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ABSTRACT

To improve food safety and shelflife requires the use of preservation
processes, such as physical (heat, refrigeration) or chemical (antimicrobial
addition) processes. Regulatory approved synthetic food antimicrobials
(preservatives) have some uses but are very limited in their spectrum of activity.
Thus, alternatives are needed to conventional chemical antimicrobials. One
method is to use naturally occurring antimicrobials, especially those found in
spices and herbs, essential oils (EO) and essential oil components (EOC). EOs
have been shown to have antimicrobial activity but the activity is highly variable.
Finding a combination of EOs, EOCs, or other natural antimicrobials that act
synergistically would allow a reduction in the use concentration. This is important
for EO as they may contribute undesirable sensory effects to foods. To achieve
synergistic interaction of antimicrobials likely requires that individual compounds
have different mechanisms of inhibition or inactivation. Therefore, the objective of
this study was to attempt to achieve synergistic antimicrobial interactions and
reduce use concentrations by combining EOs and a naturally occurring
hydroxycinnamic acid with reported different mechanisms. Oregano essential oll
(OEO), basil essential oil (BEO), coriander essential oil (CEO), and ferulic acid
(FA) were evaluated alone and in combination against Listeria monocytogenes at
pH 6.0 and 25°C for 48h. A broth dilution assay was used to determine the
minimum inhibitory concentrations (MIC) of individual and combined

antimicrobials. Fractional inhibitory concentrations (FIC) were calculated and the



interactions interpreted as synergistic (FIC =20.5), additive (FIC >0.5 and <1.5), or
antagonistic (FIC <1.5). MICs of compounds alone against L. monocytogenes
Scott A were 250 ppm (parts per million) OEO, 2500 ppm CEO, 7500 ppm BEO,
and 5000 ppm FA. Combinations of OEO+BEO, CEO+BEO, CEO+FA, BEO+FA,
OEO+CEO+BEO, BEO+CEO+FA, and OEO+BEO+FA, and
OEO+CEO+BEO+FA resulted in synergistic inhibition of L. monocytogenes (FIC
< 0.5). The quaternary combination of OEO+CEO+BEO+FA was inhibitory at
31.25, 312.5, 937.5, and 625 ppm, respectively. Combining natural antimicrobials
with suggested different mechanisms may be a solution for controlling foodborne
pathogens and reducing use concentrations. A quaternary antimicrobial blend
reduced the concentration of each compound needed for inhibition by 87.5%

which could also reduce the potential for negative sensory effects.
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CHAPTER |

INTRODUCTION

Listeria monocytogenes is a pathogenic bacterium which can cause a life-
threatening illness called listeriosis. The bacterium is able to survive and grow
anaerobically or aerobically at refrigeration temperatures on food products (27).
Transmission of L. monocytogenes is primarily associated with contaminated
ready-to-eat (RTE) foods, both prepackaged and packaged at retail, such as
meat, seafood, vegetables, and pasta salads (49). According to the US Food and
Drug Administration (FDA), L. monocytogenes is a “zero-tolerance” pathogen in
cooked, RTE foods meaning the detection of the bacterium in a RTE food item
makes that product adulterated (79). Therefore, methods to inhibit the growth of
or inactivate L. monocytogenes in RTE foods are imperative to enhance food

safety.

Improving safety and quality shelflife of food requires the use of
preservation processes, such as physical (e.g., heat, refrigeration) or chemical
(e.g., antimicrobial addition) processes. Regulatory-approved synthetic food
antimicrobials (preservatives) have some uses, but are limited in their overall
spectrum of antimicrobial activity and are generally inactive at the pH of low-acid
foods. Thus, alternatives are needed to conventional chemical antimicrobials.
One method suggested for control of microorganisms in foods has been
application of naturally occurring antimicrobials, especially those found in spices

and herbs including essential oils (EO) and essential oil components (EOC) (17).
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Many of these compounds have a broad spectrum of inhibition or inactivation
against gram-positive bacteria, gram-negative bacteria, yeasts, and molds (97).
EOs have been studied extensively for their ability to prolong shelflife and inhibit
the growth of pathogenic microorganisms (43). However, a drawback to the
addition of EOs to food products is their sensory impact. EOs are aromatic and
volatile so application may negatively affect food taste and/or odor. To overcome
this drawback, a reduction in the use concentration of EOs and EOCs has been
sought along with the use of other plant derived, often phenolic-based
antimicrobials (e.g., hydroxycinnamic acids) (25). To reduce the concentrations
used, studies have focused on using combinations of EOs, EOCs and plant
extracts to minimize concentrations and reduce sensory effects (32). Combining
these compounds can lead to one of three interactions, synergistic, additive, or
antagonistic effects (19). Finding combinations which are synergistic will likely
require the antimicrobial compounds to have different mechanisms of inhibition or

inactivation targeting multiple biochemical processes (35).

The objective of this study was to combine EOs and a naturally occurring
phenolic plant extract of the hydroxycinnamic acid class having reportedly
different antimicrobial mechanisms to target synergistic interactions. The EOs
used included oregano (OEO), coriander (CEO), basil oil (BEO), and the
hydroxycinnamic acid used was ferulic acid (3-methoxy-4-hydroxycinnamic acid;
FA). They were evaluated alone and in all combinations against L.

monocytogenes. OEO (Origanum vulgare) is comprised of carvacrol (2-methyl-5-
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(1-methylethyl)-phenol), thymol, y-terpinene, and p-cymene (10). Carvacrol has
been shown to interfere with flagellar function of Campylobacter jejuni (2). Other
reported mechanisms for carvacrol and thymol include disruption of the bacterial
cell membrane to increase passive permeability (46). Similar to OEO, CEO
(Coriandrum sativum L.) antimicrobial activity is reported to be primarily due to
cytoplasmic membrane damage (83). There have also been literature reports that
CEO has the ability to chelate transition metals (92). BEO (Ocimum basilicum) is
highly variable in its composition depending on geographic location. Antimicrobial
activity reported for BEO containing high concentrations of linalool (3,7-dimethyl-
1,6-octadien-3-ol) and eugenol (4-allyl-2-methoxyphenol) led to cell leakage in
both gram-negative and gram-positive bacteria (6, 40). FA is a naturally occurring
hydroxycinnamic acid ester (25). Undissociated FA (pKa = 4.42) has been shown
to cross the plasma membrane into the bacterial cytoplasm where it can
dissociate releasing H" ions causing the internal pH of the bacterial cell to
decrease. This reduction in pH may affect various metabolic pathways but its
antimicrobial activity is mainly attributed to its ability to inhibit ATPase activity of a
cell (16, 57, 76). Because OEO, CEO, BEO and FA have slightly different
reported mechanisms, they were selected as potential candidates for targeting

synergistic interactions.



CHAPTER Il

LITERATURE REVIEW

Foodborne pathogenic bacteria

Pathogenic bacteria in foods are one of the major concerns when striving
to ensure the safety of the food supply. In the United States, approximately 48
million foodborne illnesses are attributed to major foodborne pathogens annually
(78). Of these cases, 128,000 require hospitalizations and 3,000 result in death.
Foodborne illness occurs when a food is contaminated by a pathogenic
microorganism and the food is ingested by a susceptible individual. Recent
widely reported foodborne illness outbreaks have been attributed Escherichia
coli, Salmonella, and Listeria monocytogenes. Scallan et al. (78) estimated that
Shiga toxin-producing E. coli O157:H7 and non-Shiga toxin-producing E. coli
0157:H7 result in approximately 175,000 illnesses and 20 deaths, non-typhoidal
Salmonella species result in 1.0 million ilinesses and 400 deaths, and L.
monocytogenes is estimated to cause 1,600 illnesses and 255 deaths annually in
the United States.

Identifying food products contaminated by pathogenic bacteria that may
cause illness is difficult for several reasons. Infectious doses of foodborne
pathogens can range from 10*-10° cells. Detecting this small number of
microorganisms in foods is complex and often time consuming. Some bacteria
have the ability to produce toxins (intoxications) that can cause illness. Therefore

lack of detection of these toxin-producers does not indicate a safe product (4).
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Finally, pathogenic bacteria often do not cause changes in the sensory properties
of foods and are therefore impossible to detect using aroma changes (101).

The sources of pathogens are animals and animal fecal material, water,
air, soil, and humans. Within the food supply chain, contamination or cross
contamination can occur by improper pre- or post-harvest handling of food
products or through inadequate sanitation associated with processing. Growth of
pathogens may occur during improper storage conditions. The type of food
product affects pathogenic growth. Its micro-architecture can range from liquid,
gel, oil-in-water emulsion, water-in-oil emulsion, gelled emulsion, or solid surface.
Microorganisms can grow within the liquid of foods allowing motility or as
colonies or biofilms on food surfaces. Food products supply the necessary

nutrients to aid in microbial growth (101).

Listeria monocytogenes

L. monocytogenes is a gram-positive, rod shaped, microaerophilic, non-
sporeforming bacterium. The organism is catalase positive and oxidase negative.
On blood agar, L. monocytogenes produces 3-hemolysis. Studies have shown L.
monocytogenes grows well in tryptic soy broth supplemented with 0.6% yeast
extract or brain heart infusion broth at an optimum pH from 5.0-9.0 (27). L.
monocytogenes has the ability to grow over a temperature range between 0-
42°C. Optimum temperature for growth is 30-35°C, however the organism is

characteristic for its ability to grow at low temperatures between 0-8°C (7). At



temperatures between 20 and 25°C, peritrichous flagella are produced and
assembled on L. monocytogenes’ cell surface giving it a tumbling motility (66).
Listeria monocytogenes was first recognized as an animal pathogen in
1926. However, its significance as a human foodborne pathogen was not noted
until approximately 30 years ago (7). Consumption of food contaminated with L.
monocytogenes may cause the illness listeriosis. In the early 1980’s, outbreaks
of human listeriosis, often associated with dairy products, led to severe illnesses
and high mortality rates among immunocompromised individuals shedding light
on the severity of the disease (7). Foodborne listeriosis is estimated to have a
15.9% fatality and 94% hospitalization rate (78). The majority of human cases
are due to suppressed immune systems. The most susceptible individuals are
neonates and the elderly, cancer and immunosuppressive therapy patients, and
individuals with AIDS (77). Adult listeriosis can be divided into two phases,
enteric and invasive. The enteric phase occurs 1-2 days after consumption of
food contaminated with L. monocytogenes. Symptoms are flu-like with occasional
diarrhea. The invasive phase is much more severe with the possibility of sepsis,
meningitis, and endocarditis. Early diagnosis and treatment with antibiotics and
fluid replacement have shown to be successful. High fatality rates of up to 70%
are seen if listeriosis is untreated. As previously mentioned, fetuses are
extremely susceptible to listeriosis leading to abortion, stillbirth, premature birth,

or meningitis in the newborn (13).



Foodborne transmission of L. monocytogenes was first identified in 1981.
Previously the only documented cause of human listeriosis were through direct
infection from an infected animal to a cutaneous lesion. Foodborne transmission
was first documented in Nova Scotia, Canada between March and September of
1981. A case-control study concluded the 41 cases of listeriosis were due to
consumption of L. monocytogenes contaminated cabbage made into coleslaw
and served at a restaurant (27, 86). Since that initial outbreak, the organism has
been isolated from dairy, meat, egg, produce, and seafood products including
processed foods (27). A recent multistate outbreak of listeriosis was linked to
contaminated ice cream (Blue Bell Creameries, Brenham, TX). It was found that
the ice cream products were being manufactured under conditions and controls
that enabled microbial growth (68).

L. monocytogenes survival in various food items can be attributed to its
ability to adapt to low pH and temperatures (27, 28). Food products with a high
pH, moisture, and nutrient content are ideal for listerial growth. This food
composition aids in L. monocytogenes growth at low temperatures including
refrigeration (13, 27).

Food processors have utilized many processing and preservation methods
to eliminate, inactivate, or inhibit the growth of L. monocytogenes. Thermal
processing at 62.7°C for 1.0 min will inactivate L. monocytogenes in whole milk
(24). Drying and the addition of salt or sugar during processing lower the water

activity (a,) of foods to extend shelf life. L. monocytogenes can tolerate both high



salt concentrations and low a,. The organism has the ability to grow at an a,
greater than 0.90 and can survive at a a,, less than 0.90 (45, 48). In a
commercial cheese brine (23.8% NaCl, pH 4.9) stored at 4°C, L. monocytogenes
was isolated after 259 days of storage (48). The addition of synthetic
antimicrobials to food products during processing has been shown to inhibit the
growth of L. monocytogenes. Acid dips of 0.25% sodium diacetate and 1.8%
sodium lactate for two minutes inhibited the growth of Listeria on turkey
frankfurters stored at 10°C (5). Sodium diacetate and sodium lactate in
combinations are often used in RTE comminuted meat products to control the
growth of L. monocytogenes (31). The addition of 2.5% liquid smoke flavoring to
meat products has also been shown to inhibit the growth of L. monocytogenes

stored at 4°C (59).

Antimicrobial food preservation

Food preservation is constantly evolving to improve food quality, safety,
and storage. Traditional food preservation dates back to prehistoric times,
primarily with the physical processes such as heating, cooling, drying, and
fermentation. The addition of certain chemical compounds, such as salt, nitrites,
and sulfites, were adjuncts to the physical processes. Today, more than 2,500
chemical additives exist to aid in various stages of food processing. These
chemical additives function as food preservatives, coloring and flavoring agents,
nutritional additives, and texture enhancers, among others, in processed goods

(9). The addition of antimicrobial food preservatives enables global distribution
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and decreased physical processing of foods (71). Antimicrobial food preservation
improves the safety and quality of foods by inhibiting or inactivating spoilage and
pathogenic microorganisms (18). The U.S. Food and Drug Administration (21
CFR 170.3 (0)(2)) states antimicrobials are “used to preserve food by preventing
growth of microorganisms and subsequent spoilage, including fungistats, mold
and rope inhibitors”. Antimicrobials may be added directly into a food product, in
food packaging, on food contact surfaces, or in food processing environments as
methods for food preservation (17). Some antimicrobials exist naturally in foods
or they can be added to a product in a synthetic form for preservation (15).

It has been reported that consumers in the 2010s are desiring foods to be
“less processed” and “less packaged” with fewer to no “preservatives” (103). In
addition, consumers want food that is high in nutrition, convenient to prepare,
100% safe, low priced, and environmentally friendly and sustainable (71).
Globalization has further altered the current state of food preservation. Location
of production, processing, packaging, and storage often take place in different
geographical areas. This length of time for products to reach retailers and
consumers has thus been extended (15). These circumstances have led to
greater research on the use of natural antimicrobial substances as a replacement

for synthetic chemical antimicrobials in food.

Natural antimicrobials

Interest in the use of naturally occurring antimicrobials has drastically

increased in response to consumer demands for reduced use or elimination of

9



synthetic chemical preservatives (17, 103). Natural antimicrobials can be used to
preserve food by inhibiting or inactivating the growth of pathogenic or spoilage
microorganisms. An ideal “label-friendly” or “clean label” natural antimicrobial
would have antimicrobial activity when added as an unaltered product or as an
extract with minor purification or refining (17). Davidson et al. defines an ideal
natural antimicrobial as one that would “(a) be effective at low concentrations in
its natural form, (b) be economical at use levels, (c) cause no sensory changes to
the product, (d ) inhibit a wide array of pathogenic and spoilage organisms, and
(e) be nontoxic”(17). However, few, if any naturally occurring antimicrobials have
all these properties (17, 18).

Naturally occurring antimicrobials may be derived from animals, plants, or
microorganisms. Most animal-derived antimicrobials likely evolved in animals,
particularly vertebrates, as host defense mechanisms (17). These antimicrobials
are most commonly isolated from animal foods involved in immune response
and/or as protection for neonates. For example, lactoferrin (iron-binding protein)
and lysozyme (degrades bacterial cell walls) are present in bovine milk while
poultry eggs contain ovotransferrin (binds iron) and lysozyme. These and other
compounds have antimicrobial activity against bacteria, fungi, parasites, and
viruses (89). Plant-derived antimicrobials exist in over 1,340 different plant
varieties (100). The antimicrobials can be derived from a plant’s leaves, flowers,
bulbs, rhizomes, or fruit. Antimicrobial activity is often related to plant defenses

and can be found associated with compounds such as phenolics, terpenes,
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aliphatic alcohols, aldehydes, ketones, acids, and isoflavonoids (97). Microbially-
derived antimicrobials are also used in by microorganisms for defense or
protection. Bacteriocins which are inhibitory peptides produced by bacteria
include nisin (Lactococcus lactis ssp. lactis). Nisin is active against spores
produced by Bacillus and Clostridium. A second form of microbial control is the
use of bacteriophages, or viruses that infect and lyse host bacteria.
Bacteriophages are specific in target bacteria limiting their activity to a single

species or strain (17).

Plant Derived Antimicrobials

A wide variety of compounds produced in plants, herbs, and spices have
been found to exhibit antimicrobial activity against bacteria, yeast, and mold. The
biological function of these compounds aid in plant resistance to phytopathogens
and insects in nature (17). The natural antimicrobial systems that exist in plants
include essential oils and organic acids (97). These are secondary plant
metabolites that are present in a plant but not necessary for growth or
reproduction (95). Simple and complex phenolic compounds have been identified
as the most active plant-derived antimicrobial components and often occur in the
essential oils (81). Aldehydes, ketones, terpenes, isoflavonoids, aliphatic
alcohols, and organic acids also contribute to antimicrobial efficacy (97).

Essential oils are obtained from steam distillation, pressing, or solvent
extraction of various parts of plants including leaves, seeds, flowers, and bulbs

yield essential oils and extracts (17). The in vivo concentration of plant-based
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antimicrobials affects the antimicrobial efficacy. The same plant can vary in EO
composition depending on geographic location, harvesting time, and extraction
method (97).

The food industry currently uses spices and herbs as flavoring agents.
The majority of spices and herbs including their EOs are generally recognized as
safe (GRAS) for that purpose (97). Utilizing their antimicrobial properties to
enhance the safety and preservation of foods therefore would meet consumer

demands to replace synthetic food additives (10).

Phenolic Compounds

A phenolic compound is a substance which possesses an aromatic ring
with one or more hydroxyl groups (34). Phenolic compounds from plants can be
categorized into simple phenols and phenolic acids (hydroquinone, vanillin, p-
cresol), hydroxycinnamic acid derivatives (ferulic, caffeic, and p-coumaric acid),
and flavonoids (catechins, anthocyanidins, and flavons) (39). Phenolic
compounds have several functions within foods. For example, chlorogenic acid
(3-(3,4-dihydroxycinnamoyl)quinic acid), a hydroxycinnamic acid derivative,
participates in enzymatic browning in foods such as apples and pears (26, 39).

Phenolic compounds also exhibit antimicrobial and antifungal activity (16)
Simple phenolic compounds, such as phenol and cresols (methyl phenols), act
as antimicrobials and flavor enhancers when deposited on cheese, meats, and
fish during the smoking process (20). Benzoic acid, proanthocyanidins, and

flavonols from cranberries have been shown to inhibit Saccharomyces bayanus
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(16, 54). Tannic acid, a polyphenolic present in the rinds and bark of plants, had
antimicrobial activity against A. hydrophila, E. coli, L. monocytogenes, S.
Enteritidis, S. aureus, and S. faecalis (12, 16).

The strong antimicrobial activity of essential oils of plants is often likely
due to their high percentages of phenolic compounds. Phenolic compounds are
often amphiphilic which means that can interact with the fatty acids of the
microbial cell membrane leading to disruption of electron flow, active transport,
and proton motive force (23). This polarity of phenolic compounds is due to its
hydroxyl group. To demonstrate the importance of the hydroxyl group on a
phenolic compound, Ultee et al. (95) compared the antimicrobial activity of a
compound without a hydroxyl group, cymene to carvacrol, a compound with a
hydroxyl group. Both carvacrol and cymene had an effect on membrane integrity
of B. cereus. However, the presence of the hydroxyl group on carvacrol
increased the leakage of K™ and increased the influx of H* in B. cereus. Ultee et
al. proposed that, “carvacrol acts as a transmembrane carrier of monovalent
cations by exchanging its hydroxyl proton for another ion such as a potassium

ion. Undissociated carvacrol diffuses through the cytoplasmic membrane” (95).

Hydroxycinnamic acid derivative ferulic acid

Hydroxycinnamic acids occur naturally in foods as esters or glycosides
(38). The four natural states are coumaric, caffeic, ferulic, and sinapic acids (25).
Ferulic acid (4-hydroxy-3-methoxycinnamic; FA; CAS no. 1135-24-6) is naturally

found as an ester cross-linked to polysaccharide in the cell wall of plants or less
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commonly cross-linked with proteins. It exists at high concentrations in numerous
plants including wheat bran, sugar-beet pulp, and corn kernel. Due to its low
toxicity, FA is approved as a food additive for use in foods, beverages, and
cosmetics (63).

FA is a weak organic acid (pKa 4.42) (42). Therefore, FA’s antimicrobial
activity is affected by the concentration of undissociated acid (11, 76). FA is
dissociated at pH levels above its pKa which decreases its ability to cross the cell
membrane by passive diffusion (57). Due to this, FA will have a higher
antimicrobial activity at a pH close to its pKa. Miyague et al. (57) demonstrated
this by testing FA at pH of 5.0, 6.0, and 7.0 against L. monocytogenes. The MIC
of FA against L. monocytogenes in a broth dilution assay incubated for 48 h at
30°C increased with increasing pH from 2.5 mM (pH 5.0) to 5 mM (pH 6.0) to 10
mM (pH 7.0).

FA has been shown to inhibit the growth of bacteria, yeasts, and molds.
Lyon and McGill (53) tested the antimicrobial activity of FA against Erwinia
carotovora which may cause soft-rot of potatoes and other vegetables. Inhibition
of E. carotovora was achieved with FA at 5,000 pg/ml in a nutrient broth (16, 53).
Antimicrobial activity was also noted by Herald and Davidson (16, 37) against
both gram-positive and gram-negative bacteria in a broth dilution assay for 48 h
at varying time intervals. FA inhibited the growth of B. cereus and S. aureus at

1000 pg/ml at pH 5.0 for 36 h and pH 6.0 for 9 hrs. The growth of E. coli was
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inhibited at 500 pg/ml FA at pH 5.0 and 1000 pg/ml FA at pH 6.0 for 36 h (16,
37).

The antimicrobial activity of FA is attributed to its ability to inhibit ATPase
activity (16, 57, 76). FA can cross the plasma membrane into the bacterial
cytoplasm and once the compound dissociates, the internal pH of the bacterial
cell decreases inactivating metabolic pathways. Rico-Munoz et al. (76) measured
the effect of hydroxycinnamic acids on staphylococcal membrane-bound
ATPase activity at 37°C. The ATPase activity was determined by measuring the
liberation of phosphate in a 1 ml reaction mixture of 2.5 mM ATP, 150 mM KCl,
and 50 mM Tris-acetate buffer for 30 min. FA (1200 mg/ml) inhibited the ATPase
activity of Staphylococcus aureus at pH 6.0 (76). Additionally, phenolic acids
including FA increased the cellular membrane permeability of lactic acid bacteria.
The effects of FA (2200 mg/ml) on Oenococcus oeni and Lactobacillus hilgardii
membranes was studied by measuring the potassium efflux with a potassium-
sensitive electrode, phosphate efflux determined by a Flow Injection System,
proton efflux by extracellular pH monitoring, and cell membrane injury using a
fluorochrome kit. Treatment with FA increased the phosphate, potassium, and
proton efflux and decreased viable cell fluorescence indicating cellular

membrane damage(11).

Essential oils and their mechanism of antimicrobial action

Plant essential oils (EO) and their components (EOC) have antimicrobial

activity against a wide range of microorganisms, including gram-positive and
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gram-negative bacteria, yeasts, and molds. However, the extent of the activity
varies with EO and with the spectrum of antimicrobial activity. The varying
spectra can likely be attributed to the different EOC present in individual EOs, the
variation in the activity of those components, and their interactions. EOs are
composed of secondary plant metabolites that can be divided into four groups
based on chemical structure: terpenes, terpenoids, phenylpropenes, and “others”
(41).

Terpenes are synthesized in the cytoplasm of plant cells and are
composed of a hydrocarbon backbone. Monoterpenes (C;0H16) and
sesquiterpene (CisHy4) are the primary terpenes. Examples include p-cymene
and a-pinene (41). The antimicrobial activity of terpenes is minimal to none. For
example, Bagamboula et al. (3) found p-cymene had no antimicrobial activity
against S. sonnei and S. flexneri at 85700 pg/ml using an agar well diffusion
assay at 37°C for 24 hrs.

Terpenoids, the largest group of plant secondary metabolites, are
composed of a hydrocarbon backbone with an oxygen molecule (47). Terpenoids
can be further categorized into alcohols, esters, aldehydes, ketones, ethers,
phenols, and epoxides. Common terpenoids are carvacrol, linalool, and thymol
(41). The mechanism of antimicrobial action is proposed to be due to the
hydroxyl group on these compounds. The hydroxyl group disrupts lipid bilayers in
microbial cells, breaking down the structure thus increasing permeability (43). It

is then proposed that a leakage of metabolites and ions occurs (10). A cell is able
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to withstand a loss of cytoplasmic constituents without losing cell function but
extensive loss can cause cell death (23). Disruption of the cell membrane leads
to disturbance of electron flow, active transport, and proton motive force (23).

Phenylpropenes are synthesized from amino acids and are composed of a
six-carbon aromatic phenol group and a three-carbon propene tail. Examples
include eugenol, cinnamaldehyde, and vanillin (41). Phenylpropenes can bind to
and affect protein properties and inhibit the activity of enzymes such as ATPase,
histidine, decarboxylase, amylase, and protease (30, 41).

The “other” category of EOCs is comprised “different degradation products
from unsaturated fatty acids, lactones, terpenes, glycosides, and sulfur- and
nitrogen-containing compounds” Hyldgaard et al. (30). This category includes
allicin and ally isothiocyanate.

Variation of bacteria susceptibility to EOs and EOCs is likely due to
variation in cell structure. Gram-positive bacteria are proposed to be more
susceptible to EOs than gram-negative bacteria. Gram-positive bacteria are
surrounded by a thick peptidoglycan wall. This layer provides structure to gram-
positive bacteria, but small antimicrobial particles can still access the cell
membrane. In comparison, gram-negative bacteria have an outer membrane
composed of lipopolysaccharide (LPS) which creates a rigid, restrictive barrier
against large molecular particles, especially hydrophobic compounds, including
antimicrobials (61). However, gram-negative bacteria are susceptible to EOCs.

Helander et al. concluded cellular penetration of thymol and carvacrol on E. coli
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and S. Typhimurium was the same. The transport of EOs into gram-negative
bacteria is proposed to be due to the activity of porin proteins embedded in the
outer membrane. Porin proteins transport hydrophilic and phenolic compounds to
the cytoplasmic membrane and targets for antimicrobial activity (29, 36).

A highly important characteristic that is believed to contribute to EOs and
EOC antimicrobial activity is its amphiphilicity. The hydrophobic phenolic ring
changes membrane functionality by partitioning in the lipids of the bacterial cell
membrane. The accumulation of EOs influences the protein-to-lipid ratios in the
membrane increasing permeability. However, due to the hydrophobicity of the
phenolic ring, solubility in the lipids may inhibit the compound to act on the
microorganism (10, 14, 82). The hydrophilic phenolic hydroxyl group contributes
to the antimicrobial activity by exchanging the hydroxyl proton for another ion to
diffuse through the cytoplasmic membrane to the cytoplasm. This may lead to

disruption of enzymatic activity (10, 14, 95).
Combining natural antimicrobials to increase antimicrobial
activity

While natural antimicrobials are active against a range of microorganisms,
some have a limited spectrum. For example, an antimicrobial may be active
against gram-positive bacteria and molds but not gram-negative bacteria. The

difference in antimicrobial spectra is most likely due to variation in the target sites

of the antimicrobial on microbial cells (97). Combination of antimicrobials aims to
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utilize differing antimicrobial mechanisms thereby targeting multiple sites and
thus completely inhibiting a microorganism or microorganisms (93).

Three different interactions can occur when combining antimicrobials:
synergistic, additive, or antagonistic. The combination displays an additive effect
when the antimicrobial blend results in an antimicrobial activity that is equal to
the sum of the individual compounds. An antimicrobial blend resulting in a
combined antimicrobial activity less than individual compounds applied
separately is antagonism. A synergistic interaction occurs when a blend of two or
more antimicrobial compounds results in an antimicrobial activity greater than the
sum of the individual compounds. (19).

Analysis of the combined effects of the antimicrobials can be done by
calculating the fractional inhibitory concentration index (FICinqex). Davidson and
Parrish defined the formula as: FICA=MICa+s/MICp, FICA =MICg4a/MICg, FICingex
=FICa +FICg (19). Thus, the MIC of compound A and B must first be determined
for the individual components before calculating the FICi,qex. The calculated
values can then be interpreted as synergistic, additive, or antagonistic. In this
thesis, we define a synergistic interaction as FICigex (6, 72).

Assessment of antimicrobial interactions can be performed in macro- or
micro-dilution techniques in culture broth or agar media. Checkerboard,
graphical, and time-kill assays are the most widely used methods to determine
antimicrobial effects. However, there is no standard method to compare

antimicrobial interactions. FIC values for the definition of interactions, methods,
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and criteria used differ between studies. Thus it is often hard to compare
antimicrobial interaction studies due to the diversity of methods (6).

The purpose of studies combining plant extracts for synergy is to attempt
to reduce use concentrations of antimicrobials and thus reduce sensory side
effects, particularly for EOs and EOCs. Furthermore, combinations of
antimicrobials may inhibit a broader spectrum of activity against microorganisms.
Gutierrez et al. (32) conducted a study to determine the antimicrobial activity of
binary plant essential oil combinations against B. cereus, E. coli, L.
monocytogenes, and P. aeruginosa. Individual EO MICs for essential oils of
basil, lemon balm, marjoram, oregano, rosemary, sage, and thyme were
determined by a spot-on-agar test on tryptic soy agar for 24 h at 37°C. A
checkerboard method was performed using a 96-well microtiter plate for binary
combinations. The plate was arranged where EO; was serially diluted two-fold
starting at its MIC along the x-axis of the plate and EO, was serially diluted two-
fold starting at its MIC along the y-axis. The antimicrobials were combined with
broth containing the microorganism strain and plates were incubated at 37°C for
24 h. FIC values were calculated to determine if the combinations resulted in a
synergistic, antagonistic, or additive interaction. No growth at FIC < 0.5 was
defined as a synergistic interaction. No synergistic interactions were detected
between the EO combinations studied by Gutierrez et al. (32). This may be
attributed to the means of EO selection based upon reported antimicrobial

efficiency, sensory properties, and presence of different compounds. Synergy is
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thought to occur when antimicrobial blends inhibit multiple enzymes or
biochemical pathways or interact to disrupt the cell membrane structure or
function (6). Therefore, antimicrobial combination studies should look to combine
antimicrobials with different proposed mechanisms for synergy.

Combination studies that utilize other natural plant-based antimicrobials
could increase the antimicrobial activity of EOs and further decrease negative
sensory side effects. Miyague et al. (57) evaluated the antimicrobial activity of
phenolic acids and EOCs alone and in combination against L. monocytogenes in
a micro-dilution broth checkerboard analysis. Combinations of carvacrol+o-
coumaric, carvacrol+FA, carvacrol+p-hydroxybenzoic inhibited the growth of L.
monocytogenes and had a synergistic interaction (FIC < 0.5) at pH 5.

To further reduce use concentrations, increase the potential spectrum of
microorganism inhibition, and reduce cost and sensory effects, combination
studies between 3 or more antimicrobials could be conducted. Techathuvanan et
al. (93) tested binary and tertiary antimicrobial combinations against pathogenic
and spoilage microorganisms in a macro-dilution broth assay at 25°C and pH 6.0
to simulate ambient storage conditions and intrinsic pH of low acid food products.
FICs were calculated for each study to define synergistic, additive, and
antagonistic effects. A synergistic effect was found for the combination of white
mustard essential oil + lauric arginate + citrus flavonoid and acid blend. In this

study, original use concentrations (i.e., MICs) were reduced by 83.4% (93).
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Oregano

Oregano (Origanum vulgare) is a commonly used spice in the
Mediterranean Basin, Philippines, and Latin American cuisines. The flowered
tops and stalks can be dried and used as an herb. Distillation of dried oregano
can extract oregano essential oil (OEO) (44). Carvacrol, a monoterpenoid
phenol, thymol (5-methyl-2-(1-methyl)-phenol), a monoterpenoid phenol, y-
terpinene (4-methyl-1-(1-methylethyl)-1,4-cyclohexadiene), a monoterpene, and
p-cymene (1-Methyl-4-(1-methylethyl)benzene), a monoterpene, are the primary
components of OEO (10).

OEO generally has greater antibacterial activity in comparison to most
other EOs (10). It has been shown to inhibit both gram-negative and gram-
positive bacteria as well as fungi (17). Gutierrez et al. (32) reported that OEO had
antimicrobial activity against Bacillus cereus, E. coli, L. monocytogenes, and
Pseudomonas aeruginosa. Minimum inhibitory concentrations determined by a
microbroth dilution assay in a 96-well micro titer plate at 37°C for 18 h in TSB
were 500, 400, 200, and 200,000 mg/l, respectively. OEO has also shown to be
effective in reducing biofilm growth of microorganisms. The biofilm growth of S.
aureus was decreased in the presence of 0.0125% OEO after incubation for 24 h
at 37°C. Direct observation by electron microscopy of S. aureus with 0.0125%
OEO showed cells grew as loose colonies compared to the biofilm matrix of S.

aureus in the absence of OEO (62).
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The application of OEO to aid in food preservation and safety has been
widely studied. Concentrations ranging from 0.05 to 1% of OEO in combination
with modified atmosphere packaging were able to inhibit the growth of
Brochothrix thermosphacta in minced meat stored at 5°C. Additionally, sensory
analysis of the minced meat with 1% OEO concluded that OEO positively
affected the odor and color of minced meat. OEO flavor was not detected by
panelists (85). Similarly, OEO at 0.8% in combination with modified packaging
conditions had a 2-3 log reduction of L. monocytogenes on meat fillets at 5°C
(94). Cod and salmon fillets with 0.05% OEO in modified atmosphere packaging
stored at 2°C inhibited the growth of the spoilage microorganism Photobacterium
phosphoreum (55).

The mode of action of oregano is proposed to be based on its major
components, thymol and carvacrol. Ultee et al. (96) studied the effect of carvacrol
on the intracellular ATP pool (ATPj,), the membrane potential, the pH-gradient
across the cytoplasmic membrane, and the potassium gradient of gram-positive
B. cereus. The study showed a decrease in ATP;, concentration but no increase
in the extracellular ATP (ATP,y) concentration, a decrease of membrane
potential by a change in pH from pH 7.0 to pH 5.8, and an increased permeability
of the cell membrane for K* when treated with carvacrol. Thus it was concluded
that “the hydrophobic carvacrol interacts with the membrane of B. cereus by

+i

changing permeability for cations such as H* and K™ (96). In contrast, a study

conducted by Helander et al. (36) observed an increase in ATP,, and ATPj, of
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the gram-negative bacteria E.coli when exposed to carvacrol. The study also
exposed E.coli to thymol, an EOC of OEO, to determine its mechanism of action.
A measurement of lipopolysaccharide (LPS) release after exposure to carvacrol
or thymol concluded that the EOCs potentially degraded the outer membrane of
E. coli. Thus, the mode of action of carvacrol and thymol against gram-negative
bacteria was proposed to be increased cell membrane permeability to ATP via
degradation of the outer membrane and release of LPS (36). Another suggested
mode of antimicrobial action for carvacrol is related to the inhibition of motility of
bacterial cells. Alphen et al. (2) treated Campylobacter jejuni with a sub-inhibitory
concentration of carvacrol investigate the effect on influence virulence traits of C.
Jejuni but not inhibit cellular growth. Time-lapse microscopy showed that C. jejuni
flagella biosynthesis was not altered but the organism became non-motile in the
presence of 0.2 mM (30 ppm) carvacrol. Additionally, a luciferase assay was
used to determine if carvacrol had an effect on C. jejuni ATP levels. The assay
showed similar ATP levels for C. jejuni grown with or without carvacrol.
Therefore, Alphen et al. (2) concluded that carvacrol inhibited the motility of C.

jejuni independent of ATP levels.

Coriander

Coriander (Coriandrum sativum L.) is an herb and spice native to the
Mediterranean and Middle East. The leaves are more commonly referred to as
cilantro while the seeds are called coriander. Coriander essential oil (CEO) is

derived from the seeds (80). Linalool (65-90%) a monoterpenoid alcohol, and a-
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pinene (2,6,6-trimethylbicyclo[3.1.1]hept-2-ene) (5-90%), a monoterpene, are the
primary antimicrobial components 0f CEO (22).

CEO is reported to have antimicrobial activity against bacteria and yeasts
(17). A study conducted by Delaquis et al. (22) found CEO (0.5 % v/v) in a
microbroth dilution assay in TSBYE had antimicrobial activity against Listeria
monocytogenes, Staphylococcus aureus, Saccharomyces cerevisiae,
Pseudomonas fragi, and Salmonella Typhimurium at 30°C at 48 h. CEO (£ 0.5 %
v/v) extracted by hydrodistillation from dried fruits of C. sativum composed of
64.5% linalool and 6.3% a-pinene inhibited the growth of Escherichia coli,
Bacillus megaterium, and Erwinia carotovora by a disk diffusion assay at 25°C for
48h (50).

CEO has also been shown to have considerable antimicrobial activity in
food matrix studies. Stecchini et al. applied 1250 pg/ml CEO to noncured cooked
pork inoculated with Aeromonas hydrophila. The samples were stored at 2 and
10°C under vacuum or air packaging. The addition of CEO reduced the growth of
A. hydrophila by 5-logs when stored under vacuum packaging at 2 and 10°C
(88). CEO (0.5% v/w) homogenized with lean beef and chicken breast inoculated
with 5 log CFU/mI of Campylobacter jejuni caused a reduction in cell counts to an
undetectable level after 30 min when stored at 4°C and 32°C (73).

The mechanism of antimicrobial activity of CEO has been attributed to
membrane damage of gram-negative and gram-positive bacteria. Silva et al.

concluded from a flow cytometry study that CEO caused membrane damage
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leading to cellular death. Cellular function was evaluated using several
fluorochromes: propidium iodide (PI) for membrane integrity, bis-1,3-
dibutylbarbutiric acid (BOX) for membrane potential, ethidium bromide (EB) for
efflux activity, and 5-cyano-2,3-ditolyl tetrazolium chloride (CTC) for respiratory
activity. Cell suspensions of B. cereus, S. aureus, E. coli, S. typhimurium, and P.
aeruginosa exposed to their CEO MIC lost all cellular functions including efflux
and respiratory activity. This was shown by evaluating the percentage of
fluorochrome-stained cells after treatment with CEO and comparing to a 2%
DMSO control. Gram-negative bacteria, E. coli (MIC 0.2%), P. aeruginosa (MIC
1.6%), and S. typhimurium (MIC 0.4%), exhibited a higher susceptibility to CEO
than gram-positive bacteria, B. cereus (MIC 0.1%) and S. aureus (MIC 0.1%). A
second mode of antimicrobial action proposed for CEO is a chelating activity.
Ahlers et al. (1) compared CEO ferrous ion chelating activity to
ethylenediaminetetraacetic acid (EDTA), a compound known for its high
chelating activity, using a chelation activity test. The MIC of CEO (1.0%)
demonstrated a high chelation activity as its ability to bind ferrous ions resulted in
71.12 £+ 0.48 % inhibition of the ferrozine-iron (Il) complex. In comparison, 1%

EDTA 94.16 £ 0.12% inhibition of the ferrozine-iron (II) complex.
Basil
Basil (Ocimum basilicum) is a glabrous (smooth) herb which prefers a

warm and temperate climate for growth. Cultivation originated in India and

tropical Asia, but it is now cultivated commercially in several European countries,
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including France, Greece and Egypt and multiple areas of the United States (69,
84). The EO of basil is produced by both the flower and herb. Composition of
basil essential oil (BEO) has great variation depending on variety, geographic
location, and time of harvest. Major components reported include linalool (35%-
60%), geraniol (35-45%) a monoterpenoid alcohol, eugenol (20-25%) a
phenylpropene, methyl chavicol (38%-50%), a phenylpropene, and camphor
(20%), a terpenoid. BEO has a clove-like scent which is utilized as a flavoring
agent in foods and scent in perfumes (69).

Basil has shown inhibitory effects against both bacteria and fungi,
including Bacillus, Escherichia coli, Staphylococcus, and Aspergillus (17). In a
study conducted by Bagamboula et al. (3), BEO was extracted from dried basil
by steam distillation. BEO (10% v/v) inhibited the growth of Shigella flexneri, S.
sonnei, and E.coli in an agar well diffusion assay on Mueller Hinton Agar at 37°C
for 24 h. In this study, BEO was shown to be composed of 16.1% linalool and no
trace of eugenol. Additionally, antimicrobial activity of seasonal variations of BEO
was compared in a study by Hussain et al. (40). Stems and leaves were collected
from O. basilicum L during summer (June), autumn (September), winter
(December), and spring (March) in Faisalabad, Pakistan to compare
concentration of EOC during varying temperatures and humidity. All seasonal
variations of BEO had a linalool composition of approximately 60%. The four
seasonal variations of BEO inhibited the growth of S. aureus (MIC 1.3 mg/ml), E.

coli (MIC 2.6 mg/ml), B. subtilis (MIC 1.4 mg.ml), P. multocida (MIC 1.9 mg/ml),
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A. niger (MIC 3.2 mg/ml), M. mucedo (MIC 4.9 mg/ml), and F. solani (MIC 3.6
mg/ml) in a microbroth dilution assay at 37°C for 24 h for bacteria and 30°C for
48 h for fungi (40).

The internal and external addition of BEO to food products may aid in food
preservation. Maize kernels coated with BEO (5.0%) with hexane as the solvent
inhibited growth of Aspergillus flavus. The maize kernels were immersed in the
BEO and hexane solution for 30 minutes then dried for an additional 30 minutes.
The kernels were then sprayed with A. flavus spore suspension and incubated in
petri dishes in wet cotton for 5 days at room temperature. The BEO maize kernel
coating reduced A. flavus growth to 0.8% of 120 maize kernels after 5 days (58,
90). BEO in combination with olive oil increased the death rate of S. Enteritidis in
mayonnaise. Homemade mayonnaise (300 ml oil, 2 egg yolks, and 9 ml
acidulate) with a pH of 4.3 was inoculated with S. Enteritidis and stored at 4°C
and 20°C. Mayonnaise containing a proprietary brand of olive oil containing BEO
(no reported concentration) had a 3 day death rate of S. Enteritidis as compared
to sunflower oil with a 6 day death rate (51).

BEO is proposed to destroy the integrity of a cell membrane resulting in
cellular death. Lv et al. (52) studied the effect of BEO (MIC and 2xMIC) on S.
aureus, B. subtilis, and E. coli by a scanning electron microscopy (SEM)
microscopy test to see external damage of the cells after 2 hrs. The SEM test
demonstrated that BEO at its MIC visually disrupted the membrane integrity of S.

aureus, B. subtilis, and E. coli. BEO antimicrobial activity can also be attributed to

28



its high concentration of eugenol (0.25%-0.50%). Eugenol is proposed to cause
cell lysis by leakage of proteins and lipids of both gram-negative and gram-
positive bacteria. Oyedemi et al. exposed L. monocytogenes and E. coli to the
MIC and 2 x MIC of eugenol in nutrient rich broth for 120 minutes at 37°C. At 30
minute intervals, the cell suspension was vortexed at 10,000 rpm to allow for
leakage of cell constitutes. To measure the lipid leakage, a vanillin-phosphoric
acid reagent which darkens in color in the presence of lipids was added to the
cell suspension. Coomassie brilliant blue G-250 was added to the solution to
stain proteins. Results showed that L. monocytogenes and E.coli treated with
carvacrol (MIC 0.50%) had an increase of lipid and protein leakage compared to
untreated bacterial cells by a darkening of color in the cell suspensions

(absorbance measured at 595 nm) (65).

Applications of EOs to foods as antimicrobials

It has been shown that EOs exhibit a stronger antimicrobial activity in
microbiological media than in foods (81). Application of EOs as antimicrobials in
food systems is limited by interaction with proteins and lipid matrices. Vigil et al.
attributed this to the interaction of amphiphilic compounds of EOs with
hydrophobic proteins and lipids (97). For example, EOs applied to the surface of
meat may not treat the microbially contaminated center of the meat. Due to EOs
being hydrophobic, the oils accumulate in the lipids on the meat surface (29, 70).
Other factors affecting the interaction of EOs is the neutral pH and high water

activity of many foods (87). These conditions are optimum for microorganisms
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and often require an increased use concentration of EOs needed for
antimicrobial activity. High concentrations of EOs can have negative sensory
effects such as a change in aroma or taste. Thus solutions to overcome the
weakened antimicrobial activity and sensory effects of EOs and their major
components in food systems are needed in the food industry (17).

Essentially the addition of antimicrobials to a food product is a hurdle that
aids in the extension of shelf life and inhibition of food-borne pathogens. Other
hurdles can be implemented during food processing to enhance antimicrobial
activity. The combination of heat and a natural antimicrobial may have the ability
to decrease both the concentration of antimicrobial and amount of heat required
for processing. Non-thermal processing such as high hydrostatic pressure or
pulsed electric fields with antimicrobials have also successfully aided in food
preservation (17). The combination of high-intensity pulsed electric field (HIPEF)
with citric acid (2.0%) or cinnamon bark oil (0.20%) reduced the growth of S.
Enteritidis, L. monocytogenes, and E. coli by more than 5.0 log CFU/ml in melon
and watermelon juices. However, the taste and odor of the HIPEF juices did not

pass sensory analysis (60).
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CHAPTER Il

MATERIALS AND METHODS

Antimicrobials

The natural antimicrobials selected for this study were oregano essential
oil (298% purity; Sigma-Aldrich, St. Louis, MO), coriander essential oil (£100%
purity; Sigma-Aldrich, St. Louis, MO), basil essential oil (298% purity; Sigma-
Aldrich, St. Louis, MO), and ferulic acid (<100% purity; MP Biomedicals, Solon,
OH). A stock solution for each antimicrobial was prepared in dimethyl sulfoxide
(DMSO; Fisher Scientific, Fair Lawn, NJ) immediately prior to the experiment.
The antimicrobial stock solutions were diluted in tryptic soy broth with 0.6% yeast

extract (TSBYE, pH 6.0; Difco, BD, Sparks, MD) for further experiments.

Bacteria

Listeria monocytogenes Scott A was obtained from the culture collection
of the Department of Food Science and Technology at the University of
Tennessee in Knoxville. L. monocytogenes was maintained at -80°C in 20%
glycerol and grown in tryptic soy broth with 0.6% yeast extract (TSBYE, pH 6.0;
Difco, BD, Sparks, MD) at 32°C for 24 h. The culture was transferred at least
twice at 24 h intervals prior to use. L. monocytogenes grown overnight was
serially diluted in 0.1% peptone (Difco, BD) and plated on TSAYE. Plates were

incubated at 32°C for 48 h and colonies were counted.
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Determination of minimum inhibitory concentrations (MICs)

A broth dilution assay was used to determine the MICs for the individual
antimicrobials. A mixture of 0.1 ml antimicrobial stock solution in DMSO and 9.9
ml of TSBYE (pH 6.0) containing L. monocytogenes (10* CFU/mI) was incubated
at 25°C for 48 h. Samples were serially diluted in a 0.1% peptone solution and
spread onto TSAYE plates at time 0 and 48h. Colonies were counted after 48 h
of incubation at 32°C. Two samples were taken per antimicrobial treatment per
rep. All of the experiments were repeated at least twice. A negative control of
DMSO without antimicrobial addition was also sampled. The MIC was defined as
the lowest concentration resulting in a = 1.0-log reduction in the bacterial test

population.

Determination of combined antimicrobial effects

The influence of varying antimicrobial concentrations in binary, tertiary,
and quaternary combinations was assessed against L. monocytogenes by a
broth dilution assay. The design of the combinations used is shown in Table 1
and was modified from Techathuvanan et al. (80). All of the experiments were
repeated at least twice. A combination of 0.1 ml aliquots of each antimicrobial
solution was mixed with 9.7 ml (binary combination), 9.6 ml (tertiary
combination), or 9.5 ml (quaternary combination) of TSBYE (pH 6.0). After
vortexing antimicrobial combinations in TSBYE, 0.1 ml containing L.

monocytogenes in TSBYE (final concentration10* CFU/mI) was added to the
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solution (93). Negative controls contained antimicrobial and sterile broth. Positive
controls contained TSBYE inoculated with L. monocytogenes (10* CFU/mI)
without antimicrobial. Antimicrobial controls were broth containing L.
monocytogenes (10* CFU/ml) and a single antimicrobial at its MIC. Samples
were incubated at 25°C for 48 h. Samples were serially diluted at 0 and 48 h in
0.1% peptone solution and spread onto TSAYE plates. Colonies were counted

after 48 h incubation at 25°C.

FIC calculation

The fractional inhibitory concentrations (FICs) were calculated with the

MIC of each antimicrobial by equations 1, 2, 3, and 4 (19):

MIC of Ain the presence of B,C,and/or D
FICaA= )

MIC of A alone

MIC of B in the presence of A,C,and/or D
FICe=22L P ! / )

MIC of B alone

MIC of B in the presence of A,B,and/or D
FIC.= 2 P ! / (3)

MIC of C alone

MIC of B in the presence of A,B,and/or C
FICp=2f d ! / 4)

MIC of D alone

Once FICs were calculated, the fractional inhibitory concentration index

(FICingex) for tested antimicrobials was determined by equation 5, 6, and 7:

Tertiary FICingex= FICA+FICg+FICc (6)
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Quaternary FICingex= FICA+FICg+FICc+FICp,  (7)

The resulting FICingex Value represents the effects of the antimicrobial
blend. The synergistic, additive, and antagonistic effects of antimicrobials was

defined as an FICingex <0.5, >0.5-1, and >1.5, respectively (6, 72).
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CHAPTER IV

RESULTS AND DISCUSSION

MICs of single antimicrobials

A study of MICs of EOs and a hydroxycinnamic acid was conducted at
25°C and pH 6.0, to simulate ambient storage conditions and intrinsic pH of low
acid food products, using a broth dilution assay (93). The MICs, defined as a
=1.0-log reduction after incubation for 48 h, for L. monocytogenes Scott A were
250 ppm for oregano EO, 2,500 ppm for coriander EO, 7,500 ppm for basil EO,
and 5,000 ppm for ferulic acid (Table 2). For OEO and CEO, the lethality
increased significantly above the defined MICs while for BEO and FA, little
increase in lethality was found for concentrations above the defined MICs. Thus,
inhibition/inactivation by OEO and CEO could have been via a different

mechanism than BEO and FA.

The MICs obtained in the present study are somewhat difficult to compare
to previous studies because of the definition used. In most studies using
microbroth dilution assays, inhibition is determined by monitoring growth
spectrophotometrically or visually (33, 75). In these types of studies, it is
impossible to know if lack of growth is due to inhibition (stasis) or inactivation
(cidal). In the present study, the actual count for a treatment was done at the
endpoint and the MIC was a measure of lethality. A quantitative one log reduction

from the initial count yields a more precise measurement of reduction in viable
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cells in comparison to optical density measurements and visual evaluation of
turbidity which cannot detect log reduction. While the methods are different, the
MICs determined in the present study were similar to previous studies. For
example, Gutierrez et al. (32) and Oussalah et al. (64) reported OEO MICs of
250 to 300 ppm against L. monocytogenes using an agar dilution assay in which
the MIC was defined as the concentration of essential oil that completely
inhibited visual growth of the test microorganism on the surface of an agar plate
after 48 h at 32°C. Gutierrez et al. (32) also found an MIC for BEO of 10,000 ppm
for L. monocytogenes. Delaquis et al. (21) and Oussalah et al. (64) reported an
MIC for CEO of 8,000 - 10,000 ppm against L. monocytogenes. Delaquis et al.
(21) determined the MIC of CEO by an agar dilution assay in a 96 well microtiter
plate at 30°C for 48 h. MICs were the lowest antimicrobial concentration that
resulted in complete inhibition of L. monocytogenes as determined visually.
Varying values for the MIC of FA ranging from 1,500 to 10,000 ppm against L.
monocytogenes (8, 56, 91). The wide range of MIC values may be due to the pH
used in the studies however pH was not reported in the studies. Ferulic acid (pKa
= 4.42) has been shown to have the greatest antimicrobial activity when the acid
is more undissociated at pHs between 4.5-4.9 (11, 98). At higher pHs, FA
dissociates making it more polar and decreasing its ability to cross the
hydrophobic cell membrane to affect cellular metabolic activity. Miyague et al.
(57) demonstrated the effect of pH on the activity of FA in a microbroth dilution

assay using L. monocytogenes. The MIC of FA at pH 6.0 was 5000 ppm while at
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pH 5.0 it was 2500 ppm after incubation for 48 h at 30°C. In the study, the MIC
was defined as the lowest concentration where no increase in optical density at

600 nm occurred.

Efficacy of antimicrobial combinations

Spice essential oils are used for flavoring agents in foods and thus they
contribute strong tastes and aromas. If EOs were to be used as antimicrobial
agents, they would likely need to be applied at concentrations greater than that
used for flavoring. Thus the sensory contributions by OEO, BEO, and CEO would
be a major limitation to their use in foods. For example, OEO is described as
having a green, fruity aroma, BEO an earthy, green aroma, and CEO a fruity and
sweet, rose-like aroma (74, 84, 85). When applied to food items, these sensory
qualities may be interpreted as off flavors or scents attributed to spoilage (85).
Strategies for overcoming negative sensory contributions by EOs have included
application to compatible foods (e.g., OEO in spaghetti sauce), addition through
packaging or in gaseous forms, and encapsulation in various matrices. A more
simple solution might be to reduce the concentration of individual antimicrobials
by using combinations of EOs. Therefore, the ultimate goal of this project was to
potentially reduce the concentration of EOs necessary for microbial inhibition and
at the same time reduce sensory impact of the EOs in foods. The antimicrobial
activity of OEO, CEO, BEO, and FA combinations was evaluated using a broth

dilution assay. The antimicrobial activity of the combinations tested was
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determined using a modified “checkerboard” assay and FIC values (93). Table 1

shows the combinations tested and FIC;,gex Of antimicrobial combinations.

Checkerboard, graphical, and time-kill assays using macro- or
microdilution techniques are commonly used to study the effects of antimicrobial
combinations on microorganisms (6). To determine synergistic, additive, or
antagonistic interactions, FIC values are calculated. However, there is currently
no standard method to define FIC values. Therefore, comparison of studies on
antimicrobial effects can be challenging (6, 93). In the present study, the
antimicrobial combination design of Techathuvanan et al. (93) was modified for
combinations of four antimicrobials (Table 1). An MIC for combinations was
defined as the concentrations causing <1 log CFU/mI growth. Previously,
antimicrobial combination studies using FICs have generally only reported growth
vs. no growth of the test microorganism (32, 57, 64, 102). Using log reductions of
L. monocytogenes allows for more quantitative comparisons between the

antimicrobial combinations.

Binary antimicrobial combinations

The efficacy of binary combinations of OEO+CEO, OEO+BEO, OEO+FA,
CEO+BEO, CEO+FA, and BEO+FA at pH 6.0 and 25°C is shown in Table 3. The
calculated FIC values are displayed on the farthest left side of the table. As with
the antimicrobial tests to determine individual MICs, an MIC for combinations

was defined as the concentrations causing at least a one log CFU/ml reduction.
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A synergistic interaction occurred when FIC<0.5 had a one log CFU/ml reduction.
An additive interaction occurred when an FIC<1.5 had a one log CFU/mI
reduction. An antagonistic interaction occurred when FIC>1.5, FIC=1, and a
FIC<0.5 had less than a one log CFU/ml reduction after 48 h incubation at 25°C.
The fractional proportion of the MIC used for each antimicrobial is reported in
second (“A”) and third columns (“B”) for the antimicrobial combinations.
Antimicrobial A is the first antimicrobial listed in the combination while
antimicrobial B is the second antimicrobial listed in the combination. The
concentration of antimicrobial in the combination can be calculated by multiplying
the MIC fractional proportion by the MIC of each individual antimicrobial (OEO =
250 ppm, CEO = 2500 ppm, BEO = 7500 ppm, FA = 5000 ppm). Thus for
OEO+BEO at an FIC of 1 and % of A and ¥ of B, the concentration of OEO

would be 125 ppm and of BEO 3750 ppm.

The lowest FIChgex = 0.5 indicated synergistic antimicrobial activity against
L. monocytogenes and utilized a combination of % antimicrobial MIC and Y4
antimicrobial MIC proportions of OEO+BEO, OEO+CEO, CEO+BEO, CEO+FA,
and BEO+FA (FICingex 0.5). The combinations of OEO+BEO, OEO+CEO,
CEO+BEO, CEO+FA and BEO+FA had a > 1.0 log reduction at an FIC = 0.5 and
were therefore synergistic. Binary combinations with a synergistic effect reduced
use concentrations of single antimicrobials by 75%. When OEO+FA were applied
against L. monocytogenes, an additive effect was obtained (FICi,gex=1) (Table 3).

This was shown by a less than 1 log CFU/ml reduction at an FIC of 0.5 but a
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greater than 1 log CFU/ml reduction at one of the combinations of FIC =1, i.e., ¥4

OEO and % FA.

The synergistic combinations of OEO+BEO, OEO+CEO, CEO+BEO, and
BEO+FA at an FIC at 0.5 resulted in a <1 log CFU/mI growth of L.
monocytogenes at pH 6.0 and 25°C. In contrast, the synergistic combination of
CEO+FA resulted in a 1 log CFU/ml reduction (3.08+0.08 log CFU/mI growth
after 48 h incubation at 25°C) of L. monocytogenes (Table 3). The greater
inhibitory effect of the combinations of OEO+BEO, OEO+CEO, CEO+BEO, and
BEO+FA may be attributed to the mechanisms of antimicrobial action being more

complimentary enhancing antimicrobial activity.

Gutierrez et al. (32) reported an indifference (defined as a combination of
antimicrobials that results in an absence of interaction (6)) when treating L.
monocytogenes with 10,000 ppm basil and 100 ppm oregano in a microdilution
broth assay at 37°C for 18 h. However, an additive effect was reported against B.
cereus, E. coli, and P. aeruginosa (32). Bassole et al. (6) reported a synergistic
antimicrobial effect against L. monocytogenes by combining carvacrol with
linalool in a microdilution broth assay. The major antimicrobial component of
OEO is carvacrol which has also been shown to have high antimicrobial activity
against microorganisms (17). Linalool is a main component in CEO and BEO
(69, 80). Therefore, the synergistic effect of combining OEO+BEO and
OEO+CEO could be attributed to interactions between its major components

carvacrol and linalool (Table 3). Additionally, eugenol is also a component of
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BEO. Pei et al. (67) found a synergistic effect between 100 ppm carvacrol and
800 ppm eugenol in a macrodilution broth assay at 37°C for 24 h against E. coli
which can be compared to the synergistic interaction of OEO+BEO. Miyague et
al. (57) studied the combination of FA and carvacrol against L. monocytogenes at
pH 5.0 and pH 6.0. A synergistic interaction was reported at pH 5.0 while an

indifference interaction was reported at pH 6.0 (57).

Tertiary antimicrobial combinations

The efficacy of tertiary combinations of OEO+CEO+BEO, OEO+CEO+FA,
OEO+BEO+FA, and CEO+BEO+FA at pH 6.0 and 25°C is shown in Table 4. The
combination of OEO+CEO+BEO and CEO+BEO+FA, the combination of
OEO+BEO+FA at a FIC at 1.5, and the combination of OEO+CEO+FA at a

FIC=1.0 resulted in inactivation of L. monocytogenes at pH 6.0 and 25°C.

A synergistic interaction occurred when FIC<0.5 had a one log CFU/ml|
reduction. An additive interaction occurred when an FIC<1.5 had a one log
CFU/ml reduction. An antagonistic interaction occurred when FIC>1.5, FIC=1,
and a FIC<0.5 had less than a one log CFU/mI reduction after 48 h incubation at
25°C. The fractional proportion of the MIC used for each antimicrobial is reported
in second (“A”), third columns (“B”), and fourth columns (“C”) for the antimicrobial
combinations. Antimicrobial A is the first antimicrobial listed in the combination,
antimicrobial B is the second antimicrobial listed in the combination, and

antimicrobial C is the third antimicrobial listed in the combination. The
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antimicrobial concentration in the combination can be calculated by multiplying
the MIC fractional proportion by the MIC of the antimicrobial. The calculated FIC
values are displayed on the farthest left side of the table. A synergistic interaction
occurred when FIC<0.5 had a one log CFU/mI reduction. An additive interaction
occurred when an FIC=1 had a one log CFU/ml reduction. Within antimicrobial
combinations, different concentrations of the antimicrobials with the same FICingex
resulted in varying inhibitory effects on L. monocytogenes. This can be seen in
the OEO+CEO+FA tertiary combination. At FIC=1, 1/30EO+1/3CEO+1/3FA had
a <1 log CFU/mI growth after 48 hours while 1/20EO+1/4CEO+1/4CEO had a >1

log CFU/mI growth after 48 hours (Table 4).

An additive effect was found for OEO+CEO+FA (FIC=1) against L.
monocytogenes. Combinations of OEO+CEO+BEO, BEO+CEO+FA, and
OEO+BEO+FA resulted in a synergistic effect (FIC<0.5) (Table 6). Synergistic
combinations resulted in an 83.4% concentration decrease of the tested
antimicrobials. This was calculated by dividing the final use concentration of
antimicrobial A by its MIC then subtracting the percent obtained from 100%. For
example, for CEO, the final use concentrations was (1/6)*(2500 ppm) = 416.6
ppm. Dividing 416.67/2500 ppm is 16.6%. Subtracting 100%-16.6%, the

concentration decrease was 83.4% from the original concentration.
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Quaternary antimicrobial combinations

The efficacy of quaternary combination of OEO+CEO+BEO+FA at pH 6.0
and 25°C is shown in Table 5. The combination of OEO+BEO+CEO+FA at a FIC
at 0.5 resulted in inhibition of L. monocytogenes at pH 6.0 and 25°C. The
fractional MIC proportion is reported in the first column for the antimicrobial
combinations. The antimicrobial concentration in the combination can be
calculated by multiplying the MIC fractional proportion by the MIC of the
antimicrobial. The calculated FIC values are displayed on the farthest left side of
the table. A synergistic interaction occurred when FIC<0.5 had 1 log CFU/ml
growth reduction. Similar to tertiary combinations, different concentrations of the
antimicrobials with the same FICiygex resulted in varying inhibitory effects on L.
monocytogenes (Table 5). The combination of OEO+CEO+BEO+FA resulted in a

synergistic interaction (Table 6).

The three EOs and a HA chosen for this study were based on proposed
antimicrobial mechanisms. The macrobroth dilution assay had an incubation
temperature of 25°C. One important characteristic of L. monocytogenes is that it
is able to produce peritrichous flagella on the cell surface only at 20-25°C (66). A
proposed mechanism of OEO is that it inhibits flagella motility of bacterial cells
(2). OEO may also disrupt the cellular membrane (2, 10). CEO can chelate
transitional metals and cause membrane damage (83, 92). BEO is proposed to
bind to lipids and proteins preventing enzyme activity and causing cellular

leakage (6, 40, 99). FA has been reported to inhibit ATPase activity of cells (76).
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Synergy is thought to occur when the antimicrobial blend inhibits several targets
(e.g., biochemical pathways, enzymes, cell membrane) (6). Therefore, the
hypothesis was that combinations of these natural antimicrobials which act on
different targets of bacteria would be good candidates for having synergistic

antimicrobial interactions.

The mechanism of antimicrobial action of binary combinations of EOs has
been the focus of several studies. Zhou et al. (102) hypothesized two possible
synergistic interactions between cinnamaldehyde and carvacrol against S.
Typhimurium. Carvacrol increases the permeability of the cytoplasmic membrane
thus enabling cinnamaldehyde to be transported into the cell. The second
hypothesis suggested cinnamaldehyde binds to proteins in the cell membrane
creating pores and carvacrol increases the size of the pores to further disrupt the
cellular membrane (6). A study by Pei et al. (67) hypothesized a similar
interaction for carvacrol and eugenol, the major components of OEO and BEO,
respectively. They suggested that carvacrol disrupted the outer membrane of E.
coli so that eugenol could enter the cytoplasm and its hydroxyl group could

combine with proteins, preventing enzyme action.

Based on previous antimicrobial mechanism studies, several hypotheses
could be put forth to explain the synergistic interactions. As previously
mentioned, a synergistic interaction is proposed to occur when the antimicrobial
blend inhibits several biochemical pathways, inhibits the activity of protective

enzymes, or interacts with the cell wall or membrane (6). Binary synergistic
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interactions were OEO+BEO, OEO+CEO, CEO+BEO, CEO+FA, and BEO+FA.
First, the synergy between OEO+BEO may be due to OEO disrupting the
cytoplasmic membrane of L. monocytogenes allowing BEO to enter the cell and
bind to proteins, preventing enzymatic activity (67). Similarly, for the combination
of CEO+BEO, CEO disrupts the cytoplasmic membrane of L. monocytogenes
allowing BEO to enter the cell resulting in the same enzymatic inhibition. Synergy
between BEO+FA and CEO may be explained by BEO or CEO disrupting the
membrane of L. monocytogenes to enable FA to be more easily transported into
the cell and inhibit ATPase activity. The combination of OEO+CEO had a
synergistic interaction due to the EOs acting on different parts of or components

of the cytoplasmic membrane of L. monocytogenes.

Tertiary synergistic interaction of OEO+CEO+BEO, OEO+BEO+FA, and
BEO+CEO+FA is due to OEO and CEO interacting with and disrupting the
cellular membrane of L. monocytogenes, making it easier for BEO to enter and
bind to proteins, inactivating enzymatic activity of the cell. The disruption of the

cell membrane also increases permeability of FA to inhibit ATPase activity.

It can be hypothesized that the synergistic combination of
OEO+BEO+CEO+FA is due to each antimicrobial acting on different targets to
inhibit the growth of L. monocytogenes together. CEO and OEO together interact
with and disrupt the cellular membrane of L. monocytogenes. OEO increases the
permeability of the membrane while CEO acts as a chelating agent binding to

transition metals. This disintegration of the membrane makes it easier for FA and
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BEO to enter the cell. FA can then inhibit the ATPase activity of the cell and BEO
can bind to lipids and proteins thus preventing enzymatic action of the cell.
Synergism between HAs and EOs could have a major impact on the use of EOs
as natural antimicrobials in the food industry since the sensory impact of EOs is
the main challenge for their use in food products (10, 57). Quaternary
antimicrobial combinations resulted in an 87.5% reduced use concentration.
Additionally, even an additive effect of FA with EOs could still maintain product
safety while reducing use concentrations. The complementary mechanisms of FA
with BEO, CEO, and/or OEO increased antimicrobial effectiveness. In
combination, the complimentary mechanisms of OEO, CEO, BEO, and FA may

be useful for the control of Listeria in foods.

In summary, the antimicrobial activities of OEO, BEO, CEO, and FA were
enhanced through combination. To our knowledge, this is the first known report
of a quaternary combination of antimicrobials. The synergistic addition of
OEO+BEO+CEO+FA decreased the concentration of each antimicrobial
significantly. Further studies should be conducted to evaluate the application of

these antimicrobial combinations in food models.
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

The plant derived natural antimicrobials tested in this study were effective
in inhibiting the growth of Listeria under in vitro conditions. The addition of these
compounds to food products may improve food safety and increase shelf life
while maintaining a “clean label.” The combination of antimicrobials with different
proposed mechanisms of action may affect multiple biochemical processes of a
microorganism. These interactions create hurdles that can inhibit the growth of or
inactivate the microorganism (6, 10, 93). As previously mentioned, both
synergistic and additive effects lower the antimicrobial use concentration
decreasing sensory impact while preserving microbial safety and food quality.
Previous studies have shown that EO mixtures may be suitable to control growth
of L. monocytogenes in ready-to-eat raw or cooked foods (32). Therefore, EOs

plus HAs may have potential to be used in foods to eliminate L. monocytogenes.

The results from the present study show that combinations of OEO, CEO,
BEO, and FA reduced use concentrations and inhibited the growth of L.
monocytogenes. Quaternary combination of antimicrobials with proposed
different mechanisms act on different targets to inhibit the growth of a
microorganism together. The quaternary combination of OEO+CEO+BEO+FA
has potential to be used in foods to inactivate L. monocytogenes without causing

significant sensory effects. Further studies should be conducted to evaluate the
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efficiency of synergistic and additive combinations within a food system on L.

monocytogenes.
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Table 1. Design of Antimicrobial Combination Tests with Fractional Inhibitory

Concentration Index and Interpretation of Effect

Antimicrobial MIC Proportion

Bacterial Growth

A B C D FICI Result Effect
Binary antimicrobial
combination
0 0 NA NA 1 Growth Control
1 0 NA NA 1 One log reduction MIC
0 1 NA NA 1 One log reduction MIC
3/4 1/4 NA NA 1 Growth Additive or antagonistic
No log growth Additive
1/2 1/2 NA NA 1 Growth Additive or antagonistic
No log growth Additive
1/4 3/4 NA NA 1 Growth Additive or antagonistic
No log growth Additive
1/4 1/4 NA NA 0.5 Growth Additive or antagonistic
No log growth Synergistic
3/4 3/4 NA NA 15 Growth Antagonistic
No log growth Additive or synergistic
Tertiary antimicrobial combinations
1/3 1/3 1/3 NA 1 Growth Additive or antagonistic
No growth Additive
1/2 1/4 1/4 NA 1 Growth Additive or antagonistic
No growth Additive
1/4 1/2 1/4 NA 1 Growth Additive or antagonistic
No growth Additive
1/4 1/4 1/2 NA 1 Growth Additive or antagonistic
No growth Additive
1/6 1/6 1/6 NA 0.50 Growth Additive or antagonistic
No growth Additive
1/2 1/2 1/2 NA 1.50 Growth Antagonistic
No growth Additive or synergistic
Quaternary antimicrobial combinations
1/4 1/4 1/4 1/4 1 Growth Additive or Antagonistic
No growth Additive
1/2 1/6 1/6 1/6 1 Growth Additive or Antagonistic
No growth Additive
1/6 1/2 1/6 1/6 1 Growth Additive or Antagonistic
No growth Additive
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Table 1 Continued. Design of Antimicrobial Combination Tests with
Fractional Inhibitory Concentration Index and Interpretation of Effect

Antimicrobial MIC Proportion

Bacterial Growth

A B C D FICI Effect
Result
Quaternary antimicrobial
combination

1/6 1/6 1/2 1/6 1 Growth Additive or Antagonistic
No growth Additive

1/6 1/6 1/6 1/2 1 Growth Additive or Antagonistic
No growth Additive

1/3 1/3 1/6 1/6 1 Growth Additive or Antagonistic
No growth Additive

1/3 1/6 1/3 1/6 1 Growth Additive or Antagonistic
No growth Additive

1/3 1/6 1/6 1/3 1 Growth Additive or Antagonistic
No growth Additive

1/6 1/3 1/3 1/6 1 Growth Additive or Antagonistic
No growth Additive

1/6 1/3 1/6 1/3 1 Growth Additive or Antagonistic
No growth Additive

1/6 1/6 1/3 1/3 1 Growth Additive or Antagonistic
No growth Additive

1/7 217 217 217 1 Growth Additive or Antagonistic
No growth Additive

217 1/7 217 217 1 Growth Additive or Antagonistic
No growth Additive

217 217 1/7 217 1 Growth Additive or Antagonistic
No growth Additive

217 217 217 1/7 1 Growth Additive or antagonistic
No growth Additive

1/8 1/8 1/8 1/8 0.50 Growth Additive or antagonistic
No Growth Synergistic

3/8 3/8 3/8 3/8 1.50 Growth Antagonistic
No growth Additive or synergistic

4Synergistic, additive, and antagonistic effects of combined antimicrobials are

defined by FICs of 0.5, 1.0, and 21.5

BNA, not applicable

“No growth defined as <1 log cfu/ml

PModified from Techathuvanan et al. (93)
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Table 2. MICs® of Antimicrobials against Listeria monocytogenes Scott A at pH 6.0 and 25°C

ALog at 48 h
Control” 0 ppm
+2.70
OEQ° 200 ppm 250 ppm 312.5 ppm 624 ppm
+1.80 log -1.1 log -2.43 log -4.67 log
CEO 1666 ppm 2500 ppm 3333 ppm 5000 ppm
+1.35 log -1.27 log -3.45 log -4.83 log
BEO 2500 ppm 5000 ppm 7500 ppm 10000 ppm
+0.66 +0.55 -1.12 log -1.41 log
FA 1250 ppm 2500 ppm 5000 ppm 7500 ppm
+1.71 log +0.13 log -1.18 log -1.32 log

#MIC defined as a 1 log reduction

PControl — contained 1% DMSO; time 0, 4.75+0.29 CFU/ml, time 48 h, 7.45+0.03 CFU/ml
POEO, Oregano Essential Oil; CEO, Coriander Essential Oil; BEO, Basil Essential Oil; FA, Ferulic Acid
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Table 3. Effect of Binary Combinations on Listeria monocytogenes Scott A at pH 6.0 and 25°C

Antimicrobial Combination

Antimicrobial
MIC OEO+BEO OEO+CEO OEO+FA CEO+BEO CEO+FA BEO+FA
proportion
FIC A B Avg log Iozvég'rS Avg log Avg log Avg Avg log Avg log 'lbglg Avg IonES Avg I02V918
Oh h Oh 48 h log O h 48 h Oh 48 h log O h h log O h h
1 34 14 469018 <1 3.91+0.05 <1 3.63+0.07 3.25:0.02  3.530.19 <l 4.27t0.09 2.44+0.35 4.36+0.22 <1
1 12 12 471:012 <1 3.28+0.01 <1 4.31+0.04 3.63:0.07  3.72¢0.20 <1 4.70:0.00 2.010.12 4.29+0.08 <1
1 U4 34 4.84+0.09 <1 3.35+0.05 <1 4.60£0.04 3.2840.02  3.90+0.21 <1 351:0.06 1.72+0.08 4.13+0.23 <1
05 14 14  4.94+0.06 <1 3.96+0.10 <1 458+0.02 5.03:0.10  3.82+0.19 <1 4.30:0.05 3.08+0.08 3.95+0.23 <1
15 3/4 34 4.49:0.14 <1 2.82+0.01 <1 2.72+0.03 <1 3.4620.22 <1 4.76:0.03 1.92+0.86 4.34+0.27 <1

#MIC starting concentration 250 ppm OEO, 2500 ppm CEQ, 7500 ppm BEO, and 5000 ppm FA
POEO, Oregano Essential Oil; CEO, Coriander Essential Oil; BEO, Basil Essential Oil; FA, Ferulic Acid
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Table 4. Effect of Tertiary Combinations on Listeria monocytogenes Scott A at pH 6.0 and 25°C

Antimicrobial Combinations

Antimicrobial MIC

. OEO+CEO+BEO OEO+CEO+FA OEO+BEO+FA CEO+BEO+FA
Proportion
IC A B c AW r'1°9 O Avglogagh AV9 rl]og O Avglogagnh Av9 rllog O Avglogagh Av9 r']og 0 A‘L’lgg Ir?g
1 13 1/3 13 4.53%0.04 <1 3.98+0.06 <1 5.0620.35 150+1.48 4.77%0.02 <1
1 12 14 14 4.49:0.00 <1 4.11+0.31 0.55:0.95 4.95:0.07 1.07+1.02  4.33+0.47 <1
1 14 12 14 4242014 <1 3.8620.25 <1 4.86:0.17 1.36£1.57 4.490.08 <1
1 14 14 12 4.62+0.00 <1 4.15:0.40 1.71#1.88 5.07+0.20 1.56£1.47  4.700.03 <1
05 1/6 1/6 1/6 4.73:0.01 <1 4713029  4.62#0.00 5.02+0.10 1.22+¢1.89  4.730.01 <1
15 12 12 1/2 4.45:0.04 <1 3.47+0.03 <1 4.91%0.11 <1 4.47+0.16 <1

4MIC starting concentration 250 ppm OEO, 2500 ppm CEO, 7500 ppm BEO, and 5000 ppm FA

POEO, Oregano Essential Oil; CEO, Coriander Essential Oil; BEO, Basil Essential Oil; FA, Ferulic Acid
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Table 5. Effect of Quaternary Combinations on Listeria monocytogenes
Scott A at pH 6.0 and 25°C

Antimicrobial MIC Combinations

FIC OEO+CEO+Basil+FA AvglogOh Avglog48h

1 1/4 1/4 1/4 1/4 4.98+0.04 <1

1 1/2 1/6 1/6 1/6 4.88+0.10 <1

1 1/6 1/2 1/6 1/6 4.53+0.04 <1

1 1/6 1/6 1/2 1/6 4.58+0.17 <1

1 1/6 1/6 1/6 1/2 4.72+0.03 <1

1 1/3 1/3 1/6 1/6 4.58+0.15 <1

1 1/3 1/6 1/3 1/6 4.64+0.22 <1

1 1/3 1/6 1/6 1/3 4.8+0.16 <1

1 1/6 1/3 1/3 1/6 4.68+0.03 <1

1 1/6 1/3 1/6 1/3 4.53+0.04 <1

1 1/6 1/6 1/3 1/3 4.82+0.13 <1

1 1/7 217 217 27 4.84+0.15 <1

1 217 1/7 217 27 4.88+0.15 2.13+0.62

1 217 217 1/7 27 4.42+0.01 <1

1 217 217 217 1/7 4.75+0.11 <1
0.5 1/8 1/8 1/8 1/8 4.78+0.11 <1

0.25 1/16 1/16 1/16 1/16 5.06+0.05 2.60+0.01
0.125 1/32 1/32 1/32 1/32 5.08+0.03 4.20+0.02
15 3/8 3/8 3/8 3/8 4.62+0.09 <1

4MIC starting concentration 250 ppm OEO, 2500 ppm CEO, 7500 ppm BEO, and
5000 ppm FA

POEO, Oregano Essential Oil; CEO, Coriander Essential Oil; BEO, Basil
Essential Oil; FA, Ferulic Acid
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Table 6. Interpretation of Effects of Combined Antimicrobials against

Listeria monocytogenes Scott A at pH 6.0 and 25°C

Effect of

Antimicrobial Combination Combined
Antimicrobial
OEO+BEO Synergistic

OEO+CEO Additive

OEO+FA Additive
CEO+BEO Synergistic
CEO+FA Synergistic
BEO+FA Synergistic
OEO+CEO+BA Synergistic

OEO+CEO+FA Additive
OEO+BEO+FA Synergistic
CEO+BEO+FA Synergistic
OEO+CEO+BEO+FA Synergistic

& Synergistic, additive, and antagonistic effects of combined antimicrobials
defined by FICs of <0.5, 1.0, and >1.5, respectively.

P OEO, Oregano Essential Oil; CEO, Coriander Essential Oil; BEO, Basil
Essential Oil; FA, Ferulic Acid
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