
added onto sterile 6 mm disks. After 2 min of drying, the
disks with treatments, along with their appropriate con-
trols, were placed on the same LB plate and incubated
at 30°C for 24 h. The ring of colorless but viable cells
around the disk was then measured, and the experiment
was repeated 8 times.



4 DEWI ET AL.
Meat and Skin Studies

Bacterial Strain and Growth Condition Since similar
findings were observed with both strains in the in vitro
studies, S. Heidelberg 1904 was used for further investi-
gations. To avoid potential competition from the skin
and meat microflora, the strain was induced for resis-
tance to nalidixic acid at 50 ml/mL nalidixic acid sodium
salt (NA; CAS No. 3374-05-8, Alfa Aesar, Haverhill,
MA) for selective enumeration as previously described
(Nair and Kollanoor Johny, 2017b). After the growth of
culture to 9 log10 CFU/mL was confirmed by plating, an
overnight culture was pelleted by centrifugation (3,600
x g for 15 min at 4°C) and suspended in sterile PBS to
obtain a final concentration of 4 log10 CFU/50 ml.
Sample Preparation and Inoculation Samples were
prepared from 100% all-natural (non-enhanced) chicken
drumsticks and breast fillets purchased from a retail
store. The skin samples from drumsticks were separated
from the underlying muscle and cut into 1 square inch
pieces using a sterile scalpel (Nair and Kollanoor
Johny, 2017b). Breast fillets were also aseptically cut
into 2 g pieces using a sterile scalpel (Wagle et al., 2017).
Both skin and meat samples were first sterilized by UV
light for 5 min to eliminate background microorganisms
before inoculation. Each skin or meat sample was spot
inoculated with 50 ml of the inoculum containing 4 log10
CFU S. Heidelberg 1904. The samples were subse-
quently kept under the biosafety cabinet at room tem-
perature for 30 min to facilitate Salmonella attachment.
Individual Scalding or Chilling Treatments The dip
treatments were prepared by adding LGEO to sterile
deionized (DI) water at concentrations of 0, 0.5, 1, or 2%
(v/v). The temperature of treatment solutions was
maintained at 4°C using a refrigerator and 54°C using a
water bath to simulate the chilling and scalding stages
of poultry processing, respectively. The treatment water
was vortexed for 30 s before dipping the samples. Each
skin or meat sample was immersed in separate 20 mL of
the dip solution containing one of the 4 concentrations
of LGEO for either 2, 3, or 5 min before microbiological
analysis.
Scalding and Chilling Treatments in Sequence Pre-
paration of dip treatments and temperature of treat-
ment solutions was similar to that of the individual
scalding and chilling experiments. For this experiment,
each skin or meat sample was first dipped in a separate
20 mL dip solution containing one of the 4 concentra-
tions of LGEO for 2 min at the scalding temperature.
The samples were then aseptically moved to a dip treat-
ment containing their corresponding LGEO concentra-
tions at chilling temperature for 2 min before
microbiological analysis. Additionally, dip treatments at
both temperatures were also analyzed for surviving S.
Heidelberg.
Microbiological Analysis Each skin and meat sample
was transferred to a sterile Whirl-Pak bag containing
10 mL PBS to enumerate surviving S. Heidelberg
attached to skin or meat after LGEO dip treatments.
The samples were subsequently homogenized for 2 min
at 200 rpm using a stomacher (100/125V, 50/60Hz;
Neutec Group Inc., Farmingdale, NY) followed by 10-
fold serial dilution with PBS before plating 100 ml from
appropriate dilutions on XLD+NA plates. Additionally,
100 ml from dipping solutions used in the sequential
scalding and chilling treatments were also plated on
XLD+NA to enumerate surviving pathogens in the
treatment water. All XLD+NA plates were incubated
at 37°C for 24 h before bacterial enumeration. Dipping
solutions and sample homogenates were enriched with
10 mL of Selenite Cysteine Broth (SCB; Hardy Diag-
nostics, Santa Maria, CA, United States) and streaked
on XLD+NA plates after 8 h of incubation to detect any
surviving Salmonella that was not observed with initial
plating.

Statistical Analysis

Each tube or well served as an experimental unit in the
broth dilution, multiplication, and biofilm assays with
every experiment repeated at least 3 times in duplicates.
For motility and QS inhibition assays, the plates were the
experimental unit and were replicated eight times. Each
skin or meat sample served as an experimental unit, and
each experiment followed a completely randomized design
with 4 treatment groups (0, 0.5, 1, and 2% LGEO). All
skin and meat experiments were conducted in duplicates
and replicated 3 times. S. Heidelberg numbers enumer-
ated on XLD plates were logarithmically transformed
(log10 CFU/mL) for statistical analysis (Byrd and
McKee, 2005). Samples that were negative for S. Heidel-
berg's growth after initial spread plating but positive after
enrichment with SCB were assumed value of 0.92 log10
CFU/mL (Eeckhaut et al., 2018). Analysis of variance
was conducted using the lmerTest package in R (R, ver-
sion 3.6.1, R Core Team). The difference between treat-
ment means was separated using the least-square means
analysis, and a significant difference was established at
P < 0.05.
RESULTS

Screening the effect of LGEO against
Salmonella Heidelberg

The effect of LGEO at various concentrations on S.
Heidelberg 466 and 1904 growth in nutrient broth over
time is illustrated in Figure 1. The reductions in optical
density (OD) reading at 600 nm from respective controls
indicate a decrease in pathogen populations. The highest
concentration of ethanol used as a diluent in the study
was 0.75%, did not result in changes to the growth of S.
Heidelberg compared to the positive control. Concentra-
tions of LGEO at 0.15% (vol/vol) and higher signifi-
cantly reduced pathogen populations at 8 h of incubation
compared to their corresponding controls for both S.Hei-
delberg 466 (Figure 1A) and S. Heidelberg 1904
(Figure 1B) (P ≤ 0.05). After 24 h of incubation, all con-
centrations of LGEO significantly reduced pathogen pop-
ulations compared to the positive controls (P≤ 0.05).



Figure 1. Effect of LGEO on Salmonella Heidelberg [(A) S. Heidelberg 466 and (B) S. Heidelberg 1904] growth in TSB at 0, 8, and 24 h after
incubation at 37°C (means* § SEM; n = 8/treatment). a − f Treatments within each sampling time that lack common superscripts differ significantly
from one another (P ≤ 0.05). * least square means. Abbreviations: LG, lemongrass essential oil; ETH, ethanol control; SH, Salmonella Heidelberg;
TSB, Tryptic Soy Broth.
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Effect of LGEO on Salmonella Heidelberg
Growth (Macro-Dilution Assay)

The effect of LGEO on S. Heidelberg 466 and 1904
multiplication was examined in TSB over time
(Figure 2). In positive control groups where no
LGEO was added, both isolates of S. Heidelberg grew
from an initial concentration of »5 log10 CFU/mL to
»9 log10 CFU/mL. A reduction of »1.1 − 2.2 log10
CFU/mL in bacterial numbers compared to their
respective positive controls was observed with 0.5%
and 1% LGEO for both isolates of S. Heidelberg even
before incubation (P ≤ 0.05). After 8 h of incubation,
0.5% and 1% LGEO were able to reduce bacterial
numbers by at least 3.4 and 5.4 log10 CFU/mL (P ≤
0.05), respectively. After 24 h of incubation, at least
4.0 and 4.4 log10 CFU/mL reduction was observed
with 0.5% and 1% LGEO (P ≤ 0.05), respectively.
The complete elimination of S. Heidelberg 1904 was
observed with 1% LGEO after 24 h of incubation
(Figure 2B). Whereas for 0.15% LGEO, a significant
reduction of 2.6 log10 CFU/mL was only observed for
S. Heidelberg 1904 (Figure 2B) after 24 h of
incubation. Bacterial counts obtained with 0.0075%
LGEO supplementation did not significantly differ
from the positive control (P > 0.05).
Effect of LGEO on Salmonella Heidelberg
Multiplication in Cecal Contents

The effects of LGEO on S. Heidelberg 466 and 1904
multiplication in poultry cecal contents are illustrated in
Figure 3. In positive control groups where LGEO was
not supplemented in the cecal contents, both isolates
of S. Heidelberg grew from an initial concentration of
»5 log10 CFU/mL to »9 log10 CFU/mL. Similar to
results using TSB, a significant reduction in bacterial
numbers compared to the positive control was observed
with 0.5% and 1% LGEO for both isolates even before
incubation (P ≤ 0.05). After 24 h of incubation, 1%
LGEO reduced bacterial numbers by 7.9 and 4.8 log10
CFU/mL for S. Heidelberg 466 and 1904, respectively
(P ≤ 0.05). No significant difference in bacterial numbers
was found for 0.0075% and 0.15% LGEO compared to
the positive control.



Figure 2. Effect of LGEO on Salmonella Heidelberg [(A) S. Heidelberg 466 and (B) S. Heidelberg 1904] growth in TSB at 0, 8, and 24 h after
incubation at 37°C (means* § SEM; n= 6/treatment). a − d Treatments within each sampling time that lack common superscripts differ signifi-
cantly from one another (P ≤ 0.05). * least square means. Abbreviation: LG, lemongrass essential oil.

Figure 3. Effect of LGEO on Salmonella Heidelberg [(A) S. Heidelberg 466 and (B) S. Heidelberg 1904] multiplication in turkey cecal contents
at 0 and 24 h after incubation at 41°C (means* § SEM; n= 6/treatment). a − c Treatments within each sampling time without common superscripts
differ significantly from one another (P ≤ 0.05). * least square means. Abbreviation: LG, lemongrass essential oil.
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Table 1. Effect of LGEO on Salmonella Heidelberg (Isolates 466
and 1904) motility on semi-solid LB agar after 8 h of incubation
at 37°C (means* § SE; n = 6/treatment).

Zone of Motility (mm)

Treatment S. Heidelberg 466 S. Heidelberg 1904

Positive Control 41 § 3.5a 44 § 4.0a

0.0075% LGEO 41 § 2.8a 45 § 3.9a

0.015% LGEO 41 § 2.9a 45 § 3.2a

0.15% LGEO 0 § 0.0b 0 § 0.0b

Negative Control 0 § 0.0b 0 § 0.0b

a-bValues with different superscripts differ significantly for each isolate
of Salmonella Heidelberg listed along the column (P ≤ 0.05).

*least square means.
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Effect of LGEO on Salmonella Heidelberg
Motility

The results of the motility assay are summarized in
Table 1. A similar response to the 3 concentrations of
LGEO was observed for both isolates of S. Heidelberg.
No difference in motility was observed with 0.0075%
and 0.015% LGEO compared to the positive control, as
indicated by the similar halo diameter for the treatment
and control (P > 0.05). LGEO at 0.15% completely
reduced the zone of motility for both isolates of S. Hei-
delberg (P < 0.05).
Effect of LGEO on Salmonella Heidelberg
Biofilm Formation

The effect of LGEO on S. Heidelberg biofilm formation
on polystyrene microtiter plates was quantified by deter-
mining crystal violet absorbance. The results are summa-
rized in Table 2. For S. Heidelberg 466, all 3
concentrations of LGEO (0.0075%, 0.15%, and 1%)
resulted in lower retention of crystal violet stain compared
to the untreated group, indicating a potential decrease in
biofilm-associated bacterial cells (P ≤ 0.05). However, the
medium's turbidity in 0.0075% LGEO treated wells did
not significantly differ from that of the positive control (P
> 0.05). This result suggests no difference in the number of
bacteria that grew in the broth though they were
Table 2. Effect of LGEO on Salmonella He
formation on microtiter plates incubated a
treatment).

Abs

S. Heidelberg 466

Treatment Biofilm-associated Plankt

Positive Control 0.131 § 0.008d 0.198 §
0.0075% LGEO 0.090 § 0.007c 0.167 §
0.15% LGEO 0.027 § 0.007b 0.016 §
1% LGEO 0.059 § 0.004a 0.040 §

Biofilm-associated cells were measured indirec
planktonic cells were measured through absorbanc

a-dTreatments within each sampling time with
from one another (P ≤ 0.05).

*least square means.
unassociated with the biofilm (planktonic cells). Both
0.15% and 1% LGEO treatment significantly reduced the
turbidity of both the nutrient broth in which S.Heidelberg
1904 was cultured and the amount of crystal violet
retained by biofilm-associated cells compared to the posi-
tive control group (P ≤ 0.05). The amount of crystal violet
retained in the wells treated with 0.0075% LGEO did not
significantly differ from that of the positive control (P >
0.05). Although a significant difference in turbidity was
observed between the S. Heidelberg 1904 positive controls
and 0.0075% LGEO treated wells (P ≤ 0.05), the absor-
bance reading for the S. Heidelberg 1904 positive control
group was higher than that of S.Heidelberg 466.
Effect of LGEO on Pre-Formed Salmonella
Heidelberg Biofilm

The effect of LGEO on pre-formed S. Heidelberg bio-
films is illustrated in Table 3. No bacterial growth for
either strain was observed on XLD plates following
exposure of S. Heidelberg biofilms to 0.15% and 1%
LGEO for 2 h (P ≤ 0.05). Although the 0.5 log10 CFU/
mL difference between S. Heidelberg numbers in wells
treated with 0.0075% LGEO and the positive controls
were statistically significant for both isolates (P ≤ 0.05),
the magnitude of reduction was minuscule compared to
that observed with higher concentrations of LGEO.
Effect of LGEO on Bacterial QS
(QS Inhibition Assay)

The effect of LGEO on QS of Chromobacterium viola-
ceum is illustrated in Figure 4; this was performed to
assess LGEO’s potential effect against S. Heidelberg QS.
Production of the violacein pigment by C. violaceum
involves QS signaling, and loss of its distinct violet pig-
mentation potentially indicate impairment of the QS
signaling. Disks with 0.0075% and 0.15% LGEO was
similar to the negative and ethanol control in that a
lawn of violet-colored C. violaceum surrounded the disk
(Figure 4B). By contrast, disks containing 0.5% and 1%
LGEO were surrounded by a halo of colorless C. viola-
ceum with an average diameter of 67 mm and 93 mm
(P ≤ 0.05), respectively.
idelberg (Isolates 466 and 1904) biofilm
t 41°C for 96 h (means* § SE; n = 6/

orbance (OD600 nm)

S. Heidelberg 1904

onic Biofilm-associated Planktonic

0.048b 0.156 § 0.008b 0.465 § 0.030c

0.021b 0.170 § 0.013b 0.177 § 0.039b

0.001a 0.027 § 0.001a 0.012 § 0.002a

0.003a 0.045 § 0.007a 0.027 § 0.002a

tly through absorbance of crystal violet and
e of nutrient broth (LB).
out common superscripts differ significantly



Table 3. Effect of LGEO on pre-formed Salmonella Heidelberg
(Isolates 466 and 1904) biofilms with 2-h exposure time to the
treatment (means* § SE; n = 8/treatment).

Biofilm-Associated S. Heidelberg (Log10 CFU/mL)

Treatments S. Heidelberg 466 S. Heidelberg 1904

Positive Control 7.5 § 0.14c 7.3 § 0.11c

0.0075% LGEO 7.1 § 0.13b 6.9 § 0.17b

0.15% LGEO NGa NGa

1% LGEO NGa NGa

NG=No growth observed by surface plating
a-cTreatments with different superscripts differ significantly for each

isolate of Salmonella Heidelberg listed along the column (P ≤ 0.05).
*least square means.
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Effect of LGEO dip Treatments on S
Heidelberg Attachment to Skin and Meat at a
Scalding Temperature

Figures 5A and B illustrate the effect of LGEO dip
treatments on S. Heidelberg's attachment on broiler
Figure 4. Effect of LGEO on Chromobacterium violaceum production
lawns of C. violaceum surrounding the treatment disk was measured in mill
halo on the plates. * least square means. a − c Treatments with different supe
chicken skin and meat, respectively. At scalding (54°C)
temperatures, 0.5, 1, and 2% LGEO (vol/vol) rapidly
reduced S. Heidelberg numbers on the skin by 1.2, 2.2,
and 3.9 log10 CFU/sample (P < 0.05), respectively, in 2
min compared to the S. Heidelberg control (PC). Similar
to that observed on skin samples, 2% LGEO (vol/vol)
also significantly reduced S. Heidelberg numbers com-
pared to the PC group at all dipping times (P < 0.05). A
1.5 log10 CFU/sample reduction was observed with 2%
LGEO after 5 min of treating meat samples. The magni-
tude of reduction was lower in meat samples compared
to those obtained on skin samples.
Effect of LGEO dip Treatments on S
Heidelberg Attachment to Skin and Meat at
Chilling Temperature

The effects of LGEO dip treatments on S. Heidel-
berg's attachment to skin and meat samples at chilling
(4°C) temperatures are illustrated in Figures 6A and B,
of violacein on LB agar plates. (A) The diameter of colorless halos on
imeters (means* § SEM; n = 8/treatment). (B) Illustrates the colorless
rscripts are significantly different (P ≤ 0.05).



Figure 5. Effect of 2, 3, or 5-minute dip treatments in 0 (PC), 0.5,
1, or 2% LGEO (vol/vol) against S. Heidelberg attachment to broiler
chicken skin (A) or meat (B) at a scalding (54°C) temperature. S. Hei-
delberg counts are expressed in log10 CFU/sample (means* § SE; n= 6
samples per treatment). a − d Treatments within each sampling time
without common superscripts differ significantly from one another (P <
0.05). * least square means.

Figure 6. Effect of 2, 3, or 5-minute dip treatments in 0 (PC), 0.5,
1, or 2% LGEO (vol/vol) against S. Heidelberg attachment to broiler
chicken skin (A) or meat (B) at chilling (4°C) temperature. S. Heidel-
berg counts are expressed in log10 CFU/sample (means* § SE; n= 6
samples per treatment). a − c Treatments within each sampling time
without common superscripts differ significantly from one another (P <
0.05). * least square means.

Table 4. Effect of sequential 2-minute dip treatments in 0 (Posi-
tive Control), 0.5, 1, or 2% LGEO (vol/vol) against S. Heidelberg
attachment to broiler chicken skin and in treatment waters at
scalding (54°C) then chilling (4°C) temperatures.

S. Heidelberg (Log10CFU/Sample)

Treatments Skin Chilling water Scalding water

Positive Control 4.2 § 0.06c 3.1 § 0.24c 3.5 § 0.21b

0.5% LGEO 2.6 § 0.36b 0.4 § 0.25b NDa

1% LGEO 1.9 § 0.39ab NDa NDa

2% LGEO 0.9 § 0.29a NDa NDa

Abbreviation: ND, non-detectable by surface plating and enrichment.
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respectively. On skin samples, 2% LGEO (vol/vol) sig-
nificantly reduced S. Heidelberg numbers by 1.5, 1.9,
and 2.3 log10 CFU/sample (P < 0.05) compared to the
PC groups after 2, 3, and 5, min, respectively. Similar to
what was previously observed in scalding temperatures,
S. Heidelberg's reduction in meat samples was lower
compared to that observed with skin samples. The high-
est reduction in S. Heidelberg on meat samples was
observed with 2% LGEO (vol/vol) after 5 min, which
resulted in a 0.4 log10 CFU/sample reduction compared
to the PC group (P < 0.05).
a−cValues with different superscripts differed significantly at P < 0.05
column-wise within each sample.
*least square means.
S. Heidelberg counts are expressed in log10 CFU/sample (means* § SE;
n= 6 skin samples and n= 4 for water samples per treatment).
Effect of Sequential LGEO Dip Treatments at
Scalding and Chilling Temperatures on S.
Heidelberg Attachment to Skin and Meat

Tables 4 and 5 summarize the effect of sequential
LGEO dip treatments on S. Heidelberg's attachment to
broiler chicken skin and meat, respectively. Sequential
2-minute dip treatments at 54°C followed by a dip at 4°
C yielded similar reductions as those observed with indi-
vidual treatments at scalding temperatures (54°C) for
skin samples. Reductions of 1.6, 2.3, and 3.3 log10 CFU/
sample were observed with 0.5, 1, and 2% LGEO (vol/
vol) sequential dip treatments compared to untreated
controls (P < 0.05). Subsequent dip treatments of meat
samples were not as effective as on the skin, with 2%
LGEO resulting in a reduction of 0.7 log10 CFU/sample
(P < 0.05).
However, all concentrations of LGEO effectively
inactivated S. Heidelberg from the scalding treatment
waters for both skin and meat samples. Aside from
0.4 log10 CFU/mL S. Heidelberg recovered from chill-
ing treatment waters containing 0.5% LGEO, no S.
Heidelberg was recovered from any other LGEO
treated waters where the skin samples were dipped
(Table 4). Similarly, no S. Heidelberg was recovered
from LGEO treatment waters dipped with inoculated
meat samples, and 3.6 and 3.1 log10 CFU/mL S. Hei-
delberg were recovered from the scalding and chilling
treatment waters of meat samples, respectively
(Table 5).



Table 5. Effect of sequential 2-minute dip treatments in 0
(Positive Control), 0.5, 1, or 2% LGEO (vol/vol) against S.
Heidelberg attachment to broiler chicken meat and in treat-
ment waters at scalding (54°C) then chilling (4°C)
temperatures.

S. Heidelberg (Log10CFU/Sample)

Treatments Meat Chilling Water Scalding Water

Positive Control 4.3 § 0.13c 3.1 § 0.24b 3.6 § 0.12b

0.5% LGEO 3.9 § 0.11b NDa NDa

1% LGEO 3.8 § 0.11b NDa NDa

2% LGEO 3.6 § 0.04a NDa NDa

Abbreviation: ND, non-detectable by surface plating and
enrichment.

a−cValues with different superscripts differed significantly at P <
0.05 column-wise within each sample.
* least square means.
S. Heidelberg counts are expressed in log10 CFU/sample (means* §
SE; n= 6 meat and n= 4 for water samples per treatment).
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DISCUSSION

Immersion of Salmonella-positive carcasses into scald-
ing and chilling tanks provides chances for the pathogen
to attach to the skin of other carcasses. It becomes a
greater concern when these contaminated carcass parts
may be further ground for retail. Salmonellae that are
firmly attached to carcasses are found to persist through
all processing stages and are less susceptible to the anti-
microbial treatments (Lillard, 1989; Nagel et al., 2013;
Salehi et al., 2016).

Raising the water temperature in scalding tanks or
increasing the concentrations of antimicrobials such as
chlorine in chilling tanks have been found to mitigate
cross-contamination through the water. However, it had
limited effects on bacteria attached to the skin
(Yang et al., 2001). These interventions often yield
reductions between 1 to 2 log CFU and raise concerns
regarding potential residues, hazardous waste, and dis-
coloration of the carcass that may affect consumer
acceptance (Cox et al., 1974; Loretz et al., 2010;
Wagle et al., 2017). In that regard, research has intensi-
fied on the use of natural compounds, including EOs in
processing plants to reduce pathogen load and reduce
cross-contamination (Wagle et al., 2017; Nair and Kolla-
noor Johny, 2017b).

Our screening studies in nutrient broth found a signifi-
cant reduction in S. Heidelberg numbers with different
concentrations of LGEO (Figures 1 and 2). We found
similar results when sterile cecal contents were used
instead of the nutrient broth. Although slight strain var-
iations against LGEO could be observed in growth
assays, higher concentrations of the EO always inhibited
the growth of both strains significantly, highlighting its
antibacterial potential against S. Heidelberg. Similar to
our findings, Raybaudi-Massilia et al. (2006) have also
reported inhibition of another common Salmonella sero-
var, S. Enteritidis (a common Salmonella serovar in
poultry) with 0.5% LGEO.

Bacterial chemotaxis and motility play an important
role in the pathogenicity of Salmonella as it propels
pathogens toward their niches in both external
environments and inside a host. Zoonotic Salmonella
serovars of poultry are often motile (Barua et al., 2012).
In the current study, complete inhibition of S. Heidel-
berg motility was observed with 0.15% LGEO (Table 1)
without a reduction in the bacterial numbers (Figure 2).
Motility is instrumental for bacterial adherence to surfa-
ces, subsequent formation of biofilms, and colonization
of their hosts. Adukwu et al. (2012) found the addition
of LGEO at concentrations of 0.125% to 4% (vol/vol)
was effective in inactivating biofilm viability of 5 strain
of Staphylococcus aureus, a Gram-positive bacterium.
Citral, an active component of LGEO, was reported to
reduce motility and flagella numbers of a Gram-nega-
tive, rod-shaped, foodborne pathogen, Cronobacter
sakazakii (Shi et al., 2017). As citral comprises up to
85% of LGEO, the effect observed on S. Heidelberg
motility may be associated with its effect on the flagellar
structure and/or function, as noted with C. sakazakii.
However, this needs more investigation.
Biofilms of Salmonella species are also encountered in

both biotic and abiotic surfaces. Their formation on abi-
otic surfaces like glass, rubber, cement, plastic, and
stainless steel also presents a problem as these materials
are commonly encountered in farms and poultry process-
ing facilities (Joseph et al., 2001; Stepanovic et al., 2004;
Hurrell et al., 2009). The introduction of a Salmonella-
positive carcass into a scalding or chilling tank may
transfer the pathogen into the water and allow it to
form biofilms on the tank surfaces, which could protect
the pathogen from environmental stressors and antibac-
terial agents. The continuous presence of the pathogen
in the scalding or chilling tanks would exacerbate the
rate of Salmonella transmission and could result in
higher numbers of contaminated products. With regards
to the effect of LGEO on biofilm formation, a significant
reduction in both biofilm-associated and planktonic S.
Heidelberg was observed with 0.15% and 1% LGEO
compared to the control groups (Figure 4). The reduc-
tion in biofilm-associated Salmonella indicated that
LGEO inhibits the formation of S. Heidelberg biofilms.
This finding is in agreement with the anti-biofilm forma-
tion properties of LGEO reported against Staphylococ-
cus aureus (Aiemsaard et al., 2011; Adukwu et al.,
2012). Similar to the observed effects on S. Heidelberg
biofilm formation, 0.15% and 1% LGEO completely
inactivated S. Heidelberg in established biofilms
(Figure 5). However, other studies found LGEO ineffec-
tive in eradicating established S. aureus biofilms or
were found effective only at higher concentrations
(Aiemsaard et al., 2011; Adukwu et al., 2012). The dis-
parity could be attributed to the difference between bio-
films produced by S. Heidelberg and S. aureus. The
latter are known for their biofilm-forming capabilities,
which are an essential virulence factor that makes S.
aureus challenging to control in the medical field. Over-
all, it could be suggested that LGEO potentially disrupts
S. Heidelberg biofilms by eliminating structures that are
integral to their formation.
The effects of LGEO on the QS of S. Heidelberg was

evaluated indirectly using C. violaceum, whose unique
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violacein synthesis is mediated by QS signaling mecha-
nisms. QS is a mechanism by which bacterial popula-
tions coordinate community behavior and is an
essential regulator of virulence factors in Gram-nega-
tive bacteria because they mediate pathogenic pro-
cesses such as swarming behavior and biofilm
formation (Jaramillo-Colorado et al., 2012). The
results of the present study (Figure 6) illustrate the
potential inhibitory effect of LGEO against C. viola-
ceum QS mechanisms as a loss in pigment synthesis
was observed with 0.5% and 1% LGEO (P ≤ 0.05).
Other studies also reported similar findings that have
demonstrated the QS modulating properties of citral
on violacein production by C. violaceum (Jaramillo-
Colorado et al., 2012; Shi et al., 2017). This property
of LGEO and its constituents may contribute to their
observed efficacy against S. Heidelberg's motility and
biofilm formation as well.

The LGEO dip treatments at scalding temperatures
were effective in reducing attached MDR S. Heidelberg.
The addition of LGEO at 2% reduced attached bacteria
on both skin and meat samples, although to a smaller
magnitude for the latter. The reduction observed in
MDR S. Heidelberg numbers may not be due to the
water temperature as there was minimal reduction in
the untreated controls across the 3 different time points.
Studies conducted on S. Typhimurium found that a
temperature of 55°C or higher was necessary to observe
an antibacterial effect. Furthermore, the study noted
minimal impact on bacteria attached to the skin with an
increase in water temperature (Yang et al., 2001). At
chilling temperatures, LGEO treatment significantly
reduced S. Heidelberg on the skin, albeit to a lesser
extent compared to that observed at scalding tempera-
tures. By contrast, it was not as effective on meat sam-
ples at chilling temperatures. The addition of 2% LGEO
in chilling waters yielded a 2.3 log10 CFU reduction in
MDR S. Heidelberg numbers attached to the skin after
5 min. This reduction, though smaller than what was
obtained at scalding temperatures, is considerably
higher than the reduction achieved after a 5-minute dip
treatment with 50 ppm chlorine, which yielded less than
1 log10 CFU reduction in S. Typhimurium on the skin
(Yang et al., 2001).

Results of the independent scalding and chilling steps
indicate that LGEO may potentially be an effective
intervention to reduce MDR S. Heidelberg on broiler
skin. The reductions are both meaningful and signifi-
cant because the load of Salmonella on chicken car-
casses are comparatively lower than other organisms
and was reported to range between 30 to 210 CFU
(Kamat et al., 1991). Although the level of S. Heidel-
berg inoculum used on both skin and meat samples
were far higher than the average level that would be
detected on a carcass in commercial processing plants,
Yang et al. (2001) reported that the initial bacterial
numbers present on the skin samples did not affect the
reduction obtained during scalding. Other studies have
noted a lesser reduction with a larger inoculum
(Nair and Kollanoor Johny, 2017b).
The sequential scalding and chilling treatments
yielded comparable results to the independent scalding
step for the skin samples but were not as effective on the
meat samples. Despite the lack of increased reduction
observed on both skin and meat samples, no MDR S.
Heidelberg was detected in either the scalding or chilling
treatment waters with all concentrations of LGEO,
despite its 1000-fold recovery from the untreated control
waters. Eliminating the pathogen in the treated water
would significantly reduce the possibility of cross-con-
tamination from occurring. Chlorine is considered as a
major chemical antimicrobial employed in poultry proc-
essing. However, the antimicrobial properties of chlorine
are known to be affected by the organic load as well as
the age of water (Yang et al., 2001). Unlike chlorine, in
vitro studies previously conducted in our lab have found
the LGEO remains effective against MDR S. Heidelberg
over 7 days even in the presence of contaminants such as
droppings (Peichel et al., 2019).
Throughout the study, LGEO was consistently more

effective in reducing MDR S. Heidelberg on the skin
than it was on meat samples. It is hypothesized that the
greater surface area of skin samples allowed LGEO to
encounter more pathogens than on the meat samples.
Studies conducted by Thomas and McMeekin found
that immersion of poultry carcass resulted in swelling of
the skin, that exposed its deep channels and crevices
(Thomas and McMeekin, 1982). This may have allowed
for greater contact between LGEO and S. Heidelberg on
the sheet-like skin. Furthermore, Kim et al. (1993) dem-
onstrated that S. Typhimurium attached poorly to the
epidermis of the skin, particularly the hydrophobic sur-
face of the stratum corneum. By contrast, the breast
meat samples were larger and possessed deeper crevices
in which S. Heidelberg could be protected from the
LGEO treatments. Lillard (1989) demonstrated that
once lodged within these deep crevices, bacteria were
not visible by scanning electron microscopy until the
meat samples were shredded.
Overall, the results of the present study demonstrated

the efficacy of LGEO against S. Heidelberg multiplica-
tion, motility, and biofilm formation capabilities and
indicated having QS modulating activities. The studies
also demonstrated that LGEO could reduce S. Heidel-
berg attached to the skin surface and from the treatment
waters, potentially reducing the possibility of cross-con-
tamination between carcasses in scalding and chilling
tanks. Anti-virulence strategies are gaining interest as
an emerging alternative method of pathogen control
because it potentially imposes less pressure on the bacte-
rium and thus combats the rise of resistance to antimi-
crobials. Testing the efficacy of LGEO against
Salmonella on full carcasses are warranted, including a
sensory evaluation of the meat exposed to the EO.
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