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Editorial on the Research Topic

Natural Compounds in Food Safety and Preservation

Food safety is a global challenge, with foodborne diseases posed as a relevant concern for human
health, and food microbial spoilage being a problem for agri-food companies (1). Considerable
research has been dedicated to diverse approaches that can be applied to control foodborne
pathogens and microbial spoilage, among which the potential use of natural compounds has
been highlighted as a strategy for improving food safety, but also quality and extending self-
life (1–3). Furthermore, the negative consumer perception of the synthetic preservatives used
in food industry, associated with an increasing demand for maintenance of nutritional and
quality properties, has encouraged the pursue for the use of natural-based preservatives in food
production (1–3).

In this context, in this Research Topic, natural antimicrobial compounds have been highlighted
by their activity against Chronobacter spp. in infant powdered formula by Yemiş and Delaquis.
The authors reviewed the potential of natural compounds from plants, microbial and animal
sources as alternatives to synthetic chemical preservatives, addressing nutritional, toxicological,
and regulatory issues. In fact, the use of natural antimicrobial compounds needs to be guided
considering the regulatory framework, and so the authors suggest the use of well-studied single
compounds over multiple-component preparations.

Among the natural compounds, essential oils have been pointed as promising antimicrobial
mixtures. Yousefi et al. reviewed the potential application of essential oils with antilisterial activity
inmeat and poultry products, since contaminatedmeat products are recognized as onemain source
for Listeria monocytogenes infection. The authors described the efficiency of several essential oils
in the control of L. monocytogenes, whilst addressing the mechanism of action of some selected
compounds and the major drawbacks associated with the application of essential oils in food
products. The activity of natural compounds in food is dependent of various factors, namely
on the complexity and composition of the product, this highlights the need of the validation of
antimicrobial activity in food matrixes. Kiprotich et al. explored the use of thyme oil combined
with Yucca schidigera extract to marinate raw chicken breast meat in lemon juice. The authors
considered the potential of antimicrobial marinade formulations as an approach to reduce enteric
pathogens. Based on their results, thyme oil showed to be an enhancer of the inactivation of
Salmonella enterica on raw chicken breast, increasing the antimicrobial efficacy of lemon juice
marinade containing yucca extract to emulsify the thyme oil.

Besides, the perspective of the use of natural antimicrobial compounds for controlling foodborne
pathogens, research has also been carried out to elucidate its use against microbial spoilage.
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Shen et al. reported the antifungal activity of Loquat leaves
extract against citrus postharvest pathogens, providing a
mechanistic overview of the anti-Penicillium digitatum activity.
The antifungal activity of this extract against P. digitatum was
attributed to the derangement of cell membrane permeability and
the disordered energy metabolism.

Among the limitations of the use of essential oils are: off-
flavors and odors that may result in an unacceptance of the
food product by the consumer usually associated with the use
of high concentrations of essential oils, the degradation of the
components or the limited interaction with the microorganisms.
The incorporation of these natural bioactive compounds, into
edible coatings, food packaging materials, or other formulations
may be presented as an approach to overcome these problems.
Asensio et al. reported the use of nanoemulsions as an
approach to encapsulate, protect, and deliver Argentinean
oregano essential oil. The authors optimized the physical stability
of the nanoemulsion and characterized it, showing that the
formulation may even increase the antimicrobial activity and
inhibition of quorum sensing when comparing with the pure
essential oil.

The application of these natural compounds may be
accomplished alone or in combination with already existing
preservatives or even processing methods for the development

of a food preservation system, providing mechanisms to ensure
food safety. This subject was approached by Barroug et al.
who reviewed the use of natural compounds with non-thermal
strategies on poultry products addressing the effects on the
microbiological and physicochemical characteristics. This paper
gives a well-balanced overview of the use of non-thermal
technologies, natural compounds and their combination as an
intervention for safer poultry products.

In conclusion, the present Research Topic provides several
examples of natural antimicrobial compounds and their
application in different contexts.
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In this study, Argentinean oregano essential oil (OEO) nanoemulsions (NEs) were

developed. Four NEs were prepared: a control (CNE), EONE1 (10.6mg EO/g NE),

EONE2 (106mg EO/ g NE), and EONE3 (160mg EO/g NE) and tested for antimicrobial

activity against Staphylococcus aureus ATCC 13565, Listeria monocytogenes Scott A,

Pseudomonas aeruginosa ATCC 14213, and Escherichia coli O157:H7 using a broth

microdilution assay and quorum sensing inhibition in a model using Chromobacterium

violaceum ATCC 12472, where the production of violacein was quantified. The chemical

composition of the EO was determined by gas chromatography–mass spectrometry.

The average particle size (nm) and polydispersity index were monitored over 14 days

at two different storage temperatures (4 and 23◦C). A rheological behavior study was

carried out using a dynamic shear rheometer, and flow curves, as well as viscoelastic

properties, were determined. E. coli and L. monocytogenes were the most sensitive

microorganisms to EONE (MIC of 2 and 5 mg/ml for EOEN3). Sub-MICs for NE were

found at lower concentrations than those for pure EO. A significant reduction in violet

pigment intensity and colorless coloration (p < 0.05) were observed at different NE

concentrations concerning the control sample. The flow behavior index (n) decreased,

and the consistency index (k) increased when the EO concentration was increased. CNE,

EONE1, and EONE2 showed liquid-like behavior (G′ < G′′) in the low-frequency region,

whereas a solid-like behavior (G′ > G′′) was observed in the high-frequency region,

presenting a viscoelastic behavior, appearing as a wormlike micellar solution. For EONE3,

a strong increase in both moduli was observed with increasing OEO concentration. The

G′ was about one order of magnitude higher than the G′′ over the whole frequency

range, indicating the presence of a gel-like structure. The incorporation of EOs into an NE

increased their stability, lowering the particle size, leading to a wormlikemicelle with higher

viscosity. Moreover, this NE had good antimicrobial activity and novel quorum-sensing

inhibition activity. The results of this study indicated that Argentinean OEO NE could be

used in a food system as a natural and stable antimicrobial agent.

Keywords: oregano, nanoemulsion, quorum sensing, viscosity, viscoelasticity, oregano (Origanum vulgare L.)
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INTRODUCTION

Foodborne illnesses are a major concern for consumers, the food
industry, and food safety authorities. In years past, an increase
in the occurrence of disease outbreaks caused by pathogenic and
spoilage microorganisms in foods has occurred (1). The misuse
and mishandling of chemical antimicrobials have resulted not
only inmore tolerant and resistant viruses, bacteria, and parasites
to chemical agents but also in hazards to human being’s health,
including respiratory allergies, and a rise in carcinogens and
toxic substances. Moreover, consumers are concerned about the
adverse effects of using synthetic antimicrobials and would prefer
foods treated with safe and natural antibacterial agents (2).

Essential oils (EOs) are well-recognized as natural
antimicrobial preservatives, are widely used as flavoring
compounds, antimicrobial agents, and functional ingredients in
food, and are classified by the US Food and Drug Administration
as generally recognized as safe (3–5). Argentinian oregano
essential oils (OEOs) were found to preserve the chemical,
sensory, and microbiological qualities of ricotta cheese, cottage
cheese, olive oil, roasted peanuts, fried peanuts, sunflower
kernels, and hake burgers, among others (3, 6–10). However,
their direct incorporation into foods is limited because of
the hydrophobicity of these compounds and their difficulty
interacting with microorganisms in aqueous media (11, 12).
Moreover, due to their volatile nature, they can easily suffer
degradation upon exposure to heat, pressure, light, and oxygen
(13, 14).

In this context, nanoemulsions (NEs) are being used
increasingly often to encapsulate, protect, and deliver lipophilic
ingredients into liquid foods or minimally processed fruits and
vegetables (12, 15). NE, owing to their subcellular size (20 and
200 nm), offers high thermodynamic stability, flocculation, and
coalescence and increased distribution of the antimicrobial agent
in food matrices, protecting it from deleterious interactions
with food components and the environment (16). Furthermore,
pH-, temperature-, and ionic-strength-sensitive compounds
can be incorporated conveniently into food systems after
nanoencapsulation (17).

The formation of NEs using medium-chain triacylglyceride
(MCT) oils is often challenging due to their relatively low
polarity, high interfacial tension, and high viscosity. It is
difficult to prepare NEs from these oils using high-pressure
homogenization methods because their high viscosity limits
droplet disruption within the homogenizer. On the other hand,
EOs have a relatively higher polarity, lower interfacial tension,
and lower viscosity than MCT, which facilitates the formation
of very small droplets by high-pressure homogenization (18,
19). This system is an effective method to achieve a constant
release of bioactive compounds (10, 20) and allows to obtain
NEs with smaller droplet sizes. Alexandre et al. (21) observed
that increasing ginger EO concentration decreases the droplet
size. The same behavior was found by Walker et al. (22) in NEs
made with thyme EO, and these NEs were stable during storage.
Preservation of food products with EO NE was reported. The
addition of NEs with oregano EO protected hake (Merluccius
hubbsi) burgers from deterioration, extending their shelf life (23).

NE prepared with thyme EO and thymol effectively extended
the shelf life of fresh pork (24). The antimicrobial activity
of NEs based on different EOs was also investigated. Yazgan
(25) demonstrated that sage EO and its nanoemulsified form
could be used as a natural antimicrobial agent against food-
related pathogens. NEs can be designed to form highly viscous
or gel-like systems at much lower droplet concentrations than
conventional emulsions.

Concentrated micellar solutions find applications in various
industries (paint, chemical, pharmaceutical, drug delivery, and
nanobiotechnology) and consumer products (home and personal
care: detergents, hard surface cleaning, drain opening, perfumes,
hair bleaching, skin cosmetics, shower gels, and sunscreens). The
formation of entangled wormlike micelles (WLM) increases the
viscosity of a solution and may even confer a certain viscoelastic
property on it (26–29). The phenomenon of viscoelasticity
can be induced by the addition of specific additives to some
surfactants. Shear-thinning flow behavior often occurs at an
increased surfactant concentration and in the presence of
cosurfactants, additives, salts, or appropriate counterions (27,
28). Additives can compress the diffused electric double layer
of the micellar interface, screen electrostatic repulsion between
charged headgroups, and finally allow closer packing of the
surfactant monomers into aggregates, resulting in the formation
of a weak gel (27, 30).

Quorum sensing (QS) is a communication system that
allows bacteria to monitor their population density through the
production and sensing of small signaling molecules (31–33).
Chromobacterium violaceum is a gram-negative bacterium that
synthesizes a violet pigment (violacein) as a result of QS (34).
Food deterioration, at least in part, is regulated by a mechanism
of cell-to-cell communication (such as QS). Until now, only a
few studies have developed food preservation techniques based
on the anti-QS property of EOs (32). The search for an efficient
QS inhibitor that can inhibit the spoilage of food products is
a promising alternative (33). A stable NE with OEO that has
antimicrobial and QS-inhibitory properties could be useful in
food systems to avoid spoilage.

This study was performed with the following objectives: (i) to
study the stability and to characterize the rheological properties
of a stable NE with OEO; (ii) to determine the antimicrobial
activity against food pathogens; and (iii) to evaluate the QS-
inhibitory effects of OEO NE.

MATERIALS AND METHODS

Materials
Leaves and flowers of Origanum vulgare ssp. hirtum (clone
Criollo) were purchased (crop 2015) on a farm located in Villa
Dolores (Córdoba, Argentina).

Neobee 1053 MCT was a gift from Stepan Co. (Northfield,
USA). Alcolec PC75 (phosphatidylcholine enriched) soy lecithin
was obtained from American Lecithin Co. (Oxford, USA). All
other chemicals were purchased from Sigma-Aldrich (St. Louis,
USA). Deionized water was obtained from a Milli-Q water
purification system (Millipore Co., Bedford, USA) and used in

Frontiers in Nutrition | www.frontiersin.org 2 October 2020 | Volume 7 | Article 5699137

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Asensio et al. Antimicrobial, Quorum Sensing Inhibitor Nanoemulsion

all experiments. Culture media were purchased from BD BactoTM

(New Yersey, USA).

Essential Oil Extraction and Analysis
Dried leaves and flowers were hydro-distilled for 2 h in a
Clevenger-type apparatus with a separated extraction chamber.
The EOs were kept in dark flasks at −18◦C in a freezer.
The EO was analyzed with a Perkin Elmer Clarus 600
gas chromatography–mass spectrometry (Shelton, Connecticut,
USA) coupled with an ion trap mass detector (MS) and
non-polar capillary column Elite-5MS (methylpolysiloxane, 5%
phenyl, 30m, 0.25mm id, and 0.25mm coating thickness).
The compounds were identified by comparing their mass
spectra with those from the literature (35) and the National
Institute of Standards and Technology (2.0) library (NIST
2.0). The main components were further identified by the
co-injection of authentic standards (Sigma R© St. Louis, MO,
USA). The quantitative composition was obtained by peak area
normalization, and the response factor for each component was
considered equal (5).

Nanoemulsion Preparation and Physical
Stability Characterization
An aqueous solution of soy lecithin was prepared to disperse the
dried lecithin powder in deionized water at room temperature
and stirring for 30min. The oil phase consisted of MCT and
Origanum EOmixed at different ratios (15:1, 1.5:1, and 1:1 w/w).
The final NE composition was 81% water, 3% soy lecithin, and
16% oil phase. Both phases were premixed with a high-speed
homogenizer (Ultra-Turrax T25 IKA Works Inc., Wilmington,
NC, USA), equipped with an S25 N18G rotor operated at 12,000
rpm per 3min at room temperature. These coarse emulsions
were finely homogenized with a high-pressure homogenizer
(EmulsiFlex-C3, Avestin Inc., Ottawa, Canada) for six cycles
at a pressure of 150 MPa. Four NEs were prepared: CNE,
EONE1, EONE2, and EONE3. After homogenization, samples
were stored in 20-ml glass vials (Supelco Analytical) with a
screw cap (PTFE/silicone septum, Supelco Analytical) covered
with aluminum foil in two different storage conditions: room
temperature (RT) (23◦C) and fridge (F) (4◦C), and stored for
14 days.

Particle Size and Polydispersity Index
The average particle size (mean diameters, nm) and
polydispersity index (PDI) of NEs were monitored over 14
days using a dynamic light scattering instrument (Brookhaven
BIC 90 plus) equipped with a Brookhaven BI-9000AT digital
correlator (Brookhaven Instrument Corp, New York, NY) to
evaluate the stability. Samples were diluted 1:100 using deionized
water to prevent multiple scattering effects. All measurements
were performed in triplicate at a fixed scattering angle at 25◦C.
The light source of the particle size analyzer was a solid-state
laser operating at 658 nm with 30 mW power. The mean
diameters of emulsions were determined by cumulant analysis of
the intensity–intensity autocorrelation function, G (q, t).

Rheological Behavior Study
The rheological characteristic study provides information about
the behavior of the fluid, shear-thinning or shear-thickening
nature. Viscosities of formulatedNEs fromMCT surfactants were
measured with a dynamic shear rheometer (Discovery Hybrid
Rheometer, TA Instruments, DE, USA) equipped with a cone-
plate geometry with a cone diameter of 60mm. Flow curves were
determined at 25◦C with two consecutive continuous shear rate
ramps from 0.50 to 150 s−1. The apparent shear viscosity at a
fixed shear rate (100 s−1) was reported. The viscosity curves
were analyzed using the power-law mathematical model. The
value of n defines the nature of the fluids. If n < 1→ shear-
thinning nature, n = 1→ Newtonian fluid nature, and n > 1→
shear-thickening nature (36).

Pseudo Plastic Nature
The following equation describes the pseudoplastic behavior:

τ = k× γ̇ n (1)

where τ is the shear stress, k is the consistency index, n is the
flow behavior index, and γ̇ is the shear rate. Values of n and
k were calculated, taking the log on both sides of Equation (1)
and plotting log τ vs. log γ̇ . The apparent or effective viscosity
(µ) along with n and k values was determined by fitting the
experimental data to the following equation:

µ = kγ̇ n−1 (2)

although the power-law model is a good descriptor of fluid
behavior across a shear rate range up to which coefficients are
fitted, due to its simplicity withmore versatility than the Bingham
plastic model, it is widely practiced (37).

Viscoelastic Properties Analysis
Viscoelastic property study provides information about
the elastic and viscous nature of fluids and involves the
determination of real, storage, or elastic modulus (G′), and
imaginary, loss or viscous modulus (G′′) as a function of angular
frequency (ω) (37). Strain sweep experiments (data not shown)
were performed to determine the linear viscoelastic regions of
the samples at 25◦C and a constant frequency of 1Hz, with
a strain % in the range of 0.1–100%. Frequency sweep tests
were performed using a strain amplitude of 0.4 (within the
linear viscoelastic regions) over an angular frequency range of
0.1–100 rad s−1. Finally, G′ and G′′ moduli curves were plotted
against angular frequency. If G′ > G′′, fluid behaves as solid or
gel, and for G′ < G,” fluid acts as liquid or viscous (36, 37).

Antimicrobial Activity
Microbial Strains
The antimicrobial activity of the EO and its NEs was tested
against: S. ureus ATCC 13565, Listeria monocytogenes Scott
A (L. monocytogenes), Pseudomonas aeruginosa ATCC 14213,
and Escherichia coli O157:H7. The cultures were obtained from
the Department of Food Science, Rutgers University, culture
collection (New Brunswick, NJ, USA). From a frozen stock
(−80◦C), bacteria were inoculated into trypticase soy agar
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plates (TSA, Becton Dickson and Co., Cockeysville, MD, USA)
and propagated under aerobic conditions at 37◦C for 24 h.
After the incubation, one colony of each bacterial strain was
transferred separately to test tubes with trypticase soy broth
(TSB) and incubated at 37◦C with agitation for 18–24 h. For
broth microdilution assay, the bacterial growth suspensions were
further diluted in fresh TSB medium to achieve 106 colony
forming units (CFU)/ml (38).

C. violaceum ATCC 12472 was grown in Luria–Bertani (LB)
broth (ACROS, Miller, NJ) at 26◦C for 48 h aerobically. P.
aeruginosa ATCC 14213 was aerobically grown in LB broth at
37◦C for 24 h and used as a positive control for QS inhibition in
gram-negative bacteria (39).

Determination of Antimicrobial Activity
Antimicrobial activity was performed using a broth
microdilution assay (40). Briefly, EO (first diluted in dimethyl
sulfoxide) and NEs were 2-fold diluted with fresh TSB in a
96-well tissue culture plate (Falcon, Corning Incorporated,
Corning, NY, USA). The final volume of the antimicrobial
diluted into the broth was 100 µl in each well. The overnight
cell culture was diluted in TSB to the final 5 × 106 CFU ml−1

(the number of bacterial cells was confirmed by the spot-plate
method). From the diluted bacterial cells, 100 µl was transferred
in the wells containing predetermined concentrations of
antimicrobials. Plates were incubated under aerobic conditions
at 37◦C for 24 h. Mineral oil (Sigma-Aldrich chemical, St.
Louis, MO, USA) was added (75 µl) to each well to avoid
evaporation. The optical density readings of the microorganism
at 595 nm were tracked using a microplate reader (Model 550,
Bio-Rad Laboratories, Hercules, CA). The minimum inhibitory
concentration (MIC) was defined as the lowest concentration
of antimicrobial agent that produced no visible growth after
overnight incubation (38, 39). Each experiment was performed
three times in duplicates.

Quorum Sensing Inhibition Assay
This assay was performed according to Algburi et al. (39).
Briefly, the overnight-grown cells of C. violaceum were diluted
in fresh LB broth to achieve 106 CFU/ml. NE-containing EOs
were serially 2-fold diluted with LB into a 48-well microplate
(BD, Franklin Lakes, NJ). A bacterial suspension (500 µl) (106

CFU/ml) was mixed with 500 µl of LB broth and 500 µl of
the NE dilution. Once the samples were prepared, the plate was
aerobically incubated at 26◦C without shaking for 48 h. The cell-
free supernatant (CFS) of P. aeruginosa grown in LB was used as
a control, preventing violacein production by C. violaceum.

Quantification of Violacein Production
After incubation, 750 µl from each well (test and control wells)
was transferred to a 1-ml centrifuge tube and centrifuged at
8,000 g for 5 to collect violacein and the producer cells. The
supernatants were discarded, and the pellets were vigorously
vortexed with 750 µl of 100% dimethyl sulfoxide to dissolve
the insoluble violacein. The samples were centrifuged again at
8,000 g for 5min to precipitate C. violaceum cells. To evaluate
violacein production, 200 µl of violacein-containing supernatant

was added into a 96-well microplate (Falcon, Corning Inc.,
Corning, NY) in triplicate, and the optical density at 585 nm
(OD585) was measured using a plate reader (Model 550, Bio-Rad
Laboratories, Hercules, CA). To ensure that the QS inhibition
occurred without NE killing the targetedmicroorganisms by sub-
NEMICs, the precipitated bacterial cells were resuspended in 750
µl of DW (pH 7.0), and the absorbance was measured at OD600.
The ODs of cells treated with sub-MICs of NE were compared
against the non-treated cells (positive control). The control value
was set to 100% violacein production (39).

Violacein inhibition (%)= 100-((OD585 Sample - OD585 PFSC
Control) ∗ 100/OD585 Control).

The 95 (%) violacein inhibition concentration was calculated
considering the regression equations (R2 ≥ 0.8) of each
treatment obtained by plotting violacein inhibition (%) against
samples’ concentrations.

Statistical Analysis
The experiments were carried out three times, and results were
expressed as mean ± standard deviations. Normal distribution

TABLE 1 | Oregano clone Criollo essential oil chemical composition analyzed by

gas chromatography–mass spectrometry.

RT Compound EO‡

(g/100g) X̄ SD

1 8.41 α-Phellandrene 1.02 0.04

2 8.53 α-Pinene 0.76 0.01

3 8.72 Camphene 0.34 0.01

4 8.90 β-Pinene 3.8 0.02

5 8.97 3-Octanone 1.65 0.02

6 9.06 β-Myrcene 0.28 0.01

7 9.34 α-Terpinene 4.00 0.05

8 9.41 0rto-cymene 11.08 0.16

9 9.51 β-trans-Ocimene 1.02 0.04

10 9.74 γ-Terpinen 15.08 0.03

11 9.88 cis Sabinene hidrate 2.52 0.16

12 10.02 β-cis-Ocimene 0.88 0.03

13 10.20 Terpinolene 18.62 0.53

14 11.00 Borneol 0.51 0.4

15 11.12 4-Terpineol 9.28 0.22

16 11.47 α-Terpineol 2.28 0.1

17 11.51 Thymol methyl ether 1.02 0.03

18 11.98 Carvacrol methyl ether 0.31 0.05

19 12.08 Thymol 16.87 0.78

20 13.06 Carvacrol 0.83 0.09

21 14.03 Caryophyllene 1.77 0.03

22 14.33 Germacrene D 0.85 0.01

23 15.01 γ-Gurjunene 1.14 0.03

24 15.09 δ-Cadinene 1.01 0.01

25 15.12 Aromadendrene, dehydro- 2.29 0.02

26 15.19 Lanceol, cis 1.14 0.02

‡Only those compounds with amount higher than 0.3 g/100 g are presented. Letters and

numbers in bold indicate main compounds.
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TABLE 2 | Means and standard deviations (n = 3) of effective diameter (ED) and polydispersity index (PDI) of control (CNE) and essential oil-containing nanoemulsions

(EONE1, EONE2, and EONE3).

Day 0 Day 14

Sample Temp † ‡ † †

ED

CNE F 150.77 ± 0.06 D 1 148.00 ± 2.90 F 1

RT 150.77 ± 0.06 D 2 111.75 ± 2.65 D 1

EONE1 F 131.70 ± 0.20 C 1 127.57 ± 3.02 E 1

RT 131.70 ± 0.20 C 2 98.10 ± 5.87 C 1

EONE2 F 89.17 ± 5.71 B 2 73.83 ± 5.84 B 1

RT 89.17 ± 5.71 B 2 64.17 ± 2.25 A 1

EONE3 F 42.80 ± 3.00 A 1 62.60 ± 0.20 A 2

RT 42.80 ± 3.00 A 1 62.90 ± 0.20 A 2

PDI

CNE F 0.307 ± 0.002 A 1 0.314 ± 0.01 A 1

RT 0.307 ± 0.002 A 1 0.356 ± 0.01 B 2

EONE1 F 0.292 ± 0.003 A 1 0.332 ± 0.02 A 2

RT 0.292 ± 0.003 A 1 0.334 ± 0.01 A 2

EONE2 F 0.288 ± 0.049 A 1 0.322 ± 0.03 A 1

RT 0.288 ± 0.049 A 1 0.320 ± 0.03 A 1

EONE3 F 0.278 ± 0.007 A 1 0.316 ± 0.01 A 2

RT 0.278 ± 0.007 A 1 0.310 ± 0.02 A 1

†
Different letters in each column indicate significant differences between samples (ANOVA, DCG test, alpha 0.05).

‡Different numbers in each row indicate significant differences between storage temperatures for each sample (ANOVA, DCG test, a = 0.05).

was tested with a Shapiro–Wilk test. Analysis of variance
(ANOVA, α = 0.05) and Fisher’s least significant difference
multiple range test were performed to determine significant
differences betweenmeans. Data were analyzed using the InfoStat
software, version 2019 (41).

RESULTS AND DISCUSSION

Essential Oil Composition
The chemical composition of EO from O. vulgare ssp. hirtum
clone Criollo is shown in Table 1. The major compounds were
terpinolene (18.62 g/100 g), thymol (16.87 g/100 g), γ-terpinene
(15.08 g/100 g), and ortho-cymene (11.08 g/100 g). A similar
composition was reported previously (5, 23, 42). This clone was
shown to have higher levels of the bioactive phenol thymol
than any other OEO from Argentina (5, 43). Moreover, previous
studies reported that EOs of both O. vulgare ssp. hirtum clones
(Criollo and Cordobes) were more active in in vitro antimicrobial
tests than other tested OEOs (3, 5).

Nanoemulsion Characterization
Physical Stability of Nanoemulsions
The mean particle sizes after homogenization were 150.77, 131.7,
89.17, and 74.7 for CNE, EONE1 (15:1 10.6mg EO/g NE),
EONE2 (1.5:1 106mg EO/g NE), and EONE3 (1:1 160mg EO/g
NE), respectively. From these data, it was concluded that EONE3
had the smallest droplets and the lowest PDI values. Therefore,
EONE3 was the most stable. These results were confirmed after

14 days in storage; droplet sizes and PDI values remained the
lowest for EONE3 (Table 2).

The droplet size decreased, as the proportion of OEO
in the NE increased. Similar behavior was found for NEs
prepared with ginger EO (21) and lemon EO (22). The size
of the droplets produced during high-pressure homogenization
typically decreases, as the oil phase viscosity and interfacial
tension decrease; this facilitates droplet disruption (44).

It is difficult to prepare NEs from MCT oils (18, 19). With
the addition of EOs as cosurfactants, it is expected the formation
of very small droplets during homogenization when the EO
concentration increases, as in this case. The droplet size of the
EONE stored at 4 and 23◦C tended to decrease during the storage,
except for EONE3. Similar behavior was found by Pongsumpun
et al. (45). They observed that the droplet size of the cinnamon
EO NE stored at 4 and 30◦C decreased during the first 60
and 30 days of storage, respectively. Afterward, the size of the
droplets tended to increase, probably due to the coalescence of
the emulsion droplets. It could be possible that droplet sizes of
EONEs would increase if storage time increases.

The EONEs had no visible creaming or phase separation
(data not shown) during the storage at both tested temperatures.
Therefore, the NEs had good stability in terms of droplet size
under the tested temperatures and storage time.

Rheological Behavior Study
Viscosity
Table 3 presents the values of flow behavior (n) and consistency
(k) indexes for the prepared NE samples. The power-law model
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TABLE 3 | Consistency coefficient (k) and flow behavior index (n) of tested

nanoemulsions.

CNE† EONE1† EONE2† EONE3†

k (Pa. s) 0.0013 0.0037 0.0186 0.0537

N 1.1553 1.0545 0.8375 0.7542

R2 0.9992 0.9998 0.9998 0.9994

†
Treatments: control (CNE) and essential oil-containing nanoemulsions at different

concentrations (EONE1, EONE2, and EONE3).

describes with high accuracy the flow curves of prepared NEs.
As seen from Table 3, the values of n for samples EONE2
(0.8375) and EONE3 (0.7542) were <1; these NEs showed non-
Newtonian or shear thinning behavior. EONE1 (1.0545) showed
Newtonian behavior, and CNE (1.1553) demonstrated shear
thickening behavior. The values of n decreased, and those of k
increased, as the EO concentration increased.

The viscosity of a micellar solution with a hydrophilic
surfactant increases gradually when a lipophilic surfactant is
added and increases steeply above a certain level due to the
formation of WLM (28). Mitrinova et al. (26) found that some
terpenes increased the solution viscosity and led to shear thinning
behavior. Such non-Newtonian solution behavior was associated
with the formation of entangled WLM in the solutions (26).
Polar terpenes could solubilize in the palisade layer, changing the
curvature of the micellar surface and thus increasing the solution
viscosity (26, 28, 46). Terpenes from the oregano clone Criollo
EO could act as cosurfactants, solubilizing in the palisade layer.
Depending on their molecular structure and polarity, they could
increase NE viscosity, leading to shear thinning behavior and
probably forming WLM.

Viscoelastic Property Analysis
The variation in dynamic moduli (G′ and G′′) and complex
viscosity (µ∗) as a function of the angular frequency (ω) and the
variation in apparent viscosity (µa) as a function of the shear rate

(γ̇ ) for NE samples are shown in Figure 1.
From dynamic rheological tests in the linear viscoelastic range,

the storage modulus G′ and the loss modulus G′′ were obtained.
G′ value is a measure of the deformation energy stored in the
sample during the shear process, representing the elastic behavior
of a sample. In contrast, the G′′ value is a measure of the
deformation energy used up in the sample during the shear and
lost to the sample afterward, representing the viscous behavior
of a sample (36). CNE, EONE1, and EONE2 showed liquid-like
behavior (G′ < G′′) (Figures 1A–C) in low-frequency regions,
whereas solid-like behavior (G′ > G′′) was observed in high-
frequency regions. This is a typical viscoelastic behavior shown
by WLM solutions (28).

In EONE3, the storage modulus (G′) was above the loss
modulus (G′′) over the whole frequency range analyzed
(Figure 1D). When the G′ and G′′ curves do not cross over the
whole frequency range, this indicates that a gel-like structure is

FIGURE 1 | Storage (G′) and loss (G′′) modulus, complex viscosity (µ*), and

apparent viscosity (µa) of nanoemulsion: (A) CNE, (B) EONE1, (C) EONE2,

and (D) EONE3 as a function of the angular frequency (ω) or shear rate (γ̇ ).
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FIGURE 2 | Gel network behavior of EONE3: changes of phase angle as a function of the angular frequency.

present (36, 47), as in this case. The decrease in µ∗ (complex
viscosity) in EONE3 (Figure 1D) confirmed the shear-thinning
nature of this NE. Moreover, values of µ∗ were greater than
µa for all magnitudes of shear rates and oscillatory frequencies;
this NE sample did not behave as a true gel. In Figure 1D,
complex viscosity as a function of angular frequency lay above
the curve of apparent viscosity as a function of the shear rate.
This behavior is typical for a weak gel. Such systems do not obey
the Cox–Merz rule, which states that the frequency dependence
of complex viscosity (µ∗) and the shear rate dependence of
apparent viscosity (µa) are similar at the same corresponding
values of frequency (measured in radians s−1) and shear rate
(s−1) (30).

In the plot of frequency dependence as a function of the phase
angle of EONE3 (Figure 2), it was observed that the phase angle
decreased, as the frequency increased over the whole range of
frequencies, which indicates that in EONE3, there was no damage
to the gel network. Moreover, this suggested that EONE3 did not
behave as a true gel, as described by Mezger (36). Terpenes, when
solubilized in the palisade layer, could decrease the repulsive
forces on the micellar surface and finally allow closer packing
of the surfactant monomers in the aggregates, resulting in the
formation of a weak gel, as in this NE (26, 28, 36).

Antimicrobial Activity
The broth microdilution method was used to determine the
MICs and sub-MICs of OEO and its NE against P. aeruginosa,
S. aureus, L. monocytogenes, and E. coli (Figures 3A–D). The
sub-MICs of OEO NEs were identified for use in the quorum-
sensing inhibition assay. EO concentrations as high as 5 mg/ml
could not inhibit the growth of P. aeruginosa and S. aureus
(Figures 3A,B). However, EONE3 had a greater inhibitory effect
against these microorganisms than the EO, and sub-MICs were
also identified.

The antimicrobial or other biological activities of OEOs
has been deeply studied; there is a direct correlation
between chemical composition and biological properties
(3, 5, 23). The antimicrobial effects are related to phenolic
compounds, monoterpenes hydrocarbon, total monoterpenes,
and sesquiterpenes. Argentinean OEOs are rich in acyclic
compounds and sesquiterpenoids. In previous studies,
terpenes as p-cymene and thymol were mainly responsible
for the antimicrobial activity. Those results revealed that
not only gram-positive bacteria but also gram-negative
bacteria showed sensitivity to these oils (3, 6). Thymol
acts as a transmembrane carrier of monovalent cations by
exchanging their hydroxyl proton for another ion. Cyemene does
not have this property but acts synergistically, expanding
the membrane. Terpineol has a hydroxyl group, but it
does not possess high antimicrobial activity, probably
because of the absence of delocalized electron system of
double bonds (48, 49). Moreover, the synergistic action
taking place among the components of an EOs has greater
antimicrobial activity than the major components alone
(5, 49, 50).

NEs interact with the lipids of microorganisms to cause cell
death (51). The electrostatic attraction can improve their chances
of combining with charges on the pathogen surface. When NEs
combine with themicroorganism, they discharge some portion of
their interior contents resulting in cell lysis (52). Emulsification
enhanced the dispersibility of EO in aqueous solution, and its
physicochemical stability, therefore, increased its antimicrobial
activity (53).

The obtained results show that E. coli (MIC of 5 and 2
mg/ml EO and EONE3) and L. monocytogenes (MIC 5mg
EO/ml) (Figures 3C,D) were the most sensitive to both OEO
and NE. The concentration of EO in the NE was 160 mg/G,
6.25 times lower than that of pure EO. Moreover, sub-MICs
of the NE were found for both microorganisms at lower
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FIGURE 3 | Antimicrobial activity of oregano essential oil (EO) (5 and 2.5

mg/ml) and oregano nanoemulsion (concentrations: 0.0625 to 2 mg/ml)

against: (A) P. aeruginosa, (B) S. aureus, (C) E. coli, and (D) L.

monocytogenes.

concentrations than for pure EO. It was observed for E.coli
that 5 mg/ml of OEO and 2 mg/ml EONE3 inhibited the
growth; in the same way, 2.5-mg/ml EO inhibited the growth
of bacteria for 8 h, and 1 mg/ml of EONE3 allowed the
growth of bacteria but at one half the concentration than the
control sample. Regarding the gram-negative P. aeruginosa,
no MIC was found. However, 2-mg/ml EONE3 inhibited the
growth of cells for 9 h, and an OD much lower than the OD
registered for the control sample was observed at the end
of the study. P. aeruginosa has various virulence mechanisms
and a diverse metabolic capacity, which makes it resistant to
antibiotics because of its impermeable outer membrane, efflux
capabilities, tendency to colonize surfaces in a biofilm form,
and ability to acquire and maintain antibiotic plasmids (54).
Gram-negative bacteria have a complex structure of membrane
phospholipids, proteins, and lipid-based peptidoglycan. The
presence of an outer hydrophilic membrane embedded with
lipopolysaccharide molecules on gram-negative bacteria serves
as an effective protective barrier toward macromolecules and
hydrophobic compounds (55, 56). However, it was demonstrated
that highly lipophilic compounds penetrate easily through the
outer membrane of several bacteria (49). The peptidoglycan
layer of the gram-positive L. monocytogenes is not as effective
as a barrier against antimicrobial agents. In this research, the
antimicrobial influence of pure EO (MIC 5mg/ml) was observed.
However, a complete inhibitory effect was also observed for
EONE3 (2 mg/ml) for 12 h of incubation, and substantially
lower growth of cells was observed in the treatment with 1-
mg/ml EONE3. In a different study, the MIC and MBC of
an OEO for L. monocytogenes and E. coli were 50 µl/ml,
whereas those of the OEO NE were 10 and 15 µl/ml for L.
monocytogenes and E. coli, respectively. EO NEs were observed
to be more effective against E. coli and L. monocytogenes than
the non-encapsulated EOs applied directly (57), as it was found
in this study. Nanoencapsulation was observed to reduce the
MIC and MBC of oregano, rosemary, and cinnamon EOs
by an average of 50% (57). In a different study, a blended
clove/cinnamon EO NE showed higher antimicrobial activity
against E. coli, Bacillus subtilis, S. typhimurium, and S. aureus
than their individual non-NE counterparts, even at far lower
concentrations (58). The antimicrobial effects of thyme NEs
against foodborne pathogens were significantly higher (P < 0.05)
than the pure EO (59). On the contrary, in a different study
where sage EO and its NEs were tested as antimicrobials against
fish spoilage bacteria, it was found that pure sage EO had more
effectiveness than the NE form (25). This confirms that the
bioactivity of NEs based on EO varies with droplet size, emulsion
formulation, EO chemical composition, viscosity, and microbial
strain (60).

Quorum-Sensing Inhibitory Effects of
Essential Oil Nanoemulsions
Inhibition of violacein production of C. violaceum is commonly
used as an indicator of QS inhibition in gram-negative bacteria
(31, 32). The QS mechanism in C. violaceum ATCC 12472
is controlled by the CviI/CviR system (Luxl/LuxR homologs),
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FIGURE 4 | Quorum sensing inhibition assay of oregano essential oil (EO) and oregano nanoemulsion (NE) against Chromobacterium violaceum. Percentage of

violacein inhibition (%) by at different concentrations and evaluation of microbial viability (OD600) after 36-h incubation in the presence of the OE and NE. Bars and

points labeled with different letters indicate significant differences (p < 0.05).

correlated with the production of the purple pigment violacein
in response to threshold concentrations of the autoinducer
N-hexanoyl homoserine lactone (61). EONEs at sub-MICs
were tested. A significant reduction in the violet pigment and
colorless colorations (p < 0.05) were observed at different
NE concentrations. The concentrations of EO in the NE that
inhibited 97.4–88.9% of violacein production ranged from
0.125 to 0.039mg EO/ml. Similar concentrations of pure EO
(0.078 mg/ml and 0.039mg EO/ml) inhibited 94.3 and 66.67%
violacein coloration. These results demonstrated that when
the concentration of EO decreases, violacein inhibition also
decreases but differently depending on if the EO is pure or
in the NE. No significant differences in violacein inhibition
were registered between the tested NE concentrations (p >

0.05); all the tested concentrations produced a similar effect
on violacein coloration. Similar results were observed when
thyme EO, carvacrol, and thymol caused 90, 80, and 78%

inhibition of violacein synthesis, respectively, after 72 h of

culturing (62). The inhibition of violacein production by C.

violaceum ATCC 12472 by carvacrol was 40% at 0.7mM (equal
to 0.105 mg/ml) (63). In a different study, cumin oil NE

exhibited 42.2% inhibition of violacein production at 40 µl/ml,

whereas pepper oil showed 15.8% inhibition at 50 µl/ml. In that
case, cumin EO NE showed higher bioactivity than pepper EO
NE (64).

In a different study, where cumin and fennel oil emulsions
were tested as QS inhibitors by disc diffusion method, 50 µl
exhibited anti-QS activity through violacein inhibition around
the discz. Those emulsions showed the immediate zone of
clearance, causing bactericidal effect followed by the opaque, halo
zone of clearance, which indicated the inhibition of violacein
production (65). Comparable results were observed in this
research, where a slight decrease in the cell viability was observed
when the NE was applied as a QS inhibitor (p < 0.05). However,
a concentration as low as 0.039 mg/ml reduced cell growth but
inhibited nearly 90% cell communication (Figure 4). These data
suggested that AHL synthesis was probably altered and violacein
inhibited by the presence of EONE3 in a dose-dependent
manner. Contrary, the cell viability of C. violaceum showed
no significant difference among control and cultures treated
with carvacrol (P ≥ 0.05). Carvacrol inhibited the production
of violacein product of QS, indicating its interference with QS
systems (63). The QS inhibition with original systems like this
NE can be an innovative, fresh technique to control food spoilage
and to reduce the number of antimicrobials in food.

CONCLUSION

Physically stable oil-in-water NEs can be produced using OEO
and MCT at different MCT/OEO concentrations. As the OEO
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concentration increases, the NE droplet size and PDI decreases.
EONE3 (160 mg/G NE) is the most stable NE, which shows the
smallest droplet size and PDI value after storage. The viscosity
of the NE increases, as the concentration of OEO increases,
leading to the shear-thinning behavior of the NEs. This effect
can be attributed to the presence of OEO terpenes that may
solubilize in the palisade layer and change the curvature of the
micellar surface, leading to the formation of a WLM structure.
Increasing the OEO concentration induces a predominantly
solid-like viscoelastic behavior. For EONE3, a weak gel structure
can be prepared. EONE presented higher antimicrobial activity
than pure EO. Furthermore, a reduction in the intensity of
violet pigment produced by C. violaceum and no effect on
cell growth at concentrations lower than 0.125mg EO/ml was
produced, suggesting that QS in this gram-negative model might
be inhibited.

This study provides information about the stability and
viscosity and helps to understand the viscoelastic behavior of
a NE when the EO concentration varies. These OEO NEs can
be used as a novel food preservation technique, reducing cell-
to-cell communication (QS) of gram-negative bacteria to lessen
food deterioration.
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Bacteria from the genus Cronobacter are opportunistic foodborne pathogens capable

of causing severe infections in neonates, the elderly and immunocompromised adults.

The majority of neonatal infections have been linked epidemiologically to dehydrated

powdered infant formulas (PIFs), the majority of which are manufactured using processes

that do not ensure commercial sterility. Unfortunately, the osmotolerance, desiccation

resistance, mild thermotolerance and wide-ranging minimum, optimum and maximum

growth temperatures of Cronobacter spp. are conducive to survival and/or growth

during the processing, reconstitution and storage of reconstituted PIFs. Consequently,

considerable research has been directed at the development of alternative strategies for

the control of Cronobacter spp. in PIFs, including approaches that employ antimicrobial

compounds derived from natural sources. The latter include a range of phytochemicals

ranging from crude extracts or essential oils derived from various plants (e.g., thyme,

cinnamon, clove, marjoram, cumin, mint, fennel), to complex polyphenolic extracts

(e.g., muscadine seed, pomegranate peel, olive oil, and cocoa powder extracts),

purified simple phenolic compounds (e.g., carvacrol, citral, thymol, eugenol, diacetyl,

vanillin, cinnamic acid, trans-cinnamaldehyde, ferulic acid), and medium chain fatty acids

(monocaprylin, caprylic acid). Antimicrobials derived from microbial sources (e.g., nisin,

other antibacterial peptides, organic acids, coenzyme Q0) and animal sources (e.g.,

chitosan, lactoferrin, antibacterial peptides from milk) have also been shown to exhibit

antibacterial activity against the species. The selection of antimicrobials for the control

of Cronobacter spp. requires an understanding of activity at different temperatures,

knowledge about their mode of action, and careful consideration for toxicological and

nutritional effects on neonates. Consequently, the purpose of the present review is

to provide a comprehensive summary of currently available data pertaining to the

antibacterial effects of natural antimicrobial compounds against Cronobacter spp. with

a view to provide information needed to inform the selection of compounds suitable for

control of the pathogen during the manufacture or preparation of PIFs by end users.

Keywords: natural, antimicrobials, Cronobacter, safety, powdered infant formula
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INTRODUCTION

Fatal bacterial infections in neonates caused by “yellow-
pigmented coliforms” were first reported in the early 1960s (1).
Early clinical isolates were classified as strains of Enterobacter
cloacae until comparative analysis by DNA–DNA hybridization
showed they belong to a distinct species that was initially
named Enterobacter sakazakii (2). Further genomic analysis
by ribotyping, amplified fragment length polymorphism

and 16S rDNA sequencing eventually provided evidence to
support assignment of E. sakazakii and other closely related

Enterobacter species to the novel genus Cronobacter (3). The List
of Prokaryotic names with Standing in Nomenclature (LPSN)

presently includes seven species of Cronobacter with a validly
published and correct name, including Cronobacter sakazakii,
Cronobacter malonaticus, Cronobacter universalis, Cronobacter
turicensis, Cronobacter muytjensii, Cronobacter dublinensis
and Cronobacter condimenti (https://www.bacterio.net/genus/
cronobacter). C. sakazakii is the most frequently reported clinical
isolate and is considered to be the prototype species for the genus
(4, 5). However, all Cronobacter spp. with the exception of C.
condimenti have been recovered from clinical specimens (6). C.
sakazakii and C. malonaticus are currently the major species of
public health concern, followed by C. turicensis, C. universalis,
C. muytjensii, and C. dublinensis (5). Cronobacter infections
typically affect hosts with immature or compromised immune
systems, primarily neonates and infants, and to a lesser extent
the elderly or individuals from all age groups with underlying
chronic disease. Consequently, Cronobacter spp. are considered
opportunistic human pathogens. Infections in neonates can lead
to septicemia, necrotizing enterocolitis or severe meningitis with
estimated case-fatality rates of 10, 20, and 42%, respectively,
and to severe neurological sequelae upon recovery (7–9).
Symptoms of infection in adults include wound and urinary
tract infections, gastroenteritis, appendicitis, conjunctivitis,
biliary sepsis, pneumonia, septicemia, and osteomyelitis (10).
Cronobacter infections were considered exceptional and sporadic
occurrences until the late 1980s when several clusters were
reported in neonatal care units (11). Clinical investigation of a
landmark incident in a US hospital showed that neonates were
infected by enteral administration of reconstituted powdered
infant formula (PIF) (12). Epidemiological investigations of
similar incidents in other jurisdictions have confirmed that
PIFs can serve as a vehicle for the foodborne transmission of C.
sakazakii to neonates (13–15). Only one suspected foodborne
outbreak involving ostensibly healthy and older individuals
has been reported to date. Yong et al. (16) presented evidence
that food contaminated with Cronobacter spp. consumed
in a senior high school canteen led to an outbreak of acute
gastroenteritis that resulted in 124 suspected, 12 probable, and
20 confirmed cases. Molecular analysis of isolates recovered from
clinical, food, or environmental samples revealed the presence
of both C. sakazakii (four isolates from two sequence types
determined by multilocus sequence typing) and C. malonaticus
(two isolates from one sequence type). However, the whole
genome sequences of two C. sakazakii isolates recovered from a
food sample and a clinical specimen differed by only five single

nucleotide polymorphisms, which was highly suggestive of an
epidemiological link.

While Cronobacter infections remain uncommon, alarmingly
high case-fatality rates in neonates and uncertainty about
transmission outside hospital care settings have prompted
considerable research to determine the origin, distribution and
fate of this emerging foodborne pathogen in food chains.
Despite these efforts, the primary habitats of Cronobacter spp.
remain unknown. Infrequent isolation from livestock and limited
survival in the animal gut are indicative of a non-zoonotic
nature, although contamination of meat and milk have been
reported (17–19). A review and meta-analysis of data published
between 2008–14 revealed a prevalence of 5.7% in meat products
and 19.0% in plant based foods or food ingredients, which is
suggestive of a stronger association with plants or environments
in which they are grown (20). Irrespective of their primary
habitat, Cronobacter spp. have been isolated from diverse
dehydrated food products (PIFs, infant cereals, dairy-based
preparations, flours, pasta, candies, spices, herbs, and nuts), fresh
or frozen vegetables, and both natural (soil, water, insects) and
man-made (hospitals, households, food storage and processing
facilities) environments (20–23).

Current understanding about the fate of Cronobacter spp.
in food systems is primarily derived from research concerned
with the role of PIFs in foodborne transmission. PIFs intended
to serve as complete or partial substitutes for human milk at
birth or after the introduction of solid food (follow-up formulas)
contain mixtures of protein, fat, carbohydrates, vitamins,
minerals, and other functional ingredients (e.g., essential fatty
acids, nucleotides) in proportions needed to achieve nutrient
contents mandated by national or international regulatory
standards. Intact bovine milk powder is the most common
source of protein, although specialized formulas containing
hydrolyzed casein or proteins derived from plant sources such
as soy bean are used for feeding of neonates with underlying
pathologies or to accommodate cultural or religious practices
(24). Manufacture of PIF products is accomplished by spray-
drying of the mixed ingredients solubilized in water (wet
processes), by mixing of heat-labile ingredients with a previously
spray-dried base powder (dry processes), or by a combination
of both approaches (25). Despite the application of heat at
one or more stages of these processes PIF is not a sterile
food; Cronobacter spp. are routinely detected in microbiological
analysis of commercial products (26, 27). For example, a recent
survey of 128 products in Latin American markets revealed
a prevalence rate of 4.7% (28). Microbiological assessments of
milk powder and PIFmanufacturing environments and processes
have shown that Cronobacter spp. may derive from extrinsic
sources, notably dry ingredients, or intrinsically contaminated
sites where specific strains may persist over long periods of time
(29–33). Moreover, most strains examined to date have shown
higher resistance to potentially lethal osmotic and dessication
stresses than other human pathogen belonging to the family
Enterobacteriaceae. Dessication resistance likely contributes to
the environmental persistence of Cronobacter spp. in some
niches within manufacturing plants, and to long term survival in
powdered milk and PIF (34–36).
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The suspected role of PIF in the transmission of infections
has prompted examination of Cronobacter behavior during
reconstitution in water and subsequent handling, including
storage for later use. Incipient work by Nazarowec-White and
Farber (37) showed that C. sakazakii could survive reconstitution
with water heated to 52–60◦C. Data from additional studies
conducted with numerous strains over a wider range of
temperatures and in different substrates suggests that most
Cronobacter spp. are mildly thermotolerant, although strain-
associated stress tolerance or prior heat adaptation can enhance
thermal stability (38–41). In response to the risk implied
by latent contamination of PIFs with infectious bacteria the
WHO recommends reconstitution in water at a minimum
temperature of 70◦C, conditions which have been shown to
reduce C. sakazakii by >5 log10 cycles (42, 43). Reconstitution
at ≥70◦C is often impractical, however, as high temperatures
can lead to curdling or other undesirable organoleptic changes,
cause depletion of heat sensitive nutrients, and introduce
scald or burn hazards particularly in home settings (27,
44). Consequently, lower temperatures are endorsed in some
jurisdictions despite experimental evidence of limited thermal
inactivation at lower temperatures. Moreover, growth of C.
sakazakii has been reported to occur in reconstituted PIF
stored between 5.5 and 47◦C, conditions that can occur when
feeding is delayed or during storage (15, 21, 41). Additionally,
recent work has shown that C. sakazakii is readily transferred
from caregiver hands and utensils to reconstituted PIF, thereby
highlighting the significance of contact surfaces as reservoirs of
contamination (45). Adherence to and biofilm formation have
been demonstrated on a wide range of materials used in the
manufacture of equipment, tools and utensils used in hospital
and home settings (46–48). Biofilm formation also contributes
to the persistence of Cronobacter on surfaces by enhancing
resistance to adverse environmental stresses, including chemicals
used in cleaning and sanitation of food processing facilities and
equipment (49).

The risk of contamination with Cronobacter spp. is an
enduring food safety challenge for the PIF industry, public
health authorities and consumers worldwide. Manufacturers
have adopted risk mitigation strategies that primarily rely on
rigorous microbiological analysis of raw materials, improved
cleaning and sanitation of the manufacturing environment, and
enhanced testing of finished products. Despite these efforts,
levels of contamination detected through recent surveys clearly
show that the risk persists (28). Because the modification of
existing industrial processes is constrained by the heat lability
of PIF ingredients, alternative non-thermal physical treatments
meant to inactivate microbial contaminants without affecting
ingredient stability have been investigated or are under study
(reviewed in (50, 51)). To date, none have been adapted to
the production of PIF on an commercial scale. The use of
synthetic preservatives is likewise impractical due to regulatory
restrictions and enduring concerns about the negative effects of
man-made food additives on human health. Accordingly, natural
antibacterial compounds (NACs) derived from plant, microbial
or animal sources are under consideration as alternatives to
synthetic chemical preservatives for the control of Cronobacter

spp. in PIF. This approach is aligned with increasing consumer
willingness to accept food additives and preservatives of natural
origin over synthetic products (52). The present work is intended
to provide a summary of current knowledge about NACs with
antibacterial activity against Cronobacter spp., with a view to
inform their application in the development of improved PIF
manufacturing processes or the formulation of safer products.
For example, NACs that increase the lethality of mild heat may
find value in the development of alternative processes to enhance
bacterial inactivation in manufacture or during reconstitution by
end-users (53). Where possible, the mode of action, toxicological
data, regulatory status and potential health benefits of specific
NACs are provided.

NACs FROM PLANTS WITH
ANTIBACTERIAL ACTIVITY AGAINST
CRONOBACTER SPP.

The scope of research on plants as sources of natural
antimicrobials and their applications in food preservation or
safety has expanded significantly in recent years (54). Plant
components and extractives thereof are attractive alternative
food additives because many have a long history of use, are
likely to have received regulatory consent or benefit from the
increasing availability of toxicological data needed to support
requests for approval (55). Recognition of PIF as a vector for
foodborne transmission has led to the assessment of numerous
crude extracts, essential oils recovered by distillation of whole
plants or their parts, and purified phytochemicals for the control
ofCronobacter spp. (Table 1). Crude extracts obtained in water or
an alcoholic solvent are generally not modified after evaporation
of the liquid phase and contain several bioactive constituents. For
example, a tea extract examined by Li et al. (61) was reported
to contain catechins, flavonoids, phenolic acids, anthocyanins,
malic acid, and citric acid. The latter is typical of crude plant
extracts which tend to consist of complexmixtures of compounds
from different classes, notably large and diverse fractions of
phenolic compounds referred to collectively as polyphenolics.
Most crude extracts listed in Table 1 contain polyphenolics
known to have antibacterial properties, although additive or
synergistic effects due to co-extracted plant constituents, notably
organic acids, likely contribute to overall antibacterial activity
(57). The mode of action of crude extracts is accordingly
complex, however damage to the bacterial membrane leading to
loss of function and cellular integrity induced by polyphenolics
contributes significantly to overall antibacterial effects (83).
Two extracts (cocoa powder and polyphenolic tea extract)
were shown to exert bacteriostatic effects and reduce the
growth of Cronobacter spp. in reconstituted PIF. Crude
plant extracts are economically attractive food additives due
to their low cost of production in comparison purified
phytochemicals. However, variability in antibacterial activity due
to differences in composition resulting from varietal, agronomic
or production factors tend to limit practical applications in
foods. Concentrations of compounds with antibacterial activity
may also be lower than those of co-extracted compounds
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TABLE 1 | Plant-derived crude extracts, essential oils, and purified phytochemicals with antibacterial activity against Cronobacter spp.

Agents with in vitro antibacterial

activity

Composition Demonstrated or suggested mode of action Antibacterial activity in PIF References

Crude extracts Aqueous extracts of red muscadine

seed; muscadine juice

Malic, tartaric, tannic acids;

polyphenols (gallic acid,

catechin, epicatechin, ellagic

acid, resveratrol)

Not determined. Suggested synergy between

components

Not determined (56, 57)

Cocoa powder Polyphenol rich Not determined Bacteriostatic in reconstituted PIF incubated at

37◦C

(58)

Proanthocyanidin- rich methanolic

blueberry extract; blueberry juice

Not determined Loss of membrane integrity, altered fatty acid

profile, disruption of metabolism

Not determined (59)

Methanolic extracts of black pepper

and cinnamon bark

Not determined Inhibition of quorum sensing and biofilm

formation at sub-inhibitory concentrations

Not determined (60)

Polyphenolic tea extract Not determined Membrane damage leading to cytoplasmic

leakage; pH effects

Bacteriostatic effect in reconstituted PIF

incubated at 37◦C; enhanced at pH ≤4

(61)

Polyphenolic olive oil extract Hydroxytyrosol, tyrosol,

phenolic acids

Reduction of intracellular ATP, membrane

depolarization, decreased protein synthesis

Not determined (62)

Polyphenolic rich pomegranate peel

extract

Elligitannins, α, β-punicalagin,

ellagic acid and derivatives,

punicalin

Not determined Not determined (63)

Essential oils Cinnamon, clove, lemongrass, laurel,

oregano essential oils

Not Determined Not determined Not determined (64)

Cinnamon, fir essential oils Nor determined Not determined. Suggested synergy between

phenolic compounds, organic acids and other

components

Bacteriostatic effects in reconstituted PIF

incubated at 37◦C with fir and cinnamon oils;

bactericidal effects with fir + cinnamon oil

(65)

Thyme, clove, ginger extracts obtained

by hydrodistillation

Not determined Not determined Not determined (66)

Thyme, cinnamon, marjoram essential

oils

Not determined Not determined. Suggested synergy between

phenolic compounds

Not determined (67)

Purified

phytochemicals

Carvacrol, thymol, eugenol, diacetyl,

cinnamic acid

NA Not determined Not determined (68)

Trans-cinnamaldehyde NA No determined. Suggested disruption of bacterial

cell membrane

Bactericidal effects in reconstituted PIF incubated

at 37 and 8◦C; Reduced resistance to acid and

heat in reconstituted PIF

(69, 70)

Vanillin, vanillic acid NA Disruption of bacterial cell membrane Reduced heat resistance during reconstitution;

Bactericidal effects in reconstituted PIF incubated

at 21 and 10◦C

(71, 72)

Caprylic acid NA Disruption of bacterial cell membrane; synergistic

effects when used in combination with citric acid

or vanillin

Reduced heat resistance during reconstitution;

Bacteriostatic effects in reconstituted PIF

incubated at 40◦C

(73, 74)

Citral NA Reduction of intracellular ATP, cell membrane

hyperpolarization, reduction in cytoplasmic pH.

Not determined (75)

Syringic acid NA Reduction of intracellular ATP, cell membrane

hyperpolarization, reduction in cytoplasmic pH.

Not determined (76)

Ferulic acid NA Disruption of bacterial cell membrane Not determined (77)

(Continued)
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that can lend undesirable physico-chemical or organoleptic
properties to target food products. Similar constraints hamper
food applications for essential oils, complex mixtures of volatile
lipophilic terpenoids, phenylpropanoids, or short-chain aliphatic
hydrocarbon derivatives (84). Results from four scientific reports
listed in Table 1 show that essential oils recovered from
several aromatic plant species show antibacterial activity against
Cronobacter spp. Moreover, Al-Nabulsi et al. (65) found that
growth of C. sakazakii in reconstituted PIF was inhibited by
supplementation with cinnamon or fir essential oils and that
mixtures of the two were bactericidal, reducing populations
by >6 log10 after 3 h of incubation at 37◦C. These results
support the widely held view that the activity of essential oils
stems from additive or synergistic antimicrobial effects involving
multiple components, and underscores the need to determine
concentrations of key active compounds needed to ensure
consistent activity in foods (85).

Extraction and purification of NACs from plants circumvents
challenges occasioned by variable crude extract or essential oil
composition. Purified preparations of the phytochemicals listed
in Table 1 are readily available from commercial sources. Most
are known to exert antimicrobial effects primarily by disruption
of the bacterial cell membrane. Trans-cinnamaldehyde, vanillin,
ethyl vanillin, vanillic acid, thymoquinone, and Coenzyme Q0

have been shown to reduce the thermotolerance of Cronobacter
spp. during reconstitution and to provide antibacterial effects
during subsequent storage. Overall, the reported nature and
magnitude of measured effects vary with type of compound,
level of PIF supplementation and temperature. For example,
Amalaradjou et al. (69) reported that trans-cinnamaldehyde
exerts time- and temperature-dependent bactericidal activity
against C. sakazakii in reconstituted PIF during storage
at 4, 8, 23, and 37◦C. In contrast, supplementation with
caprylic acid could only elicit bacteriostatic effects against
the same species in reconstituted PIF stored at 40◦C (74).
The effects of these compounds on the thermotolerance of
Cronobacter are more consistent. Amalaradjou et al. (70) showed
that complete thermal inactivation of C. sakazakii could be
achieved by heating reconstituted PIF supplemented with 70µM
trans-cinnamaldehyde at 60◦C for 10min, but that longer
heating times were required to achieved the same effect at
lower supplementation levels or temperatures. Likewise, C.
sakazakii was completely inactivated by heating reconstituted
PIF supplemented with 30 mmol l−1 thymoquinone at 55◦C for
10min, and longer treatment times were needed to achieved
the same effect at lower concentrations or temperatures (78).
Caprylic acid (73), coenzyme Q0 (82), vanillin, ethyl vanillin,
and vanillic acid (72) have also been found to lower the
thermotolerance ofC. sakazakii during reconstitution. Moreover,
the bactericidal activity of vanillin, ethyl vanillin, and vanillic acid
were sustained during subsequent storage at 21 and 5◦C, which
illustrates that some phytochemical compounds can contribute
antibacterial effects at multiple stages during the manufacture or
preparation of PIF by end-users.

The volatility, susceptibility to conversion and degradation
reactions, intense organoleptic character and poor solubility of
many plant extracts, essentials oils or phytochemicals have long
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TABLE 2 | Natural antimicrobials from microbial sources with antibacterial activity against Cronobacter spp.

Antibacterial activity in vitro Demonstrated or suggested mode of

action

Antibacterial activity in PIF References

Cell-free extract of Lactobacillus

acidophilus grown in caseinate, containing

antimicrobial peptides caseicin A & B

Not determined Bactericidal effect in reconstituted PIF

incubated at 37 and 6◦C

(87)

Heat-labile bacteriocins in cell-free extracts

of Lactobacillus casei and L. acidophilus

Not determined Bacteriostatic effect in reconstituted PIF

incubated at 37◦C

(88)

Cell-free extract of Lactobacillus

acidophilus

Not determined. Suggested effect of

organic acids released by Lactobacillus

acidophilus during growth

Bactericidal effect in reconstituted PIF

incubated at 37◦C

(89)

Cell-free extracts of Lactobacillus kefiri Disruption of bacterial cell membrane Not determined (90)

Cell-free extracts of Lactobacillus

acidophilus, L. bulgaricus L. casei

rhamnosus, L. paracasei L. salivarius

Disruption of bacterial cell membrane Not determined (91)

Nisin +citric acid Not determined Bactericidal effect in reconstituted PIF

incubated at room temperature when

mixed with citric acid

(92)

hindered wider use in food preservation. However, considerable
progress has been achieved in the development of novel
technologies for the delivery of food additives that are intended
to overcome these limitations, notably encapsulation methods
that stabilize active components and enable their release of over
variable time periods, at specific temperatures or at different sites
within food matrices (reviewed in (86)). To date, the merit of
these technologies for the delivery of NACs for the control of
Cronobacter in PIF remains unexplored. Encapsulation platforms
that provide controlled release at temperatures applied during the
manufacture, preparation or storage of reconstituted PIF could
provide the means to ensure delivery when contaminants are
most vulnerable to their effects or when the risk of proliferation
is highest.

NACs FROM MICROBIAL SOURCES WITH
ANTIBACTERIAL ACTIVITY AGAINST
CRONOBACTER SPP.

Several NACs from microbial sources and their antibacterial
activity against Cronobacter spp. are shown in Table 2.
Probiotics, live microorganisms which when administered in
adequate amounts confer a health benefit on the host, are
presently used in some countries for pediatric care. Commercial
PIFs products containing live preparations of Lactobacillus
or Bifidobacterium spp. are available in the marketplace but
the effect of probiotic supplementation on the behavior of
Cronobacter spp. during or after reconstitution is unknown. The
use probiotic bacteria for the explicit control of Cronobacter spp.
infections was investigated by Collado et al. (93) who showed
that species of Lactobacillus, Bifidobacterium and Streptococcus
competitively excluded, inhibited and displaced C. sakazakii in
a human intestinal model system. Despite evidence of their
antibacterial properties, there have been few additional attempts
to exploit the use of live probiotic bacteria for the control

of human pathogens in PIF, likely in response to on-going
controversy about the efficacy, safety, variability, quality, labeling,
and lack of standards for the use of probiotic products destined
for neonatal care (94, 95). NACs derived from microbial
sources continue to attract interest, however, notably whole
inactivated cells or crude cell extracts that retain bioactivity,
which have been termed “parabiotics” (96), or purified soluble
factors (products or metabolic byproducts) secreted by live
microorganisms or released after lysis, which have been described
as “postbiotics” (97). Hayes et al. (87) showed that addition
of a crude cell-free extract prepared from a caseinate medium
fermented by the common probiotic bacterium Lactobacillus
acidophilus could inhibit C. sakazakii in reconstituted PIF.
Antimicrobial effects were attributed to antimicrobial peptides
(caseicin A & B) derived from the degradation of bovine casein
by microbial enzymes. Charchoghlyan et al. (89) found that a
purified heat inactivated aqueous extract of skim milk fermented
with a commercial probiotic strain of Lactobacillus acidophilus
used to supplement PIF also inactivated C. sakazakii in the
reconstituted product stored at 37◦C. The composition of the
extract was not provided by the authors of the study, who offered
that acids released during fermentation were likely responsible
for antibacterial effects. A similar conclusion was reached by
Kim et al. (90) in reference to the mechanism responsible
for inhibition of C. sakazakii by cell free supernatants of
laboratory grown cultures of Lactobacillus kefiri and Lactobacillus
kefiranofaciens isolated from kefir, and a commercial probiotic
strain of Bifidobacterium longum. It must be noted here that
current international (e.g., CODEX STAN 72-1981) or national
standards for ingredients or additives permissible in PIF do not
include D-lactic acid, a metabolic by-product released during
fermentation by L. acidophilus, L., kefiri, and L. kefiranofaciens.
Probiotic bacteria such as Bifidobacterium longum that do
not produce D-lactic acid could be used to circumvent the
problem. However, uncertainty concerning the composition and
variability in bioactive components in crude cell-free extracts
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TABLE 3 | Natural antimicrobials from animal sources with antibacterial activity against Cronobacter spp.

Antibacterial activity in vitro Demonstrated or suggested mode of

action

Antibacterial activity in PIF References

Lactoperoxidase Not determined; Suggested result of

oxidation of sulfhydryl groups on enzymes

and proteins in cytoplasmic membranes.

Bactericidal effect in reconstituted PIF

incubated at 21, 30, 37◦C

(101)

Bovine lactoferrin Not determined Limited bacteriostatic effect when high

concentrations were added to

reconstituted PIF stored at 21◦C; no effect

at 10◦C

(99)

Iron-saturated bovine lactoferrin Not determined. Suggested destabilization

of bacterial membrane

Not determined; Limited bacteriostatic

activity in whey

(102)

Cationic peptides from enzymatic

hydrolysis of lactoferrin

Not determined Limited bacteriostatic effects in

combination with native lactoferrin

(103)

Bicarinalin (cationic peptide from ants) Disruption of bacterial cell membrane Not determined (104)

Camel milk Not determined Not determined (105)

derived from any microbial species is a barrier to broader food
applications. The problem can be avoided by the isolation,
purification and characterization of antimicrobial compounds
that accumulate in growth media. For example, the examination
of cell-free supernatants from laboratory grown cultures of L.
acidophilus and L. casei by Awaisheh et al. (88) revealed that
both species produce heat-labile bacteriocins, proteinaceous or
peptidic molecules with antibacterial activity againstC. sakazakii.
To date, nisin is the only antibacterial peptide to receive close
scrutiny for enhancement of PIF safety. Nisin, a polycyclic
peptide bacteriocin produced by Lactococcus lactis, is presently
permitted as a food additive in over 50 countries, primarily for
the extension of shelf-life or the prevention of quality defects
in dairy products (98). The antibacterial activity of nisin is
mainly due to depolarizing effects and consequent disruption
of the cytoplasmic cell membrane. Gram-positive bacteria are
more resistant to this effect than Gram-negative bacteria in
which the cell membrane is surrounded by a lipopolysaccharide
outer membrane. Consequently, means to destabilize and
permeabilize the outer membrane by physical (mild heat,
sonication) or chemical means (metal chelators, EDTA, disodium
pyrophosphate, sodium hydrogen orthophosphate, citric acid,
lactic acid) are often used in conjunction with nisin to
improve antibacterial activity against Gram-negative bacteria
such as Cronobacter spp. Al-Nabulsi et al. (99) found that
reconstitution of PIF at 55◦C did not significantly improve the
antibacterial activity of nisin against 5 Cronobacter strains. In
contrast, Campion et al. (92) observed strong bactericidal activity
against C. sakazakii in reconstituted PIF supplemented with a
commercial nisin preparation (Nisaplin) and citric acid, a food
additive permitted in infant formula. This finding suggests that
antibacterial strategies based on synergistic effects between nisin
and additives compliant with regulatory standards for PIF merit
further investigation. Corresponding efforts should be directed at
the assessment of alternative sources of antimicrobial peptides,
including other commercial bacteriocin products or the array
of peptides derived from probiotics or bacterial starter cultures
described in the scientific literature (100).

NACs FROM ANIMAL SOURCES WITH
ANTIBACTERIAL ACTIVITY AGAINST
CRONOBACTER SPP.

Selected NACs from animal sources and their antibacterial
activity against Cronobacter spp. are shown in Table 3. The first
natural antimicrobial derived from animal sources considered
for the control of Cronobacter spp. in PIF was lactoperoxidase,
an enzyme that occurs in milk, colostrum, tears, saliva, and
other mammalian secretions (101). Lactoperoxidase catalyzes
the oxidation of thiocyanate to hypothiocyanous acid and
hypothiocyanate by H2O2 and generates intermediate products
with antimicrobial properties. The “lactoperoxidase (LPO)
system” relies on the interaction of all three components
which must be present in sufficient amounts to initiate the
reaction. Gurtler and Beuchat (101) showed that addition of
bovine LPO to reconstituted milk-based PIF could inhibit
the growth of C. sakazakii at temperatures >21◦C. However,
use of the LPO system in PIF is hindered by the need for
addition of an exogenous source of thiocyanate, a known
goitrogen (106). Another antibacterial protein also found in
mammalian secretory fluids, lactoferrin, is not bound by this
restriction. Lactoferrin, a small glycoprotein, inhibits bacteria
indirectly by the sequestration of iron from the environment
and through direct antibacterial effects resulting from disruption
of the outer Gram-negative bacterial membrane, leading to
alterations in cell permeability and loss of viability (107). Indirect
antibacterial effectsmediated by alteration of host innate immune
functions have also been reported (108). Bovine milk is the
most common source of lactoferrin and several manufacturers
provide purified preparations for use in pharmaceutical, cosmetic
and food applications, including the supplementation of PIF.
Usage of lactoferrin supplemented PIF is common in some
countries for the prevention of neonatal sepsis and necrotizing
enterocolitis despite continued uncertainty about efficacy (109).
Experimentation in vitro has shown that Cronobacter spp.
are highly susceptible to the direct antibacterial effects of
lactoferrin (99). However, the same authors found no evidence
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TABLE 4 | Suggested health-promoting effects, toxicological data, safety assessments and regulatory status of selected natural antimicrobial compounds with

antibacterial activity against Cronobacter spp. in PIF.

NAC Reported Health Benefits Toxicology/safety assessments Regulatory status

Cocoa powder Prevention of cardiovascular disease; improved

blood pressure regulation, insulin resistance

and vascular function; increased production of

nitric oxide (NO) and antioxidant effects

including delayed oxidation of low-density

lipoprotein cholesterol, inhibition of

ultraviolet-induced DNA oxidation (113).

Chronic dietary exposure not carcinogenic to

rats (114); No evidence of toxic effects on the

heart, liver, kidney, lungs, testis, and spleen of

rats fed high oral doses (115).

Food ingredient.

Polyphenolic tea

extracts

Black teas: prevention of cancer; obesity,

antioxidant protective and anti-hyperglycemic

effects (116).

Green teas: prevention of cancer, obesity,

metabolic syndrome, type 2 diabetes,

cardiovascular diseases (117).

Suspected cytotoxicity of epigallocatechin

3-gallate, the major catechin present in green

tea, in adults and children (117, 118).

Generally Recognized as Safe (GRAS)

according to US Code of Federal Regulations

(USCFR), Title 21, § 182.20, Essential oils,

oleoresins (solvent-free), and natural extractives

(including distillates (119). Listed as dietary

supplements under the Health and Education

Act of 1994 (120).

Cinnamon essential

oil, trans-

cinnamaldehyde

Antitumour, anti-inflammatory and analgesic,

anti-diabetic and anti-obesity, antibacterial and

antiviral, cardiovascular protective,

cytoprotective, neuroprotective, and

immunoregulatory effects (121); Treatment of

high blood glucose and lipid levels and other

symptoms of the metabolic syndrome,

polycystic ovary syndrome (PCOS) and

inflammatory disorders (122).

Occasional gastrointestinal disorders and

allergic reactions reported (121); Potential

nephrotoxicity and hepatotoxicity at higher than

recommended daily dose (123).

Trans-cinnamaldehyde: USCFR GRAS, §

182.60.

Vanillin, ethyl vanillin,

vanillic acid

Antioxidant, anti-inflammatory, antisickling,

antimicrobial, and hypolipidemic effects;

prevention of cancer, periodontal disease, and

bone deterioration (124)

Lack of toxicity at approved levels of intake in

foods; Vanillin may induce bronchoconstriction

in asthmatics (125), contact dermatitis at high

concentrations (126).

Vanilla extracts: USCFR GRAS, §182.20;

Vanillin and ethyl vanillin: USCFR GRAS

§182.60 (Synthetic flavoring substances and

adjuvants, can be from natural sources); Vanillic

acid is not listed in the US FDA Code of Federal

Regulations; evaluation by the FAO/WHO

Expert Committee on Food Additives (JECFA

no. 959) yielded “no safety concern at current

levels of intake when used as a flavoring agent”

(127).

Caprylic acid Role in the prevention of infection and

inflammation as part of lipid emulsions used in

parenteral feeding of neonates (128);

Prevention of obesity by decreasing energy

intake, possible effects on appetite (129).

No evidence of toxic effects at doses up to

10% in the diet (130).

USCFR GRAS §184.1025; Available as a

dietary supplement.

Thymoquinone Anti-inflammatory, antimicrobial, antiparasitic,

antioxidant, antihyperglycemic, and anticancer

properties (131).

Concentration dependant in vitro hepato-toxic

effects (132); No evidence of cytotoxicity in rats

(133); no evidence of toxicity in humans at daily

oral doses up to 28 g/kg (134).

Source plant (Nigella sativa L., black seed or

black cumin), is listed by USCFR GRAS in §

182.10 (Spices and other natural seasonings

and flavorings); Source plant extracts listed as

dietary supplements under the Health and

Education Act of 1994 (120).

Coenzyme Q0 Antitumor, anti-inflammatory and

anti-angiogenic effects (82).

No evidence of toxicological effects from

dietary supplements (135).

Not presently permitted as a food additive.

Available as a dietary supplement.

Nisin Prevention of dental caries (136); anticancer

and antibacterial (137).

Effects on the cytoskeleton of keratinocytes

derived from normal epithelium; increased

blood cholesterol concentrations in rats (138).

USCFR GRAS, §184.1538, antimicrobial for

specified uses which do not currently include

PIF.

Lactoperoxidase Inactivation of carcinogens (139); Contributions

to cytotoxic effects against human cancer cells

(140); Prevention of bone resorption through

osteoclastogenesis (141).

Preparations derived from bovine milk could

contain proteins which may be allergenic for

sensitive individuals.

USCFR GRAS notice granted for

lactoperoxidase system as a processing aid for

dairy products pursuant to § 170.30 (Eligibility

for classification as generally recognized as

safe (GRAS).

Bovine lactoferrin Contributions to cytotoxic effects against

human cancer cells (139, 142); Contribution to

gut health and immune development in

neonates (143, 144); Prevention of acute

gastrointestinal and respiratory symptoms in

children aged 12–32 months (145).

No adverse effects in rats fed 2,000 mg/kg/day

bovine lactoferrin for 13 days (146); Considered

safe for human consumption (147).

USCFR GRAS notice granted for cow’s

milk-derived lactoferrin as an additive ingredient

for PIF pursuant to §170.35 (Affirmation of

generally recognized as safe (GRAS) status).

(Continued)
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TABLE 4 | Continued

NAC Reported Health Benefits Toxicology/safety assessments Regulatory status

Cell free extracts of

Lactobacillus spp.

Variable, depending on species and nature of

extracts; Management of intestinal, respiratory

diseases (148); Cytotoxic effects against

human cancer cells (149); Immunomodulation,

anti-inflammatory, antiproliferative,

hepatoprotective effects (97).

No evidence of adverse effects from oral use. USCFR GRAS notices have been granted for

some cell free extracts; Several are available as

a dietary supplements.

of antibacterial effects in reconstituted PIF during storage
at 10, 21, or 37◦C, a result ascribed to interactions with
food components that reduced the activity of lactoferrin,
notably the divalent cations Ca2+, Mg2+, and Fe3+. Harouna
et al. (102) attempted to improve the activity of lactoferrin
by saturation with iron cations but the saturated form of
the protein had no measurable antibacterial effect against C.
sakzakii. Numerous novel antimicrobial peptides with enhanced
antimicrobial activity have been synthesized through chemical or
enzymatic hydrolysis of lactoferrin (110). Harouna et al. (103)
prepared lactoferrin hydrolysates using pepsin, chymosin and
microbial rennet that exhibited enhanced antibacterial activity
against C. sakazakii in a microbiological medium. None were
effective in reconstituted PIF at 37◦C, however, which provided
further evidence that PIF ingredients interfere with the activity of
proteic or peptidic antimicrobials. The majority of NACs from
animal sources considered for the enhancement of PIF safety
have been derived from bovine milk. Antimicrobial peptides
have been detected in the milk of other food animal species
including sheep and goats (111). A recent report that growth of
C. sakazakii is inhibited by strong, inherent antibacterial factors
in camel milk suggested they are likely derived from the protein
component (105). A database assembled by Wang et al. (112)
lists 1,972 known antimicrobial peptides from animal sources,
in addition to 321 from plants and many from fungi, protists or
other life forms. One antimicrobial peptide from a non-bovine
source, bicarinalin from ants, exhibited stronger bactericidal
effects against C. sakazakii than ampicillin and tetracycline (104).
Clearly, animals are a rich and largely untapped source of NACs
that could find value in the enhancement of PIF safety.

NUTRITIONAL, TOXICOLOGICAL, AND
REGULATORY CONSIDERATIONS

Commercial PIF products are subject to regulations and
regulatory oversight administered by national governments.
All are based on the Codex Alimentarius “Standard for
Infant Formula and Formulas for Special Medical Purposes
Intended for Infants (CODEX STAN 72-1981),” which provides
recommendations regarding the essential composition,
nutritional quality and additives in formula. CODEX
recommendations are adopted by national governments in
various ways, but there is general consistency in the application
of compositional and nutritional quality standards for PIF across
the globe. In contrast, some disparities exist with respect to the

use of additives due to variable legislative, legal or regulatory
frameworks within different jurisdictions. In the United States,
food ingredients are subject to provisions in the Code of
Federal Regulations. Ingredients that are not listed in the Code
can obtain Generally Recognized as Safe (GRAS) designation
through a notification program which requires petitioners to
provide historical and scientific evidence that a substance added
to food is considered safe and suitable for exemption from the
food additive tolerance requirements of the United States Food
and Drug Administration. The GRAS status of selected NACs
with antibacterial activity against Cronobacter spp. in PIF is
shown in Table 4, along with health benefits that have been
ascribed to them and pertinent toxicological data. The authors
recognize that lack of knowledge about the metabolism of food
additives old or new, difficulties in determining accurate levels of
exposure, and susceptibility to toxicity have historically hindered
safety assessments in the neonatal context (150). Likewise, the
purported health benefits noted in Table 4 are largely derived
from animal studies or human feeding trials conducted with
children or adults, and extrapolation of results to the neonatal
situation is challenging.

All NACs from plant sources with antibacterial activity
in PIF listed in Table 4, with the exception of caprylic
acid, are either purified phenolic compounds or contain high
concentrations thereof. Vanillin, ethyl vanillin, and trans-
cinnamaldehyde have GRAS status, and are widely consumed
in food and nutritional supplements. Several vanilla-flavored
PIF products containing natural and artificial flavors were once
available in the marketplace but have since been withdrawn,
although vanilla flavored “toddler” formula is still sold in
North America. Whether the level of vanillin or ethyl vanillin
supplementation used in these products was sufficient to
achieve antibacterial effects against Cronobacter during PIF
reconstitution or storage, as reported by Polat Yemiş et al. (72)
is unknown. Supplementation of PIF with cocoa powder was also
discontinued several years ago. The antibacterial activity of cocoa
powder against C. sakzakii in reconstituted PIF described by
Pina-Pérez et al. (58) was likely derived from polyphenols, many
of which are known to interact with and damage the bacterial
cell membrane (83). Polyphenols encompass several groups of
compounds including phenolic acids and flavonoids, primarily
flavanols present as monomeric epicatechin, catechin, and their
oligomers referred to as proanthocyanidins. Research on the
nutritional effects of moderate cocoa consumption suggests
that the benefits likely outweigh the risks, and that beneficial
effects on health are primarily derived from flavanol-mediated
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protection against oxidative insult by the modulation of oxygen
radical generation and antioxidant enzyme and non-enzyme
defenses (151, 152). There is compelling evidence that most
polyphenols are largely beneficial to human health, principally
for the prevention and management of chronic diseases (153).
On the other hand, the pharmacological properties of some
polyphenols introduce concerns about their safety in products
intended for use by infants. Isoflavones (genistein, daidzein,
and glycitein) derived from soya beans are known activators
of estrogen receptors with demonstrable effects on reproductive
and endocrine functions in animal models (154). All soy-
protein based PIFs contain isoflavones, mainly genistein, but no
clear consensus has emerged regarding the short or long term
implications of long-term dietary exposure on the development
of infants (155, 156). In contrast, consumption of the medium
length straight chain fatty acid caprylic acid (octanoic acid)
is considered to be comparatively free of toxicological risk
(130). Caprylic acid is found naturally in the milk of mammals
including humans (157) and in infant formulas as part of the
medium chain triglyceride component contributed by vegetable
fat, or increasingly bovine milk fat (158). Choi et al. (74) showed
that low concentrations of caprylic acid in conjunction with
citric acid completely inactivated C. sakazakii in PIF during
reconstitution at the relatively low temperature of 45◦C. A
GRAS compound, it is used as an additive in a range of foods
as an adjuvant or, interestingly, as a flavoring agent despite
having an odor described as “slightly unpleasant and rancid-
like.” Similarly, the monoterpene diketone thymoquinone, also
a GRAS compound, could inactivate C. sakazakii during
reconstitution (78) but it has a bitter taste and a “pencil-like” odor
(159). The ubiquinone coenzyme Q0 is the only ordorless and
tasteless NAC from non-microbial or animal sources identified
to date with antibacterial activity against Cronobacter spp.
Coenzyme Q0 extracted from the AC mushroom (Antrodia
cinnamomea), a parasitic fungus that grows of the camphor
tree, has a long history of use in traditional medicine but
has only recently been considered for food applications.
Toxicological assessment of supplements prepared from the
fungus suggest they are safe for human consumption (132).
However, toxicological assessments of the purified compound are
lacking and coenzyme Q0 does not currently have GRAS status.

The chemistry, biology, toxicology, pharmacokinetic
properties, and functionality of nisin as a food preservative
have been extensively investigated. A recent reassessment of
toxicological data by the European Food Safety Authority
(EFSA) reaffirmed the safety of nisin as a food additive (160).
Activity against Cronobacter spp. in PIF relies on synergism with
citric acid (92), but the latter is a permitted additive. Hence,
there appear to be few regulatory impediments to the use of
nisin in foods destined for infants. As noted above, antibacterial
activity of lactoperoxidase, another GRAS food additive that
is used worldwide for milk preservation, is dependent on a
source of thiocyanate, which Gurtler and Beuchat (101) provided
exogenously in the form of sodium thiocyanate. Thiocyanates
are ubiquitous in food products, however, and it is unfortunate
that no attempt was made to determine if endogenous levels
could have sustained the reaction. Evidence in support of this

presumption was provided by Banks and Board (161) who
found that lactoperoxidase catalyzed degradation of endogenous
thiocyanates reduced the growth of Enterococcus, Pseudomonas
spp. and Enterobacteriaceae in reconstituted PIF stored at 30◦C
for 48 h, which coincided with the depletion of free SCN- ions.
These observations suggest that the value of lactoperoxidase
for the control of Cronobacter spp. in PIF merits further
investigation. There are also few regulatory obstacles to the
application of lactoferrin in PIF since it is already in use for
therapeutic purposes, disease prevention or health promotion
in neonates (82, 143, 162), and is available in highly purified
forms safe for use in infant foods (163). Cell-free extracts derived
from microbial cultures present greater regulatory challenges
as noted above due to the multiplicity of bioactive compounds
and variable composition of extracts which add complexity
to toxicological assessments. In this context, the selection of
candidate microorganisms for the production of cell free-extracts
among those already permitted as probiotics in PIF or that are
considered GRAS on the basis of historical, safe use in food
fermentations is highly advisable.

CONCLUSIONS AND FUTURE
PROSPECTS

Societal concerns and regulatory response to the risk of exposure
to harmful food chemicals in early life provide strong impetus
to pursue the search for alternatives. Research on NACs with
antibacterial activity against Cronobacter spp. has shown that
several could find value in the control of this hazardous pathogen
in PIF. However, technological obstacles to practical applications
persist and means to overcome them must be the focus of
future research in the field. The delivery of NACs with strong
antibacterial activity to food systems is often hampered by
limited solubility in aqueous matrices, instability, reactions with
other food components or adverse effects on sensory properties.
For example, the low solubility, volatility, intense sensory
characteristics, and reactivity of phenolic compounds and
essential oils often hinders their incorporation in foods. Adverse
effects on the sensory quality of PIF are a notable concern in light
of evidence that exposure to flavors modulates neonatal feeding
behavior and food acceptability and choice later in life (164, 165).
Recent progress in the use of biopolymers from natural sources
for the design of innovative encapsulation systems that provide
means to deliver effective yet reduced doses of antibacterial
agents, protect active ingredients from undesirable reactions,
and provide controlled, quantitative release into food matrices
will undoubtedly promote the development of delivery strategies
that overcome constraints on both the choice and application
of NACs (166, 167). The selection of suitable NACs must also
be guided by careful consideration of the regulatory framework
governing PIF composition, specifically the use of additives.
In the near term, single compounds for which nutritional and
toxicological data are available should take preference over
preparations likely to containmultiple bioactive compounds. The
latter remain eminently worthy of study, however, as possible
sources of novel NACs. As a final note, it must be emphasized
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that the NACs described in the present work were derived from
a limited number of animal, plant and bacterial species. Future
efforts should be directed at the assessment of additional sources
of NACs for the control of Cronobacter spp., such as mushroom
species known to contain compounds with antibacterial activity
against other foodborne pathogens (168).
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One of the most important challenges in the food industry is to provide healthy and safe

food. Therefore, it is not possible to achieve this without different processes and the use

of various additives. In order to improve safety and extend the shelf life of food products,

various synthetic preservatives have been widely utilized by the food industry to prevent

growth of spoilage and pathogenic microorganisms. On the other hand, consumers’

preference to consume food products with natural additives induced food industries to

use natural-based preservatives in their production. It has been observed that herbal

extracts and their essential oils could be potentially considered as a replacement for

chemical antimicrobials. Antimicrobial properties of plant essential oils are derived from

some main bioactive components such as phenolic acids, terpenes, aldehydes, and

flavonoids that are present in essential oils. Various mechanisms such as changing the

fatty acid profile and structure of cell membranes and increasing the cell permeability

as well as affecting membrane proteins and inhibition of functional properties of the cell

wall are effective in antimicrobial activity of essential oils. Therefore, our objective is to

revise the effect of various essential oils and their bioactive components against Listeria

monocytogenes in meat and poultry products.

Keywords: meat, essential oil, preservatives, natural, antimicrobial, Listeria monocytogenes

INTRODUCTION

Food safety is one of the most important issues in the food industry. In fact, concerns
about pathogenic microbes causing foodborne diseases are manifested by consumers, food
manufacturers, and regulatory organizations (1, 2). Therefore, the food industry wants to produce
high-quality and safe foodstuff (3, 4). Hence, part of the research activities has always been
dedicated to increasing knowledge about the production of safe food and the development of new
methods applied to improve their safety.

One of the foodstuff that must be safely produced and stored under hygienic conditions is meat
and meat products. These are rich in essential nutrients and extremely prone to microbial and
chemical deterioration if not well processed and preserved. Therefore, poor hygienic conditions
of processing and storage lead to microbial contamination, which can lead to safety and spoilage
problems (4–7).
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Various microorganisms such as bacteria, mold, and yeast
are involved in the spoilage of meat and meat products.
Furthermore, inappropriate production and storage condition
of meat and meat products lead to incidence of diseases,
which is caused by various pathogens such as Clostridium
spp., Salmonella spp., Campylobacter jejuni, Escherichia coli,
O157:H7, Aeromonas hydrophila, and Listeria monocytogenes,
among which, L. monocytogenes is considered as the major
causative agent responsible for serious diseases in both humans
and animals (8, 9).

L. monocytogenes is frequently isolated in various food
products. This pathogen results in listeriosis, which remarkably
affects pregnant women, newborns, and individuals with
immunodeficiency (10, 11). Due to the ability of this
microorganism to growth at low temperatures (2–4◦C),
there is a particular concern about the presence of L.
monocytogenes in meat and poultry products (12, 13).
Various thermal and non-thermal methods including heat
treatment, high hydrostatic pressure, irradiation, and high-
intensity pulsed electric field processing as well as different
methods of packaging have been utilized to produce safe
food (11, 14–17).

Also, various preservatives have been utilized to hinder
contamination during production, distribution, and storage as
well as to increase shelf life of raw and processedmeat and poultry
products. Although food-grade and Generally Recognized as
Safe (GRAS) synthetic additives have been usually used in
the food industry, in recent years, consumers have shown
an increasing concern about the use of synthetic chemical
preservatives (18–20). Therefore, there is an increasing tendency
in using natural additives including antioxidants, antimicrobials,
sweeteners, and coloring agents that originated from animals,
plants, and microorganisms (21, 22). Various naturally occurring
antimicrobial agents have been recognized. Lactoperoxidase,
lactoferrin, lysozyme from animal sources, bacteriocins and
natamycin from microbial sources, and essential oils (EOs) from
plant sources are examples of natural preservatives (3, 21). EOs
that are volatile and lipophilic liquids, obtained from diverse
plant organs such as seeds, roots, stems, buds, flowers, and wood,
exert antimicrobial and antioxidant properties (23–25). Various
studies have reported that EOs from aromatic and medicinal
plants have antimicrobial properties against L. monocytogenes
(4, 20, 26–31). Due to the described antimicrobial activity of EOs
against various microorganisms, this study aimed to review the
effect of various EOs on L. monocytogenes when applied to meat
and poultry products.

L. MONOCYTOGENES IN MEAT AND MEAT

PRODUCTS

The presence of Listeria spp. in meat and meat products is
a serious problem in the meat industry due to the ability of
this organism to grow in both raw and cooked meat during
refrigerated storage, and among the food products, contaminated
meat products are known to be one of the main sources for L.
monocytogenes infections (32–34).

L. monocytogenes is a pathogenic, Gram-positive, non-
spore-forming, facultative anaerobic, highly mobile, rod-shaped
bacterium (35–37). L. monocytogenes is a major causative agent
of foodborne illness worldwide. The severe invasive disease
caused by L. monocytogenes is listeriosis (38). It has been
indicated that listeriosis carries high rates of hospitalization and
mortality. Nearly 94% of confirmed cases of listeriosis need to be
hospitalized, and 14% of them die (9, 39). Based on the somatic O
antigen, L. monocytogenes can be subclassified into 13 serotypes.
All the 13 serotypes can cause listeriosis; however, serotypes 1.2b,
1.2a, and 4b are more widespread (27, 40). Apart from food
matrix diversity, capacity for pathogenicity, and geographical
area, the most isolated serotypes from food products are 4c, 4b,
3b, 1.2a, and 1.2b (9, 41).

L. monocytogenes is a psychrotrophic bacterium and can grow
over a wide range of temperatures (1–45◦C) and pHs (4.3–9.4)
and at water activity with a value of 0.92 and above (36, 42).
In comparison to other foodborne pathogens, L. monocytogenes
can tolerate undesirable environmental conditions such as low-
oxygen conditions, nitrite, and high salt content. Furthermore,
it can persist in the environment, processing plants, and food
products at refrigerated temperatures for a long time (43, 44).
The ability of L. monocytogenes in forming biofilms allows it
to remain successfully in food processing establishments and
retails (45). Due to the formation of biofilms and attachment
of L. monocytogenes to various surfaces in food establishments,
it is hard to eradicate this pathogen without the performance
of precise sanitary protocols. Indeed, because biocides are
often highly chemically reactive molecules, the presence of
various organic compounds such as polysaccharides, nucleic
acids, and proteins can remarkably weaken their efficiency.
Furthermore, possible interactions between antimicrobials and
biofilm components might explain the limitations of penetration
into the biofilm (36, 44, 46).

Due to the ability of L. monocytogenes to survive and grow
in dry, cold, and high-salt environments, it is widely distributed
in different matrices such soil, water, and various food products
including meat, fish products, vegetables, dairy products, and
ready-to-eat (RTE) food (9, 47).

Since many listeriosis outbreaks have been linked to
meat product consumption, prevention of meat and meat
product contamination with L. monocytogenes is one of
the major concerns of the meat processing industry (40).
Thermal processing of meat products can easily eliminate
L. monocytogenes. However, posterior contamination of meat
products especially RTE meat products with this pathogen
is frequent. Various post-package decontamination strategies
such as in-package thermal pasteurization, irradiation, high-
pressure processing, and use of antimicrobial additives in the
formulation of meat products have been utilized to mitigate
and control the growth of L. monocytogenes in meat and
poultry products (48). Various food-grade synthetic preservatives
and antimicrobial agents have been utilized to prevent the
growth of L. monocytogenes; however, due to increasing
awareness of consumers about the potential adverse effects of
synthetic preservatives, more researches have been developed to
determine the potential use of natural additives and antimicrobial
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compounds in the food industry. Among these, there has been
great attention in using EOs as natural antimicrobials and
antioxidants in the formulation of meat and poultry products.

EOs COMPOSITION AND MECHANISMS

OF THEIR ANTIMICROBIAL ACTIVITY

As aforementioned, herbal extracts and EOs from plants can be
considered as potential alternatives to artificial preservatives to
improve the shelf life and the safety of food products such as meat
and poultry and RTEmeat products (49). EOs, which also known
as volatile or ethereal oils, are naturally aromatic components
found in many plants. They can be obtained from various parts
of plants including buds, flowers, seeds, leaves, roots, peels, fruits,
barks, and woods through only physical extraction and isolation
such as pressing and distillation (3, 49).

EOs are made of different compounds characterized by
colorless to slightly yellowish liquid and poorly soluble or
insoluble in water, but soluble in organic solvents (50). EOs
mostly possess a pleasant odor and sometimes a specific taste,
and they are utilized in considerable amount in the flavoring
and perfume industries. Various fragrance extraction methods
including cold pressing and extraction and distillation such as
steam distillation are used in order to prepare and obtain EOs
(51–53). In total, almost 3,000 EOs are known, among which 300
are commercially utilized in pharmaceutical, food, agronomic,
sanitary, cosmetic, and perfume industries (54). The species of
plant, plant geographic origin, climate, composition of soil, the
vegetative stage of the plant, and the part of plant that is utilized
for extraction of EO are the factors that affect the composition of
EOs (55–57). EOs are usually secreted as secondary metabolites
which exhibit antibacterial, antifungal, and antibiofilm properties
(58). These various biological activities are directly related to the
bioactive volatile components that are present in EOs (25, 52).
Almost 90–95% of EOs are volatile components such as aliphatic
aldehydes, alcohols, esters, monoterpenes, and sesquiterpene
hydrocarbons and their oxygenated derivatives. The nonvolatile
part, which makes up 5–10% of EOs, comprises hydrocarbons,
fatty acids, sterols, carotenoids, waxes, coumarins, and
flavonoids (3, 59).

Apart from the fact that EOs are mainly used as flavoring
agents in the food industry, due to their antimicrobial properties,
they can also be used in foodstuff to increase shelf life. The
main drawback for the application of EOs as antimicrobial agents
is the creation of strong aromas and off-flavors, limiting the
use of high concentrations (44, 52). Therefore, it is essential to
have information about the target microorganisms, properties of
EOs, minimum inhibitory concentrations (MICs), mechanisms
of action of EOs, and their interaction with the matrix and
sensory properties of the food (60). The antimicrobial properties
of EOs are ascribed to the action of various compounds that can
be generally divided into terpene and phenolic compounds (44).

As aforementioned, EOs have antimicrobial activities against a
wide range of microorganisms; however, the exact antimicrobial
mechanism has not been completely elucidated, and it cannot be
attributed to an individual mechanism. It seems that based on the

chemical compounds contained in the EOs, several mechanisms
are involved in the antimicrobial properties of EOs (50, 52). It
has been mentioned that the antimicrobial activity of EOs may
be due to the possible penetration of EOs through the bacterial
cell wall and exertion of inhibitory effects on the functional
properties of the cell (61, 62). The hydrophobicity of EOs lets
them break down the lipid layer of the bacterial cell membrane
and mitochondrion, making the structure more penetrable, and
therefore, leakage of ions and other cell compounds occurs, and
when the leakages are more than the limit, cell death occurs (52,
63). It has been indicated that disruption of the cell membrane
by phenolic compounds of EOs causes exudation of the internal
contents of the cell and inhibits functional properties of the cell
(49). It has been proposed that phenolic compounds of EOs exert
antimicrobial properties by changing the permeability of the
microbial cell, damaging cytoplasmic membranes, intervening in
the generation system of cellular energy (ATP), and disrupting
the proton motive force (49, 53, 64, 65).

Generally, the interaction of EOs with cell membranes of
bacteria can be effective in preventing bacterial growth. The
hydrophilic or lipophilic properties of EO constituents, type of
microorganism, and structure of the cell wall are the factors that
affect the antimicrobial activity of EOs (52, 60, 66). Furthermore,
the shape of the bacteria can be effective in EO activity, and it has
been indicated that rod-shaped cells are more sensitive to EOs
in comparison with coccoid-shaped cells (50). It is indicated that
Gram-positive bacteria are more sensitive to EOs in comparison
with Gram-negative ones.

It seems that the sensitivity of Gram-positive bacteria is related
to the direct interaction of the hydrophobic components of the
EOs with the cell wall (66–68). The cell wall of Gram-positive
bacteria is made of a thick layer of peptidoglycans (90–95%),
teichoic acid, and proteins (44, 69). Due to the hydrophobic
nature of major parts of EOs, they can easily pass through it.
On the other hand, Gram-negative bacteria have a more complex
structure including a monolayer of peptidoglycans surrounded
by an outer layer comprising proteins and lipopolysaccharides
(LPS). This outer cell membrane is charged and possesses a
hydrophilic nature, and therefore, diffusion of hydrophobic
compound is limited through LPS (3, 50, 70). Therefore, due
to structure variation in the outer layers of bacteria, Gram-
positive bacteria such as Staphylococcus aureus, Bacillus cereus,
and L. monocytogenes can be more easily inhibited by EOs than
Gram-negative bacteria such as E. coli and Salmonella enteritidis
(52, 53). The possible basic mechanisms of EO antimicrobial
activity are shown in Figure 1.

APPLICATION OF EOs IN MEAT AND

POULTRY PRODUCTS

As aforementioned, there has been a growing interest in replacing
synthetics additives with natural antioxidants and antimicrobials.
EOs are one of these natural additives that have been utilized
as antioxidants, antimicrobials, and flavoring agents in meat
and poultry products. As Gram-positive organisms are more
susceptible to EOs, attention has been focused on utilizing EOs in
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FIGURE 1 | The potential mechanisms of essential oils activity on microorganisms.

the inhibition of Gram-positive bacteria such as L. monocytogenes
in meat and poultry products.

Upadhyay et al. studied the effect of GRAS plant-derived
antimicrobial compounds against L. monocytogenes in
frankfurters by applying them as post-processing dip treatments.
The surface of frankfurters was inoculated with a mixture of five
strains of L. monocytogenes (∼6.0 log CFU per frankfurter) and
treated at 55◦C (60 s) and 65◦C (30 s) in in sterile deionized water
or water with as β-resorcylic acid (1.5%), carvacrol (0.75%), and
trans-cinnamaldehyde (0.75%) alone. After that, the samples
were vacuum-packaged (VP) and kept at 4◦C for 70 days.
They found that the application of plant-derived compounds
as antimicrobial dips was effective in preventing growth of
L. monocytogenes on frankfurters during refrigerated storage.
They also found that β-resorcylic acid had the highest activity
against L. monocytogenes in comparison to other individual
antimicrobial treatments. They concluded that plant-derived
antimicrobial compounds could be efficiently utilized as post-
processing dips to decrease L. monocytogenes on frankfurters
(71). The antimicrobial activities of Thymus capitata EO against
L. monocytogenes ATCC 19118 inoculated in minced beef
meat were investigated by El Abed et al. They also investigated
anti-Listeria activity of various concentrations [0.01, 0.05, 0.25,
and 1.25% (v/w)] of T. capitata EO in minced beef meat and
found that by increasing EO concentration, a gradual decrease
in L. monocytogenes ATCC 19118 count occurred. They figured
out that the L. monocytogenes population was significantly
decreased by the application of 0.25 or 1.25% (v/w) of T.
capitata EO to minced beef in comparison to control samples
(18). Moon et al. studied the synergism effect of soy sauce
and teriyaki sauce with carvacrol or thymol (0.3 and 0.5%) as
common natural compounds in controlling L. monocytogenes in
marinated beef stored at 4◦C for 7 days. They figured out that
L. monocytogenes was not inhibited by usage of Teriyaki sauce
alone, while teriyaki sauce in combination with 0.5% carvacrol
or thymol inactivated L. monocytogenes during 7 days of
storage (72).

Giarratana et al. studied the effect of thyme and rosemary
EOs (0.025 and 0.05%) against a mix of three strains of L.
monocytogenes (L. monocytogenes ATCC 19111, ATCC 13932,
and ATCC 19117) in Italian mortadella packaged in a modified
atmosphere and kept at 4◦C for 30 days. Their results revealed
that the mixture of rosemary and thyme EOs had a bacteriostatic
activity against L. monocytogenes and that both 0.025 and
0.05% of tested EOs significantly inhibited L. monocytogenes
growth compared with the control sample. The L. monocytogenes
population increased from approximately 2.50 log CFU/g to
5.31, 3.01, and 2.52 log CFU/g in control, 0.025% EO-treated,
and 0.05% EO-treated samples, respectively. They indicated that
heat treatment of mortadella at 80◦C for 4 h could change the
antimicrobial activity of tested EOs. Therefore, complementary
preservation strategies such as modified atmosphere packaging
(MAP) can improve the EO antimicrobial effect. They also
studied the effect of lactic acid bacteria (LAB) growth and pH
changes of mortadella on antimicrobial activity of tested EOs
and understood that with the growth of LAB and decrease of
pH values in mortadella, bacteriostatic activity of tested EOs
against as L. monocytogenes increased (12). It has been indicated
that the pH of the food matrix affects the activity of EOs and
that the hydrophobicity of some EOs increased at low pH.
Therefore, EOs can more easily penetrate the lipid part of the
bacterial membrane and hence exert increased antimicrobial
activities (12, 53, 73). Similarly, Gouveia et al. evaluated the
antimicrobial effect of rosemary (Rosmarinus officinalis L.) and
thyme (Thymus vulgaris L.) against L. monocytogenes ATCC 679
in sous vide cook–chill beef at 2 and 8◦C during 28 days of
storage. Their results showed that thyme and rosemary EOs
at 3.9 and 62.5 µl/ml could inhibit L. monocytogenes. They
also studied the effect of EOs at MIC values on the inhibition
of L. monocytogenes in beef samples. The sample containing
thyme EOs and the control sample had similar counts of L.
monocytogenes. On the other hand, a 2-log CFU/g reduction
occurred in the rosemary-treated samples stored at 2 and 8◦C.
They concluded that rosemary EO can be potentially used as a
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natural preservative. They indicated that the lower antimicrobial
effect of thyme EOs could be attributed to the low concentrations
of thymol (phenolic compound) in the T. vulgaris chemotype
that was utilized in their investigation (74). Conversely, a higher
antimicrobial activity of thyme EO against L. monocytogenes in
minced meat stored at 4◦C was reported by Pesavento et al.
They stated that p-cymene (47.9%) and thymol (43.1%) were the
main antimicrobial constituents (75). In contrast, in the study
carried out by Gouveia et al., the reduced antimicrobial activity
of tested thymol EOs was associated with lower levels of p-
cymene (4.91%) and thymol (7.48%). They also indicated that the
decreased antimicrobial activity of thymol EO can be associated
with the lower concentrations used (74). It is stated that p-
cymene can be placed on the bacterial membrane and interfere
with its function. Furthermore, the thymol compound, which is
a phenolic monoterpenoid, has a phenolic ring and can cause
functional and structural damage to the bacterial cytoplasmic
membrane (60).

In a study by Mytle et al., the antimicrobial activity of clove
(Syzygium aromaticum) EOs (1 and 2%, v/w) on RTE chicken
frankfurters, which were inoculated with seven strains of L.
monocytogenes (102-106 CFU/g) and stored for 14 days (at 5 or
15◦C), was determined. They found that all the tested strains were
able to survive and grow in the control sample at 5 and 15◦C,
while the addition of either 1 or 2% clove EO inhibited bacterial
growth under both storage conditions. They indicated that clove
EO (1% v/w) along with low-temperature storage could decrease
possible contamination and growth of L. monocytogenes without
having an adverse effect on flavor (76). Furthermore, Khaleque
et al. studied the application of clove and cinnamon EO against
L. monocytogenes in ground beef. They studied the effect of 5
and 10% of crude and commercial clove EO or 2.5 and 5.0% of
crude and commercial cinnamon EO against L. monocytogenes in
ground beef stored at 0 and 8◦C for 7 days and at −18◦C for 60
days. They realized that 10% of either crude or commercial clove
EOs were able to entirely inhibit L. monocytogenes in ground beef
3 days post inoculation, regardless of storage temperature, while
either crude or commercial clove EOs at 5% concentration was
not able to effectively inactivate L. monocytogenes during storage.
Furthermore, both 2.5 and 5.0% cinnamon EOs were not able to
kill L. monocytogenes during storage. On the other hand, based
on the storage time and temperature, a decrease of 3.5–4.0 log
CFU/g in the L. monocytogenes population occurred with the
addition of 5.0% commercial cinnamon EOs. This bacterial count
reduction was achieved after 7 days of refrigeration and chilling
temperatures and 60 days of freezing temperatures, indicating
that anti-Listeria activity of cinnamon EO is affected by time and
temperature. However anti-Listeria activity of clove EO was not
affected by time and temperature, and therefore, clove EO can be
more effective in the inactivation of L. monocytogenes in ground
beef than cinnamon (4). Similarly, it has been reported by various
investigations that clove and cinnamon EOs could be effective
in the inhibition of L. monocytogenes and in expanding the shelf
life of meat (77, 78). The antibacterial effect of clove is related to
eugenol, a member of the phenylpropanoid class of compounds
that cause the deterioration of the cell wall and lysis of bacterial
cell (70). Furthermore, the antibacterial activity of cinnamon EOs

is derived from compounds such as cinnamaldehyde, limonene,
and eugenol (52). It was stated that eugenol could change the
membrane and fatty acid profile, affect the transportation of ATP
and ion, and inhibit ATPase, histidine decarboxylase, amylase,
and protease enzymes (50, 79).

Additionally, in a study carried out by Raeisi et al., the
effects of sodium alginate coating with nisin, cinnamon, and
rosemary EOs individually and in combinations on the fate of
L. monocytogenes in chicken meat during 15 days of refrigeration
were studied. The control and the sample coated with alginate
solution had the highest growth rate of L. monocytogenes, while
other treated samples, especially those with the combined use
of tested antimicrobial agents, resulted in the inhibition of
L. monocytogenes, whereas the combination of cinnamon and
rosemary EOs, rosemary EOs and nisin, and cinnamon EOs and
nisin had the lowest final population, respectively, indicating
the synergistic effect of these EOs and nisin in controlling L.
monocytogenes (80). It seems that cinnamaldehyde and camphor
as the main components of cinnamon and rosemary EOs
contribute to their antibacterial activities by disrupting the
function of the cytoplasmic membrane, electron flow, proton
motive force, and coagulation of cell contents (53). It has been
reported by Tajik et al. that L. monocytogenes was more inhibited
by the simultaneous use of Zataria multiflora EO and grape seed
extract in comparison with individual use of Z. multiflora EO in
buffalo patties (81). Based on the type of antimicrobial agents and
microorganisms, the combined effect of different antimicrobial
compounds might be additive, antagonistic, or synergistic (82).

Firouzi et al. studied the effect of oregano and nutmeg EOs
(1, 2, and 3 µl/g) on L. monocytogenes in ready-to-cook Iranian
barbecued chicken that was inoculated with 6–7 log CFU/g of this
pathogen and stored at 3, 8, and 20◦C for 72 h. They reported
that nutmeg with a MIC value of 0.20 µl/ml was more effective
against L. monocytogenes than oregano EO with a MIC value of
0.26 µl/ml. Furthermore, MBC values of 0.50 and 0.54 µl/ml
were obtained against L. monocytogenes by nutmeg and oregano
EOs, respectively. They also found that there were no significant
differences among all EO-treated and control Iranian barbecued
chickens in L. monocytogenes growth during 72 h of storage at
any of the three temperatures (3, 8, and 20◦C) (83). Furthermore,
the effect of N,O-carboxymethyl chitosan, oregano EO, and their
combination on L. monocytogenes in raw chicken meat filets that
were inoculated with low (103 CFU/g) and high (105 CFU/g)
counts of bacteria and stored at 4◦C for 14 days was studied
by Khanjari et al. Their results showed that N,O-carboxymethyl
chitosan exerted a significantly stronger antimicrobial activity
against L. monocytogenes when compared to oregano EO. They
found that L. monocytogenes was completely inhibited by the
combination of N,O-carboxymethyl chitosan and oregano EO in
the samples with low and high inoculation levels at days of 2 and
4 of storage, respectively (84). Similarly, Pavli et al. found that
incorporation of oregano EO into sodium alginate edible films
in ham slices led to a 1.5-log CFU/g decrease in population of
L. monocytogenes at the end of the storage (40 days) at 8 and
12◦C and an approximately 2.5-log CFU/g reduction at 4◦C.
They finally indicated that a significant reduction or absence of
L. monocytogenes was achieved in ham slices by application of
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high hydrostatic pressure and edible film containing oregano EO,
together (85). Additionally, the combination effect of packaging
atmosphere, oregano EO, and cold temperature on inhibition of
L.monocytogenes Scott A in RTE smoked turkeymeat was studied
byMahgoub et al. They found that inhibition of L. monocytogenes
in RTE smoked turkey under MAP and MAP with oregano EO
(MAPEO) was increased when compared to VP during the shelf
life of the product. They stated that L. monocytogenes can be
efficiently controlled by a combination of MAP and oregano EO,
especially when it is difficult to keep constant temperature during
transportation and retail display (86). The antimicrobial activity
of oregano EO has been previously confirmed, and it has been
utilized to control L. monocytogenes in meat and meat products
(75, 87–89). The composition of oregano EO is a mixture of
volatile terpenes, including α-terpinene, p-cymene, carvacrol,
and thymol, that participate in antimicrobial properties of this
EO, and the latter two compounds are the most important due to
their activities on the membranes of bacteria (90). Furthermore,
it has been reported that Z. multiflora Boiss EO, which mainly
contains thymol and carvacrol, had antimicrobial activities
against L. monocytogenes in meat and meat products, indicating
the importance of these two components in the antimicrobial
activities of the EOs (31, 91).

It has been stated that the outer membrane of microorganisms
was disintegrated by thymol, and therefore the permeability of
the cytoplasmic membrane increased and release of K+ and
ATP was carried out (92, 93). Furthermore, its integration with
the polar head-group placed in the lipid bilayer leads to cell
membrane alteration (94). It has been also noted that the citrate
metabolic pathway and the enzymes involved in ATP synthesis
would be affected by thymol (95).

Carvacrol is another component that has antimicrobial
activity. It was supposed that fatty acid profiles and the structure
of the cell membrane are changed by carvacrol. Moreover, it was
reported that carvacrol could influence proton motive force and
the synthesis of flagellin and thus reduce bacterial motility (3, 93).
Furthermore, it was indicated that membrane-bound ATPase
activity of L. monocytogenes would be inhibited by components
such as carvacrol, eugenol, and cinnamaldehyde (96).

Awaisheh et al. studied the anti-Listeria activity of fir or
qysoom EOs alone (1% v/w) or in combination (0.5% each) in
beef-luncheon meat products inoculated with L. monocytogenes
and stored at 4◦C for 14 days. They figured out that at the end
of storage, for samples with low contamination (3 log CFU/g),
fir EO, qysoom EO, and their mixture had ∼6.37, 6.04, and
5.53 log CFU/g of L. monocytogenes, respectively, compared to
6.90 log CFU/g of the control, while in the samples with a
high contamination level (6 log CFU/g), bacterial counts reached
8.43, 8.88, and 6.75 log CFU/g for fir EO, and qysoom EO,
and their mixture, respectively, compared to 9.90 log CFU/g
of the control. They indicated that the combination of fir and
qysoom exerts good anti-Listeria activity. It has been reported
that α -and β-pinene, 1,8-cineol, and borneol that are present
in fir and qysoom participate in the antimicrobial activities of
these EOs (97).

In a study carried out by Carramiñana et al., the effect of
savory (Satureja montana) EO [0.25, 0.5, 1, and 2.5 µl/g (v/w)]

against inoculated L. monocytogenes serovar 4b (104 CFU/g) in
minced pork meat stored at 4◦C for up to 7 days was investigated.
Furthermore, they utilized thyme (T. vulgaris F) and rosemary
(R. officinalis) as reference ingredients. They found that just S.
montana and T. vulgaris F EOs efficiently inhibited the growth of
L. monocytogenes in pork, while R. officinalis had no remarkable
antimicrobial effect. They indicated that the low antimicrobial
effect of R. officinalis EO could be attributed to the absence
of carvacrol and thymol in this EO (92). Similarly, Bukvički
et al. (98) studied the effect of Satureja horvatii EO (0.16–20
mg/ml) on L. monocytogenes (107 CFU/ml) in porkmeatmedium
stored at 4 and 25◦C for 3 days. They also indicated that two
concentrations of 10 and 20 mg/ml S. horvatii EO led to a
100 inhibition of L. monocytogenes regardless of the incubation
temperature, while no inhibition was observed at the lowest
concentrations of S. horvatii EO (0.16 and 0.32 mg/ml). GC-MS
analysis of S. horvatii EO showed that the main components of
this EO included p-cymene (33.14%), thymol (26.11%), thymol
methyl ether (15.08%), γ-terpinene (4.05%), α-pinene (4.26%),
and α-terpinene (4.02%) (98). It has been reported that the
high antimicrobial potential of Satureja oil is related to the
considerable amount of oxygenated monoterpenes thymol and
thymol methyl ether compounds (99). Selected publications
on the major compounds of various EOs and their anti-
Listeria activity in meat and poultry products are summarized
in Table 1.

LIMITATIONS AND FUTURE TRENDS OF

EO APPLICATION IN MEAT AND POULTRY

PRODUCTS

The use of EOs as additives and preservatives has a long history,
and the use of these compounds along with their toxicity has been
considered. One of the substantial aspects of EOs is that they
are generally low-risk products. It has been reported by various
studies that EOs and their chemical components possess a range
of 1 to 20-g/kg body weight for LD50 values, but some exceptions
are also observed (114).

Most EOs are nontoxic to mammals and fish, but they are
good as pesticides (115). Generally, the chemical compounds that
are present in EOs have no remarkable risk that is derived from
oral intake. Therefore, the toxicity of EOs is principally related to
the compounds that exist in the EO. It has been reported that
most of the EO constituents, even at high levels, exhibited no
carcinogenic effects (116).

EOs are widely utilized in various products including
detergents, creams, lotions, perfumes, and soaps and different
food products such as beverages, baked foods, puddings, and
meat products. They are well known for their antimicrobial
properties and can be applied as antiseptic agents (117,
118). Therefore, EOs can be considered as an alternative for
chemical preservatives in food products such as meat and meat
products (119).

The efficiency of various EOs has been reported in the control
and inhibition of L. monocytogenes in meat and poultry products;
however, it seems that the interaction of EOs with various
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TABLE 1 | Major compounds of essential oils utilized in meat and poultry products against Listeria monocytogenes.

Meat product Type of essential

oil

Essential oil concentration The mode of essential

oils applications

Main components Outcome References

Minced beef meat Thymus capitata 0.01, 0.05, 0.25, and 1.25%

(v/w)

Addition of essential oil

solution to minced beef

meat

Carvacrol (88.98%), Linalol (1.57%),

Terpinen-4-ol (1.41%), p-Cymene (1.14%),

Caryophyllene epoxide (1.08%)

Due to high amount of carvacrol, T. capitata

essential oil showed high antioxidant and

antimicrobial activities.

Application of 0.25 or 1% (v/w) of T. capitata

essential oil along with low temperature storage

can decrease potential contamination of L.

monocytogenes.

(18)

Minced beef meat Ceratonia siliqua 0.1, 0.2, and 0.4 mg/ml Addition of essential oil

solution to minced beef

meat

Nonadecane (21.68%), Heneicosane (10.04%),

Naphthalene (9.08%), 1,2-Benzenedicarboxylic

acid dibutylester (8.88%), Heptadecane

(6.56%), Hexadecanoic acid (5.83%),

Octadecanoic acid (4.97%),

1,2-Benzenedicarboxylic acid (3.81%), Phenyl

ethyl tiglate (2.76%), Eicosene (2.34%),

Farnesol 3 (1.32%), Camphor (1.19%),

Nerolidol (1.09%), and n-Eicosane (1.04%).

The concentration of 2.5 and 5 mg/ml (2 MIC)

had bacteriostatic activity (MIC) while the 7.5

mg/mL exhibited a bactericidal activity (MBC).

Antimicrobial activity of C. siliqua essential oil in

contaminated minced beef meat (2 × 102

CFU/g of L. monocytogenes) that stored at 7◦C

for 10 days was evident and by increasing

essential oil concentration, a gradual decrease

in L. monocytogenes count was observed.

0.1, 0.2, and 0.4 mg/mL of C. siliqua essential

oil resulted a 2-log decrease in bacterial

population after 6,4, and 2 days of

refrigerated storage.

(13)

Ground beef meat Zataria multiflora

Boiss

0.3, 0.5, 1, and 2% Addition of essential oil

solution to ground beef

meat

Thymol (29.2%), carvacrol (19.64%), burneol

(6.62%), thymol methyl ether (6.55%), and

o-isopropyltoluene (5.34%)

Treatments with 0.5, 1, and 2% of Zataria

multiflora essential oil resulted to a significant

decrease in L. monocytogenes population

during 9 days of storage at 7◦C.

(91)

Ground beef Melaleuca

alternifolia (tea

tree)

1.5% v/w Addition of essential oil

solution to ground beef

Terpinen-4-ol (43.1%), γ-Terpinene (22.8%),

α-Terpinene (9.3%), α-Terpineol (5.2%),

Terpinolene (3.5%), and α-Pinene (3.0%)

The values of 0.10 µL/g and 0.15 µL/mL were

obtained for MIC and MBC, respectively.

Based on the inoculation volum of L.

monocytogenes (1.5 × 108 CFU/mL, 4.6 ×

104 CFU/mL, 9.2 × 103 CFU/mL, and 1.2 ×

102 CFU/mL), various result was obtained.

High counts of L. monocytogenes was

observed in the control samples at all

concentration during storage (14 days at 4◦C).

No growth of L. monocytogenes was observed

after the first 20min of storage in the essential

oil- treated samples with initial concentrations

of 1.2 × 102 CFU/mL and 9.2 × 103 CFU/mL,

while, a reduction of 2.41 log CFU/mL was

occurred in the sample with initial counts of 4.6

× 104 CFU/mL. M. alternifolia essential oil was

not significantly effective in the sample wit high

initial inoculation level (1.5 × 108 CFU/mL).

(100)

Sous vide

cook-chill beef

Thymus vulgaris L.

and Rosmarinus

officinalis L.

Thyme; 3.9 µl/mL

Rosemary; 62.5 µl/mL

Essential oil was added

directly on meat

Thymus vulgaris L.: Linalool (18.18%), thymol

(7.48%), limonene (6.49%), endo-borneol

(5.86%) and terpinen-4-ol (5.66%).

The sample with thyme essential oils and

control sample had similar count of L.

monocytogenes. On the other hand, a 2 log

CFU/g reduction was occurred in the

rosemary-treated samples stored at 2 and 8◦C.

(74)

(Continued)
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TABLE 1 | Continued

Meat product Type of essential

oil

Essential oil concentration The mode of essential

oils applications

Main components Outcome References

Rosmarinus officinalis L.: Eucalyptol (13.05%),

camphor (8.93%), verbenone (8.58%),

endo-borneol (7.87%) and α-pinene (6.78%)

It is essential to provide adequate chilling

storage to assure the safety of the sous vide

cook-chill beef in terms of L. monocytogenes.

Bovine ground

meat

Syzygium

aromaticum (clove)

and Cymbopogon

citratus (DC.) Stapf

(lemongrass)

1.56, 3.125, and 6.25% (w/v) Addition of essential oil

solution to bovine ground

meat

Clove: eugenol (89.80%), trans-caryophyllene

(5.88%) and α-humulene (2.30%)

Lemongrass: geranial (42.90%), neral (30.90%)

and 2-undecanone (4.1296%)

The value of The MIC value of 56% was

obtained for both essential oils.

The population of bacteria significantly affected

in the contaminated meat sample (106 CFU/g

of L. monocytogenes) with clove and

lemongrass essential oils during 3 days

incubation at 5◦C.

The most remarkable reductions were occurred

at higher concentrations of both tested

essential oils, whereas at concentrations of

3.125 and 6.25% (w/v) no bacteria was

detected after the second day of storage.

(101)

Wine marinated

beef

Juniperus

communis and

Satureja montana

J. communis essential oil (0.25%)

S. montana (0.125%) and their

combination.

Marination J. communis: α-pinene (47.8%), sabinene

(11.0%), β-pinene (8.5%), and limonene (5.8%)

S. montana: carvacrol (30.7%), thymol (18.0%),

para-cymene (15.6%), borneol (5.9%), and

γ-terpinene (5.5%).

Basic red wine marinades and the ones with

essential oil or mixture of essential oils

significantly reduced L. monocytogenes

population in comparison with saline control

sample during 15 days at 4◦C.

The marinade containing mixture of tested

essential oil exhibited the most

pronounced effect.

(7)

Minced beef meat Citrus limon

(lemon)

0.06 and 0.312 mg/g (2MIC and

3MIC, respectively)

Addition of essential oil

solution to minced beef

meat

β-Pinene (25.44%), Limonene (39.74%),

Linalool (2.16%), α-Terpineol (7.30%), linalyl

acetate(3.01%), Acétate geranyl (3.03%),

Nerolidol (6.91%), Acetate neryl (1.74%), and

Farnesol (4.28%).

Untreated samples had higher counts of

bacteria over the storage period, while the

addition of C. limon essential oil at 2 and 3 MIC

had inhibitory effect on L. monocytogenes

during 10 days storage at 4◦C. The application

of C. limon essential oil at a 0.06 and 0.312

mg/g may potentially considered as new

strategies in controlling growth of pathogenic

bacteria, especially L. monocytogenes during

storage of minced beef meat at 4◦C.

(102)

Turkey meat Zataria Multiflora

Boiss and Bunium

persicum Boiss

0.5 and 1% In chitosan coating

nanoemulsion

Zataria Multiflora Boiss: carvacrol (51.55%),

thymol (25.49%), ρ-cymene (5.23%), and

γ-terpinene (4.44%)

Bunium persicum Boiss: cumic aldehyde

(38.39%), ρ-cymene (18.36%), and

2-Caren-10-al (13.26%).

Nanoemulsions of Zataria Multiflora Boiss had

the MIC and MBC values of 0.25 and 0.5

mg/mL, respectively, while the MIC and MBC

values of nanoemulsions Bunium persicum

Boiss were 1 and 2 mg/mL.

(31)

Chicken breast

filets

Ginger (Zingiber

officinale)

Nanoemulsion-based edible

sodium caseinate with ginger

essential oils (3 and 6% wt)

In nanoemulsion-based

edible sodium caseinate

coating

a-zingiberene (24.96%) b-sesquiphellandrene

(12.74%), sesquisabinene hydrate (6.19%),

camphene (5.90%), zingiberenol (4.26%),

(E)-citral (3.93%), sabinene (3.75%),

(E)-farnesene (3.73%), and italicene (3.21%)

Nanoemulsion based edible coatings with 6%

of ginger essential oils nanoemulsion led to

remarkable reduction in L. monocytogenes in

refrigerated chicken filets during 12 days.

(103)

(Continued)
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TABLE 1 | Continued

Meat product Type of essential

oil

Essential oil concentration The mode of essential

oils applications

Main components Outcome References

Chicken meat filets Rosemary and

cinnamon

essential oils

Sodium alginate active coating

solutions containing, cinnamon

and rosemary essential oils (5

mg/ml) and nisin (2000 IU/ml)

individually or in combination.

In sodium alginate coating Cinnamon: (E)-cinnamaldehyde (83.47%),

α-copaene (2.57%), and α-muurolene (1.97%)

Rosemary: Camphor (23.17%), α-Pinene

(18.56%), and 1,8-Cineole (11.89%)

Application of tested essential oil and nisin was

effective in controlling L. monocytogenes and

the strongest effect was observed in samples

coated with alginate solution containing both

cinnamon and rosemary essential oil had

highest effect, indicating synergist effect of

cinnamon and rosemary essential oil.

(80)

Chicken meatballs Ziziphora

clinopodioides

0.1, 0.2, and 0.3% v/w Addition of essential oil

solution to chicken

meatballs

Carvacrol (65.22%), thymol (19.51%),

p-cymene (4.86%), and γ -terpinene (4.63%).

Contaminated samples (105 CFU/g of L.

monocytogenes) with Z. clinopodioides

essential oil had better microbial properties

compared to the control during 12 days

storage 4◦C. In control sample although L.

monocytogenes did not growth, however it

survived in the refrigerated condition. While, the

counts of L. monocytogenes reached to 2.66,

2.25, and 2.01 log CFU/g in the samples

containing 0.1, 0.2, and 0.3% Z. clinopodioides

essential oil, respectively. They concluded that

Z. clinopodioides essential oil can be utilized as

a natural substance to control L.

monocytogenes in raw chicken meatball that

stored at 4◦C.

(19)

Sausages Thyme essential oil 0.1% In formula incorporation Thymole(38.2%), p-cymene (25.4%) and

terpineol with g terpirene (16.2%)

L. monocytogenes was inhibited by addition of

thyme essential oil. The main antimicrobial

component of thyme essential oil related to

thymol that disturbs cell membrane and inhibits

the ATPase activity of L. monocytogenes.

(104)

Italian mortadella Thymus vulgaris L.

and Rosmarinus

officinalis L

0.025 and 0.05% In formula incorporation Thymus vulgaris L.: Thymol (45.9%), p-cymene

(26.59%), linalool (4.96%)

Rosmarinus officinalis L: α-Pinene (23.98%),

camphor (22.62%), eucalyptol (18.76%),

camphene (8.83%), β-pinene (5.61%)

Mixture of rosemary and thyme had anti-listeria

activity in Italian mortadella. There was

significant differences among control and

treated samples in L. monocytogenes, at the

end of storage (4◦C, 30 d). In comparison to

control samples, L. monocytogenes charges

were almost lower of 2.29 and 2.79 log CFU/g

in samples containing 0.025 and 0.05%

essential oils, respectively.

(12)

Dry Fermented

Sausages

Juniperus

communis L.

0.01, 0.05, and 0.10 µL/g In formula incorporation β-myrcene (14.12%), sabinene (9.51%),

d,l-limonene (8.36%), 4-terpineol (6.88%),

α-amorphene (5.43%), β-pinene (5.39%),

caryophyllene (3.94%), p-cymene (3.92%),

germacrene D (3.81%),

No foodborne pathogens (Escherichia coli,

Listeria monocytogenes, Salmonella spp. and

sulfite-reducing clostridia) were observed in any

sample throughout the storage period (225

days).

The sample with 0.10 µL/g of Juniperus

communis L. exhibited untypical flavor.

Juniperus communis L. essential oil can be

considered as partial replacement for sodium

nitrite in dry fermented sausages.

(105)

(Continued)
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TABLE 1 | Continued

Meat product Type of essential

oil

Essential oil concentration The mode of essential

oils applications

Main components Outcome References

Dry cured

sausages

(Portuguese

chouriço de vinho)

Bay, garlic,

nutmeg, oregano,

rosemary, thyme

0.005 and 0.05% In formula incorporation Bay: Eucaliptol (58.20%), α-terpinenyl acetate

(19.19), b-phellandrene (5.01)

Garlic: Diallyl trisulfide (33.82%), diallyl disulfide

(18.86%), diallyl tetrasulphide (10.97%), methyl

allyl trisulfide (9.04%), diallyl sulfide (8.36%)

Nutmeg: Myristicin (43.35%), sabinene

(23.28%)

Oregano: Thymol (93.34%), γ-Terpinene

(1.29%)

Rosemary: Camphor (22.4%), eucaliptol

(13.24%), a-pinene (10.84%)

Thyme: Thymol (93.94%) cis-Ocimene (1.29%)

Microbial counts of the tested pathogens was

reduced by the addition of essential oils and by

increasing concentration, higher antimicrobial

effect was observed. However, due to sensory

limitations, application of high concentrations

was not practical.

L. monocytogenes was not detected in the

sample with 0.005% of oregano, rosemary and

nutmeg, after 12 days of drying.

Contribution of essential oil addition (0.005%)

for remarkable reduction of pathogen’s counts

and for a shorter period to obtain the not

detectable level, making the industry to

decrease the drying period and increasing

yield production.

(106)

Tuscan sausage Bay leaf 0.05% and 0.1% In formula incorporation 1.8-Cineole (35.50%), linalool (14.10%),

α-terpinyl acetate (9.65%), sabinene (9.45%)

The count of psychrotrophic microorganisms

such as L. monocytogenes were significantly

lower (P < 0.05) in the treated samples than in

the control during 14 days storage at 7◦C.

The count of psychrotrophic microorganisms

reached to 7 log CFU/g on day 8 for the

sample treated with 0.05% of essential oil, and

on day 10 for the sample containing 0.1%,

indicating a 2-day increase in shelf life with 0.1

g/100 g of bay leaf essential oil.

(107)

Sausage model Chinese cinnamon

and cinnamon

bark

0.025 and 0.05 v/w mixed

essential oil

Emulsified microbeads

added into sausages

formulation

Chinese cinnamon: Trans-Cinnamaldehyde

(87.58%) and cinnamyl acetate (7.53%)

Cinnamon bark: Transcinnamaldehyde

(40.71%), cinnamyl acetate (14.25%), β-

phellandrene (9.02%), and β

-caryophyllene (7.41%)

Anti-listerial effects of essential oils, nisin, nitrite

and organic acid salts in a sausage was

studied during 7 days storage at 4◦C.

Application of 0.025 and 0.05% essential oil in

combination with nitrite (100 ppm), organic

acid salts (1.55%), and nisin (12.5 ppm), led to

a 1.5 and 2.6 log CFU/g reduction in L.

monocytogenes population, respectively in

comparison with control at day 7 of storage.

(108)

Pork Sausages Lemongrass 2% Poly lactic acid films Not detected The population of inoculated L.

monocytogenes in the sausage samples

wrapped with the poly lactic acid films

containing 2% lemongrass was 1.47 Log

CFU/g lower than the control samples during

12 days storage at 4◦C.

(109)

Turkey ham Rosemary 1% Addition of rosemary

solution directly to the diced

turkey ham

Not detected The positive control and the sample treated

with rosemary were similar in L.

monocytogenes counts during 63 days at 4◦C.

(110)

(Continued)
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TABLE 1 | Continued

Meat product Type of essential

oil

Essential oil concentration The mode of essential

oils applications

Main components Outcome References

Bologna Oregano 1 or 2% Chitosan films with oregano

essential oil

Not detected Chitosan films alone decreased L.

monocytogenes counts, by value of 2 logs

CFU/g during 5 days storage at 4◦C, while

addition of 1 and 2% oregano essential oil

resulted in a reduction of 3.6 and 4 logs CFU/g

in population of L. monocytogenes,

respectively, indicating antibacterial potentiality

of oregano essential oil.

(111)

Ham Slices Oregano 1% (v/v) In Na-alginate edible films Not detected Control treatment had slightly higher counts of

L. monocytogenes, compared to the sample

treated with edible film containing oregano

essential oil during 40 days at 4, 8 and 12◦C.

A 1.5 log CFU/g reduction in L.

monocytogenes population was observed at

the end of storage at 8 and 12◦C, while at 4◦C,

a reduction 2.5 log CFU/g was occurred.

(85)

Mortadella-type

sausages

Zataria multiflora

Boiss

0.5 and 1% Chitosan films containing

essential oil

Not detected The highest count of L. monocytogenes was

observed in control sample during 6 days at

4◦C. Essential oil addition inhibited L.

monocytogenes growth and anti-listeria activity

of chitosan film significantly changed by

increasing essential oils concentration from 0.5

to 1%.

(112)

Chicken

frankfurters

Thymus daenensis

Celak, Thymbra

spicata L. and

Satureja

bachtiarica Bunge

1% (v/w) Spraying on the surface Not detected Control sample had significantly higher L.

monocytogenes population compared to the

samples treated with essential oils during 14

days of storage at 4◦C.The highest decrease in

bacterial population was observed in the

sample treated with Thymus daenensis

essential oil.

(113)
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food constituents might decrease their antimicrobial properties
(3, 53, 73, 120). The interaction of the phenolic compounds of
EO with proteins and surrounding EO hydrophobic constituents
with fat seem to limit their availability to microorganisms’
target size, and therefore, their antimicrobial properties decrease
(53). Furthermore, it has been indicated that antimicrobial
activities of EOs increase by reduction of oxygen level and pH.
The hydrophobicity of EOs would increase by a decrease in
pH, making it easy for them to dissolve the cell membrane
and interact with target sites of the microorganism (3, 120,
121). High concentration of EOs is required for acceptable
antimicrobial activity. Consequently, due to the intense aroma of
EOs, their application in higher amounts could result in sensory
defects (60, 119).

In order to rectify this shortcoming, various approaches
have been suggested. Incorporation of EOs to edible films
and coatings, microencapsulation or nanoencapsulation of EOs,
use of EO mixtures, and concomitant use of EOs with other
preservation methods such as low temperature, new packaging
methods, thermal and nonthermal processes can be named as
examples of these strategies (3, 31, 119, 122, 123). It has been
reported by Khaleque et al. that clove EO (10%) inactivated L.
monocytogenes in ground beef meat; however, no consumer liked
10% clove EO-supplemented cutlets due to the strong flavor.
Therefore, there is a limitation of using spices with a strong
flavor like clove. They suggested that a combination of other
preservatives such as acid or salt with clove EO and proper
storage condition can be useful in reducing the unfavorable
sensory effect of clove EO (4).

For example, Upadhyay et al. figured out that combinations
of β-resorcylic acid (1.5%), carvacrol (0.75%), and trans-
cinnamaldehyde (0.75%) with hydrogen peroxide (0.1%)
inhibited the growth of L. monocytogenes more effectively than
did individual tested antimicrobial compounds or hydrogen
peroxide (71).

In addition, Noori et al. studied the antimicrobial properties of
nanoemulsion-based edible sodium caseinate coating containing
ginger EO (3 and 6%wt.) on chicken breast filets. They found that
nanoemulsion-based edible coating containing 6% of ginger EO
nanoemulsion significantly decreased total aerobic psychrophilic
bacteria during 12 days of storage. It seems that nanoemulsion
formation results in a reduction in EO droplet size and therefore
there is faster penetration of the antimicrobial compounds into
the bacterial cell. Hence, this increased antimicrobial activity
of nanoemulsions, in comparison with conventional emulsions,
allows the application of lower concentrations of EOs in food
and active coating or packaging (103). Furthermore, it has
been reported that chitosan-loaded nanoemulsion containing
Z. multiflora EO increased reduction of L. monocytogenes in
turkey meat in comparison to control during 18 days of
storage at 4◦C (31). Moreover, the effect of applying VP and
MAP conditions with or without the bay EO on controlling
L. monocytogenes in ground chicken breast was studied by
Irkin et al. They found that VP and MAP efficiency against
L. monocytogenes can be enhanced by the addition of bay EO
in chicken meat (124). Furthermore, it has been reported by
Pavli et al. that the combined effect of high-pressure processing

and sodium alginate edible films containing oregano EO led
to more reduction of L. monocytogenes in a shorter time and
with the lowest final levels in ham slices in comparison to
the ones where high-pressure processing and edible films with
oregano EO were separately utilized (85). Additionally, it has
been reported by Criado et al. that there was a synergistic
effect among thyme EO and irradiation on the reduction of
the Listeria innocua population and extension of the shelf
life of ground meat (30). Similarly, the combined effect of
gamma (γ)-irradiation and microencapsulated oregano and
cinnamon EO and nisin against L. monocytogenes on RTE ham
was investigated by Huq et al. They found that γ-irradiation
treatment and microencapsulated antimicrobials showed a
synergistic antimicrobial effect on RTE meat products during
storage (125).

Additionally, Cui et al. studied the synergetic antimicrobial
effects of cold nitrogen plasma and lemongrass oil against
L. monocytogenes on pork loin. They found that antibacterial
activities of lemongrass oil against L. monocytogenes was
obtained at high doses, while with exertion of cold nitrogen
plasma, a lower concentration of lemongrass oil is required
to achieve acceptable antimicrobial effects. Therefore, the
possible adverse sensory effect of high concentrations of EO
can be mitigated after synergic treatment (126). Therefore, it
could be stated that combined use of EOs as well as their
application with other preservative and packaging methods has
a synergistic antimicrobial effect on L. monocytogenes in meat
and meat products, and further reduction of L. monocytogenes
occurred when EOs are associated with these preservative
methods (12, 31, 71, 80, 84, 86, 103).

CONCLUSION

This study has revealed that EOs could be potentially used as
a replacement for chemical preservatives in meat and poultry
products to mitigate or inhibit growth of L. monocytogenes.
The antimicrobial properties of EOs are ascribed to the
action of various compounds that are present in the EOs.
Thymol, carvacrol, eugenol, carvone, cinnamaldehyde, limonene,
α- and β-pinene, and p-cymene can be named as examples
of major compounds of EOs that exert anti-Listeria activity
through different mechanisms such as changing fatty acid
profiles and the structure of cell membrane and increasing
cell permeability as well as affecting membrane proteins and
inhibition of functional properties of the cell wall. However,
due to the possible negative effect of EOs, especially in
high concentrations, on the organoleptic properties of meat
and poultry products, the concentration of these substances
utilized in meat and poultry products should be carefully
taken into consideration. Furthermore, a combination of low
amounts of EOs with other natural antimicrobial substances and
technologies which exert synergistic antimicrobial effects could
be applied to efficiently prevent growth of L. monocytogenes
in meat and poultry products. Incorporation of EOs to edible
films and coatings, microencapsulation or nanoencapsulation
of EOs, use EO mixtures, and application of EOs with new
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packaging methods and emerging technology such as high
hydrostatic pressure, irradiation, high-intensity pulsed electric
field, and cold plasma can be more efficient in inhibiting L.
monocytogenes growth and enhancing the safety and quality
of meat and poultry products, which should be studied in
future investigations.
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Enteric pathogens such as Salmonella enterica can survive in low pH conditions and

pose a food safety threat during marinating of raw poultry meat. A study was conducted

to investigate the effectiveness of thyme oil for killing S. enterica on raw chicken during

marination in lemon juice containing yucca extract. Samples of raw chicken breast were

inoculated with a five-serovar mixture of S. enterica (∼108 CFU/mL) and immersed for

2, 4, 6, and 8 h in four lemon-based marinades at 22◦C: lemon juice alone (L), L with

added 0.5% yucca extract (L + Y), L + Y and 0.5% thyme oil (L + Y + 0.5% TO) and

L + Y + 1.0% TO. The L and L + Y served as controls. Survivors were determined by

surface plating chicken homogenates on xylose-lysine tergitol-4 (XLT4) agar and XLT4

agar overlaid with non-selective agar (TAL) and counting bacterial colonies after 48 h

of incubation (35◦C). Marinades containing Y and TO significantly reduced initial viable

populations of S. enterica compared to control (L and L + Y) solutions (P < 0.05). Based

on S. enterica survivors on TAL medium, the L and L + Y reduced initial populations by

1.12 and 1.42 Log CFU/sample, respectively, after 8 h whereas, Log reductions caused

by L + Y + 0.5% TO and L + Y + 1.0% TO, respectively, were 2.62 and 3.91 (P <

0.05). Numbers of survivors were higher on TAL compared to XLT4 agar (P < 0.05);

however, the extent of sub-lethal injury caused by the marinades was not statistically

significant (P > 0.05). The death rate of S. enterica increased significantly (P < 0.05) in

the marinades containing TO (0.5 or 1.0%) compared to control (L + Y). Based on these

results, thyme oil has good potential to increase the antimicrobial efficacy of lemon juice

marinade against Salmonella on raw chicken breast and enhance the microbial safety of

this popular poultry product.
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INTRODUCTION

Non-typhoidal Salmonella enterica are commonly implicated
in foodborne disease outbreaks and are a leading cause of
bacterial foodborne illnesses worldwide (1, 2). From 1998 to 2017
there were 298 salmonellosis outbreaks involving contaminated
chicken meat in the United States. Those outbreaks were linked
to 7,881 reported cases, 905 hospitalizations, and 4 deaths (3).
Salmonella frequently inhabits the intestinal tract of poultry (4);
therefore, a major cause of Salmonella contamination during
poultry processing is spillage of intestinal contents during
evisceration. Eradication of Salmonella is difficult because of
numerous animal reservoirs for this pathogen and its ubiquity in
the natural environment (5). Moreover, the ability of Salmonella
to survive in poultry processing facilities increases the incidence
of cross contamination to previously non-infected carcasses (6).
The relatively high prevalence of Salmonella in retail poultry
(7–9) suggests that, to date, poultry processors have been
unable to completely prevent dispersion of this pathogen during
production and marketing of raw poultry meat (10). Thus, due to
numerous opportunities for microbial contamination in poultry
processing, multiple pathogen control strategies and intervention
kill steps are necessary to ensure microbial safety of poultry
meat from farm to consumer (11). In this regard, antimicrobial
marinade formulations may have enhanced potential as an
intervention strategy to reduce enteric pathogens on raw poultry
meat in the farm-to-consumer continuum.

Marination typically involves the soaking or pre-incubation
of raw meats in an emulsion or water-based solution that might
contain a wide variety of ingredients such as vinegar, wine,
fruit juices, organic acids, spices and different aroma additives
(12–15). The main purpose of marination is to improve meat
tenderness, juiciness, yield, flavor, texture (14, 16, 17), and
microbial quality (18). Smith and Acton (19) estimated that more
than 50% of raw poultry may bemarinated prior to consumption;
therefore, marination presents an ideal opportunity to exploit the
antimicrobial activity of certain aromatic components of herbs
and spices against meat-borne pathogens. Low pH marinades
containing lemon juice or vinegar have exhibited antimicrobial
properties (20, 21); however, the ineffectiveness of acidic
marinades with regard to completely inactivating pathogens in
raw meat continues to be problematic (22). The antimicrobial
activity of acidic marinades can be improved by compounds from
different spices and herbs that are utilized for flavoring purposes
(17, 23) as well as the addition of certain plant essential oils (EOs)
(24) or EO components (25).

The EOs are extracts of aromatic plants that exhibit
potent antimicrobial activity (26–29). The oily (hydrophobic)
characteristic of EOs is a major impediment to their application
in water-based (hydrophilic) marinades thatmay consist of water,
salt and phosphate or mainly citrus juices such as lime or lemon
juice. The EOs are not miscible in water and therefore require
the addition of a surfactant for their solubilization (29–31).
Considering the increasing consumer demand for more natural
alternatives to synthetic food additives, natural surfactants such
as yucca extract are gainingmuch attention from food processors.
For example, yucca extract from the Yucca schidigera plant has

FDA GRAS status and is approved for use as an ingredient
in foods and beverages (Code of Federal Regulations 21CFR
172-510, FEMA number 2973).

While there is a growing body of knowledge on the application
of EOs as antimicrobials in various food products, published
reports on the addition of thyme oil to low pH marinades for
pathogen control in poultry meat are scarce. In addition, there
are no published reports on the use of yucca extract to disperse
EOs in marinade solutions. Accordingly, the main objective of
the present study was to evaluate the effectiveness of thyme oil
for killing S. enterica on artificially inoculated raw chicken breast
meat during marination in lemon juice with added yucca extract.
A secondary objective was to determine the extent of sub-lethal
injury to S. enterica survivors on marinated chicken breast meat.

MATERIALS AND METHODS

Bacterial Strain and Culture Conditions
Five serotypes of Salmonella enterica (Enteritidis ATCC13076,
Heidelberg ATCC 8326, Typhimurium ATCC 14802, Gaminara
ATCC 8324, and Oranienburg ATCC 9239) were obtained from
the culture collection of the Microbial Food Safety Laboratory
at Iowa State University. The cultures were maintained frozen
(−80◦C) in brain heart infusion (BHI) broth (Difco; Becton,
Dickinson and Company, Sparks, MD) with 10% (v/v) added
glycerol. Each frozen stock culture was thawed under cold
running water and activated in tryptic soy broth (Difco; Becton,
Dickinson and Company, Sparks, MD) supplemented with 0.6%
(w/v) yeast extract (TSBYE) at 35◦C. Prior to each experiment,
two consecutive 24-h transfers of each activated stock culture
were performed in TSBYE (35◦C) to prepare working cultures.

Preparation of Inoculum
Equal volumes (6-mL) of each of the five working cultures of
S. enterica were combined in a sterile centrifuge tube. The cells
were harvested by centrifugation (10,000× g, 10min, 4◦C) using
a Sorvall Super T21 centrifuge (American Laboratory Trading,
Inc., East Lyme, CT). The pelleted cells were suspended in
3.0mL of 0.85% (w/v) NaCl (saline) to obtain a final viable
cell concentration of 10 log10 colony-forming units (CFU)/mL
for use in the in-vitro experiments. For inoculation of chicken
breast meat samples, pelleted cells re-suspended in 30mL of
saline to give 9.0 Log10 CFU/mL were used. Colony counts of
the cell suspensions were evaluated by serially diluting (10-fold)
and surface plating samples on tryptic soy agar (Difco; Becton
Dickinson) supplemented with 0.6% yeast extract (TSAYE)
followed by the counting of bacterial colonies on TSAYE after
incubation (35◦C) for 24 h.

Minimum Inhibitory Concentration and
Minimum Bactericidal Concentration
The minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) of thyme oil for S. enterica
were evaluated using a broth dilution assay (32). One milliter
of filter-sterilized thyme oil was added to 99mL of sterile BHI
broth (pH 7.4) containing 0.5% (v/v) yucca extract to give an
initial concentration of 1.0% (v/v). Two-fold dilutions of thyme
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oil (1.0%) were prepared in BHI broth with added yucca extract
to obtain the following thyme oil concentrations: 0.5, 0.25, 0.125,
0.062, 0.031, and 0.015% (v/v). The S. enterica cell suspension
(9.0 Log10 CFU/mL) in saline was diluted in fresh saline to
obtain 7.0 Log CFU/mL. Aliquots (0.1-mL) of the diluted cell
suspension were used to inoculate tubes of sterile BHI broth
(10 mL/tube) containing various concentrations of thyme oil to
obtain an initial S. enterica concentration of∼5.0 Log10 CFU/mL.
Inoculated and non-inoculated BHI broth with yucca extract
served as positive and negative control, respectively. All tubes
of BHI broth were incubated at 35◦C and checked for turbidity
after 24 h. The MIC of thyme oil was determined as the lowest
concentration at which no turbidity was observed after 24 h. To
determine the MBC, 0.1mL aliquots from the tubes showing no
turbidity were surface plated on TSAYE. The TSAYE plates were
then incubated (35◦C) and bacterial colonies were counted after
48 h. The lowest concentration of thyme oil that demonstrated
≥99.9% (3-log) kill of the pathogen was deemed as theMBC (33).

Preparation of Lemon Juice Marinade
Whole Sunkist R© lemons (Citrus limon L) from the same
production lot were purchased from a local grocery store in
Ames, Iowa. The lemons were washed with potable water and
cut into halves using a sanitized knife. The lemon juice for
the marinade solutions was prepared by juicing the lemons
using a manual citrus juicer. The fresh juice was titrated with
NaOH solution and its citric acid content was expressed as gram
citric acid per 100mL based on a citric acid standard curve.
Prior to each experiment four treatment solutions including
control lemon juice alone (control) were prepared by aseptically
transferring 100mL of lemon juice into each of four sterile screw-
capped glass bottles. Appropriate amounts of filter-sterilized
stock solutions of yucca extract (Garuda International, Inc,
Exeter, CA) (34) alone or in emulsion with certified food grade
thyme oil (Sigma-Aldrich, Milwaukee, WI) in lemon juice were
added to the three remaining bottles of lemon juice to obtain
thyme oil concentrations of 0, 0.1, and 0.2%. Except for lemon
juice alone, all other marinade solutions contained 0.5% (w/v)
yucca extract. The capped bottles containing the marinade
solutions were vigorously shaken and held at 4◦C until used.

Inoculation of Lemon Juice Marinade
Solutions
For in vitro time-kill studies, 20-mL aliquots of each of the four
marinade solutions were aseptically transferred to separate sterile
50-mL plastic tubes and inoculated with 0.2mL of a five-serovar
concentrated cell suspension (10 Log10 CFU/mL) of S. enterica
to obtain a final viable cell concentration of 8.0 Log10 CFU)/mL.
Each inoculated treatment solution was thoroughly mixed by
vortexing and samples were removed for microbial analysis at
0, 3, 6, 9, 12, and 15min. Time 0min represented about 15 s of
exposure of the pathogen to the marinade before the samples
were transferred to buffered peptone water (BPW; Difco) for
further dilution and plating.

Preparation and Inoculation of Chicken
Breast Meat
Fresh, skinless chicken breast filets were obtained from a local
grocery store and transported on ice in a cooler to the Microbial
Food Safety Laboratory at Iowa State University. The filets were
refrigerated at 4◦C and used within 24 h of purchase. Five chicken
breast filets were randomly selected, and samples (∼50 g each)
of chicken breast meat were aseptically excised using a sanitized
cylindrical plastic corer 30mm in diameter. Each sample was
inoculated with 0.1mL of Salmonella (∼9.0 log CFU/mL) in
order to obtain a final concentration of ∼8.0 Log10CFU/sample.
The inoculum was spread over the surface of the meat sample
using a sterile bent glass rod. The inoculated chicken breast slices
were then held for 30min at ambient temperature (22± 1◦C) in a
laminar flow bio-hazard chamber (with the blower on) and for an
additional 1.5 h without the blower to allow for cell attachment to
the meat surface and drying of the inoculum.

Marination of Inoculated Chicken Breast
Meat
For marination, four 50-g samples of inoculated chicken breast
slices were each transferred to a separate sterile beaker containing
a marinade treatment solution at 22 ± 1◦C. The four marinade
solutions consisted of lemon juice only, and lemon juice with 0,
0.5, and 1.0% (v/v) thyme oil. Each of the three latter marinades
contained 0.5% (w/v) yucca extract. Chicken breast meat samples
were immersed (inoculated side down) in the marinade solutions
with a marinade to meat ratio of 2:1 (100 mL/50 g). Meat
samples were removed from the marinade and drained for 30 s
on a sanitized stainless-steel grill before being analyzed for
Salmonella survivors.

Microbiological Analysis
Samples of non-inoculated raw juice were analyzed for aerobic
plate count (APC) and naturally occurring salmonellae. In this
respect, one-mL samples of juice were each added to 2-mL
of double-strength (2X) buffered peptone water (BPW; pH
7.2). To determine the APC, aliquots (1.0- and 0.1-mL) of
the diluted juice were surface plated on TSAYE followed by
incubation (35◦C) and counting bacterial colonies after 48 h.
For enumerating naturally occurring salmonellae, aliquots of
the diluted juice were surface plated on XLT agar overlaid with
TSAYE (TAL) followed by incubation (35◦C) for 48 h. For the
in-vitro study, microbiological analysis of the inoculated lemon
juice was performed to determine Salmonella survivors after 3,
6, 9, 12, and 15min of inoculation. Ten-fold serial dilutions of
each treatment solution were prepared in BPW. Aliquots (0.1-
mL) of appropriate dilutions were surface plated (in duplicate)
on XLT-4 agar and XLT-4 agar overlaid with TSAYE (TAL).
The inoculated agar plates were incubated at 35◦C, and bacterial
colonies were counted after 48 h. Salmonella survivors on chicken
breast meat were determined after 2, 4, 6, and 8 h of marination.
At each sampling time, the meat samples were drained for 30 s
on a sanitized stainless steel grill then transferred to Seward
Stomacher sterile strainer/filter bags (Fisher Scientific, Fair Lawn,
NJ) each containing 50mL of 2X BPW. The bagged samples
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were each pummeled for 1.0min in a laboratory stomacher
blender operating at medium speed. Aliquots (1-mL) of the
sample homogenate were serially diluted in BPW and 0.1-mL
portions were spread-plated on both XLT-4 agar and TAL media.
The inoculated agar plates were incubated (35◦C) and bacterial
colonies were counted after 48 h.

Calculation of D-Values
The D-values (time of exposure to marinade that results in 90%
reduction in viable salmonellae) were determined by plotting
the log number of survivors per ml of marinade or per sample
(marinated chicken) vs. exposure time using Microsoft Excel
2000 Software (Microsoft Inc., Redmond, WA). Using linear
regression analysis the line of best fit for each set of data
was determined. The D-value was evaluated by calculating the
negative reciprocal of the slope of the regression line.

Determination of Sub-lethal Injury
The TAL medium was used to recover both non-injured and
sub-lethally injured Salmonella and was prepared by aseptically
layering 14mL of sterile TSAYE (49◦C) onto 20mL of solidified
XLT-4 agar in petri dishes (35). Plates of solidified TAL media
were used within 2 h after preparation for surface-plating
samples. Sub-lethal injury in the surviving Salmonella population
was determined as described by Wuytack et al. (36). Briefly, the
numbers bacterial colonies recovered on XLT4 agar and TAL
media were used to calculate the reduction factor (RF) after each
exposure of the pathogen to the marinade. The RF is the ratio
of Salmonella colony counts (CFU/ml) of the control to that of
the treated sample. For each sampling time, the log of the RF was
calculated for Salmonella recovered on each of the two plating
media using the following equation:

Log RF = Log

(

CFU before treatment

CFU after treatment

)

For each sampling time, the log RF values for XLT4 agar and the
TAL medium were plotted on the Y-axis and X-axis, respectively.
Linear regression lines were fitted through the data points and
sub-lethal injury was determined when the values of the slope
and intercept deviated significantly (P < 0.05) from 1.0 and 0,
respectively (36, 37).

Measurement of pH of Marinades
The pH value of each marinade was measured initially (0 h)
and after 2, 4, 6, and 8 h of immersion of non-inoculated raw
chicken breast meat in the marinades. The pH measurements
were performed using an Orion Model 525 pH meter (Orion
Research, Inc., Boston, MA) fitted with a glass electrode.

GC-MS Analysis of Thyme Oil
The thyme oil was analyzed with Agilent Technologies Model
6890A Gas Chromatography system coupled to a Model 5973N
inert XLMSD with Triple–Axis Detector. An Agilent Rxi-5SilMS
(30m × 0.25mm × 0.25mm) Capillary column was used, and
each injected sample consisted of 1 µL of essential oil diluted
in 1.0ml Hexane (HPLC grade) using split-less injection. The
inlet temperature and the helium flow rate were 250◦C and 1.0

mL/min, respectively. Ionization voltage was 70 eV with interface
temperature of 280◦C. The MS source temperature was 230◦C
and the MS Quad temperature was 150◦C with the temperature
sequence was as follows: initial temperature 50◦C, ramp 5◦C
per min to 180◦C, then 10◦C per min to 280◦C with a total
run time of 36min per sample. A mixture of homologous series
of normal alkanes from C10 to C26 was analyzed under the
same conditions as listed above. The compounds present in the
essential oil were identified by comparing the mass spectra of
each component with those from National Institute of Standards
Technology (NIST) by Automated Mass Spectral Deconvolution
and Identification System (AMDIS). The identification was also
based on a comparison between the literature and estimated
Kovat′s retention indices using the formula:

RIx = 100 [n + (tx – tn)/(tn +1 – tn)] ((38)). The tn
and tn +1 represent retention times of the reference normal
alkane hydrocarbons eluting closely before and after the chemical
compound to identify “x.” The tx is the retention time
of that compound “x” whereas “n” represents the number
of carbons.

Statistical Analysis
All experiments were performed in triplicate and the results
were reported as averages. The SAS software (SAS version 9.3,
SAS Institute, Cary, NC) was used for two-way Analysis of
Variance (ANOVA) to evaluate treatment means with significant
differences. The Welch test was used to determine significant
differences between paired treatments. Mean pH values were
analyzed by using JMP Pro statistical software version 15
(SAS Institute, Inc., Cary, NC). The pH means were evaluated
for significant differences at a 5% significance level using the
Student’s t-test.

RESULTS

Minimum Inhibitory Concentration and
Minimum Bactericidal Concentration
Of the thyme oil concentrations ranging from 0.015 to 1.0% (v/v)
in BHI broth (pH 7.4), 0.03 to 1.0% thyme oil inhibited growth
of S. enterica. No turbidity was observed in the respective tubes
of broth. The MIC of thyme oil for the pathogen in BHI broth
(35◦C) for 24 h was 0.03%. The MBC of thyme oil was 0.06%,
which resulted in 3.2 Log CFU/mL reduction in initial viable
count of S. enterica.

Viability of Pathogens in Marinade
Solutions
The APC and numbers of viable salmonellae in non-inoculated
raw lemon juice were each <3.0 CFU/mL. Figures 1A,B show
numbers of S. enterica survivors in artificially inoculated lemon
juice marinade solutions based on bacterial colony counts
on TAL medium (Figure 1A) and XLT-4 agar (Figure 1B).
The average initial viable count of S. enterica in marinade
solutions was 8.0 ± 0.4 Log10 CFU/mL. Lemon juice alone
decreased numbers of the pathogen from ∼8.0 to 4.3 Log
CFU/mL after 15min (Figure 1A). Survivors in lemon juice
with only yucca extract were consistently lower than those in
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FIGURE 1 | Survivors of Salmonella enterica planktonic cells in lemon juice marinades based on bacterial colony counts on TAL medium (A) and on XLT4 agar (B).

lemon juice alone; however, differences were not statistically
significant (p > 0.05) (Figure 1A). In lemon juice containing

yucca extract and thyme oil (0.1%), initial numbers of S.

enterica decreased from ∼8.0 log CFU/mL (0min) to 6.38,
5.62, 4.58, 3.70, and 2.81 Log CFU/mL after 3, 6, 9, 12, and
15min, respectively (Figure 1A). Lemon juice with thyme oil

(0.2%) exhibited the highest antibacterial effect whereby initial

numbers of the pathogen decreased from ∼8.0 (0min) to
3.29, 1.96 and <1.0 Log CFU/mL, respectively, after only 3,

6, and 9min. No S. enterica survivors were detected in that
same juice after 12 and 15min (Figure 1A). Irrespective of
plating medium, lemon juice with added yucca extract and
thyme oil (0.2%) exhibited the strongest bactericidal effect
against the pathogen (Figures 1A,B). For those two juices that
contained thyme oil (0.1 and 0.2%), higher numbers of S. enterica
survivors were observed on TAL medium compared to XLT-4
agar (P < 0.05).

Survival of Salmonella on Raw Chicken
Meat
No salmonellae was detected on non-inoculated samples of
chicken breast meat. The numbers of S. enterica survivors
on marinated raw chicken breast based on colony counts on
TAL medium and XLT4 agar, respectively, are presented in
Figures 2A,B. The initial viable count of S. enterica on artificially
inoculated chicken breast filets was ∼8.0 Log10 CFU/sample
based on microbial analysis of the cell suspension used to
inoculate the chicken samples. The numbers of survivors
on the non-treated inoculated chicken breast after 2 h at
ambient temperature (22 ± 1◦C) were ∼7.08 log CFU/sample
representing a 0.92 Log CFU decrease in cell viability. Compared
to lemon juice alone or juice with added yucca extract, all
treatments containing thyme oil significantly reduced initial
numbers of viable S. enterica on raw chicken irrespective of
the type of agar medium used for counting bacterial colonies
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FIGURE 2 | Survivors of Salmonella enterica attached to raw chicken breast meat in lemon juice marinades based on bacterial colony counts on TAL medium (A) and

on XLT4 agar (B).

(P < 0.05). After 8 h, initial numbers of viable S. enterica on
chicken in lemon juice alone and with yucca extract decreased
from 7.08 to 5.96 and 5.66 Log CFU/sample, respectively,
based on numbers of survivors on TAL medium (Figure 2A).
In contrast, after 8 h, initial numbers of the pathogen (Log
CFU/sample) on chicken in marinades with added thyme oil
decreased to 4.46 (0.5% TO) and 3.17 (1.0% TO) (Figure 2A).
Higher numbers of Salmonella survivors were consistently
recovered on TAL medium compared to XLT agar.

Decimal Reduction Times (D-Values)
Table 1 shows the effect of marination on D-values for S. enterica
planktonic cells (A) and cells attached to raw chicken breast
meat (B). No significant differences in D-values were observed
for cells treated with lemon juice alone compared to lemon juice
containing only yucca extract irrespective the state of the cells
(planktonic or attached) or plating medium (P > 0.05). For
planktonic cells in marinade solutions the addition of thyme oil
(0.1 or 0.2%) significantly decreased the D-value of the pathogen

compared to control (lemon juice and lemon juice + yucca
extract) irrespective of the plating medium (P < 0.05). Based
on numbers of pathogen survivors on TAL medium, a similar
observation was made for cells attached to chicken whereby
significant reductions in D-values (P < 0.05) occurred with the
addition of thyme oil to marinade solutions (Table 1B). Based on
numbers of survivors on XLT-4 agar, no significant differences in
D-values (P > 0.05) were observed for S. enterica cells attached
to marinated raw chicken (Table 1B).

Sub-lethal Injury in Salmonella Survivors
Table 2 shows sub-lethal injury (expressed by linear regression
parameters) in S. enterica survivors resulting from exposure of
inoculated chicken breast meat to the marinade solutions. That
table displays the slopes and intercepts from linear regression
plots, which showed reduction in culturability of the pathogen.
Based on those slope and intercept parameters, the extent of
sub-lethal injury in pathogen survivors caused by each of the
marinade treatments was not statistically significant (P > 0.05).
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TABLE 1 | Decimal reduction times (D values) for Salmonella enterica as

planktonic cells (A) and cells attached to raw chicken breast meat (B) during

exposure to lemon juice marinade solutions at 22 ± 1◦C.

D value (minutes)x

Treatment TAL XLT4

(A) PLANKTONIC CELLS

Lemon juice 4.83 ± 0.18a 3.55 ± 0.26a

Lemon juice + yucca* 5.21 ± 0.44a 3.50 ± 0.08a

Lemon juice + yucca + 0.1% thyme oil 2.99 ± 0.21b 2.41 ± 0.40b

Lemon juice + yucca + 0.2% thyme oil 1.02 ± 0.46c 0.74 ± 0.28c

D value (hours)x

Treatment TAL XLT4

(B) ATTACHED CELLS

Lemon juice 4.59 ± 1.39a,b 4.04 ± 1.50a

Lemon juice + yucca 6.44 ± 2.09a 3.68 ± 1.54a

Lemon juice + yucca + 0.5% thyme oil 2.46 ± 0.19b 2.04 ± 0.15a

Lemon juice + yucca + 1.0% thyme oil 2.25 ± 0.33b 1.84 ± 0.22a

*yucca extract (0.5%); TAL, thin agar layer medium; XLT4, xylose lysine tergitol agar.
xFor each group of cells (planktonic or attached) average D values with different

superscripts (a,b) within a column are significantly different (P < 0.05).

TABLE 2 | Slopes and intercepts from regression plots for reduction in viability of

Salmonella enterica on chicken breast meat in lemon juice marinade.

Treatment aSlope bIntercept R-Squared

Lemon juice alone 1.283 ± 0.227 0.349 ± 0.227 0.918

Lemon+ Yucca 1.223 ± 0.066 0.104 ± 0.047 0.857

Lemon+ Yucca+ 0.5% Thyme oil 1.235 ± 0.245 −0.222 ± 0.736 0.907

Lemon+ Yucca+ 1.0% Thyme oil 1.204 ± 0.108 0.431 ± 0.291 0.889

aValues for slope are not significantly different from 1.0 (P > 0.05).
bValues for intercept are not significantly different from 0 (P > 0.05).

Each value represents the mean ± standard deviation from 3 replicate experiments.

The pH of Marinade Solutions
The pH value of the lemon juice was 2.44 and its citric
acid content was 7.0 g/100mL. The pH values for marinade
solutions (22 ± 1◦C) with or without raw chicken are shown
in Table 3. The initial pH of the marinades ranged from 2.44
to 2.46. The pH of control marinade solution (without raw
chicken) remained largely unchanged (pH ∼ 2.44) through 8 h.
In contrast, significant increases (P < 0.05) in the pH values were
observed for all marinades that contained raw chicken. Increases
in pH values at 4 and 8 h averaged 0.16 and 0.44, respectively.
Compared to control, all other marinades exhibited a higher pH
value after 2, 4, 6, and 8 h in contact with raw chicken samples
(P < 0.05) with pH values ranging from 2.88 to 2.90 after 8 h.

GC-MS Analysis of Thyme Oil
Results of gas chromatography-mass spectrometry (GC-MS)
analysis of thyme oil used in the present study are presented
in Table 4. Fifteen different components representing major
and minor components of that essential oil were identified at

concentrations ranging from 0.14 to 51.07%. Thymol and O-
cymene were the top two major components at concentrations
of 51.07 and 24.1%, respectively.

DISCUSSION

In vitro microbial susceptibility tests such as MIC and MBC,
are usually performed to evaluate the sensitivity of an organism
to an antimicrobial agent such as an antibiotic or chemical
preservative. Since the MIC and MBC of thyme oil depend on
several variables including composition and concentration of
this EO’s bioactive components and the cultural conditions for
the test organisms, comparison of results with those of other
studies involving thyme oil is not simple (39). Considering these
limitations, Lu and Wu (40) reported 0.1 and 0.2% as MIC and
MBC, respectively, for each of four S. enterica serotypes namely,
Typhimurium, Enteritidis, Sefentenberg, and Kentucky. Those
concentrations are higher than those (MIC = 0.03% and MBC
= 0.06%) for the five serovar mixture (Enteritidis ATCC13076,
Heidelberg ATCC 8326, Typhimurium ATCC 14802, Gaminara
ATCC 8324, and Oranienburg ATCC 9239) reported in the
present study. While the MIC and MBC concentrations differ
between the two studies, one common finding is that the MBC
is twice that of the MIC. In this respect, when the ratio of
MBC to MIC is ≤4, the antimicrobial is bactericidal (41). Since
the MBC:MIC ratio of thyme oil for S. enterica is 2, that
EO is bactericidal and should be effective for augmenting the
antibacterial activity of citrus juice marinades against S. enterica.

Citrus juices from lime and lemon fruit are major sources
of citric acid and are widely used by consumers to marinate
raw poultry meat in preparation for cooking. Several published
reports have highlighted consumers’ belief that diluted lemon
juice, lime juice, or vinegarmay destroy pathogens on raw poultry
meat to improve microbial safety of this product (42, 43). In
the present study, exposure of planktonic S. enterica cells to
undiluted lemon juice (pH 2.44) at 22± 1◦C for 15min decreased
initial numbers of the pathogen by 3.7 Log CFU/mL based on
numbers of survivors on TAL medium (Figure 1A). This result
indicates that lemon juice alone exerts a bactericidal effect on S.
enterica. The low pH (2.44) of the lemon juice plus the citric acid
in that juice are likely responsible for the observed antimicrobial
action as similar findings were reported by others (22, 44). The
0.92 Log CFU decrease in initial numbers of S. enterica after 2 h
of inoculating the chicken suggests a loss of viability of some cells
during drying of the inoculum at ambient temperature (22 ±

1◦C). In this regard, 7.08 Log CFU/sample was used as the actual
initial viable count for calculating reductions in populations of
the pathogen on chicken breast meat.

When samples of inoculated raw chicken breast meat were
marinated for 8 h in lemon juice alone, reduction in the initial
viable count was only 1.12 Log CFU/sample (Figure 2A) which
was lower than that observed for planktonic cells exposed
to lemon juice for 15min (Figure 1A). These results are
not surprising considering the fact that bacteria attached to
surfaces are more tolerant to antimicrobial agents compared to
planktonic bacteria (45). For example, Salmonella cells attached
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TABLE 3 | Changes in pH of marinade solutions during marination of non-inoculated raw chicken breast meat at 22 ± 1◦C.

apH of marinade solutions

Treatment 0 h 2 h 4 h 6 h 8 h

L (NC)* 2.44 ± 0.01Ax 2.44 ± 0.02Ay 2.43 ± 0.05Ay 2.45 ± 0.02Ay 2.44 ± 0.02Ay

L 2.44 ± 0.02Ex 2.51 ± 0.03Dx 2.59 ± 0.04Cx 2.66 ± 0.02Bx 2.89 ± 0.02Ax

L + Y 2.46 ± 0.02Ex 2.54 ± 0.04Dx 2.62 ± 0.03Cx 2.68 ± 0.01Bx 2.88 ± 0.02Ax

L + Y + 0.5% TO 2.45 ± 0.03Ex 2.55 ± 0.02Dx 2.60 ± 0.02Cx 2.68 ± 0.02Bx 2.90 ± 0.02Ax

L + Y + 1.0% TO 2.46 ± 0.02Dx 2.54 ± 0.04Cx 2.64 ± 0.02Bx 2.67 ± 0.03Bx 2.88 ± 0.03Ax

aEach pH value represents the mean ± standard deviations of three replicate experiments.

*NC, no chicken in marinade.

L, lemon juice; Y, yucca extract (0.5%); TO, thyme oil.

Means that do not share the same letter (A, B, C, D, E) within the same row or within each column (x, y) are significantly different (P < 0.05).

TABLE 4 | Compounds identified in thyme oil based on analysis using GC-MS.

Component RT RIs RINist Percent (%)

α-pinene 5.98 942.5 937 1.78

Camphene 6.37 956.8 952 0.42

β-Myrcene 7.29 990 991 0.55

o-Cymene 8.24 1,024.3 1,022 24.1

Eucalyptol 8.45 1,032 1,032 1.67

γ-Terpinene 9.14 1,057.2 1,060 5.42

4-Carene/Linalool 10.27 1,097.9 1,099 4.4

Camphor 11.63 1,147 1,145 1.49

Isoborneol 12.09 1,164 1,157 0.14

Endo-borneol 12.32 1,172.6 1,167 0.73

Terpinen-4-ol 12.56 1,181.2 1,177 0.72

Thymol 15.57 1,293.2 1,291 51.07

Carvacrol 15.82 1,301.5 1,299 3.33

Caryophyllene 18.99 1,422.6 1,419 0.2

Caryophyllene oxide 22.95 1,585.4 1,581 0.18

RT, Retention time; RIs, Kovat
′s Retention index of thyme oil compounds found in the

sample used in this study; RINist, Kovat
′s Retention index in NIST14 library. Values in bold

type indicate the amounts (%) of two major components of thyme oil.

to surfaces exhibited far more resistance than planktonic cells
to disinfectants used during poultry processing (46). Moreover,
the increased resistance of the attached cells may be partly
attributed to the protective effect that the chicken breast offers
S. enterica. It is likely that cell attachment to the chicken meat
surface precludes full contact of the pathogen with the marinade
treatment solutions. Additionally, production of biofilm on the
meat surface could offer some protection to the attached cells.
Dimakopoulou-Papazoglou et al. (47) reported an increased
tendency of S. enterica to produce biofilm rapidly especially when
they were exposed to conditions of very low pH. However, for
planktonic S. enterica cells, such protection via attachment and
biofilms is not possible because the cells are directly exposed to
marinade solutions.

The survival of S.enterica on chicken breast meat in lemon
juice suggests that, depending on the initial level of Salmonella
contamination, survivors of that pathogen may persist on raw
chicken in lemon juice even after several hours and pose a

health risk to consumers. Our results are supported by those of
Yang et al. (22) who reported that lemon juice marinade (pH
2.6–2.8) was not effective for completely inactivating Salmonella
Enteritidis, Escherichia coliO157:H7, and Listeria monocytogenes
on raw beef. In the present study, the addition of thyme oil (0.1 or
0.2% wt/vol) to the lemon juice significantly (P < 0.05) increased
in the bactericidal effect of lemon juice marinades against
both planktonic (Figure 1A) and attached cells (Figure 2A)
of S. enterica.

There are several published reports on the potential of
essential oils (EOs) including thyme oil to control foodborne
pathogens due to their bacteriostatic and bactericidal properties
(24, 26, 27, 29, 48–50). Although the precise antibacterial mode
of action of thyme oil is not fully elucidated, the antimicrobial
effects of this EO might be attributed to additive or synergistic
effects of several of its major and/or minor components (26,
51). The results of GC-MS analysis of the composition of
the thyme oil used in the present study (Table 4) revealed
that thymol (51.1%) and O-cymene (24.1%) were two major
components. Recently, compositional analysis of thyme oil
extracted from thyme leaves in Cordoba, Argentina, revealed
that the two major components of that EO were also thymol
and O-cymene at concentrations of 34.8 and 37.1%, respectively
(52). (53) reported that the antibacterial mode of action of
thymol involves increased cell permeability, dissipation of the pH
gradient across the cytoplasmic membrane, and cellular leakage
of inorganic ions. The other components of thyme oil may
further contribute to the bactericidal properties as they may act
synergistically in contribution to thyme oil’s antibacterial effect.
For example, p-cymene, another main component of essential
oils, has relatively weak antimicrobial activity; however, it may
enhance the antimicrobial action of other EO components via
synergism and additive effects ((54))

Other plausible factors that likely contributed to the
antibacterial effect of lemon juice marinade containing thyme
oil are increased hydrophobicity and miscibility of the thyme
oil. Hydrophobicity of EOs increases at low pH levels (55)
and increased hydrophobicity enhances partitioning of EOs
in bacterial membrane lipids to disrupt cell functioning (26,
56, 57). In this regard, lemon juice (pH 2.44) used in the
present study, served as a low pH medium for enhancing the
bactericidal effect of thyme oil against Salmonella on raw chicken
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meat. The hydrophobic characteristic of thyme oil precludes
its miscibility in the lemon juice, which is hydrophilic. Poor
miscibility EOs in water-based solutions is one of the challenges
to their widespread application in foods systems (29, 30).
When an antimicrobial agent is poorly miscible in foods, it
does not readily contact foodborne microorganisms to exert its
bacteriostatic or bactericidal effect. Improved miscibility of EOs
via use of emulsifiers can enhance their antimicrobial activity
(58). To improve the miscibility of EOs, researchers have used
synthetic emulsifiers such as Tween 20 or Tween 80 (24, 59,
60). However, considering growing consumer demand for more
natural alternatives to synthetic food additives, we used yucca
extract in the present study to emulsify the thyme oil in the
lemon juice. Thomas-Popo et al. (31) were the first researchers
to report the application of yucca extract for solubilizing an
EO component (isoeugenol) in raw pineapple juice to kill
enteric pathogens. Yucca extract from the Mohave Yucca plant
(Yucca schidigera) is a natural surfactant, which is FDA-approved
for use in the food, cosmetic, and feed industries (61). That
plant extract contains saponins, which have both lipophilic and
hydrophilic characteristics (62). Also, saponins are known to
have antimicrobial properties (63). Based on the previously stated
information, we speculate that both the low pH of the lemon
juice (pH 2.44) and the emulsifying property of yucca extract
improved the antibacterial activity of thyme oil against S. enterica
as planktonic cells and as cells attached to chicken breast meat.

The D-values (Table 1) for S. enterica exposed to marinade
solutions represent the times required for a 10-fold (1.0 Log)
destruction of the initial viable population of the pathogen.
The significant (P < 0.05) decreases in D-value for planktonic
cells of S. enterica in marinades containing thyme oil at 0.1
and 0.2% (v/v) suggest a faster death rate of the pathogen in
those marinades compared to lemon juice alone or with added
yucca extract (Table 1A). Based on numbers of survivors on TAL
medium, the death rate for S. enterica cells attached to chicken
breast meat was significantly (P < 0.05) faster in lemon juice
marinades with added thyme oil at 0.5 and 1.0% (v/v) compared
to lemon juice with added yucca extract (Table 1B). Most of the
antimicrobial activity of thyme oil seem to be associated with its
phenolic components such as carvacrol and thymol (64–66). The
antimicrobial action of phenolic compounds is mainly associated
with membrane disruption in Gram-negative and Gram-positive
bacteria (67). While carvacrol constitutes only 3.33% of the
components of thyme oil used in the present study, thymol (51%)
is a major phenolic component (Table 4). The increased death
rate of S. enterica cells in lemon juice with added thyme oil
further suggests that the antimicrobial components of thyme oil
inflicted additional damage to the pathogen beyond that caused
by the low pH of the lemon juice.

Our observed increase in pH of the marinades (22 ± 1◦C)
during 8 h of marination of chicken breast meat (Table 3) was
likely due to dilution of the marinade by juices from the raw
chicken. Similar increases in pH of meat marinades have been
reported (12, 68). Tan et al. (69) demonstrated that raw chicken
meat immersed in a buffered saline solution (pH 2.0) at 4◦C
increased the pH of that medium to 4.74 after 24 h. In those
previously mentioned reports, the increases in pH were likely

attributed to the high buffering capacity of meat proteins (12).
The buffering effect of chicken meat protected S. enterica from
the effects of acidic pH (69). Our findings and those of others
regarding the increase in pH of acidic solutions containing
poultry meat suggest that raw poultry meat can decrease the
inhibitory properties of acidic marinades over time. This in
turn can reduce the lethal effect of the marinade and allow
survival of human enteric pathogens to pose a food safety risk
to consumers. This problem is further exacerbated considering
that some Salmonella serovars possess acid-adaptation systems
that enhance their survival at pH levels as low as 2.5 (70, 71).
After 8 h, in spite of the increase in pH of the marinades
containing raw chicken breast meat, the added thyme oil (1.0%
v/v) inactivated the initial population of S. enterica by 3.91
and 4.52 Log CFU/sample, based on survivors on TAL medium
and XLT4 agar, respectively (Table 2) (P < 0.05). Based on this
result thyme oil at 1.0% (v/v) exhibits good potential for killing
S. enterica on chicken meat in acidic marinades that undergo
increases in pH during several hours of marination at ambient
temperature (22± 1◦C).

Despite recommendations by government agencies globally
(72–74) that meats should be marinated under refrigeration,
some consumers marinate meats at room temperature. This is
especially true in some areas of the world where refrigeration
is unavailable. In the present study, raw chicken breast meat
immersed in lemon juice was held at 22± 1◦C for 8 h to simulate
temperature abuse during marination. The recommendation for
marinating meats under refrigeration (<5◦C) for no more than
2 days (74) is to prevent growth of pathogenic microorganisms.
In the present study, addition of thyme oil to lemon juice
marinade significantly increased the death rate of S. enterica
on the chicken compared to marinade without thyme oil (P <

0.05). These findings suggest that thyme oil can decrease the
survival of S. enterica in lemon juicemarinade under temperature
abuse conditions for 8 h. Therefore, addition of thyme oil to
acidic marinades may serve as an alternative to refrigeration
to ensure microbial safety of chicken breast meat for 8 h at
room temperature.

In determining the numbers of S. enterica survivors in lemon
juice marinades, we plated diluted samples of marinade on
two agar media, namely, TAL medium and XLT4 agar. Two
agar media were used to evaluate the extent of sub-lethal
injury in S. enterica survivors. Hurst (75) described sub-lethal
injury as a result of exposure of microbes to a chemical or
physical process that damages but does not kill them. The TAL
medium allowed resuscitation and growth of sub-lethally injured
survivors and growth of non-injured survivors of the pathogen
without interference (growth) from background organisms (35,
76). The XLT4 agar is a selective medium, which allowed growth
of non-injured survivors while preventing growth of sub-lethally
injured organisms and background microflora. Therefore, the
occurrence of larger populations of S. enterica on TAL medium
compared to XLT4 agar indicated sub-lethal injury. For both
planktonic cells and cells attached to raw chicken, numbers of
S. enterica survivors were significantly higher on TAL medium
compared to XLT4 agar (P < 0.05). On this basis, these results
indicate that the acidic marinade treatments caused sub-lethal
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injury in the part of the surviving population of S. enterica.
However, based on the slope intercept method described by
Wuytack et al. (36) the extent of sub-lethal injury caused by
each of the marinades was not statistically significant (P > 0.05;
Table 3).

The consistently lower numbers of S. enterica survivors
observed on XLT4 agar suggests that the use of selective
media for evaluating pathogen survivors in acidic marinades
can erroneously overestimate the extent of inactivation of the
target pathogen. This is because selective media such as XLT4
are unable to support growth of injured pathogens (77). More
importantly sub-lethally injured organisms might be able to
resuscitate and develop increased resistance to antimicrobial
treatments (78). From a food safety perspective, our results
are important considering that some S. enterica serovars have
a low infectious dose (79). Therefore, failure to detect even
small amounts of that pathogen due to sub-lethal injury causes
critical limitations in food diagnostics because of overestimating
pathogen inactivation and the possibility of false negative
results (80).

CONCLUSIONS

Salmonella enterica can persist for several hours on raw
chicken breast meat during marination in lemon juice at room
temperature (22◦C). The addition of thyme oil at 0.5 or 1.0
% (v/v) to lemon juice marinade containing yucca extract
significantly increases the death rate of S. enterica on raw chicken
during marination at 22◦C. Thyme oil combined with yucca
extract can improve the antimicrobial effectiveness of lemon

juice against Salmonella on raw chicken breast and enhance the
microbial safety of this popular poultry product.
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Ensuring safe, fresh, and healthy food across the shelf life of a commodity is an ongoing

challenge, with the driver to minimize chemical additives and their residues in the food

processing chain. High-value fresh protein products such as poultry meat are very

susceptible to spoilage due to oxidation and bacterial contamination. The combination

of non-thermal processing interventions with nature-based alternatives is emerging as

a useful tool for potential adoption for safe poultry meat products. Natural compounds

are produced by living organisms that are extracted from nature and can be used as

antioxidant, antimicrobial, and bioactive agents and are often employed for other existing

purposes in food systems. Non-thermal technology interventions such as high-pressure

processing, pulsed electric field, ultrasound, irradiation, and cold plasma technology are

gaining increasing importance due to the advantages of retaining low temperatures,

nutrition profiles, and short treatment times. The non-thermal unit process can act

as an initial obstacle promoting the reduction of microflora, while natural compounds

can provide an active obstacle either in addition to processing or during storage

time to maintain quality and inhibit and control growth of residual contaminants. This

review presents the application of natural compounds along with emerging non-thermal

technologies to address risks in fresh poultry meat.

Keywords: poultry, non-thermal processing, natural compounds, Campylobacter, essential oils

INTRODUCTION

Fresh poultry meat and poultry products are highly perishable products but also have high potential
as sources of human infection due to the presence and persistence of key pathogens in the
poultry process chain. Outbreaks of foodborne illnesses in association with poultry products are
one of the primary causes of outbreaks in the US and the EU. Among the reported numbers
and notification rates of confirmed zoonoses in the EU in 2018, the top 5 are campylobacteriosis
(246,158), salmonellosis (91,662), yersiniosis (6,823), and Shiga toxin-producing Escherichia coli
(STEC) infections (6,073) (1, 2). Also, according to the Centers for Disease Control and Prevention
(3), around 11, 2, and 1% of foodborne outbreaks are associated with chicken, turkey, and other
poultry products, respectively, while turkey (609 illnesses) had the most outbreak-associated
illnesses followed by chicken (487 illnesses). The pathogen Campylobacter caused up to 1.5 million
illnesses each year in the US (4); thus, a focus on comprehensive and emerging methods for safety
control in poultry processing is warranted.
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FIGURE 1 | Schematics of perception analysis for different poultry decontamination treatments. Adapted from Safefood (5).

In order to provide safer poultry products, the food industry
has developed and implemented preventive measures based
on the Hazard Analysis and Critical Control Points (HACCP)
and food safety management systems in combination with
technological interventions, such as sanitization processes,
refrigeration, and modified atmosphere packaging that can
control identified potential microbial hazards during food
processing and storage. However, according to the policy
and consumer demand requiring sustainable, safe, and high-
quality minimally processed foods, the food industry seeks
alternative approaches to extend safe shelf life; such as irradiation,
high-pressure processing (HPP), and natural green chemicals
including bio-preservation or intelligent packaging. Figure 1

(6) illustrates the consumers’ perception of 10 different meat
decontamination processes based on how natural and invasive
the process is considered.

The intensity of non-thermal processing treatment is vital for
product safety and inactivation of pathogenicmicrobes. Han et al.
(7) reported reactivation of sublethally injured microorganisms
in a favorable environment during storage in meat and
meat products. Spore-forming organisms such as Clostridium
botulinum are resistant toHPP (8). The increase in a non-thermal
process intensity to deal with recalcitrant microbiological issues
may adversely affect foods’ sensory properties (9). HPP can also
alter the structure of polysaccharides and proteins, leading to
textural changes in terms of hardness (10). Meat tenderness
is the essential attribute that drives its consumer acceptability
(11). Post slaughter, meat tenderization results from protease

proteolysis of myofibrillar and cytoskeletal proteins as well
as from the degradation of connective tissue substances, in
particular collagen (12). Applying power ultrasound can produce
free radicals, which imparts effective microbiological control, but
which can also impact the product quality of high-fat foods due to
oxidation (13). Similarly, irradiation can also cause undesirable
organoleptic changes to high-fat foods and can induce color,
odor, and taste effect on fresh meat products (14).

Thus, to overcome these shortcomings, there is potential to
optimize non-thermal technology effects in combination with
incorporation of natural compounds. Careful consideration of
the mechanisms of action of individual non-thermal approaches
may reveal what combinations can be successful across a range of
food systems. For example, pulsed electric field (PEF) can cause
cell membrane damage of microorganisms, enhancing sensitivity
to antimicrobial agents like nisin (15). Similarly, application of
naturally occurring antioxidant compounds such as rosemary
extract, blueberry, or ascorbic acid can be used as an alternative
for synthetic preservatives like butylated hydroxyanisole,
butylated hydroxytoluene, and tertiary butylhydroquinone (16).
Synergistic inactivation of microorganisms using non-thermal
technology with natural compounds can be a promising way
to increase the safety of poultry products while diminishing
undesirable effects on some food characteristics. This review
summarizes the key risks and published findings where
non-thermal technologies have been combined with natural
compounds and comments on the effects on the microbiological
and physicochemical characteristics.
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FIGURE 2 | Overview of poultry processing commercial chain. “*” represents a

post slaughter stage point where antimicrobial interventions can take place.

CURRENT INTERVENTION PROCESS
TECHNOLOGIES ENSURING POULTRY
MICROBIOLOGICAL SAFETY

There are many approaches applied in poultry processing
to maintain fresh poultry meat safety, which are generally
classed as biological, physical, or chemical interventions (6).
Electrolyzed water, hot water combined with rapid cooling,
chilling and freezing (cold air and ice water), activated
oxygen, and organic acids (lactic acid, oxidizing acids, and
peroxyacetic acid) are examples of these decontamination
processes currently used in poultry processing plants (17). The
overview of the poultry processing plant is given in Figure 2. The
proposed application of antimicrobial interventions in poultry
processing can be implemented at carcass washing, scalding,
defeathering, chilling/cooling, or packaging. The US Department
of Agriculture (USDA) recommends the use of hot water above
74◦C for sanitizing effect on carcasses.

High pressure, steam, and steam vacuum, as well as hot and
cold water are some physical treatments commonly applied to
meat carcass surface decontamination. Physical decontamination
approaches currently used for chicken are steam and immersion
in hot water (18). Due to the high temperature (100◦C),
microorganisms including natural microflora should be
inactivated on the surface of the product within limited exposure
times. Some limitations with stream usage are the deterioration
of sensory characteristics attributed to changes of the color, and

samples that look partially cooked, with shrunken skin (19).
In steam vacuum processes, steam or hot water is sprayed on
carcasses followed by vacuum treatment. This process is an
effective method for spot decontamination at the slaughtering
unit before the final chilling. The solutions of organic acids are
frequently used in the chemical rinse to decontaminate the entire
surface of carcasses. The most commonly used organic acids are
acetic and lactic acids (20).

Peracetic acid, disodium phosphate, hexadecylpyridinium
chloride, and sodium hypochlorite are themost utilized sanitizers
during poultry processing (scalding and pre/post chilling) in
poultry plants. Treatments with these antimicrobials can be
online or off-line for reprocessing at different stages and
temperatures and for different treatment times (21). Peracetic
acid is an artificial disinfectant retaining good efficacy against
poultry meat-related pathogens: Salmonella and Campylobacter
(22). Sodium hypochlorite is commonly applied in water used
for chilling/cleaning by spaying and/or immersion to reduce
microbial load; however, the efficiency drops down significantly
because of the interaction between organic matter in the
meat and chlorine (23). Chlorine usage is prohibited in some
countries including Germany, Denmark, and Belgium because
of the potential interactions with organic matter within poultry
carcasses, which can generate harmful chlorinated compounds
(halo acetic acids, trihalomethanes, and chloramines) reported to
be mutagenic and carcinogenic (23).

However, chlorine dioxide has also been used for sterilization,
sanitization, and as disinfectant depending on its form (liquid or
gas). Acidified sodium chlorite is an oxidative antimicrobial agent
with a large activity spectrum (yeast, fungi, protozoa, viruses,
pathogens, and molds). It is authorized by Food and Drug
Administration (FDA) and Environmental Protection Agency
(EPA) to be used in poultry (24). One of the best alternatives
to classical sodium hypochlorite is electrolyzed water due to it
low cost, high sterilization effect, and non-harmful effect (23).
Specific organic acids can also be effective in terms of microbial
inactivation and stability in the presence of organic mateial,
namely, citric acid, lactic acid, succinic acid, and acetic acid.
Nevertheless, some limitations are associated with the usage
of such organic acids such as off-colors, odors, and flavors in
addition to material corrosion (24).

MICROBIOLOGICAL CONTAMINANTS OF
CONCERN IN THE POULTRY SECTOR

Microbial Spoilage
Owing to microbial spoilage, millions of pounds per annum

of fresh poultry meat products are lost (25, 26). Poultry meat

spoilage has dramatic effects by limiting shelf life (27) and
negatively affecting the economy (28). The deterioration may
result from quality and sensory damage to change in texture,
odor, color, taste (29), and slime formation (27, 30). These
changes are induced by enzymatic reactions, lipid oxidation (30),
and action of the natural microflora within the poultry meat (28).
Odor quality is affected by the production of volatile catabolites,
while the deterioration in color happens throughout storage that
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is frequently related to biochemical reactions (between meat
pigments, oxygen, and volatile microbial catabolites) and higher
meat pH (30).

Several bacteria may be involved in poultry meat
spoilage including coliforms, Enteriobacteriaceae, Brochothrix
thermosphacta, Pseudomonas, Aeromonas sp., Serratia, lactic
acid bacteria as Lactobacillus oligofermentans, Leuconostoc
gelidum subsp. gasicomitatum (29), Lactococcus, Vagococcus,
and Carnobacterium (27). The dominant spoilage bacteria is
Pseudomonas spp. (26) due to its ability to assimilate, penetrate,
and metabolize many meat compounds that other bacteria
cannot use (30). When the total viable count achieves or exceeds
7 Log CFU/g, spoilage is deemed to ensue (29, 30).

Pathogens
Campylobacter, Salmonella, Listeria monocytogenes, and
Staphylococcus aureus are some of the primary pathogens
naturally present or contaminants of poultry meat products
(31, 32). Clostridium perfringens, Listeria innocua, and
Aeromonas spp. were also identified in poultry meat (29).
Recently, Helicobacter pullorum and Acrobacter gained
considerable attention as relevant agents of poultry meat
infections (33). Staphylococcus saprophyticus is another relevant
agent of poultry product contamination, which varies from S.
aureus because of its virulence factors and genetic profile (34). C.
perfringens is widespread in the tract of birds (35), is responsible
for enteric diseases in poultry (36), and is known for potential
to generate extracellular enzymes and large numbers of toxins
(37). At a certain microbial load, toxin production is upregulated
(38). The enterotoxins delivered are associated with human
gastrointestinal illnesses—enterotoxemia where toxins induce
organ damage upon entering the circulation (36, 38).

Campylobacter spp.
Poultry is the natural host/reservoir of Campylobacter spp.
(39), which is present in the intestinal tract of birds, skin,
and feathers (40). Campylobacter jejuni and Campylobacter
coli are the main zoonotic enteropathogen causative serovars
of human campylobacteriosis (41) and with high prevalence
(42). C. jejuni is dominant by comparison with C. coli
(39). At each point of the production chain, the proportions
of these two isolates may be reversed by passing from
one stage to the other. This could be attributable to the
resistance or the susceptibility to a particular isolation technique
introduced during the test of the collected samples and/or
the feed withdrawal (41). They are microaerophilic and
thermophilic (43) and require specific environmental conditions
to develop (44).

It was reported that for 25.7% of chicken broiler carcasses
tested, both liver (surface and internal tissue) and ceca were
Campylobacter positive. However, for 83% (58/70) of carcasses
tested, Campylobacter was isolated at least once in one of these
compartments (42), and it is of note that the study pointed out
that dissimilar subtypes of Campylobacter could simultaneously
contaminate the same broiler carcasses.

Salmonella spp.
Salmonella spp. is a facultative anaerobic Gram-negative genus
(44), belonging to Enterobacteriaceae family. It is motile (except
for Salmonella enterica Gallinarum and Pullorum) (45). It
grows at optimum environmental conditions of pH 6.5–7 and
temperature around 37◦C (45). It is ubiquitous and able to
survive in water for several months and in a dry environment for
up to 2 weeks (46).

Salmonella is one of the main causative agents of foodborne
disease globally (47). Animal-based foods such as beef, poultry,
and pork are the major sources of salmonellosis (48), where
human salmonellosis is mostly due to consumption of poultry
products (44). Salmonella can persist throughout the processing
chain from the farm to the fork (47). Enteritidis, Newport, and
Typhimurium are serotypes commonly identified (49). The main
genes encoding for the virulence are in both virulence-associated
plasmid and pathogenicity islands. These genes are involved in
internalization, epithelial cell invasion, survival, and replication,
have a significant role in systemic infection (50), and may present
a target for intervention technologies design.

NATURAL COMPOUND-BASED
INTERVENTIONS SIGNIFICANT TO
POULTRY SECTOR

Spices and Herbs
These natural compounds are used in foods for flavoring
and preservation and as additives but also for medicinal and
therapeutic goals (anti-oxidative, immune modulators, anti-
inflammatory, and antimutagenic). Their utilization in foods
can have beneficial effects for shelf life extension as well
as improvement of the organoleptic characteristics (51). The
antioxidant potential of herbs or spices can prevent or decrease
lipid oxidation (52) attributed to the action of phenolic
compounds (53).

Clove and rosemary are two aromatic spices known for
their antimicrobial and antioxidant potential. Antimicrobial
activities of rosemary and clove extracts were tested separately
or in combination against pathogenic and spoilage bacteria
related to meat, namely, L. monocytogenes, E. coli, Pseudomonas
fluorescens, and Lactobacillus sake, as well as against native
microflora in poultry meat samples, where the combination of
both provided enhanced microbial inactivation potential. The
combination of the herb and spice also maintained or improved
the sensory characteristics of fresh meat, reduced lipid oxidation,
and extended shelf life up to 15 days (53).

Curcumin is a US FDA-approved safe plant pigment used for
cooking, reputed for its health benefits. It acts as antioxidant,
anti-inflammatory, and antiproliferative, but drawbacks for use
in foods are related to the color, taste, and quality alterations
(54). Corrêa et al. (54) analyzed the antimicrobial effect of
two photonic approaches, ultraviolet (UV)-C and curcumin-
mediated photodynamic inactivation (PDI), for control of E. coli
and S. aureus inoculated on chicken breast cubes. Limitations
were associated with these treatments, as the UV-C light or the
curcumin-mediated PDI treatment with emission at 450 nmwere
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not absorbed in all areas and did not significantly penetrate
the chicken meat surface, with 1–2 log10 CFU/ml reductions
observed (54).

Essential Oils
Essential oils (EOs) are aromatic secondary metabolites and
concentrated plant extracts. They can be obtained by steam
distillation, expression or supercritical extraction with carbon
dioxide from different parts of the plant, for example, bark,
flower, fruits, seeds, leaves, or roots. Many EOs have found
application in poultry feed as an alternative to antibiotics due
to antioxidant, antiseptic, and insect repellent properties as well
as immune-modulatory effects (55). EOs are chemically diverse
compounds; hence, their antimicrobial activity varies from
compound to compound. However, due to their hydrophobic
nature, they are likely to enter cell membranes of microbes or
eukaryotes (56). The main limitations of using EOs in food
products are the strong flavor imparted on foods (56), the heat-
labile nature, and volatile characteristics (57).

Rosemary extract is well-known for its antimicrobial activity,
which is related to its phenolic composition (e.g., rosmarinic
and carnisic acids). Inactivation of cellular enzymes was seen to
result from the effect of phenolic compounds (16). Treatment
of Salmonella typhimurium with thyme EO caused a rise in
the electrical conductivity, which appears to result from the
destruction of the cell membrane as well as electrolyte leakage.
Additionally, quantitative analysis reported a significant drop in
the protein contents, DNA, and ATP by 55.42, 54.03, and 52.64%,
respectively, when compared to the control (57). Likewise, EOs
(lemon oil, lemon grass oil, lime oil, garlic oil, onion oil,
pimento berry oil, oregano oil, thyme oil, and rosemary oil)
had higher antimicrobial potential against four Campylobacter
strains when compared to organic acid (ascorbic acid, citric
acid, and lactic acid). Oregano EOs specifically displayed the
higher inactivation potential against C. jejuni, where the minimal
inhibitory concentration was equivalent to 62.5 ppm (18).

The application of 0.1% oregano EO was effective for
extending the shelf life up to 5–6 days for fresh chicken breast
meat before packaging (58). The authors pipetted 0.1% of
oregano EO in the low-density polyethylene (LDPE)/polyamide
(PA)/LDPE barrier pouches, which was later subjected to
either air or modified atmosphere packaging (MAP). The lipid
peroxidation and deterioration of sarcoplasmic proteins were
controlled to extend the shelf life of chicken breast up to 2
weeks at 4◦C with the application of 0.5% of both thyme
and Melissa officinalis balm EOs. These EOs were applied on
the chicken breast slices by dipping method for 15min. The
results highlighted that thyme (0.5%) was more effective in
inhibiting the growth of E. coli, whereas balm (0.5%) was more
effective on the Salmonella spp. (59). The combined effect of
ethylenediaminetetraacetic acid (EDTA) (1.5% w/w) lysozyme
(1.5% w/w), rosemary oil (0.2% v/w), and oregano oil (0.2%
v/w) was effective on extending the shelf life of vacuum-
packed semi-cooked coated chicken filets stored at 4◦C (60).
EDTA and lysozyme were applied by spraying technique on the
surface of the chicken surface, while rosemary and oregano oil

were pipetted in the LDPE/PA/LDPE pouch barriers containing
chicken samples.

Organic Acids
Organic acids are naturally occurring compounds present in
many foods and can be produced during the fermentation
process. They are added in foods as acidulants, preservatives, or
flavorants. The commonly used organic acids are lactic, acetic,
malic, and ascorbic acid, etc. The mechanism of inactivation
of these acids is through lowering of pH, pKa value along
with penetration of undissociated compounds through the cell
membrane and its dissociation inside the cell, thus affecting the
bacterial membrane (61, 62). In poultry products, the salts of
organic acids such as potassium or sodium lactate and sodium
diacetate are used to inactivate L. monocytogenes, and buffered
citrate is used to enhance flavor (63). The maximum level
for potassium and sodium lactate is 4.8% by weight of total
formulation in various meat and poultry products. For sodium
diacetate, the maximum permitted level is 0.25% by weight of
total formulation when used as either antimicrobial agent or
flavoring agent (64).

NON-THERMAL TECHNOLOGIES AND
THEIR COMBINATIONS WITH NATURAL
COMPOUNDS IN POULTRY PROCESSING

Non-thermal technologies, such as HPP, PEF, ultrasound,
UV, irradiation, and cold atmospheric plasma (CAP) can
retain nutritional as well as sensory properties of food in
shorter treatment times and low operational temperatures
(65). Extensive research on the application of various non-
thermal technologies to poultry meat has been conducted
in recent years. The effect of non-thermal technologies on
microbial and physicochemical properties will be discussed
in this section. The incorporation of natural compounds
with non-thermal technologies can give an additional hurdle
enhancing antimicrobial efficacy. Additionally, this will help
adjust the processing conditions at lower intensity, giving
improved physicochemical properties (66). Few studies have
focused on combining natural compounds with the non-thermal
treatment as summarized in Table 1 illustrating its impact on
both physicochemical and microbial properties. A pictorial
representation of governing processing parameters, mechanism
for microbial decontamination, and key physicochemical
parameters to take into consideration while application of the
non-thermal technology in the poultry products is depicted in
Figure 3, and it will be further discussed in coming sections.

High-Pressure Processing
HPP is a non-thermal technology for the sterilization and
preservation of food products in which the product is subjected
to high pressure (300–600MPa) with or without the combination
of heat. With the application of HPP, covalent bonds in food
matrices are not broken and the effect on the food characteristics
is minimal. HPP is based on Le Chatelier’s principle and the
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TABLE 1 | Summary of combination trials of different non-thermal technologies with natural compounds on poultry products.

Non-thermal

technology

Natural compounds Poultry products Chemical observations Microbiological observations References

CAP Rosemary extract Poultry ground meats NA - Reduction of the bacterial functional diversity

- The lowest Maximum Population Size (54.65, 95% confidence interval [CI95%] ranges,

54.03–55.16) and slowest growth rate (hour) (0.03258, CI95% ranges, 0.0179–0.04726)

in day 0

- At day 5 of storage at 4◦C, the maximum population sizes of treated samples were

statistically not significant comparing to day 0

(67)

Rosemary extract Ground chicken patties - Lower pH values for

rosemary samples

- a* value was significantly affected

by rosemary addition

- Addition of rosemary extract

prevented lipid oxidation for CAP

Rosemary extract significantly reduced the total plate counts with and without cold plasma

treatment

(16)

Thyme oil (TO)/ Silk

fibroin (SF) nanofiber

Chicken and duck meat - Thyme oil release was enhanced

due to surface modification of SF

by plasma treatment

- Higher overall acceptability of

chicken meat treated with plasma

treatment and combination of

TO/SF nanofiber

- The population of Salmonella Typhimurium on treated chicken meat reached 1.15 and

1.96 log CFU/g when stored at respectively 4 and 25◦C for 7 days after been wrapped

with plasma-Thymol oil-Silk fibroin nanofibers. Identic effects seen with the dusk meat

treated with the same process

(57)

Essential oils: Crocus

sativus L., Allium

sativum L., and Zataria

multiflora Boiss

Breast chicken fillets Overall acceptability and no

undesirable impacts on both flavour

and odour

- Associating CP and essential oils treatments of breast chicken fillet infected by S.

aureus and E. coli lead to significant microbial reductions by at least 3–4 logCFU/g.

- A synergetic effect due to the combination of three different EOs (Crocus sativus L.,

Allium sativum L., and Zataria multiflora Boiss.) and CP treatment reaching microbial

reductions to great extent.

- After 14 days storage, 2–2.7 logCFU/g microbial inactivation reported comparing to 4.9

logCFU/g of samples treated with only EOs

(68)

HPP Articoat-DLP (lactic

acid, acetic acid and

sodium diacetate-

active compounds)

Chicken breast fillets - Significant increase in L-value

- TBARS value remained same

during storage

- Increase in pH due to HPP

- Pseudomonas spp., B. thermosphacta, coliforms, E coli inactivated below detection limit

- LAB reformed after 7 days storage time

(69)

Carvacrol Turkey breast ham - Higher TBARS value for pressurised

samples

- Carvacrol addition decreased

TBARS value of samples

- Carvacrol+HPP extend the lag phase for Listeria

- Reduced the growth rate of LAB spoilage groups

(70)

Thymol Ground chicken NA - addition of thymol impacted the HPP sensitivity for iPEC O157:H7 and UPEC (71)

PEF Oregano essential oils Raw chicken NA - No significant inhibition of C, jejuni if only treatment with PEF (0.25–1 kV/cm) applied.

- Sequential treatment of PEF with immersion for 20min in oregano essential oil (15.625

ppm) were effective against C. jejuni 1146 DF with maximum reduction of 1.5 log CFU/g

(18)

Ultrasound Lactic acid Broiler drumstick skin NA Ultra-sonication alone and with 1% lactic acid did not significantly affect aerobic plate

count

(72)

Lactic acid Poultry skin NA - Pseudomonas was most sensitive to lactic acid than other gram-negative bacteria

- Degree of reduction of gram-negative bacteria was dependent on treatment time and

liquid medium (water or lactic acid)

(73)

Oregano essential oil Chicken breast NA 0.3% oregano oil and ultrasound showed better inactivation of lactic acid bacteria,

mesophiles and anaerobic bacteria at day 0 and during 21 days of storage

(74)
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FIGURE 3 | Illustration of key parameters of non-thermal technologies, their mechanism of action, and critical factors to consider for poultry application, where T

represents temperature, t is time, and f is frequency. CAP, cold atmospheric plasma; HPP, high-pressure processing; PEF, pulsed electric field.

isostatic principle. Le Chatelier’s principle states that “if a change
in conditions is applied on a system in equilibrium, then
the system will try to counteract that change and restore the
equilibrium.” The isostatic principle states that food products
are compressed by uniform pressure from every direction and
then returned to their original shape when pressure is released.
HPP is currently used for liquid and high-moisture solid products
(75). The first commercialized HPP meat products available are
sliced cooked ham and precooked meals containing poultry,
pork, chorizo, and different sausages in Spanish market (76, 77).
Further details about commercialized meat product of HPP are
detailed elsewhere (78).

Effect of High-Pressure Processing on Microbial

Decontamination of Poultry Products
Tracz et al. (2015) investigated the potential of HPP to destroy a
mixed culture of three stains of C. jejuni inoculated in chicken
breast under different pressure conditions (200, 300, and 400
MPa) and treatment times (5, 10, and 15min), where D values
were lowest at the highest pressure applied (79). According to
the pressure applied, the temperature varies from 0 to 10◦C.
When the lowest pressure (200 MPa) was applied, C. jejuni
exposed resistance and no significant reduction was achieved
regardless of the duration of HPP treatment. Gram-negative
bacteria are generally more susceptible to pressure compared
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to Gram-positive bacteria (79). Sheen et al. (2015) reported
also that the inactivation of Salmonella spp. in ground chicken
was dependent on both treatment time and pressure level
applied (80). It was highlighted that even at high pressure
(550 MPa), while the highest temperature reached was 28◦C,
Salmonella recovered and resuscitated over storage at 10◦C
to achieve ∼6 Log CFU/g at day 9 of storage. Therefore,
despite the mechanisms noted of surface structure damage
or disintegration, internal cell compound disappearance, and
appearance of internal voids in the cells, some cells survived the
HPP 15-min treatment (80), pointing to a need for combination
approaches. Argyri et al. (2018) HPP treatment at 500 MPa for
10min at 18–20◦C resulted in a significant reduction, below
detection limit, of both the native microbiota of chicken and
a cocktail culture of three different strains of Salmonella (31).
Furthermore, Salmonella enteritidis inoculated on chicken at
different initial concentration levels stayed below or just at
detection limits during the storage at 4◦C over 18 days (30).
Working with a cocktail of Listeria monocytogenes, also Argyri
et al. (2019) perceived the capability of HPP in maintaining
safety and extending the shelf life of chicken (30, 32). Xu et
al. (2020) reported D10 values for multi-isolated cocktails of
extraintestinal pathogenic E. coli (ExPEC) to HPP (400 MPa,
0–25min) on ground chicken, where 3.26min was the average
and the highest temperature value reached during the treatment
was 25◦C (81). Increasing the pressure to 600 MPa provided
more than 6 log reduction within 3min with no bacterial
recovery after 4min (81). The inactivation effect of HPP on
two different strains of E. coli on ground chicken was assessed
while the temperature remained under 40◦C, where a significant
resistance of uropathogenic E. coli (UPEC) by comparison
with intestinal pathogenic E. coli (iPEC) O157:H7 at 450 and
500 MPa was reported (71). Liu et al. (2012) stated that C.
jejuni HCJ2316 exhibited high resistance to pressure (2.8 Log
CFU/g reduction), whereas the others were more susceptible to
treatment and achieved 5 Log CFU/g reduction (82). However,
the microbial recovery upon pressure treatment of C. jejuni is
iron-dependent (82).

Effect of High-Pressure Processing on

Physicochemical Properties of Poultry Products
Lipid oxidation is one of the major causes of deterioration
of meat during storage. The chicken meat contains a higher
amount of unsaturated fatty acids compared to other animal
meats, which makes it more susceptible to lipid oxidation.
The most common method to determine the lipid oxidation
is Thiobarbituric acid reactive substances (TBARS) analysis
(24). The lipid oxidation was particularly affected by working
pressure; for low pressure (400 MPa and less), significantly
less change in TBARS value was reported, while high
pressure (500 MPa) have a higher impact on TBARS value
(83). Similar effect was observed when chicken breast filets
was treated with 450 and 600 MPa, while no significant
change in TBARS value was observed at 300 MPa (84). The
pressure of 800 MPa has the most detrimental on TABRS
value (85).

Combined Effect of High-Pressure Processing and

Natural Compounds on Poultry Products
A synergistic effect was recorded using nisin (200 ppm)
and HPP (450 MPa) at 20◦C, enhancing the microbial
reduction of mechanically recovered poultry meat, specifically,
the inactivation of both aerobic mesophile and psychrotroph
populations was greater by comparison with HPP treatment on
its own (86). Other researchers outlined the strong synergistic
effect of combining hydrostatic pressure treatment (250 MPa
for 30min at 25◦C) and 1% food additive (citric acid, nisin,
and wasabi extract) in completely reducing the microbial
concentration of S. enteritidis to undetectable levels (87).
Combining HPP (300–400 MPa) with thymol (100–200 ppm)
provided a large inactivation effect on separate cocktails of iPEC
O157:H7 (0.94–5.16 Log CFU/g) and UPEC (0.41–4.66 Log
CFU/g) in ground chicken samples (71).

Pulsed Electric Field
PEF uses short pulses of high voltage (5–80 kV) for microbial
inactivation. The food is placed between two electrodes, and an
external electric field is applied, which induces the movement
of ions along the direction of lines of force of the applied
electric field inside as well as outside the cells. This causes the
accumulation of ions on the membranes, causing polarization
of the cell, which results in thickness reduction of the
membranes due to the forces of attraction between oppositely
charged ions on either side of the membrane (88). Because
of the potential for cell membrane permeabilization, PEF is
a promising technology to modify several qualities of meat,
such as color, texture, and water-holding capacity, and enhance
mass transfer during curing and brining. However, applications
to date can be limited in solid products due to conductivity
requirements (89).

Effect of Pulsed Electric Field on Microbial

Decontamination of Poultry Products
The cell membrane is commonly referred to as the only target
of PEF contributing to bacterial cell death (90). Treatments
with PEF display reversible or irreversible damages on the
cell membrane by disorganizing the structure, which yields the
breakdown of the semipermeable barrier due to formation of
pores in the membrane (18), leading to irreversible electro-
permeabilization of the cell membrane; however, recovery can
occur in optimal conditions (91). Process parameters of pulse
frequency and strength of the electric field of PEF have been
demonstrated to affect the microbial inactivation (92).

Reduction in population densities of S. enteritidis and S.
typhimurium strains suspended in citrate-phosphate buffer was
greater with increasing both treatment time and electric field
above 9 kV/cm (93). It was demonstrated by Clemente et al. (18)
that the treatment of chicken thighs with PEF did not result in
any significant reduction of C. jejuni. PEF was not sufficient to
reduce cell concentration of S. enteritidis, E. coli, and C. jejuni
on raw chicken (92). However, this non-thermal technology
is suggested to be suitable for treating process waters used in
poultry processing as well as for poultry scald (92).
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Effect of Pulsed Electric Field on Physicochemical

Properties of Poultry Products
Several studies have reported the ability of PEF treatment
to modify sensory characteristics, texture, and water-holding
property of the meat products, further improving the mass
transfer properties (94–96). Meat is considered an excellent
source of minerals, such as zinc, iron, phosphorus, and calcium
(97). PEF induces irreversible electroporation in meat and affects
cellular permeability and mass transfer. Studies suggest that
PEF-applied products have changes in mineral content when
compared to control. Khan et al. (98) examined the effect of
low (2.5 kV, 200Hz) and high PEF (10 kV, 200Hz) on four
nutritionally important minerals (P, K, Fe, and Zn) of raw and
cooked chicken breast. For raw chicken, non-significant changes
in mineral content were noted; however, with cooking, a decrease
in P, K, and Zn was observed and the concentration of Fe was
not affected by treatment or cooking. In another study conducted
by Khan et al. (99), the authors found higher concentrations of
Ni and Cu for both low (2.5 kV, 200Hz) and high PEF (10 kV,
200Hz) than control. Thus, it is vital to study the migration of
minerals into meat products due to PEF treatment and should be
checked under regulatory limits.

Combined Effect of Pulsed Electric Field and Natural

Compounds on Poultry Products
Recent work revealed that chicken oyster thigh artificially
contaminated by C. jejuni 1,146 DF (final concentration 4.41 ±

0.20 log10 CFU/g) and treated with only PEF (0.25–1 kV/cm) did
not demonstrate any significant inhibition potential. However,
sequential treatment of PEF (1 kV/cm) and immersion in buffer
with oregano EO (15.625 ppm) for 20min resulted in a significant
reduction close to 1.5 log10 CFU/g (18).

Ultraviolet
UV light is electromagnetic radiation with wavelength from 10
to 400 nm. UV lights fall in the range between visible light and
X-rays. To control surface contaminations on food products, UV-
C light has received US FDA approval (Approval-2010). High-
intensity pulsed UV light has been approved by FDA up to
12 J/cm2 (100). UV-C light can be used in Europe; however,
in Germany, the use is limited to water, fruit, vegetables, and
stored hard cheese (101). UV-C has a wavelength range of 220–
300 nm (102) and is known for its antimicrobial effect (103),
where the specific mechanisms of action include targeting of
the nucleic acids (DNA, RNA) within the bacterial cell and
generation of pyrimidine dimers (104). This latter results in the
bonding of two adjacent pyrimidine bases, provoking obstruction
of transcription and translation, respectively, and suspending
vital cellular functions (102, 105, 106).

Effect of UV on Microbial Decontamination of Poultry

Products
There are some limitations of using UV in poultry processing:
UV-C light is not absorbed and cannot penetrate the chicken
meat surface, which may affect microbial reduction. The
antimicrobial efficacy of pulsed UV and UV-C has limitations
also in terms of product density and treatment time (104,

107). The bactericidal effect of UV-C irradiation against C.
jejuni, L. monocytogenes, and S. typhimurium on chicken breast
was dose-dependent, where treatment at 5 kJ/m2 reduced
L. monocytogenes, C. jejuni, and S. typhimurium, respectively
by 1.29, 1.26, and 1.19 log cycles (102). Haughton et al.
(105) examined UV effects against S. enteritidis, E. coli, and
Campylobacter (C. jejuni and C. coli) when inoculated in liquid
matrix, chicken skin and skinless chicken breast, food contact
surfaces, as well as packaging materials. Treatment at a high
dose equivalent to 0.192 J/cm2 provided complete microbial
inactivation of Campylobacter strains suspended in a liquid
matrix. By contrast, Salmonella and E. coli were more resistant to
the similar UV dose (105). Food surface topography can shield
microorganisms and limit UV treatment efficacy (104, 107).
Isohanni and Lyhs (103) highlighted that although UV treatment
was effective in reducing C. jejuni on surface medium by 6.3 log
cycles per square centimeter. However, only 0.8 and 0.7 log cycles
reduction were achieved on broiler skin and on broiler meat,
respectively, with a dose of 32.9 mW/s per square centimeter.
UV light seems to works well on smooth surfaces (108). Bacterial
multilayer overloading as well as overlapping, and in the presence
of cell, organic compounds protect to target bacteria from UV
irradiation (104, 107).

Effect of UV on Physicochemical Properties of

Poultry Products
UV light can form off-flavors due to the photochemical effect on
the lipid fractions of product or due to absorption of ozone and
oxides of nitrogen (101). This leads to the development of lipid
peroxidation causing off-flavor. The hexanal aldehyde is a volatile
secondary lipid oxidation product, and it is indicative of fatty
aldehydes by headspace/gas chromatography–mass spectrometry
(GC-MS). McLeod et al. (104) detected an increase in hexanal
content of the raw chicken filets treated with 10.8 J/cm2 in air,
which was noted by the sensory panel as a “sunburnt flavor”
giving a low sensory score. Interestingly, when the same chicken
samples were cooked, the sensory panel was unable to identify the
difference, and it scored fairly with the untreated sample (104).

Combined Effect of UV and Natural Compounds on

Poultry Products
The combination treatment of UV-C light and clove EO
was assessed against poultry-related pathogen S. typhimurium
biofilms, generated on stainless steel coupon surfaces. Treatment
with 1.2 mg/ml of clove EO followed with UV-C (76.41 mJ/cm2)
induced a synergistic effect and resulted in no surviving cells
(6.8 log CFU/cm2) embedded within the biofilms. It was
demonstrated that the contact with clove EO made the cell easily
accessible by UV-C due to the morphological damage occurring:
flatter structure (109).

Ultrasound
Ultrasound as a non-thermal approach applies sound waves
with higher frequency (above 20 kHz) than the normal human
hearing. The ultrasound frequencies used in the food industry
are classified into three categories based on the frequency-power
ultrasound: low frequency, high power range (20–100 kHz) and
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large-amplitude waves where typical applications are within
altering physicochemical properties or structure of foods. For
low-intensity ultrasound, in the range of 100 kHz to 1 MKz,
chemical reactions are activated, and free radicals can form
like hydroxyl ions that can have antimicrobial properties. High-
frequency ultrasound is usually used in the food processing and
food safety industry. When the cavitation bubble breaks, it forms
hydroxyl ions, which can have antimicrobial properties (110).

Effect of Ultrasound on Microbial Decontamination of

Poultry Products
The mechanisms of action are connected to cavitation
generation, which eventually disturbs the cell permeability
as well as causing thinning (111) and damage on the bacterial
membrane (112) and “localized heating” (73) that yields cell
inactivation. The cell metabolism is disturbed due to ion
penetration of the cell cytoplasm upon permeability disruption
caused by pressure gradients of ultrasound. These mechanisms
are the result of the collapse of cavitation bubbles during
the acoustic cavitation (73). A further utility of ultrasound
treatments is the “de-agglomeration of bacterial clusters” (73).

Apparent characteristics of target microorganism type,
physiological state, and morphology determine the efficacy of
ultrasound. The efficacy is also dependent on the surface of
food matrix and temperature (111). Moreover, other parameters
interfere with efficacy, such as frequency and sonication
treatment time (73). The peptidoglycan in the cell membrane
of Gram-positive could be a reason behind the resistance to
ultrasound by these bacteria compared to Gram-negative (112),
and the susceptibility to ultrasound treatment may vary between
strains from the same type. The resistance of cells on plates
during in vitro experiments to sonication by ultrasound was
higher in contrast to the susceptibility of bothCampylobacter and
Enterobacteriaceae in raw poultry (112).

It was highlighted that chicken breast subjected to high-
intensity ultrasound promoted the growth of mesophilic,
psychrophilic, and lactic acid bacteria compared to untreated
samples, possibly resulting from the release of nutrients (113).
However, it was pointed out that the presence of E. coli
was lower for samples subjected to longer treatment (30–
50min) compared to non-treated, whereas for S. aureus, it
significantly decreased after 50min. The microbial reduction
in previously contaminated chicken wings depends on both
treatment time (3–6min) and sonication environment solution
where the treatment was in (1% solution of lactic acid or
sterile distilled water). The combination of lactic acid and
sonication (40 kHz, 2.5 W/cm2) had a bactericidal effect on all
the bacteria tested and was considered suitable for poultry carcass
skin decontamination (73). However, combining ultrasound
treatment (37 kHz, 380W, 5min) with 70% ethanol induced the
highest microbial reduction from chicken skin for three types of
attachment by S. typhimurium loosely, intermediately, and tightly
attached by respectively 2.86, 2.49, and 1.63 log CFU/g (114).

Effect of Ultrasound on Physicochemical Properties

of Poultry Products
Marinating is mostly used to increase meat tenderness, enhance
flavor profile, reduce cooking time, and increase the shelf life of

meat. Ultrasound (40 kHz, 22 W/cm2) increased the marination
efficiency of chicken breast when treated with 15 and 20min
(115). A similar increase in marination efficiency, cooking
yield, and tenderization was reported when broiler chicken was
treated for 20min and 18 h marination (91% water, 6% NaCl,
3% sodium tripolyphosphate) (116). A positive influence of
ultrasound frequency (25, 45, and 130 kHz) and treatment time
(1, 3, 6, 16, and 24 h) on marination efficiency was also reported
for chicken breast, giving higher uptake of sodium chloride
(117). Ultrasound improved the marination properties of meat
by breaking the integrity of muscle cell or by enhancing the
enzymatic reactions in cell (11, 111). Thus, ultrasound can be
used as an alternative to standard marination techniques used in
the industry.

Combined Effect of Ultrasound and Natural

Compounds on Poultry Products
The exposure of broiler drumstick skin to ultrasonic energy in
water and submerged in 1% lactic acid did not show consistent
effect in terms of reducing aerobic plate counts. The irregular
characteristics of broiler skin surface were proposed as the reason
behind the lack of microbial reduction by protecting bacteria
in the skin crevices and avoidance of the cavitation (72). In
contrast, other work showed the decontamination efficacy of
sonication (40 kHz) of chicken wing skin in 1% lactic acid
aqueous solution, where the reduction of E. coli, Proteus sp.,
Salmonella anatum, and P. fluorescens inoculated on the surface
of the chicken skin significantly increased with treatment time
rising from 3 to 6min. Except for E. coli, the microbial reduction
was higher when sonication was performed in an aqueous
solution of lactic acid instead of water. This was explained
by the presence of ions penetrating the cytoplasm due to the
action of gradient pressure yielding from ultrasound and the
presence of free radicals received in sonochemical reactions (73).
Combining high-intensity ultrasound with 0.3% oregano EO
treatment was the most appropriate combination to achieve the
best reduction of lactic acid bacteria (2.30 log10 CFU ml−1),
mesophilic populations (3.36 log10 CFU ml−1), and anaerobic
bacteria (3.11 log10 CFU ml−1) present in chicken breasts at
day 0 of refrigeration. However, the treatment with ultrasound
alone was ineffective to control microbial growth during chilled
storage, where the release of nutrient was suggested as a reason
permitting microbial growth (74).

Cold Atmospheric Plasma
Plasma is a quasi-neutral ionized gas composed of ions, free
electrons, atoms, and molecules in their ground as well as the
excited state. Plasma can be generated using any kind of energy,
which can ionize the gas, and mostly electric or electromagnetic
source are used for generation of plasma species. Plasma can be
classified as a thermal plasma or non-thermal plasma. Thermal
or non-thermal plasma processes can be designed to be delivered
in a format that is cold or near room temperature at the point of
application, which is of value for retaining quality and nutritional
characteristics while providing efficient bio-decontamination
resulting from reactive oxygen or nitrogen species, charged
particles, electric field, UV as components of diverse mechanisms
of action (118).
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Effect of Cold Plasma on Microbial Decontamination

of Poultry Products
It is well-documented that cold plasma (CP) has a large
potential for controlling microbial quality, extending shelf life,
and avoiding post-processing contamination (25). It not only
induces bacterial decontamination but also inactivates a broad
spectrum of microorganisms including fungi, viruses, and spores
(119). Various plasma compounds have critical interventions in
the microbial decontamination process like NO2, NO, O, O3,
OH, H2O2, UV photons, charged particles, and electric fields
(120). Bacterial cell etching, erosion, morphological alteration,
nucleic acid damaging, protein oxidation, and loss of cell viability
are the mechanisms of CP to retain microbial safety in foods
(121). However, different parameters and mechanisms interfere
with the gravity of damage occurring. The antimicrobial effects
of CP are a function of process: duration of treatment, gas
mixture, mode of exposure (direct or indirect), power source
intensity, as well as intrinsic characteristics of product: surface
topology, nature of samples treated (liquid, solid, or semisolid),
and characteristics of the target cell (122).

In-package CP treatment configuration enhanced the
microbial safety, avoided postprocess contamination, and
retained toxicological safety of ready-to-eat chicken products
(123). Using the Salmonella mutagenicity assay, no genotoxicity
was seen in plasma-treated chicken breast (120). Tulane virus
(1.08 ± 0.15 log CFU/cube), indigenous mesophilic bacteria
(0.70 ± 0.12 log CFU/cube), and Salmonella (1.45 ± 0.05 log
CFU/cube) from chicken samples were significantly reduced
upon CP treatment (24 kV for 3min), where increasing voltage
(from 22 to 24 kV) and treatment time had a positive impact
on the microbiological quality (123). However, the majority
of cells showed morphological changes (cell flattened and
other distortions) at 2,000Hz, whereas at 1,000Hz, only cell
clumps appeared, and other cells were hollowed out (124).
S. typhimurium, E. coli O157: H7, and L. monocytogenes
populations on chicken breast reduced from 5.48, 5.84, and
5.88 log CFU/g, respectively, at 0min to 2.77, 3.11, and 3.74
log CFU/g at 10-min plasma exposure (120). Other studies
highlight the potential of in-package dielectric barrier discharge
(DBD) (70 kV) in controlling poultry-related pathogens, namely,
Salmonella and Campylobacter, and inhibiting the growth of
spoiling bacteria (psychrophiles) from chicken breast treated and
stored (5 days/4◦C) (23), where increasing CP treatment time
to beyond 60 s improved microbial reduction of psychrophiles,
while no significant effect was seen against foodborne pathogens.
The in situ decontamination potential of plasma-activated
water (PAW) against P. fluorescens ATCC13525 previously
inoculated on chicken skin pieces was associated with the plasma
process parameters of plasma discharge frequency and treatment
time (124), where the concentration of plasma-generated
reactive species of nitrite, nitrate, peroxide, hydroxyl, and ozone
increased with the discharge frequency (124).

Effect of Cold Plasma on Physicochemical Properties

of Poultry Products
The reaction of myoglobin with hydrogen peroxide may produce
choleglobin-inducing discoloration of meat. An increase in both

L∗ and b∗ value was observed when chicken breast was treated
with flexible thin-layer DBD (123); in contrast, application of
DBD applied on chicken breast (110 kV, 60 kHz) showed a
decrease in L∗ value mainly due to slime formation after 9 days
of storage at 4◦C (28). However, Zhuang et al. (25) did not
report significant changes in L∗, a∗, and b value when chicken
breast was treated with 70 kV. The reactive species generated
from the plasma can induce lipid peroxidation. Zhuang et al.
(2019), Lee et al. (2019), and Moutiq et al. (2020) reported no
changes in lipid profile of chicken breast after CP treatment,
attributed to plasma reactive species being less damaging on
chicken breast as compared to red meat due to variation in fat
content (25, 28, 120, 123).

Combined Effect of Cold Plasma and Natural

Compounds on Poultry Products
Yeh et al. (2019) considered the combined treatment effect of
rosemary (Rosmarinus officinalis) extract (1%) and in-package
DBD-CP on poultry ground meat (Table 1) (67). The treatment
induced a reduction of the diversity in bacterial communities,
and by day 5 of storage at 4◦C, themaximumpopulation densities
of treated samples were similar to those at day 0 (67). Rosemary
extract had a significant effect in reducing the total microbial
counts not only of previously plasma-treated chicken patties
but also of non-plasma-treated chicken patties (16). Thyme
oil/silk fibroin nanofibers treated with CP were proposed as an
active packaging approach with antimicrobial potential against
S. typhimurium inoculated on poultry meat (chicken meat and
duck meat). The inhibition potential of thyme EO/silk fibroin
nanofibers treated with CP was reported as higher compared to
thyme EO/silk fibroin nanofibers, with an increase in the rate
of thyme oil released (23.5–25%) upon plasma treatment clearly
noted (57). Sahebkar et al. (2020) found that associating CP
(10min at 32 kHz) and EO (in marinade solutions) treatments of
breast chicken filet inoculated with S. aureus and E. coli challenge
populations leads to significant microbial reductions by up to 3–4
log CFU/g (68). A synergetic effect was identified by combining
three different EOs (Crocus sativus L., Allium sativum L., and
Zataria multiflora Boiss.) and CP treatment, where the advantage
of combining the EOs with CP was retained after 14 days of
storage (68).

FUTURE CHALLENGES FOR THE
APPLICATION OF NON-THERMAL
TECHNOLOGIES TO POULTRY
PROCESSING

In recent years, there has been intensive research and
development of non-thermal process technologies for application
in fresh food processing. EU regulations refer to “fresh meat”
as meat that has not undergone any preserving process other
than chilling, freezing, or quick-freezing, including meat that is
vacuum-wrapped or wrapped in a controlled atmosphere (125).
The application of a novel non-thermal technology will be subject
to these rules, which may on the one hand lead to consumer
skepticism toward acceptance of these technologies while on the
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other hand limit adoption of processes that can enhance safe
and sustainable processing of food resources. To date, HPP and
UV (with limitations in some countries) are approved. Thus,
combining these approaches with other generally recognized
safe approaches including approved natural compounds provides
technical options to enhance poultry processing outcomes.
The morphological characteristics of poultry products and the
skin make the application of non-thermal technology very
critical. For example, from a microbial safety perspective,
the successful application of UV in poultry processing must
consider density, and effects may be limited due to non-
absorption and non-penetration of light in the chicken meat
surface (104, 107).

While many plant EOs are considered generally safe by FDA,
with increasing use, the daily dose intake remains a safety
question (126). The adoption of EOs is controlled by a nexus
of dosage level, antimicrobial efficacy (127), and the effect of
organoleptic characteristics on consumer acceptability (128).
The stability, strong smell, volatility, and limited solubility are
technical issues to be considered from an efficacy perspective.
These should also be considered in tandem with other processing
features as the process or environment may stimulate the
degradability of these compounds (129).

CONCLUSION

Effective interventions, based on the combinations of emerging
process technologies with the well-understood efficacies of
nature-based compounds, can be designed to enhance safety and
quality and minimize food loss in poultry processing. Studies to
date have demonstrated that the order or sequence of application
can be variable to address the key risks at different process
stages, providing great flexibility if being considered as effective
replacements for thermal or conventional chemical strategies.
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This study was performed to determine the antifungal activity of loquat (Eriobotrya

japonica Lindl) leaf extract (LLE) against the citrus postharvest pathogen Penicillium

digitatum (P. digitatum). The LLE exhibited an antifungal activity against P. digitatum,

with a minimum inhibitory concentration (MIC) of 0.625 mg/ml and a minimum fungicidal

concentration (MFC) of 1.25 mg/ml. Significant inhibitory effects of LLE on mycelial

growth and spore germination of P. digitatum were seen in a dose-dependent manner.

Simultaneously, to investigate possible antifungal mechanisms by LLE, we analyzed

their influence on morphological changes, cell membrane permeability, cell wall and cell

membrane integrity, and adenosine phosphates (ATP, ADP, and AMP) levels. Alterations,

such as sunken surface and malformation, occurred in the LLE-treated P. digitatum

spores. Furthermore, intracellular inclusion content decreased after LLE treatment,

indicating an increase in cell membrane permeability. Besides, the LLE treatment

induced a significant decline in the level of adenosine monophosphate (AMP), adenosine

diphosphate (ADP), and adenosine triphosphate (ATP) with a noticeable addition of

extracellular ATP, ADP, and AMP during the entire treatment period. Overall, the results

manifested that the antifungal activity of LLE against P. digitatum can be attributed to the

derangement of cell membrane permeability and disordered energy metabolism. This is

the first report on the mechanism of antifungal activity of LLE and could be useful in the

development of targeted fungicides from natural origin.

Keywords: loquat leaves, Penicillium digitatum, membrane permeability, energy metabolism, antifungal activity

INTRODUCTION

Massive postharvest losses in citrus fruits during storage, transportation, and selling are mainly
caused by green (Penicillium digitatum) and blue (Penicillium italicum) mold fungus. Moreover,
the sour rot and stem-end rot diseases caused by Geotrichum citri-aurantii and Diaporthe citri,
respectively, may also contribute to postharvest losses in citrus fruits (1). P. digitatum is the most
common pathogen reported to have caused about 90% of total postharvest loss in citrus fruits (2).
Currently, postharvest fungal diseases are controlled and prevented using chemical fungicides, such
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as imazalil, prochloraz, thiabendazole, and many others
(3–5). However, excessive use of chemical fungicides causes
environmental problems and potential health issues in humans
and animals. This also leads to the development of resistant
fungal strains, which leads to devastating results. Therefore, the
current demand is to explore and develop natural and effective
antifungal agents as alternatives to chemical fungicides.

Plant-derived extracts, such as essential oils, are generally
recognized as safe (GRAS) components (6). The application of
several plant extracts (e.g., pomegranate peel, pompia leave, Ficus
hirta Vahl. Fruit, and Sapindus saponaria L. fruit) has been
reported to reduce postharvest fungal diseases in citrus fruits
and other horticultural commodities (7–10). For instance, the
essential oil extracted from pompia leaves effectively controlled
the growth of P. digitatum (8). Moreover, the results showed
that the activity of the ethanol extract of Sapindus saponaria
L. fruit against Colletotrichum Musae was similar to that of
thiabendazole at a 500-µg/ml concentration (10). Pomegranate
peel extract was also very effective against plant diseases by
inducing and enriching the fruit critical defense pathways and
antibiotic biosynthesis (7). Also, postharvest fruit loss due to
fungal pathogen during storage was effectively controlled by the
F. hirta Vahl. fruit extract (9).

Loquat (Eriobotrya japonica Lindl) is a subtropical perennial
fruit tree widely distributed in southeastern China and highly
consumed because of its soft and juicy pulp, delicious taste,
and health-related properties (11). Moreover, the leaves of
loquat, commonly known by the name of “Pí Pá Yè” in
Chinese pharmacopeia, possess enormous biological activities
and are extensively used to treat cough ailments and pulmonary
diseases, chronic bronchitis, inflammation, and diabetes (11,
12). The leaves of loquat are particularly rich in phenolics
and have a potent antioxidant activity (12, 13). To date, no
information is available on the antifungal effect of loquat leaf
extract on postharvest citrus fruits against fungal pathogens.
Therefore, this work aimed to investigate the in vitro antifungal
activity of loquat leaf extract (LLE) on postharvest citrus fruit
pathogens, namely, P. digitatum, P. italicum, D. citri, and
G. citri-auranti. Moreover, the effect of LLE treatments on
mycelia growth, spore germination, morphology alteration, and
membrane lipid peroxidation of P. digitatum was explored to
provide a mechanistic overview of antifungal activity.

MATERIALS AND METHODS

Chemicals and Preparation of Loquat Leaf
Extract
Ethanol, n-butanol, glucose, and agar powder were procured
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Air-dried loquat leaves (purchased from Zhangshu medicinal
materials market and authenticated as leaves of Eriobotrya
japonica Lindl) were finely pulverized and extracted with 50%
ethanol (100 g of dry powder per 1 L) at 60◦C for 1 h. The extracts
were then filtered and concentrated under reduced pressure using
a rotary evaporator (Rotavapor R-3, Buchi, Flawil, Switzerland)

at 45◦C. After that, the extracts were suspended in water and
sequentially extracted with ethyl acetate and n-butanol. The n-
butanol extract was filtrated, combined, and evaporated to obtain
dried LLE. The dried LLE was stored in a cryovial at−20◦C until
further analysis.

Fungal Preparation
The phytopathogenic fungi P. digitatum (CGMCC 3.15410) and
P. italicum (CGMCC 3.4040) were bought to the laboratory from
the center of China General Microbiological Culture Collection
(Beijing, China).G. citri-aurantiwas provided by the Department
of Plant Protection in Jiangxi Agricultural University (Nanchang,
China) and identified by Prof. Junxi Jiang. D. citri was isolated
from decayed citrus fruits with a representative disease symptom
of Phomopsis stem-end rot and identified by DNA sequencing
(Qingke Biotech, Changsha, China). Each fungus was cultured
on a potato dextrose agar (PDA) medium (leaching solution of
potato 200 g, glucose 20 g, agar powder 20 g, and deionized water,
1 L) at 25 ± 1◦C for a reactivation period of 7 days. The spore
suspension of P. digitatum was prepared based on the protocol of
previous studies (1, 14).

Antifungal Activity of LLE Against
P. digitatum
Evaluation of MIC and MFC
Both the minimal inhibitory concentration (MIC) and the
minimal fungicidal concentration (MFC) of loquat leaf extract
(LLE) against P. digitatum were evaluated in vitro using the
method of Chen et al. (15). The dried LLE was dissolved with
double-distilled water (ddH2O) and mixed with a PDA medium;
then, the final concentrations of LLE ranged from 0 to 1.25
mg/ml per disc. Using a punch to transfer the mycelial plugs at
the central of the PDA dish, After the cultivation of 25◦C for
2 and 6 days to evaluate its antifungal activity. The values of
MIC and MFC were defined as the lowest concentration of LLE
that inhibited P. digitatum growth after incubation for 2 and 6
days, respectively.

Mycelium Growth
The antifungal activity of loquat leaf extract (LLE) against P.
digitatum was determined using the protocol of Chen et al.
(14) and defined as percent growth inhibition. Briefly, the discs
(5mm) of P. digitatum were placed in the center of Petri dishes
containing 20ml PDA with different LLE concentrations of 0
(set as the control), 0.156, 0.313, 0.625, 1.25, and 2.5 mg/ml.
After incubation at 25◦C for 6 days, the colony diameters (mm)
of the control and LLE treated fungal growth were examined
using a vernier caliper. The data were duplicated three times and
expressed as the means± standard deviation (SD).

Spore Germination
The spore germination assay determined the antifungal ability
of LLE against P. digitatum following the method of Tao et al.
(16). Briefly, the LLE was dissolved in potato dextrose broth
(PDB) to acquire five different concentrations of 0 (set as the
control), 0.156, 0.313, 0.625, and 1.25 mg/ml. Subsequently, 5 µl
of P. digitatum spore suspension (1 × 106 CFU/ml) was added
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to different LLE-treated slides. After 13 h of incubation at 25◦C,
nearly 100 spores per replicate were observed using an optical
microscope, and the inhibitory germination rate of P. digitatum
spore was estimated using the following formula:

IGR =
GSC − GSLLE

GSC
× 100

where IGR is inhibitory germination rate, GSC is the mean
amount of germinated spore in the control slide, and GSLLE is
the mean amount of germinated spore in the LLE-treated slide.
The experiments were conducted twice with three replicates for
each treatment.

Scanning Electron Microscopy
Observations
The effect of LLE on microscopic morphological alterations in
P. digitatum spore was observed by SEM (15). P. digitatum
spores, which included the control and LLE-treated samples,
were washed with a PBS buffer three times and subsequently fixed
with 2.5% (v/v) glutaraldehyde at 4◦C. After fixation for 48 h,
the samples were rinsed three times in distilled water for 20min
and then dehydrated with sequential graded cold ethanol (30, 50,
70, and 90%) for 20min, and finally with absolute ethanol for
45min. The specimens were then sputter-coated with gold and
observed with a scanning electron microscope (FEI Quanta 250
FEG, Hillsboro, OR, United States).

Assay of LLE on Cell Membrane
Permeability of P. digitatum
The effects of LLE on the cell membrane permeability
of P. digitatum were investigated by assaying extracellular
conductivity, cell lysis rate, and leakages of protein and nucleic
acids. Briefly, 200 µl of a P. digitatum suspension was evenly
added in 100ml of PDB and incubated in a shaker for 2 days.
About 2 g of fresh mycelium was re-suspended in 50ml PDB
having different LLE concentrations of 0 (set as the control),
MIC (0.625 mg/ml), and MFC (1.25 mg/ml). The samples were
taken at various time intervals (0, 30, 60, 90, 120, and 240min).
Extracellular conductivity was detected as reported by Tao et al.
(16) with a conductivity meter (model ST3100C, Ohaus Co.,
Parsipanny, NJ, United States). Cell lysis rate was evaluated
according to the method of Chen et al. (1). Leakages of protein
and nucleic acid from P. digitatum hyphae were determined
based on the method described by Huang et al. (17) to measure
the optical density (OD) of the supernatant at 260 and 280 nm.
The experiments were conducted twice with three replicates for
each treatment.

Measurement of Loss in Intracellular
Constituents
The loss in intracellular constituents into the supernatant was
measured according to the method described previously (18),
with minor modifications. Soluble protein, reducing sugar, total
lipid, and ergosterol contents in both the supernatants and
the hyphae of P. digitatum were measured using bovine serum
albumin standards, glucose, and cholesterol, respectively. The

experiments were conducted twice with three replicates for
each treatment.

Propidium Iodide Fluorescence Staining
and Membrane Lipid Peroxidation
The effect of LLE on the plasma membrane integrity of P.
digitatum was determined following the method described by
Xin et al. (19). Briefly, P. digitatum hyphae were treated with
LLE at 0 and 1.25 mg/ml (MFC) for 120min. Then, the control
and LLE-treated mycelia were dyed with propidium iodide (PI)
at 25◦C in the dark. After staining for 30min, the control
and LLE-treated mycelia were washed three times with PBS
and observed with a Ni-U fluorescence microscope (Nikon
Corporation, Tokyo, Japan).

The lipid peroxidation of P. digitatum cell was quantitatively
determined in terms of malondialdehyde (MDA) content using
the thiobarbituric acid method described by Pasquariello et al.
(20), and MDA content was calculated using the equation below:

lipid peroxidation = [6.45× (OD532−OD600)− 0.559

× OD450]× Vt/FW

where Vt is the total volume of the extract (ml), and FW is the
frozen weight of P. digitatum (g).

The experiments were conducted twice with three replicates
for each treatment.

Assays of LLE on the Activities of
β-1,3-Glucanase and Alkaline Phosphatase
The 2-day-old mycelia from 100ml PDB were collected and
resuspended in 50ml PDB with LLE at various concentrations
(0.625, and 1.25 mg/ml). β-1,3-glucanase (β-Glu) activity,
after exposure to LLE for 0, 30, 60, 90, 120, and 240min,
was measured according to the previously developed method
(1). According to the instructions of the manufacturer, the
extracellular AKP activity of P. digitatum hyphae after exposure
to LLE treatments was determined using a commercial AKP
kit (Jiancheng Bioengineering Research Institute Co., Nanjing,
China) (21), and enzyme activities were expressed as U/mg prot.
The experiments were conducted twice with three replicates for
each treatment.

Assays of LLE on ATP, ADP, and AMP Content
The hyphae of P. digitatum were incubated according to the
method for both β-Glu and AKP activity assaysmentioned above.
ATP, ADP, and AMP contents were determined following the
method of Zheng et al. (22), and expressed as mg·kg−1 on a
dry weight basis. The value of energy charge (EC) was calculated
using the formula below:

EC = ([ATP]+ 1/2× [ADP])/([ATP]+ [ADP]+ [AMP])

The experiments were conducted twice with three replicates for
each treatment.

Statistical Analysis
Comparisons of data from different groups were analyzed by one-
way analysis of variance (ANOVA) at 5% significance level with
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TABLE 1 | Minimum inhibitory concentration (MIC) and minimum fungicidal

concentration (MFC) of loquat leaf extract (LLE) against P. digitatum, P. italicum,

D. citri, and G. citri-auranti.

Concentration

(mg/ml)

P. digitatum P. italicum D. citri G. citri-auranti

MIC 0.625 0.625 0.625 0.625

MFC 1.25 1.25 1.25 2.50

the SPSS 22.0 software (SPSS Inc. Chicago, IL, United States). The
levels of significance were assessed as significant (p < 0.05) and
highly significant (p< 0.01) using Prime and Excel 2010 software.

RESULTS

MIC and MFC
The treatments of LLE completely inhibited the mycelial growth
of P. digitatum, P. italicum, and D. citri at the concentration
of 0.625 mg/ml when incubated for 2 days. LLE (1.25 mg/ml)
completely inhibited mycelial growth on the sixth day (Table 1).
The results revealed that the MIC and MFC values of LLE
against P. digitatum, P. italicum, and D. citri were 0.625 and 1.25
mg/ml, respectively. Moreover, LLE at the concentration of 0.625
and 2.5 mg/ml completely inhibited G. citri-auranti growth on
the second and sixth days of incubation, respectively (Table 1).
Hence, the MIC and MFC values of LLE against G. citri-auranti
were 0.625 and 2.5 mg/ml, respectively.

Effects of LLE on Mycelial Growth and
Spore Germination of P. digitatum
Different LLE concentrations showed potent inhibitory effects
on the mycelial growth of P. digitatum on the PDA culture,
compared with the control group (Figure 1). After 2 days,
the diameter of the colony decreased significantly (p < 0.05)
with increased LEE concentration, and the extension of the P.
digitatum colony disappeared completely at LLE concentrations
≥0.625 mg/ml (Figure 1). Besides, the mycelial growth rate,
after 48 h of culture with LLE concentrations of 0.625 and 1.25
mg/ml, decreased to 57.5 and 20.3%, respectively, relative to the
mycelial growth in the control group (Figure 1). Furthermore,
the mycelial growth of P. digitatum was negligible over the
incubation period when treated with LEE concentrations of
≥1.25 mg/ml.

As shown in Table 2, a significant inhibitory effect of LLE
on the spore germination of P. digitatum in the PDB medium
was seen in a dose-dependent manner, where higher LLE
concentration resulted in a lower spore germination rate. LLE
at a concentration of 0.625 mg/ml could significantly (p < 0.05)
suppress the spore germination of P. digitatum by 78.95 ±

0.41% compared with the control group (Table 2); whereas at
an LLE concentration of 0.156 mg/ml, only 17.62 ± 0.45% of
inhibitory percentage was recorded. As the LLE concentration
increased up to 1.25 mg/ml, P. digitatum spore germinated rate
was <5%. The linear regression of the inhibitory percentage of P.
digitatum (Y) on the log-transformed LLE-treated concentrations
(X) was determined as Y = 1.75X−1.491, R2 = 0.987, with the

FIGURE 1 | Mycelial growth of P. digitatum on potato dextrose agar (PDA)

exposure to loquat leaf extract (LLE) after 2 and 6 days. Different letters above

the columns of the same day represent significant differences (p < 0.05) in

colony diameter among the LLE concentrations.

TABLE 2 | Effect of LLE on spore germination of P. digitatum.

Concentration

(mg/ml)

Spore germination rate (%) Inhibitory percentage (%)

1.25 2.13 ± 0.81 97.79 ± 0.84a

0.625 20.27 ± 0.35 78.95 ± 0.41b

0.313 54.50 ± 0.46 43.40 ± 0.62c

0.156 79.33 ± 0.31 17.62 ± 0.45d

0 (control) 96.3 ± 0.26 0.00 ± 0.00e

Different letters (a–e) represent significant differences (p < 0.05).

half-maximal effective concentration (EC50 refers to the LLE dose
causing 50% inhibition of the spore germination) of LLE against
P. digitatum being 0.317 mg/ml.

Effect of LLE on Microscopical
Morphology of P. digitatum by SEM
The scanning electron microscopy images showed that the
microscopical morphology of the P. digitatum spores was
severely affected by LLE treatment. The untreated spores had
an engorged globular shape, with a smooth surface (Figure 2A).
However, LLE treatment at the MFC (1.25 mg/ml) altered the
microscopical morphology of the P. digitatum spores, including
sunken surface, loss of linearity, and malformation (Figure 2B).

Effect of LLE on Cell Membrane
Permeability of P. digitatum
The effect of LLE treatment on the cell membrane permeability
of P. digitatum is presented in Figure 3. The extracellular
conductivity in the 1.25 mg/ml LLE-treated P. digitatum cell
suspension increased from 259.1 ± 1.03 µs/cm to 722.2 ± 11
µs/cm after 120min of incubation (Figure 3A, p< 0.05). The cell
lysis rate in LLE-treated P. digitatum suspensions significantly
increased (p < 0.05), whereas the control group remained
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FIGURE 2 | Scanning electron microscopy (SEM) observation (×25,000

magnification) of the morphology alteration of P. digitatum spores exposed to

1.25 mg/ml (minimum fungicidal concentration, MFC) loquat leaf extract (LLE):

(A) untreated spores and (B) LLE-treated spores.

stable. After 240min of incubation, the cell lysis rate in the P.
digitatum suspension treated with 0.625 and 1.25 mg/ml LLE was
50.54 ± 1.71 and 74.23 ± 2.54%, respectively, compared with
20.35± 0.92% in the control group (Figure 3B). As illustrated in
Figures 3C,D, LLE treatment significantly induced the leakages
of nucleic acid and protein in P. digitatum hypha (p< 0.05). After
240min of incubation, both nucleic acid leakage and protein
leakage in P. digitatum suspensions treated with 1.25 mg/ml LLE
were 3.22 times and 4.01 times higher than that of the control.
These results might indicate that cell membrane permeability was
likely to be one of the vital antifungal mechanisms for LLE in P.
digitatum growth.

The fluorescence microscopy images of P. digitatum hypha
treated with MIC and MFC LLE are shown in Figure 4A, and are
consistent with the cell membrane permeability results described
above. No visible red fluorescence was observed in the control P.
digitatum hypha after 30min of incubation. In contrast, robust
red fluorescence was observed in the MIC and MFC LLE-treated
samples, respectively.

Effect of LLE on Intracellular Constituents
of P. digitatum
Changes in intracellular reducing sugar, protein, total lipid, and
ergosterol contents of P. digitatum exposed to LLE treatment
at 0 mg/ml, MIC, and MFC are presented in Figure 5. A
significant difference in intracellular reducing sugar content was
observed after 60min of exposure and gave a declining trend
with increasing LLE concentrations (Figure 5A). After 120min
of incubation, the reducing sugar content in P. digitatum hypha
was 15.95 ± 1.05 and 13.45 ± 0.27 mg/g at LLE concentrations
0.625 and 1.25 mg/ml, respectively, which was significantly lower
than that in the control samples (21.7 ± 0.72 mg/g, p < 0.05).
As demonstrated in Figure 5B, the protein content of control P.
digitatum hypha was found to maintain a stable level during an
incubation period of 0–240min. In contrast, in the LLE-treated
groups, the protein content significantly decreased. For instance,
at 240min after the treatment, the intracellular protein content
in P. digitatum hypha treated with the MIC and MFC LLE was
17.95 and 34.62% lower than that of the control, respectively.

In addition, the total lipid content in LLE-treated P. digitatum
hypha decreased with increasing exposure time. In contrast, the
total lipid content in the MIC and MFC LLE-treated samples
after 240min of incubation was 91.65 ± 0.62 and 63.69 ± 2.27
mg/g, respectively, which was significantly lower than that in
the control group (121.78 ± 3.64 mg/g, p < 0.05, Figure 5C).
Similarly, a continuous decrease in the ergosterol content of P.
digitatum hypha after LLE treatment was observed throughout
the whole incubation period, whereas the ergosterol content in
the control group remained stable (Figure 5D). After 120min of
incubation, the ergosterol content in P. digitatum hypha treated
with the MIC and MFC LLEs were 0.79 ± 0.06 and 0.54 ± 0.08
mg/g, respectively, which was significantly lower (p < 0.05) than
that observed in the control group (1.2± 0.08 mg/g).

Effect of LLE on Lipid Peroxidation of
P. digitatum
The effect of loquat leaf extract LLE treatment on the
malondialdehyde (MDA) content of P. digitatum hypha is shown
in Figure 4B. After 60min of LLE treatment, a striking difference
between the control and LLE-treated samples was observed,
with the intracellular MDA content in the MIC and MFC LLE-
treated groups being 2.61± 0.13 and 2.88 mmol ± 0.06 mmol/g,
respectively, which was significantly higher than that in the
control group (2.34 ± 0.06 mmol/g, p < 0.05). As shown in
Figure 4B, the β-Glu activity in the control P. digitatum hypha
was found to maintain a stable level during an incubation period
of 0–240min. In contrast, it rapidly increased in the LLE-treated
groups. For instance, at 120min of incubation, the β-Glu activity
in P. digitatum hypha treated with the MIC and MFC LLEs
were 1.47 times and 1.92 times higher than that of the control,
respectively (Figure 4C, p < 0.05). The AKP activity of the MIC
and MFC LLE-treated P. digitatum hypha was.27 ± 0.019 and
0.31± 0.015 U/mg, respectively, at 90min after treatment, which
was higher (p < 0.05) than that in the control samples. As
the treatment time increased to 240min, the AKP activity of P.
digitatum hypha treated with LLE at MIC and MFC were 1.39
times and 1.68 times, respectively, higher than that of the control
group (Figure 4D, p < 0.05).

Effect of LLE on ATP, ADP, and AMP
Contents of P. digitatum
The effects of LLE treatment on the ATP, ADP, and AMP contents
in P. digitatum hypha are presented in Figure 6. As shown in
Figure 6A, the ATP content of P. digitatum hypha treated with
LLE at MIC and MFC is 110.1 ± 2.25 and 77.9 ± 1.05 mg/kg,
respectively, which ismuch lower than that in the control samples
after 120min of incubation (150.2 ± 3.03 mg/kg), indicating
that the ATP supply of P. digitatum hypha is hindered by LLE
treatment. Figure 6D shows the effect of ATP content release
when the P. digitatum cell suspension is treated with LLE at MIC
and MFC. The ATP content of the P. digitatum cell suspension
treated with MFC LLE was dramatically increased after 120min
of exposure, which was significantly higher (p< 0.05) than that in
MIC LLE (36.7%) or the control (98.6%). Similarly, both the ADP
and AMP contents of P. digitatum hypha significantly decreased
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FIGURE 3 | Effect of loquat leaf extract (LLE) on cell membrane permeability of P. digitatum. (A) Change in extracellular conductivity of P. digitatum exposed to LLE

treatment; (B) change in cell lysis rate of P. digitatum exposed to LLE treatment; (C) change in nucleic acid leakage of P. digitatum exposed to LLE treatment; and (D)

change in protein leakage of P. digitatum exposed to LLE treatment. Different letters above the lines represent significant differences (p < 0.05) among treatments

simultaneously.

with the MIC and MFC LLE treatments (Figures 6B,C, p <

0.05). In comparison, the release of ADP and AMP of the P.
digitatum cell suspension significantly increased with the MIC
and MFC LLE treatment (Figures 6E,F, p < 0.05). Those results
suggested that the intracellular energy source of P. digitatum was
infiltrated into the cell suspension after LLE treatment. Thus,
the extracellular ATP, ADP, and AMP levels in the P. digitatum
cell suspension exposed to LLE treatment was much higher than
those of the control.

DISCUSSION

As we all know, loquat leaves have been proven to have good
anti-inflammatory effects (23). Similarly, Cynanchum atratum
(24), Mentha (25), and Ficus hirta Vahl (26, 27) showed
anti inflammatory effects, along with strong antifungal effects
[Cynanchum atratum (28), Ficus hirta Vahl (1, 29, 30), Mentha
essential oil (31, 32)]. Therefore, the antifungal effect of loquat
leaves needs to be verified, and then, its natural antifungal
substances should be studied to provide the basis for developing

new pesticides-botanical fungicides. In this study, the antifungal
effects of LLE against P. digitatum, P. italicum, D. citri, and G.
citri-auranti were evaluated via the agar dilution culture method
(33). The results showed that the MIC value of LLE against
these four fungi was 0.625 and 1.25 mg/ml of MFC against P.
digitatum, P. italicum, and D. citri (Table 1). Furthermore, P.
digitatummycelial growth and spore germination inhibition were
LLE dose-dependent (Figure 1; Table 2). These results showed
that LLE has a strong inhibitory effect on P. digitatum and has
a potential application prospect.

The antifungal mechanism of loquat leaf extract (LLE) was
directly reflected by the morphological changes in P. digitatum
spores, causing surface shrinkage, empty spores, and overflow of
cell contents, which damaged the cell wall and cell membrane
structure. The cell membrane lysis of P. digitatum was seen
by changes in electrical conductivity (Figure 3A), nucleic acid
leakage (Figure 3C), and protein leakage (Figure 3D). Thus, LLE
caused disorder in the transmembrane electromotive force of
the cell membrane, thereby damaging the function of the cell
membrane, and the cell wall of P. digitatum.
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FIGURE 4 | Effect of loquat leaf extract (LLE) on cell membrane permeability and lipid peroxidation of P. digitatum. (A) Propidium iodide (PI) staining, a1, a4: control

treatment (0 mg/ml LLE.); a2, a5: minimum inhibitory concentration (MIC treatment) (0.625 mg/ml LLE); a3, a6: minimum fungicidal concentration (MFC) treatment

(1.25 mg/ml LLE); (B) change in malondialdehyde (MDA) content of P. digitatum exposed to LLE treatment; (C) change in the β-1,3-glucanase (β-Glu) activity of P.

digitatum exposed to LLE treatment; (D) change in the alkaline phosphatase (AKP) activity of P. digitatum exposed to LLE treatment. Different letters above the lines

represent significant differences (p < 0.05) among treatments at the same time after treatment.

The fungal cell wall is composed of polysaccharide
macromolecules, such as dextran and chitin. The cell wall
plays a vital role in maintaining normal cell morphology,
controlling the transport of vital substances, and providing a
defensive mechanism. β-1, 3-glucanase hydrolyzes β-1,3-glucans,
which are the primary polymers within the fungal cell wall. AKP
is also a hydrolytic enzyme that causes dephosphorylation from
nucleotides, proteins, alkaloids, and other molecules. In this
study, the β-1, 3-glucanase activity (Figure 4C) of the mycelium
and the AKP activity (Figure 4D) of the extracellular after LLE
treatment was increased. The LLE was supposed to exert its
antifungal activity by causing physical damage to the cell wall
of P. digitatum and also by increasing the cell wall degradation
enzymatic activity, thereby destroying cell wall biosynthesis and
integrity, leading to cytoplasmic collapse and eventually causing
cell death.

The cell membrane is a selective semi-permeable membrane
whose integrity, fluidity, and selective permeability can control
themovement of various substances, which are vital formicrobial
growth and pathogenicity. Moreover, the PI fluorescence staining
results (Figure 4A) showed that the PI entered the cell and
intercalated into the DNA, and emitted a large amount of
red fluorescence, reflecting loss of cell wall integrity. These

results were also shown in other studies (34). Polyphenols and
triterpenes are abundant in the loquat plant (35), which may
be involved in the impairment of the cell membrane (36, 37),
thereby exerting antifungal activity. Besides, in physiological
metabolism, it has been reported that lipid peroxidation is also
part of the antifungal mechanism (38). MDA is the main product
of lipid peroxidation, which can be used as an index to measure
the damage of membrane lipid peroxidation. In this study, the
mycelium MDA content of P. digitatum treated with loquat
leaves was remarkably higher than that of the untreated group
(Figure 4B). This illustrated that the extract could accelerate the
membrane lipid peroxidation of P. digitatum, cause fluidity of the
cell membrane, and increase cell wall permeability.

Lipid and ergosterol are essential components of the
cell membrane (39). Ergosterol plays a magnificent role in
maintaining cell viability, membrane integrity, and fluidity (40).
Xin et al. (19) showed that the antifungal mechanism of Baiwei
extract was due to its capability to destroy the integrity of the
cell membrane, which is mostly influenced by the content of
total lipid and ergosterol in the cell membrane. The effect of
extract treatment on cell membrane composition was studied
by measuring total lipid and ergosterol content in the cell
membrane. As shown in Figure 5C, the LLE extract can reduce
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FIGURE 5 | Effect of loquat leaf extract (LLE) on intracellular constituents of P. digitatum. (A) Change in reducing sugar content of P. digitatum exposed to LLE

treatment; (B) change in protein content of P. digitatum exposed to LLE treatment; (C) change in total lipid content of P. digitatum exposed to LLE treatment; and (D)

change in ergosterol content of P. digitatum exposed to LLE treatment. Different letters above the columns represent significant differences (p < 0.05) among

treatments simultaneously after treatment.

total lipid content in the membrane in a dose-dependent manner,
affecting the stability of the cell membrane and increasing
its fluidity. Helal et al. (40) proposed that a decrease in
lipids will hinder the transport of fat-soluble substances and
destroy cell-selective permeability. Figure 5D shows that LLE can
significantly reduce ergosterol content, indicating that LLE could
act on ergosterol and inhibit its synthesis. The decrease in lipid
and ergosterol content reflected the irreversible damage of the
cell membrane (40), thus we strongly postulated that the cell
membrane might be the site of the LLE target.

Cells need nutrients to produce the energy for their growth
and activities; hence nutrients are essential to cells. However,
after the destruction of the cell membrane, pathways for
the synthesis and transport of substances in cells may also
be affected, thus preventing normal physiological metabolism
of cells (41). The results of this study showed that after
treatment with LLE, the contents of reducing sugar and soluble
protein of P. digitatum cell suspensions were markedly higher
than those of the untreated group (Figure 5). This may be
due to increased membrane permeability with LLE, which

causes an increase in the outflow of reducing sugar and
soluble protein.

In the process of physiological metabolism, energy
metabolism is also one of the essential metabolic pathways. ATP
is the center of energy storage and utilization, and biochemical
reactions must ensure various activities. Therefore, the change
in its content in cells can directly affect the physiological
activities of cells (42). Moreover, the ratio of various adenosine
phosphates (ATP, ADP, and AMP) reflects cell energy charge
(EC). Many metabolic activities in cells depend on energy
charge changes, such as glycolysis, tricarboxylic acid cycle,
electron transport system, and oxidative phosphorylation (43).
Therefore, the extract of loquat leaves can significantly affect
the changes in intracellular energy substances in P. digitatum,
resulting in decreased intracellular ATP, ADP, and AMP content
(Figures 6A–C). Moreover, the extract of loquat leaves leads to
increased extracellular energy substances (Figures 6D–F). These
phenomena may hinder the ATP synthesis pathway; hence the
intracellular ATP has a significant downward trend, followed by
ADP and AMP. The decrease in the intracellular synthesis of
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FIGURE 6 | Effect of loquat leaf extract (LLE) on adenosine triphosphate (ATP) (A,D), adenosine diphosphate (ADP) (B,E), and adenosine monophosphate (AMP)

(C,F) contents in intracellular (left) and extracellular (right) P. digitatum. Different letters above the lines represent significant differences (p < 0.05) among treatments at

the same time after treatment.

storage molecules by LLE leads to cell apoptosis and thus exerted
its antifungal activity.

CONCLUSIONS

The current study revealed a strong antifungal activity of LLE
against the citrus postharvest pathogen P. digitatum. The LLE

exhibited strong antifungal activity against P. digitatum, with
a minimum inhibitory concentration of 0.625 mg/ml and a
minimum fungicidal concentration of 1.25 mg/ml, respectively.
Sunken surface and malformation occurred at the LLE-treated
P. digitatum spores. Besides, a higher increase of cell death
was observed in propidium iodide (PI) fluorescent staining in
the presence of LLE. Furthermore, LLE treatment induced a
significant decline of the intracellular energy substances (ATP,
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ADP, and AMP) content during the entire treatment period.
Those results manifest that the antifungal activity of LLE against
P. digitatum can be attributed to the derangement of cell
membrane permeability and the disordered energy metabolism.
The present study is proving a new mechanism of LLE extract
against P. digitatum, which could be further tested at molecular
level along with field trial. The study results could be helpful to
use LLE extract as a natural antifungal product for preventing
the growth and activity of P. digitatum and thus prevented the
postharvest citrus fruit losses in a more sustainable manner.
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