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ABSTRACT

Preservative agents are required to ensure that manufactured foods remain safe and unspoiled. Antimicrobial properties of essential oils
(EOs) reveal that Gram-positive bacteria are more vulnerable than Gram-negative bacteria. A number of EO components have been
identified as effective antibacterials, e.g. carvacrol, thymol, eugenol, cinnamaldehyde and cinnamic acid, having minimum inhibitory
concentrations (MICs) at higher dilutions in vitro. EOs comprise a large number of components and it is likely that their mode of action
involves several targets in the bacterial cell. The potency of naturally occurring antimicrobial agents or extracts from plants, ranges of
microbial susceptibility and factors influencing antimicrobial action and their antioxidative properties, aimed at food preservation, are
reviewed in this article. Methods employed for estimation of inhibitory activity, mode of action and synergistic and antagonistic effects

are evaluated. The potential value of these agents as natural and biological preservatives is considered.
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INTRODUCTION

Many food products are perishable by nature and require
protection from spoilage during their preparation, storage
and distribution to give them desired shelf-life. Because
food products are now often sold in areas of the world far
distant from their production sites, the need for extended
safe shelf-life for these products has also expanded.

The development of food preservation processes has
been driven by the need to extend the shelf-life of foods.
Food preservation is a continuous fight against microorga-
nisms spoiling the food or making it unsafe. Several food
preservation systems such as heating, refrigeration and
addition of antimicrobial compounds can be used to reduce
the risk of outbreaks of food poisoning; however, these
techniques frequently have associated adverse changes in
organoleptic characteristics and loss of nutrients. Within the
disposable arsenal of preservation techniques, the food
industry investigates more and more the replacement of tra-
ditional food preservation techniques by new preservation
techniques due to the increased consumer demand for tasty,

nutritious, natural and easy-to-handle food products. Im-
provements in the cold distribution chain have made inter-
national trade of perishable foods possible, but refrigeration
alone cannot assure the quality and safety of all perishable
foods.

The most common classical preservative agents are the
weak organic acids, for example acetic, lactic, benzoic and
sorbic acid. These molecules inhibit the outgrowth of both
bacterial and fungal cells and sorbic acid is also reported to
inhibit the germination and outgrowth of bacterial spores.

In the production of food it is crucial that proper mea-
sures are taken to ensure the safety and stability of the pro-
duct during its whole shelf-life. In particular, modern con-
sumer trends and food legislation have made the successful
attainment of this objective much more of a challenge to the
food industry. Firstly, consumers require more high quality,
preservative-free, safe but mildly processed foods with
extended shelf-life. For example, this may mean that foods
have to be preserved at higher pH values and have to be
treated at mild-pasteurization rather than sterilization tem-
peratures. As acidity and sterilization treatments are two
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crucial factors in the control of outgrowth of pathogenic
spore-forming bacteria, such as Clostridium botulinum, ad-
dressing this consumer need calls for innovative approaches
to ensure preservation of products. Secondly, legislation has
restricted the use and permitted levels of some currently
accepted preservatives in different foods. This has created
problems for the industry because the susceptibility of some
microorganisms to most currently used preservatives is
falling.

An increasing number of consumers prefer minimally
processed foods, prepared without chemical preservatives.
Many of these ready-to-eat and novel food types represent
new food systems with respect to health risks and spoilage
association. Against this background, and relying on im-
proved understanding and knowledge of the complexity of
microbial interactions, recent approaches are increasingly
directed towards possibilities offered by biological presser-
vation.

Throughout the development of both Western and Eas-
tern civilization, plants, plant parts, and derived oils and
extracts have functioned as sources of food and medicine,
symbolic articles in religious and social ceremonies, and
remedies to modify behavior. Taste and aroma not only de-
termine what we eat but often allow us to evaluate the qua-
lity of food and, in some cases, identify unwanted conta-
minants. The principle of self-limitation taken together with
the long history of use of natural flavor complexes in food
argues that these substances are safe under intended condi-
tions of use.

Originally added to change or improve taste, spices and
herbs can also enhance shelf-life because of their antimicro-
bial nature. Some of these same substances are also known
to contribute to the self-defense of plants against infectious
organisms (Kim ef al. 2001).

In spite of modern improvements in food production
techniques, food safety is an increasingly important public
health issue (WHO 2002a). It has been estimated that as
many as 30% of people in industrialized countries suffer
from a food borne disease each year and in 2000 at least
two million people died from diarrhoeal disease worldwide
(WHO 2002a). There is therefore still a need for new me-
thods of reducing or eliminating food borne pathogens,
possibly in combination with existing methods. At the same
time, Western society appears to be experiencing a trend of
‘green’ consumerism (Smid and Gorris 1999), desiring
fewer synthetic food additives and products with a smaller
impact on the environment. Furthermore, the World Health
Organization has already called for a worldwide reduction
in the consumption of salt in order to reduce the incidence
of cardio-vascular disease (WHO 2002b). If the level of salt
in processed foods is reduced, it is possible that other ad-
ditives will be needed to maintain the safety of foods. There
is therefore scope for new methods of making food safe
which have a natural or ‘green’ image. One such possibility
is the use of essential oils (EOs) as antibacterial additives.

Based on rich histories of use of selected plants and
plant products that strongly impact the senses, it is not
unexpected that society would bestow powers to heal, cure
diseases, and spur desirable emotions, in the effort to im-
prove the human condition. The perception that these pro-
ducts are “natural” and have a long history of use has, in
part, mitigated the public’s need to know whether these pro-
ducts work or are safe under conditions of intended use.

Until recently, EOs have been studied most from the
viewpoint of their flavor and fragrance only for flavoring
foods, drinks and other goods. Actually, however, EOs and
their components are gaining increasing interest because of
their relatively safe status, their wide acceptance by consu-
mers, and their exploitation for potential multi-purpose
functional use (Ormancey 2001). It has long been recog-
nized that some EOs have antimicrobial properties (Boyle
1955) and these have been reviewed in the past (Shelef
1983; Nychas 1995) as have the antimicrobial properties of
spices (Shelef 1983) but the relatively recent enhancement
of interest in ‘green’ consumerism has lead to a renewal of
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scientific interest in these substances (Tuley 1996). Besides
antibacterial properties (Mourey and Canillac 2002; Rasooli
and Razzaghi 2004; Rasooli and Owlia 2005), EOs or their
components have been shown to exhibit antiviral (Bishop
1995), antimycotic (Mari et al. 2003), anti oxidative (Gach-
kar et al. 2006; Yadegarinia et al. 2006; Bektas et al.
2007a; Bektas et al. 2007b), antitoxigenic (Akgul et al.
1991; Juglal et al. 2002; Ultee and Smid 2001), antiparasitic
(Pandey et al. 2000; Pessoa et al. 2002), and insecticidal
(Karpouhtsis et al. 1998) properties. These characteristics
are possibly related to the function of these compounds in
plants (Mahmoud and Croteau 2002). The antibacterial pro-
perties of EOs and their components are exploited in such
diverse commercial products as dental root canal sealers
(Manabe et al. 1987), antiseptics (Cox et al. 2000) and feed
supplements for lactating sows and weaned piglets (van
Krimpen and Binnendijk 2001; Ilsley et al. 2002). It is
therefore scientifically sound to evaluate the impact of EOs
on food and food products safety.

Natural flavor complexes (NFCs) are mixtures of
mainly low molecular weight chemical substances sepa-
rated from plants by physical means such as distillation, ex-
traction, and cold pressing. The most common NFCs are
EOs. The EO is typically obtained by steam distillation of
the plant or plant parts. With few exceptions, plants are
dependent on their EO content for their unique aroma and
gustatory profile. In other words, the volatile constituents of
the plant isolated in the EO are primarily responsible for
aroma and taste of the plant. For economic reasons, crude
EOs are often produced via distillation at the source of the
plant raw material and subsequently further processed at
modern flavor facilities.

EOs, also called volatile or ethereal oils, are aromatic
oily liquids obtained from plant flowers, buds, seeds, leaves,
twigs, bark, herbs, wood, fruits and roots. They can be ob-
tained by expression, fermentation, effleurage or extraction
but the method of steam distillation is most commonly used
for commercial production of EOs (van de Braak and Leij-
ten 1999). The term ‘essential oil” is thought to derive from
the name coined in the 16™ century by the Swiss reformer
of medicine, Paracelsus von Hohenheim; he named the ef-
fective component of a drug Quinta essentia (Guenther
1948). An estimated 3000 EOs are known, of which about
300 are commercially important — destined chiefly for the
flavors and fragrances market (van de Braak and Leijten
1999). Distillation as a method of producing EOs was first
used in the East (Egypt, India and Iran) (Guenther 1948)
more than 2000 years ago and was improved in the 9th cen-
tury by the Arabs. By the 13™ century EOs were being
made by pharmacies and their pharmacological effects were
described in pharmacopoeias (Bauer et al. 2001). The great-
est use of EOs in the European Union (EU) is in food (as
flavorings), perfumes (fragrances and aftershaves) and
pharmaceuticals (for their functional properties) (van de
Braak and Leijten 1999).

EOs and fractions are also formulated in shampoos,
toothpaste, disinfectants, topical ointments and cosmetics.
However, when used in foods, highly volatile plant EOs are
sometimes lost during processing operations. Microencap-
sulation technology is one way these losses of EOs by vola-
tilization can be prevented. This technique is being widely
used in the pharmaceutical industry for controlled delivery
of drugs. It is also currently used in the food industry for
flavor stabilization. By encapsulating antimicrobial EOs,
not only can they be protected from heat, but they also can
be released in products at a controlled rate to deliver effec-
tive inhibitory concentrations over extended periods and
thereby extend shelf-life.

This review presents the current understanding of the
mode of action of these compounds and their possible ap-
plications in food protection.
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INFLUENCE OF CHEMICAL COMPOSITION OF
ESSENTIAL OILS ON THEIR ANTIMICROBIAL
ACTIVITIES

Due to their natural origin, environmental and genetic fac-
tors will influence the chemical composition of the plant
EOs. Factors such as species and subspecies, geographical
location, harvest time, plant part used and method of isola-
tion all affect chemical composition of the crude material
separated from the plant.

Steam distillation is the most commonly used method
for producing EOs on a commercial basis. Extraction by
means of liquid carbon dioxide under low temperature and
high pressure produces a more natural organoleptic profile
but is much more expensive (Moyler 1998). The difference
in organoleptic profile indicates a difference in the compo-
sition of oils obtained by solvent extraction as opposed to
distillation and this may also influence antimicrobial pro-
perties. This would appear to be confirmed by the fact that
herb EOs extracted by hexane have been shown to exhibit
greater antimicrobial activity than the corresponding steam
distilled EOs (Packiyasothy and Kyle 2002). EOs are vola-
tile and therefore need to be stored in airtight containers in
the dark in order to prevent compositional changes. The
composition of EOs from a particular species of plant can
differ between harvesting seasons and between geogra-
phical sources (Juliano et al. 2000; Faleiro et al. 2002).

It was postulated that individual components of EOs
exhibit different degrees of activity against gram-positives
and gram-negatives (Dorman and Deans 2000) and it is
known that the chemical composition of EOs from a parti-
cular plant species can vary according to the geographical
origin and harvesting period (vide supra). It is therefore
possible that variation in composition between batches of
EOs is sufficient to cause variability in the degree of sus-
ceptibility of Gram-negative and Gram-positive bacteria.

The inherent activity of oil can be expected to relate to
the chemical configuration of the components, the propor-
tions in which they are present and to interactions between
them (Dorman and Deans 2000; Marino et al. 2001; Dela-
quis et al. 2002). An additive effect is observed when the

combined effect is equal to the sum of the individual effects.

Some studies have concluded that whole EOs have a
greater antibacterial activity than the major components
mixed (Gill et al. 2002; Mourey and Canillac 2002), which
suggests that the minor components are critical to the acti-
vity and may have a synergistic effect or potentiating influ-
ence. The two structurally similar major components of ore-
gano EQ, carvacrol and thymol, were found to give an ad-
ditive effect when tested against S. aureus and P. aerugi-
nosa (Lambert et al 2001).

A mixture of cinnamaldehyde and eugenol at 250 and
500 pg/ml, respectively inhibited growth of Staphylococcus
sp., Micrococcus sp. Bacillus sp. and Enterobacter sp. for
more than 30 days completely, whereas the substrates ap-
plied individually did not inhibit growth (Moleyar and
Narasimham 1992).

The oils with high levels of eugenol (allspice, clove bud
and leaf, bay, and cinnamon leaf), cinnamamic aldehyde
(cinnamon bark, cassia oil) and citral are usually strong
antimicrobials (Davidson and Naidu 2000). Activity of sage
and rosemary is due to borneol and other phenolics in the
terpene fraction. The volatile terpenes carvacrol, p-cymene
and thymol are probably responsible for the antimicrobial
activity of oregano, thyme and savory. In sage, the terpene
thejone and in rosemary a group of terpenes (borneol, cam-
phor, 1,8 cineole, a-pinene, camphone, verbenonone and
bornyl acetate) is responsible (Davidson and Naidu 2000).

Little information is available on interaction among
constituents in EOs and the effects they have on antimicro-
bial activity. Phenolic components are responsible for anti-
microbial action and other constituents are believed to have
little activity. Dependability of EOs as antimicrobials could
be improved if their content of active agents should be stan-
dardized by distillation (Delaquis ef al. 2002). As a general

113

observation, spice extracts are less antimicrobial than the
whole spice but little quantitative data are available (Shelef
1983). Four studies are relevant. Lachowicz et al. (1998)
found crude EO of basil more effective than components
linalool and methyl chavicol either separately or together.
Vardar-Unlu ef al. (2003) found similar results following
fractionation of extracts from thyme. In aqueous extracts
from oregano or thyme there was little antimicrobial activity.
Thus there appear to be interactive effects among constitu-
ents not extractable in the water-soluble phase and these
components do not appear to be the phenolics normally
considered to show the major antimicrobial activities. In
contrast with the above studies, Delaquis e? al. (2002) found
that individual fractions of cilantro and dill EOs had greater
antimicrobial activity than did the whole oil. In addition,
they found cilantro fractions deficient in phenolics but
enriched in long chain (Cs—C,o) alcohol and aldehydes that
were particularly active against Gram-positive bacteria in-
cluding L. monocytogenes. To broaden the antimicrobial
spectrum, a fraction from cilantro oil with no activity
against Gram-negative bacteria was combined with a euca-
lyptus fraction having broader activity. Additive or syner-
gistic action was reported against all Gram-positive bacteria
plus Yersinia enterocolitica and the mixture was antagonis-
tic to P. fragi, E. coli O157:H7 and Salmonella typhimu-
rium.

Bactericidal effects of cinnamaldehyde and thymol
against B. cereus (Demo et al 2001; Kwon et al. 2003), as
well as the development of synergistic effects between car-
vacrol or thymol and nisin have been also reported (Pol and
Smid 1999; Periago and Moezelaar 2001; Periago et al.
2001). The effects of various concentrations of borneol, car-
vacrol, cinnamaldehyde, eugenol, menthol, thymol, and va-
nillin on the growth kinetics of activated Bacillus cereus
INRA L2104 spores inoculated into tyndallized carrot broth
were determined. Five microliters of cinnamaldehyde, 15 pl
of carvacrol, or 30 mg of thymol per 100 ml of inoculated
carrot broth completely inhibited bacterial growth for more
than 60 days at 16°C. Lower concentrations of the three
antimicrobials prolonged the lag phase and reduced both the
exponential growth rate and the final population densities of
cultures. The study of the sensory characteristics of the sup-
plemented broths suggested that low concentration of cin-
namaldehyde enhanced the taste of carrot broth, and that it
did not have any adverse effect on the taste and smell of
carrot broth at concentrations less than 6 pl 100 ml™' (Va-
lero and Giner 2006).

The major constituents of the oils of thyme and oregano
species have been reported to be thymol, carvacrol and y-
terpinene. Thyme EO and its ingredients have been shown
to exhibit a range of biological activities. Since EOs of
thyme and oregano possess strong antibacterial and anti-
microbial activity they can be used to delay or inhibit the
growth of pathogenic microorganisms. These activities are
mostly attributable to the presence of phenolic compounds
such as thymol and carvacrol, and to hydrocarbons like -
terpinene and p-cymene (Dorman and Deans 2000; Lambert
et al. 2001; Aligiannis et al. 2001; Vardar-Unlu et al. 2003;
Baydar er al. 2004). Thymol and carvacrol can be used
alone or in combination during the treatment of oral infec-
tious diseases because of their inhibitory activity on oral
bacteria (Ditry et al. 1994; Kohlert et al. 2002). Thyme and
oregano were found to inhibit aflatoxin production (Vaughn
et al. 1993). Antispasmodic and antiplatelet aggregation ac-
tivities were also reported with thyme constituents (Meister
et al. 1999; Okazaki et al. 2002).

Monoterpenes are natural ten-carbon (C;y) compounds
constructed from two isoprene molecules (CsHg, or hemiter-
pene), the five-carbon building-block of all terpenes. They
are found in edible, medicinal and aromatic plants and are
the main chemical constituents of their EOs. Plant volatile
oils as well as their monoterpenoid constituents have been
widely used as flavorings additives in foods and beverages,
as fragrances in cosmetics, and as intermediates in the ma-
nufacture of perfume chemicals. They have also been em-
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ployed as scent in household products (e.g., detergents,
soaps, room air-fresheners and insect repellents) and as
active ingredients in some old drugs (Leung and Foster
2003). Pinene, for instance, is one of the main constituents
of a mixture of six monoterpenes used to dissolve gallstones
(Ellis et al. 1984), and a-terpinene is one of the putative ac-
tive ingredients of tea tree (Melaleuca alternifolia) oil, an
antibacterial and antifungal remedy employed in both vete-
rinary and human medicine (Dryden ef al. 2004).

IN VITRO ANTIMICROBIAL ACTIVITIES OF
ESSENTIAL OILS

A large number of studies have examined the in vitro anti-
microbial activity of spices, herbs and naturally occurring
compounds from other sources. Plant EOs have been widely
tested against both Gram-positive and -negative bacteria.
For example, Farag et al. (1989) examined the antimicro-
bial activity of the oils of sage, thyme and rosemary leaves,
caraway fruits, clove flower buds, and cumin fruits against
three Gram-negative bacteria (P. fluorescens, E. coli, and
Serratia marcescens) and four Gram-positive bacteria (S.
aureus, Micrococcus spp., Sarcina spp., and B. subtilis).
They found that the EOs from sage, cumin, rosemary and
their principal components had no or very little effect
against Gram-negative bacteria, but oil of caraway was
moderately effective against this group. Oils from clove and
thyme were highly active at a concentration of 0.75—
1.5 mg /ml against S. aureus and Micrococcus spp., while
only small inhibition zones were reported for Gram-nega-
tive bacteria. In general, Gram-negative bacteria were more
resistant to EOs than Gram-positive bacteria, with the oils
being effective even at low concentration (0.25-12 mg /ml)
against the Gram-positive organisms. In similar work it was
also found that mint EO was more effective against Gram-
positive bacteria than against Gram-negative bacteria (Siv-
ropoulou et al. 1995; Iscan et al. 2002). Delaquis et al.
(2002) reported that Gram-positive bacteria were more sen-
sitive to the EOs of dill, cilantro, coriander and eucalyptus
than Gram-negative bacteria. It is well established that es-
sential or volatile oils from plant sources have wide spectra
of antimicrobial action (Alzoreky and Nakahara 2002;
Packiyasothy and Kyle 2002). The composition, structure as
well as functional groups of the oils play an important role
in determining their antimicrobial activity. Usually com-
pounds with phenolic groups are most effective (Dorman
and Deans 2000). Among these, the oils of clove, oregano,
rosemary, thyme, sage and vanillin have been found to be
most consistently effective against microorganisms. Most
studies investigating the action of whole EOs against food
spoilage organisms and food borne pathogens agree that,
generally, EOs are generally more inhibitory against Gram-
positive than against Gram-negative bacteria (Marino et al.
2001). That gram-negative organisms are less susceptible to
the action of antibacterials is perhaps to be expected, since
they possess an outer membrane surrounding the cell wall
(Ratledge and Wilkinson 1988), which restricts diffusion of
hydrophobic compounds through its lipopolysaccharide
covering (Vaara 1992). While this is true of many EOs,
there are some such as oregano, clove, cinnamon and citral;
which are effective against both groups (Skandamis ez al.
2002). However, not all studies on EOs have concluded that

gram-positives are more susceptible (Wilkinson et al. 2003).

There are also some non-phenolic constituents of oils such
as allyl isothiocyanate, AIT; which are more effective (Ward
et al. 1998) or quite effective against Gram-negative bacte-
ria as in garlic oil (Yin and Cheng 2003). A study testing 50
commercially available EOs against 25 genera found no
evidence for a difference in sensitivity between Gram-nega-

tive and Gram-positive organisms (Deans and Ritchie 1987).

However, a later study using the same test method and the
same bacterial isolates but apparently using freshly distilled
EOs, revealed that Gram-positive bacteria were indeed
more susceptible to two of the EOs tested and equally sen-
sitive to four other EOs than were Gram-negative species
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(Dorman and Deans 2000). Of the Gram-negative bacteria,
Pseudomonads, and in particular P. aeruginosa, appear to
be least sensitive to the action of EOs (Ruberto ef al. 2000;
Senatore et al. 2000; Tsigarida et al. 2000; Dorman and
Deans 2000; Pintore et al. 2002; Wilkinson et al. 2003).
Pseudomonads consistently show high or often the highest
resistance to these antimicrobials such as linalool/chavicol
(Smith-Palmer ef al. 1998), terpenoids/carvacrol/thymol
(Griffin et al. 1999), oregano (Skandamis et al. 2002),
Capsicum or bell pepper (Careaga ef al. 2003) and annatto,
(Galindo-Cuspinera et al. 2003). Nonetheless, since pseudo-
monads are so frequently responsible for spoilage of food
stored at low temperatures they have often been used as tar-
gets, and at high concentrations some EO components have
been reported to be effective (Careaga ef al. 2003).

Infections caused by Campylobacter in humans are con-
sidered to be the result of ingestion of contaminated foods
of animal origin, mainly poultry products and raw milk, or
untreated water (Moore ef al. 2002; Park 2002). Successful
steps to reduce the occurrence of Campylobacter on poultry
could have a major effect on reduction of foodborne illness.
In a recent study, a proprietary mixture of herbs (Protecta
I1) at 2% (w/v) was used in poultry chill water and reduced
the numbers of both Campylobacter and E. coli by 2 log
cfu/ml in carcass rinses (Dickens et al. 2000). Friedman et
al. (2002) evaluated 96 different naturally occurring plant
oils and oil compounds against C. jejuni in iron-supplemen-
ted brucella agar. The oils of marigold taegetes, ginger root,
jasmine, patchouli, and gardenia were most effective with
bactericidal activity (BA) assessed as BA50's (concentra-
tion of oil at which a 50% reduction of total cfu was ob-
served) ranging from 0.003% to 0.007%. Like plant EOs
and oil-derived compounds, garlic-derived organosulphur
compounds have also shown antimicrobial activity. When
evaluated against C. jejuni in ground beef, diallyl sulphide
and diallyl disulphide at 20 uM showed a significant re-
duction with final viable numbers of 1.63 log cfu/g and
1.26 log cfu/g, respectively, compared to 7.54 log cfu/g in
untreated controls during 6 d storage at 15°C (Yin and
Cheng 2003).

Recently there has been significant interest in the deve-
lopment of secondary preservation steps that could reduce L.
monocytogenes viability and growth in refrigerated ready-
to-eat foods (Rocourt et al. 2003). Four recent studies
examined the effects of different natural antimicrobials on
this organism in broth media. Of the agents tested isoeu-
genol was most effective, giving a 4.6 log reduction of L.
monocytogenes numbers at 100 ppm in conjunction with
use of freeze thaw cycles at —20°C (Cressy et al. 2003).
Cilantro oil was more effective than hydroxycinnamic acids,
with MICs of cilantro against L. monocytogenes of 0.02—
0.07% (v/v) in Brain Heart Infusion (BHI) broth at 24°C
(Gill et al. 2002) as compared with MICs of 0.2-0.27%
(w/v) for 4 hydroxycinnamic acids (Wen et al. 2003). A
GRAS carotenoid pigment used in butter and cheese, an-
natto, was least effective (MIC 1.25% v/v) against this or-
ganism (Galindo-Cuspinera et al. 2003). Differences in
strain susceptibility were evident and cilantro oil was inef-
ective against L. monocytogenes when used on the surface
of inoculated ham at a concentration of 6% (v/v) of the
enrobing gel (Gill et al. 2002).

The antibacterial activity of EOs is influenced by the
degree to which oxygen is available. This could be due to
the fact that when little oxygen is present, fewer oxidative
changes can take place in the EOs and/or that cells obtain-
ing energy via anaerobic metabolism are more sensitive to
the toxic action of EOs (Paster et al. 1990). The antibacte-
rial activity of oregano and thyme EOs was greatly en-
hanced against S. typhimurium and S. aureus at low oxygen
levels (Paster et al. 1990). The use of vacuum packing in
combination with oregano EO may have a synergistic effect
on the inhibition of L. monocytogenes and spoilage flora on
beef fillets; 0.8% v/w oregano EO achieved a 2-3 log initial
reduction in the microbial flora but was found to be even
more effective in samples packed under vacuum in low-
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permeability film when compared to aerobically stored
samples and samples packaged under vacuum in highly per-
meable film (Tsigarida et al. 2000). Similarly, the lethal
effect of clove and coriander EOs on A. hydrophila on pork
loin steak stored at 2 and 10°C was more pronounced in
vacuum packed pork than on samples stored in air (Stec-
chini et al. 1993). Oregano EO was found to delay micro-
bial growth and to suppress final counts of spoilage micro-
organisms in minced beef under modified atmosphere pack-
aging (MAP, 40% CO,, 30% N, and 30% O,) when, in con-
trast, no pronounced inhibition was evident in beef packed
under air (Skandamis and Nychas 2001).

Cinnamon oil and clove oil are both natural preservative
and flavouring substances that are not harmful when con-
sumed in food products. Soliman and Badeaa (2002) found
that <500 ppm of cinnamon oil can inhibit A. flavus, A.
parasiticus, A. ochraceus and Fusarium moniliforme on po-
tato dextrose agar. Matan et al. (2006) tested mixtures of
cinnamon and clove oils for inhibitory activity against
important spoilage microorganism of intermediate moisture
foods. Four fungal species (4spergillus flavus, Penicillium
roqueforti, Mucor plumbeus and Eurotium sp.), four yeast
species (Debaryomyces hansenii, Pichia membranaefaciens,
Zygosaccharomyces rouxii and Candida lipolytica), and two
bacteria species (Staphylococcus aureus and Pediococcus
halophilus) inoculated separately on agar plates were sealed
in a barrier pouch and exposed to EO volatiles under a mo-
dified atmosphere of low O, (<0.05-10%) and high CO,
(20% or 40%), with the balance being N,. 4. flavus and Eu-
rotium sp. proved to be the most resistant microorganisms.
Cinnamon and clove oils added between 1000 and 4000 pL
at a ratio of 1:1 were tested for minimum inhibitory volume
(MIV) against molds and yeasts. The gas phase above 1000
pL of the oil mixture inhibited growth of C. lipolytica and P.
membranaefaciens; 2000 pL inhibited growth of 4. flavus,
P. roqueforti, M. plumbeus, Eurotium sp., D. hansenii, and
Z. rouxii, while inhibition of 4. flavus required the addition
of 4000 pL. Higher ratios of cinnamon oil/clove oil were
more effective for inhibiting the growth of 4. flavus. Citrus
EOs can have very pronounced antimicrobial activity, even
if their complexity and variability make difficult to correlate
their action to a specific component, also in relation to
possible antagonistic and synergistic effects. For this reason,
Caccioni et al. (1998) proposed a holistic approach to ex-
plain the antimicrobial capabilities of such EOs, whose per-
formances could be the result of a certain quantitative bal-
ance of various components. Citrus oxygenated monoter-
penes are among the molecules with the highest antifungal
activity (Caccioni and Guizzardi 1994) and citral was the
most active compound against Penicillium digitatum and P.
italicum (Caccioni ef al. 1995).

Origanum vulgare L., Lamiaceae family, is being used
in traditional medicine systems in many countries (Sagdic
et al. 2002; Sahin et al. 2004). Origanum vulgare L. has
been known as having many therapeutic properties (diapho-
retic, carminative, antispasmodic, antiseptic, tonic) and its
antimicrobial activity has currently received a renewed in-
terest. It has been widely used in agricultural, pharmaceuti-
cal and cosmetic industries as a culinary herb, flavoring
substances in food products, alcoholic beverages and perfu-
mery for its spicy fragrance (Dorman and Deans 2000;
Novak et al. 2000; Aligianis et al. 2001). Some researchers
have found antimicrobial activity in O. vulgare L. (Skanda-
mis et al. 2002; Baydar et al. 2004; Chun et al. 2004; Nos-
tro et al. 2004). The oils extracted from plants of the genus
Origanum have been shown to have antimicrobial activity
in vitro and in food (Aligiannis et al. 2001). Souza et al.
(2007) reported the effectiveness of O. vulgare L. EO to
inhibit the growth/survival of various food spoiling yeasts.
Anti-yeast activity was studied by determining the MIC by
solid medium diffusion and microplate bioassay, as well as
observing the effect of the EO MIC on the yeast cell
viability. O. vulgare EO showed effectiveness to inhibit the
growth of all assayed yeasts with MIC values for the most
ones of 20 and 0.6 pL/mL when determined, respectively,
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by solid medium diffusion and microplate bioassay. Solid
medium diffusion MIC presented statistically significant in-
hibitory effects (P <0.05) on yeast cell viability, mainly
when interacting with Candida albicans and Candida krusei.
On the other hand, the microplate MIC just provided statis-
tically significant inhibitory effects on the cell viability
when interacting with C. krusei.

It is well established that bacterial biofilms exhibit more
resistance to antimicrobial treatments than the individual
cells grown in suspension (Knowles and Roller 2001; Cha-
vant et al. 2004). Lebert et al. (2007) investigated bacteri-
cide solutions effective on spoilage and pathogenic bacteria
while preserving technological bacteria. Two compounds of
EO (thymol and eugenol), one EO of Satureja thymbra and
two industrial biocides (PE 270-30, Brillo) were tested on
technological strains (Staphylococcus equorum, Staphylo-
coccus succinus and Lactobacillus sakei) grown in mono-
culture biofilm and on a mixed biofilm of pathogenic bac-
teria (Staphylococcus aureus, Listeria monocytogenes) and
spoilage bacteria (Pseudomonas fragi, Escherichia coli).
Biofilm cultures were performed in glass fibre filters for
24 h at 20°C before application of biocides. Thymol and eu-
genol had no effect on the mixed biofilm. S. thymbra (2%)
was highly effective on spoilage strains (5 log reduction),
and S. equorum (4 log reduction) was moderately effective
on pathogens (2.3 log reduction) and not effective on S.
succinus and L. sakei (0.5 log reduction). PE-270-30 with
10% Na,SO, decreased spoilage bacteria (5.1 log reduction),
maintained the technological bacteria, but did not reduce
the pathogens. The disinfectant Brillo (3%) killed all the
strains. Their results showed the difficulty in obtaining a
biocide that is effective in destroying spoilage and patho-
genic bacteria while preserving technological bacteria. Le-
bert et al. (2007) concluded that EOs could be a good alter-
native for eradicating spoilage bacteria in the food environ-
ment where they are often found at high levels.

Antimicrobial packaging is a form of active packaging
that could extend the shelf-life of product and provides
microbial safety for consumers. It acts to reduce, inhibit, or
retard the growth of pathogen microorganisms in packed
foods and packaging material. In order to control undesira-
ble microorganisms on food surfaces: (1) volatile and non-
volatile antimicrobial agents can be incorporated into poly-
mers or (2) coating or adsorbing antimicrobial onto polymer
surfaces can be applied (Appendini and Hotchkiss 2002).
Several compounds have been proposed for antimicrobial
activity in food packaging, including organic acids, en-
zymes such as lysozyme, and fungicides such as benomyl,
imazalil and natural antimicrobial compounds such as spi-
ces (Tharanathan 2003). These compounds carry mostly
antimicrobial and some antioxidant properties. Natural
compounds, such as nisin and lysozyme, have been studied
as potential food preservatives added to the edible films that
are safe for human consumption (Padget et al. 2000; Hoff-
man et al. 2001; Dawson et al. 2002; Cagri et al. 2004; Min
et al. 2005). Some spice EOs incorporated into packaging
materials can control microbial contamination in beef mus-
cle by reducing the growth of Escherichia coli O157:H7
and Pseudomonas spp. (Oussallah ef al. 2004). The use of
edible films to release antimicrobial constituents in food
packaging is a form of active packaging. Antimicrobial pro-
perties of whey protein isolate (WPI) films containing 1.0—
4.0% (wt/vol) ratios of oregano, rosemary and garlic EOs
were tested against Escherichia coli O157:H7 (ATCC
35218), Staphylococcus aureus (ATCC 43300), Salmonella
enteritidis (ATCC 13076), Listeria monocytogenes (NCTC
2167) and Lactobacillus plantarum (DSM 20174). Ten mil-
lilitres of molten hard agar was inoculated by 200 pl of bac-
terial cultures (colony count of 1 x 10° CFU/ml) grown
overnight in appropriate medium. Circular discs of WPI
films containing spice extracts, prepared by casting method,
were placed on a bacterial lawn. Zones of inhibition were
measured after an incubation period. The film containing
oregano EO was the most effective against these bacteria at
2% level than those containing garlic and rosemary extracts
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(P <0.05). The use of rosemary EO incorporated into WPI
films did not exhibit any antimicrobial activity whereas in-
hibitory effect of WPI film containing garlic EO was ob-
served only at 3% and 4% level (P <0.05). The results of
this study suggested that the antimicrobial activity of some
spice extracts were expressed in a WPI based edible film
(Seydim and Sarikus 2006).

The experiments indicate that spices with strong anti-
microbial activity include allspice, cinnamon, clove, mus-
tard and vanillin. Among herbs, the following are most anti-
microbial: basil, oregano, rosemary, sage and thyme. Spices
and herbs which show limited antimicrobial activity in-
clude: anise, bay (laurel), black pepper, cardamom, cayene
(red pepper), celery seed, chili powder, coriander, cumin,
curry powder, dill, fenugreek, ginger, juniper oil, mace,
marjoram, mint, nutmeg, paprika, sesame, spearmint, tarra-
gon, and white pepper (Davidson and Naidu 2000).

IN VITRO ANTIMICROBIAL ASSAY METHODS

Tests of antimicrobial activity can be classified as diffusion,
dilution or bioautographic methods. It appears that no stan-
dardized test has been developed for evaluating the antibac-
terial activity of possible preservatives against food-related
microorganisms, although the need for such has been indi-
cated (Davidson and Parish 1989). The NCCLS method for
antibacterial susceptibility testing, which is principally
aimed at the testing of antibiotics has been modified for
testing EOs (NCCLS 2000). Researchers adapt experimen-
tal methods to better represent possible future applications
in their particular field. However, since the outcome of a
test can be affected by factors such as the method used to
extract the EO from plant material, the volume of inoculum,
growth phase, culture medium used, pH of the media and
incubation time and temperature (Rios ef al. 1988), compa-
rison of published data is complicated (Friedman et al.
2002). The minimum inhibitory concentration (MIC) is
cited by most researchers as a measure of the antibacterial
performance of EOs. The definition of the MIC differs bet-
ween publications and this is another obstacle to compare-
son between studies. In some cases, the minimum bacterici-
dal concentration (MBC) or the bacteriostatic concentration
is stated, both terms agreeing closely with the MIC. Screen-
ing of EOs for antibacterial activity is often done by the
disk diffusion method, in which a paper disk soaked with
EO is laid on top of an inoculated agar plate. This is gene-
rally used as a preliminary check for antibacterial activity
prior to more detailed studies. Factors such as the volume of
EO placed on the paper disks, the thickness of the agar
layer and whether a solvent is used vary considerably bet-
ween studies. This means that this method is useful for se-
lection between EOs but comparison of published data is
not feasible. The agar well test in which the EO is deposited
into wells cut into the agar can be used as a screening me-
thod when large numbers of EOs and/or large numbers of
bacterial isolates are to be screened (Dorman and Deans
2000). In order to make bacterial growth easier to visualise,
triphenyl tetrazolium chloride may be added to the growth
medium (Elgayyar ef al. 2001; Mourey and Canillac 2002).
The strength of the antibacterial activity can be determined
by dilution of EO in agar or broth. The published studies
using dilution in agar have used different solvents to incor-
porate the EO in the medium (Pintore et al. 2002), different
volumes of inoculum (1-100 pl) (Juven et al. 1994; Prudent
et al. 1995), which is sometimes dotted (Pintore et al. 2002)
and sometimes streaked (Farag er al. 1989) onto the agar
surface. Despite these variations, the MICs of EOs deter-
mined by agar dilution generally appear to be in approxi-
mately the same order of magnitude (Pintore ef al. 2002). In
broth dilution studies a number of different techniques exist
for determining the endpoint, the most used methods are
that of optical density (OD) measurement and the enumera-
tion of colonies by viable count. The former method has the
advantage of being automated; the latter is labour intensive.
A very useful development has been the adoption of micro-
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well titre plates containing broth to which 0.15% (w/v) agar
is added to suspend partially soluble antimicrobials in the
colloidal agar matrix (Mann and Markham 1998). This me-
thod continues to be used (Gill ef al. 2002; Wen et al. 2003)
and as originally described the broths contained resazurin
dye as a redox indicator to give a visual signal reflecting
bacteria growth. A prerequisite is that each test strain must
be calibrated for its ability to reduce the resazurin dye
before tests are conducted since rates may vary. The opti-
mum test cell concentration is about one log lower than the
level necessary to reduce resazurin to a pink/purple colour.
Microwell titre plates are attractive for this type of study
because only small reaction volumes (<300 pl/test) are
needed, replicate tests are easily prepared using multi-
channel pipettors, and multi-well plates lend themselves to
adoption of protocols where two or more antimicrobials can
be used simultaneously in gradients to examine reactants
for interactive (synergistic or antagonistic) effects. The
checker board assay typifies the approach used (Wen ef al.
2003). A patented color indicator based on resazurin has
been used to determine the MICs for methanolic extracts of
plant materials (Salvat ef a/. 2001) and EOs (Burt and Rein-
ders 2003) and the method can be automated by measuring
the end point by fluorescence instead of visual means (Lan-
caster and Fields 1996). Triphenyl tetrazolium chloride has
been used for visual end point determination in the study of
tea tree oil in broth but, although it is an indicator of bac-
terial growth, the color change did not fully correlate with
the MIC (Carson et al. 1995b).

The rapidity of a bactericidal effect or the duration of a
bacteriostatic effect can be determined by time-kill analysis
(survival curve plot) whereby the number of viable cells re-
maining in broth after the addition of EO is plotted against
time. The most frequently used methods for this are mea-
surement of OD and viable count after plating out onto agar.
Decimal reduction value (D value has been employed to
find out microbial elimination time by others (Gachkar et al.
2006; Yadegarinia ef al. 20006).

One feature of test methods that varies considerably is
whether or not an emulsifier or solvent is used to dissolve
the EO or to stabilize it in water-based culture media. Seve-
ral substances have been used for this purpose: ethanol
(Marino et al. 2001; Packiyasothy and Kyle 2002; Walsh et
al. 2003; Wen et al. 2003), methanol (Onawunmi 1989),
Tween-20 (Hammer et al. 1999), Tween-80 (Mourey and
Canillac 2002; Bassole et al. 2003; Wilkinson et al. 2003),
sorbitan monolaurate (Mann and Markham 1998), acetone
in combination with Tween-80 (Prudent et al. 1995), poly-
ethylene glycol (Pintore et al. 2002), propylene glycol
(Negi et al. 1999), n-hexane (Senatore et al. 2000), dime-
thyl sulfoxide (Firouzi et al. 1998; Iscan et al. 2002; Vardar-
Unlu et al. 2003) and agar (Delaquis et al. 2002; Gill et al.
2002; Burt and Reinders 2003). While controls to monitor
for possible solvent effects on bacterial viability should be
included when solvents are used, there is always the pos-
sibility for interactive effects (e.g. quenching) that cannot
be evaluated with a solvent-only control (Lambert et al.
2001). However, a number of researchers found it unneces-
sary to use an additive (Tassou et al. 2000; Dorman and
Deans 2000; Elgayyar et al. 2001; Lambert et al. 2001,
Canillac and Mourey 2001; Cimanga et al. 2002; Mejlholm
and Dalgaard 2002). One study employed vigorous shaking
in phosphate saline buffer to suspend EOs (Friedman et al.
2002).

The hydrophobicity of phenolics limits the value of agar
disc/diffusion tests for estimating antimicrobial potency ac-
curately. Since EOs are characterized as being volatile,
methods that test the antimicrobial activity of such agents in
their vapor phase have been outlined (Zaika 1988), and
modified (Weissinger et al. 2001). In the latter study agar
discs were inoculated with test bacteria and placed on a
glass slide inserted into a glass jar along with horseradish
EO that had been placed on a watch glass. The jar was
sealed and placed at the desired temperature for exposure to
EO vapor. Viability of exposed cells on the agar surface was
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later assessed. The system worked well and allowed for
quantification of the inhibitor in the vapour phase. Filter
paper impregnated with AIT was used by Weissinger ef al.
(2001) to expose segregated alfalfa seed to vapor while both
were enclosed in a glass jar. Iscan et al. (2002) used a com-
bination of microdilution, agar diffusion and a bioautogra-
phy bioassay to examine mint EO for activity against plant
and human pathogens. For the bioassay, samples were sub-
jected to thin layer chromatography (TLC) on parallel
plates. One plate was chemically developed and the other
was coated in agar, inoculated with the test organism and
incubated at 37°C for 24 h. The latter plate was sprayed
with 1% tetrazolium violet, incubated 1 h at 37°C and in-
hibition zones visualized against the colored background. In
another modified agar method, Bagamboula ef al. (2003)
added dried, course ground herbal and spice plant material
directly to agar which was then solidified, surface inocula-
ted with a single organism and incubated. This method is
also useful for screening agents. However, there is concern
that EOs may only be partially released during grinding,
leaving some trapped in cell compartments and unavailable
for reaction with target organisms. Most researchers cur-
rently use agar or broth dilution series (Davidson and Naidu
2000; Rauha et al. 2000) or both for comparative purposes.
Although tube macrodilution and diffusion from inhibitor-
impregnated paper discs on agar surfaces are still used (Ga-
lindo-Cuspinera et al. 2003), there is heavy reliance on
microwell plate systems containing inhibitors and target
organisms in broth. Inhibitor effectiveness is measured by
differences in rates of change of optical density from con-
trols and bacterial numbers in non-turbid wells are moni-
tored by plating on agar with enumeration after incubation.
However, systems based on absorbance in broth lack sensi-
tivity below 5 log bacteria /ml. This has largely been over-
come by application of impedance measurement using inoc-
ulated broth. These systems can also be used to distinguish
between bacteriostatic and bactericidal effects (Wan et al.
1998; Skandamis et al. 1999; Marino et al. 2001). Walsh et
al. (2003) used conventional broth dilutions monitored for
changes in absorbance at 540 nm as well as MICs deter-
mined by placing 1 pl spots of bacterial culture (6 log cfu/
ml) on agar plates containing natural antimicrobial inhibit-
tors (eugenol and thymol) using a multi-channel inoculator.
After incubation, tests were compared to control plates
without inhibitors.

There is clearly still a need for the adoption of standar-
dized protocols for the evaluation of natural antimicrobials
during in vitro tests to avoid the generation of contradictory
results (Cowan 1999). However, it is unlikely that a single
standard method will have general appeal. This is because
studies often have different purposes and objectives, and
frequently employ different experimental designs. These
translate into different needs with respect to incubation tem-
perature (4-37°C), pH (4-8) and length of exposure (hours
or weeks). There are other factors, which influence experi-
mental outcomes during potency testing of natural antimic-
robials. These include: variability in composition or content
of active agents that result from agronomic history, variety
differences, and maturity of the plant material studied (Gill
et al. 2002); physical and chemical characteristics of the
antimicrobial itself (hydrophobicity, volatility, compatibility
in the test system); presence of protein, starch or lipid that
may complex with and neutralize antimicrobial activity or
partition the agent away from its target (Davidson and Nai-
du 2000); and the inoculum size, genus of microorganism,
species and even strain susceptibility as well as previous
culture history (Gill ef al. 2002; Bagamboula et al. 2003;
Wen et al. 2003). It is probable that prior stress of cells by
exposure to unfavorable conditions may change susceptibi-
lity of cells to natural antimicrobials, but this is an area still
to be investigated (Gill ef al. 2002). Incomplete control over
the factors identified above will lead to generation of in-
consistent results. Perhaps the greatest source of variation in
study results arises from the use of unstandardized natural
antimicrobials of different potency and composition.
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AFLATOXIN THREAT AND HERBAL CONTROL

Many microorganisms have been found on intermediate
moisture foods (IMF) including: Aspergillus flavus and
Penicillium roqueforti on bread (Nielsen and Rios 2000);
Eurotium sp. on bakery products (Suhr and Nielsen 2004);
Staphylococcus aureus on honey (Mundo et al. 2004);
Debaryomyces hansenii and Zygosaccharomyces rouxii on
syrups, fruit concentrates and jams (Andrews et al. 1997);
red halophilic cocci on salt cured fish and solar salt (Prad-
sad and Seenayya 2000); Pichia membranaefaciens on
mayonnaise and cheeses; Candida albicans on dried meat
(Pitt and Hocking 1997); and Mucor plumbeus on cheeses
(Taniwaki er al. 2001a, 2001b). Molds growing on IMF
may produce toxins such as citrinin, aflatoxin, and requefor-
tine ¢ that can be hazardous to humans (Taniwaki et al.
2001a, 2001b). These toxins are produced during the
growth of the microorganism on the food substrate (Filten-
borg et al. 1996). Aspergillus ochraceus produces ochra-
toxin A (OTA) which is responsible for nephropathies in
pigs and humans. Due to their ability to grow in almost all
food products, yeasts and moulds can generate off-flavors,
produce toxin, and cause discoloration and proteolysis
through the action of various enzymes like lipases and pro-
teases. The most important feature of moulds from a food
safety perspective is their ability to produce mycotoxins.
Fungi are the main agents of spoilage of bakery products.
As with other foods, bakery products which contain natural
preservatives are becoming more common. However, as
with bacteria, fungi are more resistant to these natural anti-
microbials when challenged in foods (Lopez-Malo et al.
2002). Aflatoxins, the most dangerous mycotoxins, are toxi-
genic secondary metabolites of fungi produced by certain
strains of Aspergillus flavus, A. parasiticus and A. nomius
which is phenotypically similar to 4. flavus but with a dis-
tinctive bullet shaped sclerotia (Fente et al. 2001). Other
species that produce aflatoxins in minute quantities include
A. peudotamarii, A. bonbysis and A. ochraceoroseus (Fente
et al. 2001). The hazardous nature of aflatoxins to human
and animals necessitate the need for establishment of con-
trol measures and tolerance levels by national and interna-
tional authorities. About 4.5 billion people in developing
countries are chronically exposed to the uncontrolled
amounts of aflatoxin (Williams ef al. 2004). Current control
measures are aimed at controlling fungal growth and myco-
toxin formation in stored grains by physical methods (aera-
tion, cooling and modified atmospheres), chemical treat-
ments with ammonia, acids and bases or with food presser-
vatives (Jackson and Bullerman 1999) and by biological
methods (Blackwell et al. 1999). These methods require
sophisticated equipment and expensive chemicals or rea-
gents.

Plants derived EOs are also known to possess antifungal
activity (Soliman and Badeaa 2002), and generally they are
more active against fungi than Gram-positive bacteria (She-
lef 1983). As an example of antimycotic activity, the oil of
Ocimum gratissimum leaves was fungicidal at 78 ppm for
Microsporum gypseum and Trichophyton rubrum, but a
concentration of 312 ppm was required to inhibit growth of
Candida albicans and Cryptococcus neoformans (Amvam
Zollo et al. 1998). Many EOs and aroma compounds were
also able to reduce or control mould mycotoxin production.
Ochratoxin A accumulation by Aspergillus ochraceus was
inhibited by eugenol (Basilico and Basilico 1999), which
also prevented citrinin formation by P. citrinum in cheese
(Vazquez et al. 2001). Chao et al. (2000) evaluated antifun-
gal activity of 45 different plant oils against C. albicans,
Aspergillus niger and Rhizopus oligosporus. Of the 45 oils,
those of coriander, cinnamon bark, lemongrass, savory and
rosewood were effective against all three microorganisms.
Other oils showed selective activity against the three orga-
nisms. Some of them were effective against C. albicans
only. Angelica and pine oils used in this study were not ef-
fective against A. niger and R. oligosporus which have a
symbiotic relationship with the mycorhizae associated with
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the plants from which the oils were isolated (Angelica ar-
changelica L. and Pinus sylvestris L.), respectively. In ad-
dition to inhibition of vegetative growth, the other oils also
inhibited production of mycotoxins by fungi. Thyme, anise
and cinnamon oils were able to inhibit production of afla-
toxins, ochratoxins A and fumonisin in broth at 2%. Anise,
fennel and caraway oils also showed fungicidal effects
against 4. flavus, A. parasiticus, A. ochraceus and Fusa-
rium moniliforme. Anise oil showed fungicidal activity at
500 ppm, while caraway and fennel oil at 2000 ppm were

required to inhibit all four fungi (Soliman and Badeaa 2002).

Some plant EOs have also been shown to inhibit mycelial
growth and conidial germination. The oils of thyme, ore-
gano, dictamus and marjoram totally inhibited mycelial
growth at 250-400 pg/ml, while 250 pg/ml inhibited coni-
dial germination of Penicillium digitatum. The oils of lav-
ender, rosemary and sage gave 29.5%, 24.0% and 9.0% (%
of untreated control) mycelial inhibition, respectively, at
1000 pg /ml. Citral, citronellal and eugenol prevented afla-
toxin production in cultures of A. flavus in the first days of
incubation but, after 2 weeks, toxin concentration was grea-
ter than in the control (Mahmoud 1994). This result, al-
though not confirmed by other studies, has to induce some
criticism in the application of such compounds in food.
Their use in food preservation can not rescinds from the
comprehension of the action mechanisms of the molecules
as well as the adaptation of microorganisms towards the
harsh environment and their growth kinetics. EOs of sweet
basil (Ocimum basilicum), cassia (Cinnamomum cassia),
coriander (Coriandrum sativum) and bay leaf (Laurus nobi-
lis) at 1-5% (v/v) concentration in palm kernel broth inocu-
lated with spore suspension (10°/ml) of Aspergillus parasi-
ticus CFR 223 were evaluated for their potential in the con-
trol of aflatoxigenic fungus A. parasiticus CFR 223 and af-
latoxin production. Healthy sorghum grains (120/treatment)
immersed in the oils and distributed in three petri dishes
with wet cotton wool were also inoculated with spore
suspension (10°/ml) of 4. parasiticus CFR 223 and assayed
for grain protection. Sweet basil oil at optimal protective
dosage of 5% (v/v) was fungistatic on A. parasiticus CFR
223 and aflatoxins produced in vitro and on fungal deve-
lopment on sorghum grains (P <0.05) with a residual effect
that lasted for 32 days. In contrast, oil of cassia and bay leaf
stimulated the mycelia growth of the fungus in vitro but
reduced the aflatoxin concentration (B; + G;) of the fungus
by 97.92% and 55.21% respectively, while coriander oil did
not have any effect on both the mycelia growth and afla-
toxin content of the fungus. The combination of cassia and
sweet basil oil at half their optimal protective dosages
(2.5% v/v) completely inhibited the growth of the fungus.
The feasibility of implementing these results to control afla-
toxins was examined by the addition of whole and ground
dry basil leaves at 5% and 10% (w/w), respectively, to 10 g
sorghum, groundnut, maize and melon seed after 35 days
storage period. It was found that the addition of whole and
ground basil leaves markedly reduced aflatoxin contami-
nation; however, 10% (w/w) of whole leaves was more ef-
fective as the reduction in aflatoxin was between 89.05%
and 91%. The findings showed that aflatoxins can be con-
trolled by co-storing whole sweet basil leaves with aflatoxin
infected foods (Atanda ef al. 2007). EO extracted from the
leaves of Chenopodium ambrosioides Linn. (Chenopodia-
ceac) was tested against the aflatoxigenic strain of test fun-
gus Aspergillus flavus Link. The oil completely inhibited
the mycelial growth at 100 pg/ml. The oil exhibited broad
fungitoxic spectrum against Aspergillus niger, Aspergillus
fumigatus, Botryodiplodia theobromae, Fusarium oxyspo-
rum, Sclerotium rolfsii, Macrophomina phaseolina, Clado-
sporium cladosporioides, Helminthosporium oryzae and
Pythium debaryanum at 100 pg/ml. The oil showed signi-
ficant efficacy in inhibiting the aflatoxin B1 production by
the aflatoxigenic strain of A. flavus. During in vivo investi-
gation it protected stored wheat from different storage fungi
for one year (Rajesh et al. 2007). The EO from O. gratis-
simum has been reported to be a potential food preservative
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with a pH dependent superiority against potassium sorbate.
The EOs extracts from Cymbopogon citratus, Monodora
myristica, Ocimum gratissimum, Thymus vulgaris and Zin-
giber officinale were investigated for their inhibitory effect
against three food spoilage and mycotoxin producing fungi,
Fusarium moniliforme, Aspergillus flavus and Aspergillus
fumigatus. Five strains of each fungus were tested. The EO
from O. gratissimum, T. vulgaris and C. citratus were the
most effective and prevented conidial germination and the
growth of all three fungi on corn meal agar at 800, 1000 and
1200 ppm, respectively. Moderate activity was observed for
the EO from Z. officinale between 800 and 2500 ppm, while
the EO from M. myristica was less inhibitory. These effects
against food spoilage and mycotoxin producing fungi indi-
cated the possible ability of each EO as a food preservative.
A comparative test on the preservative ability of the EO
from O. gratissimum and potassium sorbate against 4. fla-
vus at pH 3.0 and 4.5 showed that the EO remained stable at
both pH, whereas the efficacy of potassium sorbate was re-
duced at higher pH (Nguefack et al. 2004). Aflatoxin Bl
(AFB1) is a highly toxic and carcinogenic metabolite pro-
duced by Aspergillus species on agricultural commodities
(Leontopoulos et al. 2003). Allameh et al. (2001) reported
more than 50% inhibition of aflatoxin production at 50%
(v/v) neem extract concentration. It has been demonstrated
that addition of neem leaf extract above 10% (v/v) effec-
tively inhibited aflatoxin production by Aspergillus parasi-
ticus and Aspergillus flavus. Under such conditions the my-
celial dry weight was not affected (Zeringue and Bhatnagar
1990). Namazi and co-workers (2002) demonstrated that
0.9%-1% ammonia inhibited fungal growth together with
aflatoxin production. Aflatoxin production by A.parasiticus
was reported to be significantly inhibited by Thymus erio-
calyx and Thymus x-porlock EOs (Rasooli and Razzaghi
2004).

ANTIOXIDATIVE PROPERTIES

Lipid peroxidation is a complex process occurring in aero-
bic cells and reflects the interaction between molecular oxy-
gen and polyunsaturated fatty acids. Radicals are known to
take part in lipid peroxidation, which causes food deteriora-
tion, aging organisms and cancer promotion (Ashok and Ali
1999). Antioxidants act as radical-scavengers, and inhibit
lipid peroxidation and other free radical-mediated pro-
cesses: therefore, they are able to protect the human body
from several diseases attributed to the reactions of radicals
(Takao et al. 1994). Use of synthetic antioxidants to prevent
free radical damage has been reported to involve toxic side
effects (Cornwell et al. 1998), making attractive the search
for antioxidant and scavenger natural compounds. The
spoilage and poisoning of foods by oxidation and/or micro-
organisms is still a problem that is not yet overcome despite
of the range of robust preservation techniques available.
The screening of plant extracts and natural products for
antioxidative activity has revealed the potential of higher
plants as a source of new agents (Rios ef al. 1988), to serve
the processing of natural products. Free radicals provoked
by various environmental chemicals as well as endogenous
metabolism are involved in a number of diseases like tu-
mors, inflammation, shock, atherosclerosis, diabetes, infer-
tility, gastric mucosal injury, and ischemia due to the oxida-
tive damage to DNA, lipids, and proteins and which can
result in failure of cellular functions (Kasai et al. 2000).
Consumption of antioxidants from plant materials that in-
hibit free radical formation or accelerate their elimination
has been associated with a lowered incidence of these dis-
eases as a consequence of alleviating the oxidative stress of
free radicals (Leong and Shui 2002); accordingly, antioxi-
dants have recently garnered increased research interest.
Free radicals can result in food sourness, oil rottenness, and
most industrial product aging. Many experiments have indi-
cated that free radicals are necessary to support life, though
they are also dangerous in biological tissues. Under normal
physiological conditions, free radicals in the body will
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undergo a process of production and continuous scavenging
so as to sustain physiological equilibrium. Even when the
free radicals generated in the body are in low concentrations,
the body metabolism may be disordered and some diseases
can be caused (Pietta 2000). Synthetic antioxidants have
been used in the food industry since the 1940s, but trends in
many health-related industries tend to shift preferences to
natural sources. Therefore, investigation of natural antioxi-
dants has been a major research interest for the past two
decades as many research groups and institutions have been
screening plant materials for possible antioxidant properties.
Food composition data, necessary for epidemiological and
nutritional studies, are merely representative of foodstuffs
consumed in the raw state. Many food composition data-
bases never take into consideration the fact that concentra-
tions of nutrients and their activity may change through
cooking practices such as blanching. This is of great impor-
tance, considering that only a small amount of vegetables is
consumed in the raw state, whilst most need to be processed
for safety and quality. Overwhelming scientific data, from
epidemiological studies, indicate that diets rich in fruit, ve-
getables and grains are associated with a lower risk of seve-
ral degenerative diseases, such as cancers (Steinmetz and
Potter 1996) and cardiovascular diseases (Rimm e? al. 1996).
This association is often attributed to different antioxidant
components, such as vitamin C, vitamin E, carotenoids, ly-
copenes, polyphenols and other phytochemicals. The most
widely used synthetic antioxidants in food (butylated hydro-
xytoluene BHT, butylated hydroxyanisole BHA, propyl
galate PG and tertiary butyl hydroquinone TBHQ) have
been suspected to cause or promote negative health effects
(Pokorny 1991). Antioxidants have been widely used as
food additives to provide protection against oxidative deg-
radation of foods by free radicals. Since ancient times, spi-
ces in different types of food to improve flavors are well
known for their antioxidant capacities (Madsen and Bertel-
sen 1995). In recent decades, the EOs and various extracts
of plants have been of great interest as they have been the
sources of natural products. In order to prolong the storage
stability of foods, synthetic antioxidants are used for indus-
trial processing. But according to toxicologists and nutritio-
nists, the side effects of some synthetic antioxidants used in
food processing such as butylated hydroxytoluene (BHT)
and butylated hydroxyanisole (BHA) have already been
documented. For example, these substances can exhibit car-
cinogenic effects in living organisms (Baardseth 1989). For
this reason, governmental authorities and consumers are
concerned about the safety of the food and also about the
potential affects of synthetic additives on health (Reische et
al. 1998). Hence, there is a growing interest in studies of
natural additives as potential antioxidants. Many sources of
antioxidants of plant origin have been studied in recent
years. Among these the antioxidant properties of many aro-
matic plants and spices have shown to be effective in retar-
ding the process of lipid peroxidation in oils and fatty foods
and have gained the interest of many research groups. The
use of EOs as functional ingredients in foods, drinks, toilet-
ries and cosmetics is gaining momentum, both for the grow-
ing interest of consumers in ingredients from natural sour-
ces and also because of increasing concern about potentially
harmful synthetic additives (Reische ef al. 1998). Within
the wide range of the above-mentioned products, a common
need is availability of natural extracts with a pleasant taste
or smell combined with a preservative action, aimed to
avoid lipid deterioration, oxidation and spoilage by micro-
organisms. Those undesired phenomena are not an exclu-
sive concern of the food industry, but a common risk where-
ver a lipid or perishable organic substrate is present. In fact,
they induce the development of undesirable oft-flavors, cre-
ate toxicity and severely affect the shelf-life of many goods
(Hirasa and Takemasa 1998). EO compounds, such as car-
vacrol and thymol, will both prevent the microbial and che-
mical deterioration when added to food (Ultee et al. 1999;
Burt 2004; Mahmoud et al. 2004a, 2004b). Components of
thyme, mainly thymol and carvacrol, were suggested to
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have antioxidant activity (Nakatani 2000; Lee and Shiba-
moto 2001; Miura 2002). The antimicrobial and antioxidant
effect of these phenolic compounds can be enhanced by
combining with other natural preservatives (Ramanathan
and Das 1992; Yamazaki et al. 2004). The antioxidant acti-
vity found in the fractions of Citrus sinensis, is attributed to
the presence of flavonoids and other phenolic compounds
(Maria et al. 2006). The synthesis of several phenylpropa-
noid compounds (flavonoids, isoflavonoids, psoralens, cou-
marins, phenolics acids, chlorogenic acid, lignin and sube-
rin) is induced in plants by biotic and abiotic stress, factors
such as wounding, low temperature and attack of pathogens
(Dixon and Paiva 1995). Phenolic compounds are known to
constitute one of the most important groups of natural anti-
oxidants, owing to their diversity and extensive distribution.
They possess biological and chemical properties in com-
mon: reducing character, capacity of sequestering reactive
oxygen species (ROS) and several electrophiles, for chela-
ting metallic ions, tendency to self-oxidation and capacity
for modulating the activity of some cell enzymes (Robards
et al. 1999). Functions of diverse phenolic antioxidant in
the diet have already been discussed (Astley 2003; Trewa-
vas and Stewart 2003). The biological activity of phenyl-
propanoids and their function as antimicrobial agents are
well recognized, as are their antiallergenic and anti-inflam-
matory properties, along with their antimutagenic action
(Rice-Evans et al. 1996).

The number of antioxidant compounds synthesized by
plants as secondary products, mainly phenolics, serving in
plant defense mechanisms to counteract reactive oxygen
species (ROS) in order to survive, is currently estimated to
be between 4000 and 6000 (Wollgast and Anklam 2000;
Havsteen 2002). The phenolic content and composition of
plants and the products produced from them depend on ge-
netic and environmental factors, as well as post-harvest pro-
cessing conditions (Cowan 1999). The antioxidant activities
of phenolics are related to a number of different mecha-
nisms, such as free radical-scavenging, hydrogen-donation,
singlet oxygen quenching, metal ion chelation, and acting
as a substrate for radicals such as superoxide and hydroxyl.
A direct relationship has been found between the phenolic
content and antioxidant capacity of plants (Al-Mamary et al.
2002). There is intense interest in plant polyphenols as wit-
nessed by the numerous papers devoted to various aspects
of these compounds (Duthie and Crozier 2000; Harborne
and Williams 2000; Tura and Robards 2002). Proestos et al.
(2006) linked the phenolic fraction of plant extracts to their
antioxidant capacity. The use of plants, herbs as antioxi-
dants in processed foods is becoming of increasing impor-
tance in the food industry as an alternative to synthetic
antioxidants (Madsen and Bertelsen 1995). They tend to be
water soluble, because they frequently occur combined as
glycosides and they are usually located in the cell vacuole
(Harborne 1998). Phenolics are antioxidants with redox
properties, which allow them to act as reducing agents, hyd-
rogen donators, and singlet oxygen quenchers (Pietta 2000).
They also have metal chelation properties (Kahkonen ef al.
1999). Their significance for the human diet and antimicro-
bial activity has been recently established (Rauha et al.
2000; Nychas et al. 2003). The antioxidant properties of
these compounds are often claimed for the protective effects
of plant-based beverages against cardiovascular disease,
certain forms of cancer and photosensitivity reactions
(Bravo 1998). It was also found that they inhibit human im-
munodeficiency viral replication (HIV), human simplex
virus (HSV), glucosyl transferases of Streptococcus mutans
(dental carries), ascorbate auto-oxidation (green tea), cyto-
toxic effects, tumor promotion and xanthine, monoamine
oxidases (Mattila et al. 2000; Middleton et al. 2000; Hav-
steen 2002). These studies provide the basis for the present
rapidly increasing interest for the use of natural antioxidants
as functional food ingredients and/or as food supplements.

Extraction procedures to obtain active principles are
mainly focused on the use of methanol or ethanol as sol-
vents. Since active compounds in plants exhibiting biolo-
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gical activity are in low concentrations, selective extraction
methods should be used. Activity may be varied when dif-
ferent solvents are used for conventional extraction. Extrac-
tion with non-polar solvents, such as hexane, petrol ether,
provided better antioxidant properties than did methanol or
acetone (Chen ef al. 1992; Chevolleau ef al. 1992).
Presence of antioxidant component in plant materials is
determined by many methods since the antioxidants act by
different mechanisms. They play an important role for the
scavenging of free radicals and chain-breaking and these
types of compounds have been called primary antioxidants
and act as deactivators of metals, inhibitors of lipid hydro-
peroxide breakdown, regenerators of primary antioxidants
and quenchers of singlet oxygen (Koleva ef al. 2002). Seve-
ral methods have been recommended for the evaluation of
antioxidant properties of plant materials and some methods
in current use were compared (Koleva ef al. 2002; Ou et al.
2002). 2,2'-Diphenyl-1-picrylhydrazyl radical (DPPH") as-
say is a well known method for the evaluation of free radi-
cal-scavenging activity. The method is sample polarity-in-

dependent very rapid, simple and reproducible (Koleva et al.

2002). On the other hand, fatty acid decomposition is one of
the main causes of food spoilage and inhibition of fatty acid
oxidation is an important issue in the food industry. Food
preservers or antioxidants are mainly used as inhibitors of
the oxidation of fatty acids. Therefore, the inhibition of
linoleic acid oxidation can be measured in the presence of
B-carotene that is used as a marker (Dapkevicius et al.
1998). Linoleic acid oxidation produces conjugated dienes
and other volatile products that attack B-carotene and bleach
its characteristic colour (pale yellow in aqueous emulsion).
In general, both free radical-scavenging and inhibition of
linoleic acid oxidation are desired in the food industry.

In a DPPH assay, C. odorata, C. citratus, R. officinalis
and C. longa showed major effectiveness, with a radical in-
hibition ranging from 59.6 £ 0.42-64.3 + 0.45%. In the B-
carotene bleaching test, C. odorata (75.5+0.53%), R. of
ficinalis (81.1 £0.57%) and C. longa (72.4 £ 0.51%) gave
the best inhibition results. Suggestions on relationships
between chemical composition and biological activities are
outlined (Sacchetti et al. 2005). Mentha piperita oil
screened for antioxidant activities by DPPH free radical
scavenging and B-carotene/linoleic acid systems showed
greater antioxidant activity than Myrtus communis (Yade-
garinia et al. 2006). Radical-scavenging and antioxidant
properties of EOs from Rosemarinus officinalis and Cumi-
num cyminum were tested and compared to those of Thymus
x-porlock EO. The radical scavenging performance of the
rosemary oil was better than that of Cuminum cyminum
(Gachkar et al. 2006). Owlia et al. (2007) reported antioxi-
dant activity of EO from Matricaria chamomilla L.

The antioxidant activity of Ruellia tuberosa L. (Acan-
thaceae) was investigated by Chen et al. (2006). The metha-
nolic extract (ME) and its four fractions of water (WtF),
ethyl acetate (EaF), chloroform (CfF), and n-hexane (HxF)
were prepared and then subjected to antioxidant evaluation.
The results revealed that R. fuberosa possesses potent anti-
oxidant activity. The antioxidant activities of the different
fractions tested decreased in the order of EaF > CfF > ME >
WHF > HxF according to the hydrogen peroxide-induced lu-
minol chemiluminescence assay, and results were the same
with the exception of the rank order of HxF and WtF accor-
ding to the DPPH free radical-scavenging assay.

Eleven EOs, namely, Cananga odorata (Annonaceae),
Cupressus sempervirens (Cupressaceae), Curcuma longa
(Zingiberaceae), Cymbopogon citratus (Poaceae), Eucalyp-
tus globulus (Myrtaceae), Pinus radiata (Pinaceae), Piper
crassinervium (Piperaceae), Psidium guayava (Myrtaceae),
Rosmarinus officinalis (Lamiaceae), Thymus X citriodorus
(Lamiaceae) and Zingiber officinale (Zingiberaceae), were
evaluated for their food functional ingredient related pro-
perties. These properties were compared to those of Thymus
vulgaris EO, used as a reference ingredient. Antioxidant
and radical-scavenging properties were tested by means of
1,1-diphenyl-2-picrylhydrazyl (DPPH) assay, p-carotene
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bleaching test and luminol-photochemiluminescence (PCL)
assay. In the DPPH assay, C. odorata, C. citratus, R. offici-
nalis and C. longa showed major effectiveness, with a radi-
cal inhibition ranging from 59.6 + 0.42-64.3 + 0.45%. In
the B-carotene bleaching test, C. odorata (75.5 = 0.53%), R.
officinalis (81.1 £ 0.57%) and C. longa (72.4 + 0.51%) gave
the best inhibition results. Similar results were obtained for
the same EOs in the PCL assay (Gianni et al. 2005).

Total antioxidant activity of water-soluble components
in raw spinach was in the order of Bl =~ BM = BPG > BP,
whereas free radical-scavenging activity was in the order of
BI > BPG > BM > BP (Amin et al. 2006).

Kartal and co workers (2007) examined the in vitro
antioxidant properties of the EO and various extracts pre-
pared from the herbal parts of Ferula orientalis A. (Apia-
ceae). The highest 2,2-diphenyl-l-picrylhydrazyl (DPPH)
radical-scavenging activity was found in the polar extract,
e.g. methanol-water (1:1), obtained from non-deodorised
materials with ICsy values at 99.1 pg/ml. In the [B-caro-
tene/linoleic acid assay, the deodorised acetone extract ex-
hibited stronger activity than the polar one. The relative
antioxidant activities of the extracts ranged from 10.1% to
76.1%, respectively. Extraction with methanol-water (1:1)
mixture was concluded to be the most appropriate method
in terms of higher extract yield, as well as effectiveness, ob-
served in both assays. Although the EO showed antioxida-
tive potential, it was not as strong as that of positive control
(BHT).

Bektas ef al. (2005) compared the antioxidant potentials
of two Thymus species on the basis of the chemical compo-
sitions of EOs obtained by hydrodistillation. Using 2,2-di-
phenyl-1-picrylhydrazyl (DPPH), the free radical scaven-
ging activity of the EO of T. sipyleus subsp. sipyleus var.
rosulans was superior to var. sipyleus oil (IC5,=220+ 0.5
and 2670 + 0.5 pug/ml, respectively). In the case of B-caro-
tene/linoleic acid assays, oxidation of linoleic acid was ef-
fectively inhibited by 7. sipyleus subsp. sipyleus var. rosu-
lans (92.0%), while the var. sipyleus oil had no activity. In
the latter case, the linoleic acid inhibition rate of var. rosu-
lans oil is close to the synthetic antioxidant BHT (96.0%).

Orhan and co-workers (2007) examined in vitro anti-
cholinesterase and antioxidant activities of 56 extracts pre-
pared with petroleum ether, chloroform, ethyl acetate and
methanol obtained from 14 Salvia species (Salvia albimacu-
lata Hedge and Hub, Salvia aucheri Bentham var. canes-
cens Boiss and Heldr, Salvia candidissima Vahl. ssp. oc-
cidentalis, Salvia ceratophylla L., Salvia cryptantha Mont-
bret and Bentham, Salvia cyanescens Boiss and Bal., Salvia

frigida Boiss, Salvia forskahlei L., Salvia halophilaHedge,

Salvia migrostegia Boiss and Bal., Salvia multicaulis Vahl.,
Salvia sclarea L., Salvia syriaca L., Salvia verticillata L.
ssp. amasiaca) growing in Turkey. The antioxidant activi-
ties were assessed by both chemical and enzymatic methods
against 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical-scav-
enging and xanthine/xanthine oxidase (XO) system gene-
rated superoxide anion radical inhibition. Their data indi-
cates that nonpolar extracts of Salvia species for anticho-
linesterase activity and the polar extracts for antioxidant ac-
tivity are worth further phytochemical evaluation for identi-
fying their active components.

It was reported that oxidative stress is associated with
the pathogenesis of Alzheimer’s disease (AD) and cellular
characteristics of this disease are either causes or effects of
oxidative stress (Vina et al. 2004). These evidences clearly
show that oxidative stress, an early event in AD, may play a
key pathogenic role in the disease (Zhu et al. 2004). Inter-
estingly, intake of polyphenols through diets rich in fruits,
vegetables and beverages such as red wine was stated to
reduce incidence of certain age-related neurological disor-
ders including macular degeneration and dementia (Com-
menges et al. 2000; Bastianetto and Quirion 2002).

Herbs and spices have been used for many centuries to
improve the sensory characteristics and to extend the shelf-
life of foods. As a result, considerable research has been
carried out on the assessment of the antioxidant activity of



Food biopreservation. Iraj Rasooli

many herbs, spices and their extracts when added in a vari-
ety of foods and food model systems. Mate (I/lex paragua-
riensis) leaves contain many bioactive compounds, such as
phenolic acids, which seem to be responsible for the anti-
oxidant activity of green mate infusions, both in vivo and in
vitro (Filip et al. 2000; Schinella e al. 2000; Bracesco et al.
2003; Markowicz-Bastos et al. 2006). The antioxidative ef-
fect of dietary Oregano EO and a-tocopheryl acetate sup-
plementation on susceptibility of chicken breast and thigh
muscle meat to lipid oxidation during frozen storage at
—20°C for 9 months was examined. Dietary oregano EO
supplementation at the level of 100 mg/kg feed was signifi-
cantly (P <0.05) more effective in reducing lipid oxidation
compared with the level of 50 mg oregano EO k/g feed and
control, but less effective (P <0.05) compared with a-toco-
pheryl acetate supplementation (Botsoglou et al. 2003).
Oregano, a characteristic spice of the Mediterranean cuisine
obtained by drying leaves and flowers of Origanum vulgare
subsp. hirtum plants, is well known for its antioxidative
activity (Economou ef al. 1991). Carvacrol and thymol, the
two major phenols that constitute about 78-82% of the EO,
are principally responsible for this activity (Adam et al.
1998; Yanishlieva 1999).

The antioxidant effect of two plant EOs (sage and rose-
mary EOs) and one synthetic antioxidant (BHT) on refti-
gerated stored liver pate (4°C/90 days) was evaluated. Pates
with no added antioxidants were used as controls. Plant
EOs inhibited oxidative deterioration of liver pates to a
higher extent than BHT did (Estevez ef al. 2007).

Oxidative reactions in foodstuffs are enhanced after
cooking and refrigerated storage through the increase of
their oxidative instability due to the degradation of natural
antioxidants and the release of free fatty acids and iron from
the haeme molecule (Kristensen and Purslow 2001; Estevez
and Cava 2004). Sage (Salvia officinalis) and rosemary
(Rosmarinus officianalis) are popular Labiatae herbs with a
verified potent antioxidant activity (Dorman et al. 2003).
The antioxidant activity of sage and rosemary EOs is
mainly related to two phenolic diterpenes: carnosic acid and
carnosol which are considered two effective free-radical
scavengers (Dorman ef al. 2003; Ibanez et al. 2003). The
antioxidant activity of these molecules has been compared
to that from other recognized antioxidant substances, and
Richheimer et al. (1999) indicated that the antioxidant po-
tential of the carnosic acid was approximately seven times
higher than that of BHT and BHA. Bektas and co workers
(2007a) studied in vitro antioxidant activity of the EO of
Clinopodium vulgare by using 2,2-diphenyl-1-picrylhydra-
zyl (DPPH) and B-carotene-linoleic acid assays. In the first
case, ICsy value of the C. vulgare EO was determined as
63.0 = 2.71 pg/ml. ICs, value of thymol and y-terpinene, the
major compounds of the oil, was determined as 161 + 1.3
pg/ml and 122 + 2.5 pg/ml, respectively, whereas p-cymene
did not show antioxidant activity. In p-carotene-linoleic
acid system, C. vulgare EO exhibited 52.3 + 1.19% inhibi-
tion against linoleum acid oxidation. Bektas et al. (2007b)

screened the methanolic extracts of Salvia verticillata subsp.

verticillata and S. verticillata subsp. Amasiaca for their pos-
sible antioxidant activity by two complementary test sys-
tems, namely DPPH free radical-scavenging and [-caro-
tene/linoleic acid systems. In the first case, S. verticillata
subsp. verticillata was superior to the subsp. amasiaca with
an ICs, value of 14.5 + 1.21 ug m/g. In the B-carotene/lino-
leic acid test system, inhibition capacity of S. verticillata
subsp. verticillata was 74.4 +1.29%. Activity of rosmari-
nic acid was also screened for better establishing the rela-
tionship between rosmarinic acid level and antioxidant
activity for the plant extracts. S. verticillata subsp. verti-
cillata had the highest rosmarinic acid level with a value of
28.7 £ 0.89 pg m/g. There was a strong correlation between
the rosmarinic acid level and antioxidant activity potential.
Honey has been reported to contain a variety of pheno-
lics and represents a good source of antioxidants, which
makes it a good food antioxidant additive and increases its
usability potential in ethnomedicine (Al-Mamary et al.
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2002; Aljadi and Kamaruddin 2004; Beretta et al. 2005;
Kucuk et al. 2007). Several methods have been developed,
in recent years, to evaluate the antioxidant capacity of bio-
logical samples (Rice-Evans et al. 1997; Schlesier et al.
2002). The total phenolic content of natural samples, such
as plants and honey, reflects, to some extent, the total anti-
oxidant capacity of the sample (Beretta et al. 2005). The
most widely used antioxidant methods involve the genera-
tion of oxidant species, generally radicals, and their concen-
tration is monitored as the present antioxidants scavenge
them. Radical formation and the following scavenging are
applied in 2,2-diphenyl-1-picrylhydrazyl (DPPH)- and
superoxide radical-scavenging activity measurements (Gul-
cin et al. 2003). In radical-scavenging activity, the higher
extract concentration required to scavenge the radicals
means the lower antioxidant capacity. Ferric-reducing/anti-
oxidant power (FRAP) is another widely used antioxidant
activity measurement method, which has been used for the
assessment of antioxidant and reducing power of many dif-
ferent samples, including honey (Aljadi and Kamaruddin
2004) and plant exudates (Gulcin et al. 2003).

ESSENTIAL OILS IN FOOD

Food composition and structure have a significant effect on
the dynamic and final outcomes of an interaction. Naturally
present ingredients can favor or inhibit the interactive cul-
tures. Food composition can be manipulated to achieve the
desired effect. In food products, the EOs have been used in
bakery (Nielsen and Rios 2000), cheese (Vazquez et al.
2001), meat (Quintavalla and Vicini 2002) and fruit (Lan-
ciotti et al. 2004), among others. The advantage of EOs is
their bioactivity in the vapor phase, a characteristic that
makes them useful as possible fumigants for stored com-
modity protection. Antimicrobial packaging is a form of
active packaging that could extend the shelf-life of product
and provides microbial safety for consumers. It acts to re-
duce, inhibit, or retard the growth of pathogen microorga-
nisms in packed foods and packaging material. In order to
control undesirable microorganisms on food surfaces: (1)
volatile and non-volatile antimicrobial agents can be incor-
porated into polymers or (2) coating or adsorbing anti-
microbial onto polymer surfaces can be applied (Appendini
and Hotchkiss 2002). The coating can serve as a carrier for
antimicrobial compounds and/or antioxidants compounds in
order to maintain high concentrations of preservatives on
the food surfaces (Siragusa et al. 1999; Oussallah et al.
2004). Although a small number of food preservatives con-
taining EOs is commercially available, until the early 1990s
very few studies of the activity of EOs in foods had been
published (Board and Gould 1991). Since then a fair num-
ber of trials have been carried out with EOs in foods. There
are reports of studies using diluted foods or food slurries
(Pol et al. 2001; Smith-Palmer et al. 2001) and studies
using dried herbs or spices or their extracts (Tassou et al.
1996; Hao et al. 1998a, 1998Db). It has generally been found
that a greater concentration of EO is needed to achieve the
equivalent in-vitro effect in foods (Smid and Gorris 1999).
The ratio has been recorded to be approximately twofold in
semi-skimmed milk (Karatzas et al. 2001), 10-fold in pork
liver sausage (Pandit and Shelef 1994), 50-fold in soup
(Ultee and Smid 2001) and 25- to 100-fold in soft cheese
(Mendoza-Yepes et al. 1997). An exception to this phenol-
menon is Aeromonas hydrophila; no greater proportion of
EO was needed to inhibit this species on cooked pork and
on lettuce in comparison to tests in vitro (Stecchini et al.
1993; Wan et al. 1998). Several studies have recorded the
effect of foodstuffs on microbial resistance to EOs but none
appears to have quantified it or to have explained the me-
chanism, although suggestions have been made as to the
possible causes. The greater availability of nutrients in
foods compared to laboratory media may enable bacteria to
repair damaged cells faster (Gill e al. 2002). Generally, the
susceptibility of bacteria to the antimicrobial effect of EOs
also appears to increase with a decrease in the pH of the
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food, the storage temperature and the amount of oxygen
within the packaging (Skandamis and Nychas 2000; Tsiga-
rida et al. 2000). At low pH the hydrophobicity of an EO in-
creases, enabling it to more easily dissolve in the lipids of
the cell membrane of target bacteria (Juven et al. 1994).
The physical structure of a food may limit the antibacterial
activity of EO. A study of the relative performance of ore-
gano oil against S. fyphimurium in broth and in gelatine gel
revealed that the gel matrix dramatically reduced the inhib-
itory effect of the oil. This was presumed to be due to the
limitation of diffusion by the structure of the gel matrix
(Skandamis et al. 2000). MICs for a particular EO on a par-
ticular bacterial isolate have been shown to be generally
slightly lower in broth than in agar (Hammer et al. 1999).
Research into the growth characteristics of L. monocyto-
genes and Yersinia enterocolitica in oil-in-water emulsions
has shown that, depending on the mean droplet size of the
emulsion, the bacteria can grow in films, in colonies or as
planktonic cells (Brocklehurst ez al. 1995). It is known that
colonial growth restricts diffusion of oxygen (Wimpenny
and Lewis 1977) and cells situated within a colony may be
shielded to a certain extent by the outer cells from sub-
strates in the emulsion. If the oil droplets in a food emulsion
are of the appropriate size, it could be possible for bacteria
growing within colonies to be protected from the action of
EOs in this way.

Meat products

A high fat content appears to markedly reduce the action of
EOs in meat products. It is generally supposed that the high
levels of fat and/or protein in foodstuffs protect the bacteria
from the action of the EO in some way. For example, if the
EO dissolves in the lipid phase of the food there will be
relatively less available to act on bacteria present in the
aqueous phase (Mejlholm and Dalgaard 2002). Another
suggestion is that the lower water content of food com-
pared to laboratory media may hamper the progress of anti-
bacterial agents to the target site in the bacterial cell
(Smith-Palmer et al. 2001). Mint oil in the high fat pro-
ducts exhibited little antibacterial effect against L. monocy-
togenes and S. enteritidis, whereas in low fat food the same
EO was much more effective (Tassou et al. 1995). Immobi-
lising cilantro EO in a gelatine gel, however, improved the
antibacterial activity against L. monocytogenes in ham (Gill
et al. 2002). One study found that encapsulated rosemary
oil was much more effective than standard rosemary EO
against L. monocytogenes in pork liver sausage, although
whether the effect was due to the encapsulation or the
greater percentage level used was not further elucidated
(Pandit and Shelef 1994). Certain oils stand out as better
antibacterials than others for meat applications. Eugenol
and coriander, clove, oregano and thyme oils were found to
be effective at levels of 5-20 pl/g in inhibiting L. mono-
cytogenes, A. hydrophila and autochthonous spoilage flora
in meat products, sometimes causing a marked initial re-
duction in the number of recoverable cells (Tsigarida et al.
2000; Skandamis and Nychas 2001) whilst mustard, cilan-
tro, mint and sage oils were less effective or ineffective
(Gill et al. 2002; Lemay et al. 2002). In fish, just as in meat
products, a high fat content appears to reduce the effective-
ness of antibacterial EOs. For example, oregano oil at 0.5
pl/g is more effective against the spoilage organism Pho-
tobacterium phosphoreum on cod fillets than on salmon,
which is a fatty fish (Mejlholm and Dalgaard 2002). Ore-
gano oil is more effective in/on fish than mint oil, even in
fatty fish dishes; this was confirmed in two experiments
with fish roe salad using the two EOs at the same con-
centration (5-20 pl/g) (Koutsoumanis et al. 1999; Tassou et
al. 1996). The spreading of EO on the surface of whole fish
or using EO in a coating for shrimps appears effective in
inhibiting the respective natural spoilage flora (Ouattara et
al. 2001; Harpaz et al. 2003).

The activity of oregano EO against Clostridium botuli-
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num spores has been studied in a vacuum packed and pas-
teurised minced (ground) pork product. Concentrations of
up to 0.4 ul/g oregano EO were found not to significantly
influence the number of spores or to delay growth. How-
ever, in the presence of low levels of sodium nitrite which
delayed growth of bacteria and swelling of cans when ap-
plied alone, the same concentration of oregano EO en-
hanced the delay. The delay of growth was dependent on
the number of inoculated spores; at 300 spores/g the re-
duction was greater than at 3000 spores/g (Ismaiel and
Pierson 1990). Active packagings with the packaging mate-
rials delivering antimicrobials, can play an important role
in satisfying current requirements because inhibitors are
more effective when delivered in this manner. When AIT
was used as an antimicrobial agent in active packaging of
rye bread, it was found that 1 pul AIT completely inhibited
the growth of A. flavus, Penicillium commune, Penicillium
corylophilum, Penicillium discolor, Penicillium polonicum,
Penicillium roqueforti and Endomyces fibulige (Nielsen
and Rios 2000). Smith-Palmer et al. (2001) found hydro-
phobic plant EOs were more effective against L. mono-
cytogenes in low fat (16%) that in high fat (30%) cheeses.
Hasegawa et al. (1999) reported that AIT was more effec-
tive against V. parahaemolyticus in high fat (20.8%) than
in low fat (0.4%) tuna tissue. The potential for intrinsic fat
levels in food to moderate the antimicrobial activity of EOs
is clear, and results from these two studies showed that
interference can be expected at fat levels in food of >16%.
Allyl isothiocyanate (AIT), a major antimicrobial compo-
nent in mustard and horseradish oil, has been used in a
number of foods against a variety of organisms. It has been
found to be generally more effective against Gram-negative
bacteria. In a study, Hasegawa ef al. (1999) found AIT
more effective in fatty (20.8%) than lean (0.4%) tuna meat
suspension against 4 strains of V. parahaemolyticus. After
24 h of incubation, AIT at 152.6 pug /ml was able to inhibit
only one strain in the lean suspension, but it reduced all
strains below 10 cfu/ml in the fatty suspension. At 101.7
pg /ml, AIT inhibited 3 of the strains to the same level in
the fatty suspension. The higher activity of AIT in fatty
tuna meat flesh may be related to the high level of unsat-
urated fat. The main fatty acids of tuna flesh are cis-vac-
cenic, palmitic and docosahexaenoic acid, which may sta-
bilize AIT in tuna tissue suspensions. AIT possesses strong
antimicrobial activity against £. coli O157:H7 as well as V.
parahaemolyticus. Nadarajah et al. (2002) killed 3.6 log
cfu/g E. coli O157:H7 in ground beef with AIT (200—
300 ppm) after 21 d at 4°C. The antimicrobial effectiveness
of AIT against E. coli O157:H7 varied with storage tempe-
rature and inoculation level. There was very little inhibitory
effect on the natural microflora. In subsequent work, Mu-
thukumarasamy et al. (2003) examined the effectiveness of
AIT at 1300 ppm in ground beef stored at 4°C under nitro-
gen with Lactobacillus reuteri against E. coli O157:H7. As
an ingredient, AIT by itself eliminated 3 log,, cfu/g E. coli
0O157:H7 within 15 d and reduced 6 log;, cfu/g by 47 log
cfu/g during 25 d storage. AIT did not interact synergis-
tically with Lb. reuteri against E. coli O157:H7. When AIT
was used in acidified chicken meat (0.1% w/w), it failed to
exert a significant effect on the growth of Brochothrix ther-
mosphacta, but it was able to delay growth of some LAB
and aerobic mesophilic bacteria for at least 2 days (Lemay
et al. 2002). In another similar study, when AIT was evalu-
ated for its effectiveness in precooked roast beef against
pathogenic bacteria (E. coli O157:H7, L. monocytogenes, S.
typhimurium, and S. aureus) and spoilage bacteria (Serratia
grimesii and Lb. sakei), it was found that pathogenic bacte-
ria were inhibited by AIT at a concentration in the head
space of 20 pl/l. E. coli O157:H7, S. aureus and S. typhi-
murium were most sensitive.
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Dairy products

A reaction between carvacrol, a phenolic component of va-
rious EOs, and proteins has been put forward as a limiting
factor in the antibacterial activity against Bacillus cereus in
milk (Pol et al. 2001). Protein content has also been put
forward as a factor inhibiting the action of clove oil on
Salmonella enteritidis in diluted low-fat cheese (Smith-
Palmer et al. 2001). Carbohydrates in foods do not appear
to protect bacteria from the action of EOs as much as fat
and protein do (Shelef et al. 1984). A high water and/or salt
level facilitates the action of EOs (Skandamis and Nychas
2000). Mint oil at 5-20 pl/g is effective against S. enteritis-
dis in low fat yoghurt and cucumber salad (Tassou et al.
1995). Mint oil inhibits the growth of yoghurt starter cul-
ture species at 0.05-5 pl/g but cinnamon, cardamom and
clove oils are much more effective (Bayoumi 1992). Smith-
Palmer et al. (1998) reported that the oils of clove, cin-
namon and thyme were effective against L. monocytogenes
and S. enteritidis in tryptone soya broth (TSB). The oils
had MICs of 0.04%, 0.075% and 0.03%, respectively,
against L. monocytogenes. Similarly, concentrations of
0.075%, 0.1%, and 0.04% were required to inhibit the
growth of S. enteritidis in TSB. On the other hand, when
Smith-Palmer et al. (2001) evaluated clove, cinnamon,
thyme and bay oil for their activity against L. monocyto-
genes and S. enteritidis in both low (16%) and high fat
(30%) cheese it was observed that the oils of clove and cin-
namon were highly effective against L. monocytogenes.
However, a 1% concentration of the oils was required to
inhibit L. monocytogenes and reduce its number to <1.0
log cfu /ml within 3 days in low fat cheese. Clove oil at 1%
was the only oil able to reduce viable numbers to <1.0
log cfu /ml in high-fat cheese. Generally they found that L.
monocytogenes was more rapidly inhibited in low fat
cheese than in high fat cheese. At 0.5%, all oils gave initial
inhibition (ranging from <1.0 log cfu/ml for clove oil to
2.3 log for bay oil) of S. enteritidis, but this was followed
by recovery of the bacteria during the subsequent storage
period. However, at 1%, all oils were able to completely
inhibit S. enteritidis, reducing numbers to below the detec-
tion limit in both low fat as well as in full fat cheese. The
need for higher concentrations of oils in foods than in
laboratory media to achieve inhibition may be related to the
more complex nature of food. All the plant EOs tested were
more effective in low than in high fat cheese. This may
have resulted from the fat in the product providing a pro-
tective layer around the bacteria, or the lipid fraction may
have absorbed the antimicrobial agent and thus decreased
its concentration and effectiveness in the aqueous phase.
Even though the oils did not eliminate large numbers of L.
monocytogenes, Smith-Palmer et al. (2001) concluded that
plant EOs could be used as natural antimicrobial agents in
dairy products, since they prevented growth and reduced
viability of L. monocytogenes and S. enteritidis in both low
fat as well as full fat cheese.

Vegetables and fruits

The antimicrobial activity of EOs in vegetable dishes is
benefited by a decrease in storage temperature and/or a
decrease in the pH of the food (Skandamis and Nychas
2000). All EOs and their components that have been tested
on vegetables appear effective against the natural spoilage
flora and food borne pathogens at levels of 0.1-10 ul/g in
washing water (Wan et al. 1998; Singh et al. 2002). Ore-
gano oil at 7-21 pl/g was effective at inhibiting Escherichia
coli O157:H7 and reducing final populations in eggplant
salad compared to the untreated control. Although the salad
recipe appears to have a high fat content, the percentage of
fat was not stated (Skandamis and Nychas 2000). Vegeta-
bles generally have a low fat content, which may contribute
to the successful results obtained with EOs. EOs of clove,
cinnamon, bay and thyme were tested against L. monocyto-

genes and S. enteritidis in soft cheese diluted 1:10 in buffer.

123

The former species was less easily inhibited in diluted full-
fat cheese than in the low-fat version, indicating the pro-
tective action of fat. The level of fat in the cheese protected
the bacterial cells to a different extent depending on which
oil was used; clove oil was in fact more effective against S.
enteritidis in full-fat than in low-fat cheese slurry (Smith-
Palmer et al. 2001). Carvacrol and cinnamaldehyde were
very effective at reducing the viable count of the natural
flora on kiwifruit when used at 0.15 pl/ml in dipping solu-
tion, but less effective on honeydew melon. It is possible
that this difference has to do with the difference in pH
between the fruits; the pH of kiwifruit was 3.2-3.6 and of
the melon 5.4-5.5 (Roller and Seedhar 2002). Carvacrol
was also very effective at 0.15-0.75 pl/g in extending the
lag phase and reducing the final population compared to a
control whereas sage oil was ineffective at 0.2-0.5 ul/g
against B. cereus in rice (Shelef et al. 1984; Ultee et al.
2000b). Cinnamaldehyde and thymol are effective against
six Salmonella serotypes on alfalfa seeds when applied in
hot air at 50°C as fumigation. Increasing the temperature to
70°C reduced the effectiveness of the treatment (Weissin-
ger et al. 2001). This may be due to the volatility of the
antibacterial compounds.

Sweet cherry shows severe problems for commercia-
lization mainly due to incidence of decay and a fast loss of
sensory quality, both for fruit and stem. Serrano et al.
(2005) developed a package based on the addition of euge-
nol, thymol, menthol or eucalyptol pure EOs separately to
trays sealed with polypropylene bags to generate a modi-
fied atmosphere (MAP= modified atmosphere packaging).
In addition, cherries in MAP (without EOs) were selected
and served as controls. All cherries were stored during 16
days at 1°C and 90% RH. Steady-state atmosphere was
reached after 9 days of cold storage with 2-3% of CO, and
11-12% of O, with no significant differences between trea-
ted and control, with the exception of eucalyptol, in which
significant increases in CO, and decreases of O, were ob-
tained. When fruit quality parameters were determined,
those treated with eugenol, thymol or menthol showed
benefits in terms of reduced weight loss, delayed colour
changes and maintenance of fruit firmness compared with
control. Stem remained green in treated cherries while they
became brown in control. However, cherries packaged with
eucalyptol behaved even worst than control cherries, with
generation of off-flavors, loss of quality and stem browning.
Finally, the microbial analysis showed that all EOs reduced
moulds and yeasts and total aerobic mesophilic colonies by
4- and 2-log cfu compared with control, respectively.

Yeasts are widely distributed in nature and are able to
spoil many foods such as wines, cheese, vinegar, beverages,
juices, fruits, salads, sugar and meat, causing changes in
odor, color, taste and texture. Candida, Pichia, Rhodoto-
rula, Torulopsis, Saccharomyces, Zygossacharomyces,
Hansenula and Trichosporon are some important food
spoiling yeasts (Wojtatowicz et al. 2002). Products are usu-
ally held at refrigerator temperature during their manufac-
ture, storage and distribution. However, this provides op-
portunity for growth of psychrotolerant pathogens and
spoilage bacteria. EO components have been used in vege-
table-based food systems to explore their value as secon-
dary preservatives (Shelef 1983). Wan et al. (1998) evalu-
ated the antimicrobial activity of basil sweet linalool (BSL)
and basil methyl chavicol (BMC) oil against a wide range
of bacteria, yeasts and moulds in filter sterilized lettuce
supernatant, with emphasis on inhibition of A. hydrophila
and P. fluorescens. A. hydrophila is a psychrotroph and
potential pathogen, which may occur in minimally pro-
cessed foods at 4-6 log cfu/g and may produce cytotoxins.
P. fluorescens is a psychrotrophic spoilage bacterium
which can reduce the shelf-life of refrigerated fruits and
vegetables. Both BMC and BSL were shown to have inhib-
itory effects against Gram-positive and Gram-negative bac-
teria, yeasts and moulds. While the growth of 4. hydro-
phila was delayed by 0.063% (v/v) BMC, at 0.125% (v/v)
this oil completely inhibited growth of the organism. BSL
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was less effective as an antimicrobial than BMC and had
an MIC of 1% (v/v) against A. hydrophila. The MIC of
BMC against P. fluorescens was 2% (v/v), while that of
BSL was >2%. Thus, P. fluorescens was again substanti-
ally more resistant to these agents.

Organoleptic aspects

If EOs were to be more widely applied as antibacterials in
foods, the organoleptic impact would be important. Foods
generally associated with herbs, spices or seasonings would
be the least affected by this phenomenon and information
on the flavor impact of oregano EO in meat and fish sup-
ports this. The flavor of beef fillets treated with 0.8% v/w
oregano oil was found to be acceptable after storage at 5°C
and cooking (Tsigarida et al. 2000). The flavor, odor and
color of minced beef containing 1% v/w oregano oil im-
proved during storage under modified atmosphere pack-
aging and vacuum at 5°C and was almost undetectable after
cooking (Skandamis and Nychas 2001). Oregano oil
(0.05% v/w) on cod fillets produced a ‘distinctive but plea-
sant’ flavor, which decreased gradually during storage at
2°C (Mejlholm and Dalgaard 2002). Thyme and oregano
oils spread on whole Asian sea bass at 0.05% (v/v) (sic)
also imparted a herbal odor, which during storage up to 33
days at 0-2°C became more pronounced (Harpaz et al.
2003). The addition of thyme oil at up to 0.9% (v/w) in a
coating for cooked shrimps had no ill effects on the flavor
or appearance. However, 1.8% thyme oil in the coating sig-
nificantly decreased the acceptability of the shrimps (Ouat-
tara et al. 1997, 2001). Individual EO components, many of
them being approved food flavorings, also impart a certain
flavor to foods. On fish, carvacrol is said to produce a
‘warmly pungent’ aroma; citral is ‘lemon-like’ and geraniol
‘rose-like’ (Kim et al. 1995). Treatment of fresh kiwifruit
and honeydew melon with 1 mM carvacrol or cinnamic
acid has been found to delay spoilage without causing ad-
verse organoleptic changes (Roller and Seedhar 2002).

Other factors

In addition to fat and protein, the pH of food systems is an
important factor affecting the activity of oils. At low pH,
the hydrophobicity of some EOs (for example, thyme oil
and the phenolic oleuropein) increases and while they may
tend to partition in the lipid phase of the food, they can also
dissolve more easily in the lipid phase of the bacterial
membrane and have enhanced antimicrobial action.
Leuconostoc species or yeasts and moulds are often the
major cause of spoilage in packaged foods. Lachowicz et al.
(1998) examined the inhibitory action of basil oil against
the acid-tolerant food microflora. Commercial basil oil and
oils prepared from four other varieties of basil (Anise,
Bush, Cinnamon and Dark Opal) were used by the investi-
gators. Anise basil oil (containing 44% linalool and 27%
methyl chavicol) was tested against Lactobacillus curvatus
and S. cerevisiae which can grow at low pH and spoil
tomato-based foods. Growth of these two organisms at pH
4.2 was determined using an indirect impedance method.
The addition of 0.1% anise oil increased the time for detec-
tion of growth (TDG) by about 51 h, while at the 1% level
the growth of both organisms was completely inhibited
over a 99 h test period. The antimicrobial activity of anise
oil was then evaluated against these two organisms in to-
mato juice at 15°C. At 0.1% (v/v) anise oil, Lb. curvatus
was reduced from 4 log cfu /mlto <1 cfu/ml at the end of
first week and the inhibition was maintained during 4
weeks of further incubation. At the same concentration,
anise oil was able to inhibit S. cerevisiae for only one
week; by the second and third weeks the numbers of the
yeast increased to 6 and 7 log cfu/ml, respectively. At 1%
(v/v) oil, both organisms were completely inhibited and
there was no growth of either organism during subsequent
incubation. The EOs and leaves of sweet basil can be used
for natural protection of grains and melon seeds against
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Aspergillus species if they are properly dried before storage.
Bagamboula et al. (2003) postulated that the levels of EOs
and their compounds necessary to inhibit microbial growth
are usually higher in foods than in culture media. This is
due to the interactions between phenolic compounds and
the food matrix (Nychas and Tassou 2000). Partitioning of
the hydrophobic antifungal EO components into the fat
content of the food may prevent them from coming into
contact with fungal cells growing in the hydrophilic re-
gions in the food (Gill et al. 2002).

The critical analysis of literature data indicates that also
citrus EOs could represent good candidates to improve the
shelf-life and the safety of minimally processed fruits. In
fact, it is well known that these oils can have a pronounced
antimicrobial effect (Tassou et al. 1996; Dorman and
Deans 2000). As flavoring principles, thyme volatiles such
as thymol and carvacrol are present in low concentrations
in human food. However, if the use of these compounds is
extended to other applications that may require higher
doses as well, the increased exposure of humans to these
compounds is a matter of concern. The few data available
in the literature mainly concern acute and short-term ef-
fects in vivo on different animal species, and suggest that
such compounds may not pose a risk to human health
(Stammati et al. 1999). Barakat et al. (2006) studied pre-
servative effect of combined treatment with electrolyzed
NaCl solutions and EO compounds on carp fillets during
convectional air-drying. They concluded that such a treat-
ment had stronger antimicrobial and antioxidant effects
than all of the other treatments on carp fillets during drying,
and could be a good alternative to artificial preservatives in
food industry. In view of the published data on EOs in
foods, the following approximate general ranking (in order
of decreasing antibacterial activity) can be made: oregano/
clove/coriander/cinnamon > thyme > mint > rosemary >
mustard > cilantro/sage. An approximate general ranking
of the EO components is as follows (in order of decreasing
antibacterial activity): eugenol > carvacrol/cinnamic acid >
basil methyl chavicol > cinnamaldehyde > citral/geraniol.

ESSENTIAL OILS, SYNERGISTIC, AND
ANTAGONISTIC VIEW

EOs have been used in combination with other antibacterial
agents and with a variety of treatments such as mild heat
(Karatzas et al. 2000), hydrostatic pressure (Ogawa et al.
1998), sodium citrate and monolaurin (Blaszyk and Holley
1998). Ettayebi et al. (2000) reported the synergistic effects
of EOs and nisin on Bacillus cereus and Listeria monocyto-
genes, and Pol and Smid (1999) found that the addition of
lysozyme as a third preservative factor enhances the syner-
gistic effect between carvone and nisin. Yamazaki et al.
(2004) investigated plant-derived EO components in combi-
nation with nisin and diglycerol fatty acid esters for their
antibacterial activity against Listeria monocytogenes. Frac-
tions of cilantro, coriander, dill and eucalyptus EOs (each
containing several components), when mixed in various
combinations, resulted in additive, synergistic or antagonis-
tic effects (Delaquis et al. 2002). The combined use of 2-
3% NaCl and 0.5% clove powder (containing eugenol and
eugenyl acetate) in mackerel muscle extract has been found
to totally prevent growth and histamine production by E.
aerogenes. The suggested mechanism for this is that euge-
nol increases the permeability of the cells after which NaCl
inhibits growth by its action on intracellular enzymes (Wen-
dakoon and Sakaguchi 1993). Antagonistic effects of salt
were found with carvacrol and p-cymene against B. cereus
in rice: carvacrol and p-cymene worked synergistically, but
this effect was reduced when salt was added (1.25 g/l rice)
(Ultee et al. 2000b). In the same study, soy sauce was
shown to exhibit synergy with carvacrol. However, this syn-
ergy was also cancelled out by the presence of salt (Ultee et
al. 2000b). Salt at 4% w/v in agar did not improve the anti-
bacterial activity of cinnamaldehyde against Gram-positive
and Gram-negative bacteria (Moleyar and Narasimham
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1992). Combinations of oregano EO with sodium nitrite
have been examined for their effect on growth and toxin
production by C. botulinum (a combination of types A, B
and E). Oregano oil acted synergistically with nitrite to in-
hibit growth in broth, whereas oregano oil applied alone at

up to 400 ppm had no significant inhibitive effect on growth.

The proposed mechanism of synergism depends on oregano
EO reducing the number of spores which germinate and
sodium nitrite inhibiting the outgrowth of spores. Both sub-
stances affect vegetative growth (Ismaiel and Pierson 1990).

The simultaneous application of nisin (0.15 pg/ml) and
carvacrol or thymol (0.3 mmol/l or 45 pg/ml) caused a lar-
ger decline in viable counts for strains of B. cereus than was

observed when the antimicrobials were individually applied.

The maximum reduction of viability was achieved in cells
that had experienced prior exposure to mild heat treatment
at 45°C (5 min for exponentially growing cells and 40 min
for stationary phase cells) (Periago et al. 2001). Carvacrol
was found not to increase the sensitivity of vegetative B.
cereus cells to pulsed-electric-field (PEF) treatment nor did
it sensitize spores to nisin or PEF (Pol and Smid 1999). At
pH 7 the synergistic action of nisin and carvacrol was signi-
ficantly greater at 30°C than at 8°C, which would appear to
indicate temperature-induced changes in the permeability of
the cytoplasmic membrane (Periago and Moezelaar 2001).
The mechanism of synergy is not known. Previously, it was
hypothesised that carvacrol may increase the number, size
or duration of existence of the pores created by nisin in the
cell membrane (Pol and Smid 1999). Later it became clear
that this was not so — the mechanism may lie in the en-
hanced dissipation of the membrane potential and a reduc-
tion in the pH gradient and intracellular ATP (Pol et al.
2002). The combined effect of carvone (5 mmol/l) and mild
heat treatment (45°C, 30 min) on exponentially growing
cells of L. monocytogenes grown at 8°C has been studied.
Separately, the two treatments demonstrated no loss in via-
bility but a decrease of 1.3 log units in viable cell numbers
was recorded when they were combined. Cells grown at 35
or 45°C were not susceptible to the same combined treat-
ment. The authors hypothesized that the phospholipid com-
position of the cytoplasmic membrane of cells grown at 8°C
has a higher degree of unsaturation in order to maintain
fluidity and function at low temperatures. This high degree
of unsaturation causes the membranes of these cells to be
more fluid at 45°C than the membranes of cells grown at
that temperature. This increased fluidity would enable car-
vone to dissolve more easily into the lipid bilayer of cells
grown at 8°C than into the bilayer of cells grown at 45°C.
Membranes of cells grown at 45°C are less fluid because
there is a ‘normal’ ratio of saturated to unsaturated fatty
acids in their phospholipids and carvone is therefore less ef-
fective against them (Karatzas ef al. 2000). Thymol and car-
vacrol have been shown to have a synergistic effect with
high hydrostatic pressure (HHP). The viable numbers of
mid-exponential phase L. monocytogenes cells were re-
duced more by combined treatment with 300 MPa HHP and
3 mmol /I thymol or carvacrol than by the separate treat-
ments. Since HHP is believed to cause damage to the cell
membrane, it is suggested that this common target is the
root of the observed synergism (Karatzas et al. 2001). The
presence of fat, carbohydrate, protein, salt and pH reaction
influence the effectiveness of these agents in foods. Their
antimicrobial potency is also reduced in foods with lower
water activity. Some examples from in vitro work also show
these effects are varied. While bovine serum albumin (BSA)
neutralized the antimicrobial activity of thymol, oil of clove
and tea tree oil were not substantially affected by organic
matter or BSA, respectively (Davidson and Naidu 2000). In
a food system, Gill et al. (2002) found cilantro oil at 6%
with glycerol monolaurate or lecithin in a gelatin gel coat-
ing on ham became ineffective against L. monocytogenes
even though cilantro showed considerable antilisterial ac-
tion in broth. There are two examples where spice/herbal
materials have been successfully used as either a dip on
poultry carcasses (Dickens et al. 2000) or as a surface coat-
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ing on salt water fish (Asian sea bass; Harpaz et al. 2003) to
extend shelf-life. Carvacrol and thymol were found to have
the strongest antilisterial properties, followed by eugenol,
cinnamaldehyde and isoeugenol. The antilisterial activity of
the other EOs (limonene, pinene, ally lisothiocyanate and
linalool) was found to be low, even at the highest concen-
tration used (0.1%). Among the diglycerol esters of fatty
acids with different carbon chain lengths, diglycerol mono-
laurate was the most active against L. monocytogenes. A
combined antilisterial effect was observed between nisin
and the EOs (carvacrol, thymol and eugenol); moreover, the
addition of diglycerol monolaurate as a third preservative
factor led to further combined antilisterial activities bet-
ween the EO constituents (carvacrol, thymol and eugenol)
and nisin even at lower, sub-lethal concentrations. These
results indicate that nisin and diglycerol monolaurate can be
used to enhance the antilisterial activity of EOs, allowing
for a reduction in the dosage used in food preservation and
thereby resulting in the reduction of undesirable flavors. It
can therefore reasonably be expected to produce a similar
additive or synergistic effect on other appropriate preserva-
tives in combination with EOs and nisin.

DAMAGE TO MICROBIAL CELLS

The chemical structure of the individual EO components af-
fects their precise mode of action and antibacterial activity
(Dorman and Deans 2000). EOs are mixtures of molecules
often characterized by a poor solubility in water and by a
high hydrophobicity. In addition, the different components
of an EO can have antagonistic, synergistic or additive ef-
fects on microbial cells. The intrinsic variability in the com-
position of EOs can influence their overall antimicrobial ac-
tivity leading to apparently contradictory results. Plant oils
and extracts, primarily from clove, oregano, rosemary,
thyme, tea tree (Melaceuca alternafolia from Australia) and
sage have shown significant inhibitory activity, while less
potent activity was shown by other plant materials. Expres-
sion of antimicrobial activity is often very clear, but the me-
chanism of antimicrobial action is incompletely understood.
One of the more dramatic effects of inhibitory action ap-
pears in two separate reports where the outer of the two cell
membranes of E. coli and S. typhimurium disintegrated fol-
lowing exposure to carvacrol and thymol (Helander et al.
1998). Similar observations were made by Lucchini et al.
(1990) with these agents using a different strain of E. coli
and P. aeruginosa. Yeast and Gram-positive bacteria
showed no such changes in cell wall morphology. This was
probably due to the solubility of lipopolysaccharides (LPS)
in the outer membrane in phenolic-based solvents. Gene-
rally, the EOs possessing the strongest antibacterial proper-
ties against food borne pathogens contain a high percentage
of phenolic compounds such as carvacrol, eugenol (2-me-
thoxy-4-(2-propenyl)phenol) and thymol (Dorman and
Deans 2000; Juliano et al. 2000; Lambert et al. 2001). It
seems reasonable that their mechanism of action would
therefore be similar to other phenolics. Juven ef al. (1994)
hypothesized that the inhibition of S. thypimurium and S.
aureus by thyme oil was due to the hydrophobic and hydro-
gen bonding of its phenolic constituents to the membrane
proteins, after its partition in the lipid bilayer. Moreover, the
destruction of electron transport systems and the perturba-
tion of membrane permeability were suggested by Tassou et
al. (2000) as the fundamental mechanisms of action of mint
EO against S. aureus and S. enteritidis. Carvacrol and thy-
mol are hydrophobic compounds that dissolve in the hydro-
phobic domain of cytoplasmic membrane. They cause in-
creased the permeability to ATP that results in lethal da-
mage to the bacterial cell (Ultee et al. 1999; Burt 2004).
The importance of the presence of the hydroxyl group in
phenolic compounds such as carvacrol and thymol has been
confirmed (Dorman and Deans 2000; Ultee et al. 2002).
The relative position of the hydroxyl group on the phenolic
ring does not appear strongly to influence the degree of
antibacterial activity; the action of thymol against B. cereus,
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Staphylococcus aureus and Pseudomonas aeruginosa ap-
pears to be comparable to that of carvacrol, for example
(Lambert et al. 2001; Ultee et al. 2002). Thyme, oregano
and dictamus oils were fungitoxic and this may have been
due to formation of hydrogen bonds between the hydroxyl
group of oil phenolics and active sites of target enzymes
(Daferera et al. 2000). However, in one study carvacrol and
thymol were found to act differently against Gram-positive
and Gram-negative species (Dorman and Deans 2000). The
significance of the phenolic ring itself (destabilised elec-
trons) is demonstrated by the lack of activity of menthol
compared to carvacrol (Ultee ef al. 2002). In one study the
addition of an acetate moiety to the molecule appeared to
increase the antibacterial activity; geranyl acetate was more
active against a range of Gram-positive and negative spe-
cies than geraniol (Dorman and Deans 2000). As far as non-
phenolic components of EOs are concerned, the type of al-
kyl group has been found to influence activity (alkenyl > al-
kyl). For example, limonene (1-methyl-4-(1-methylethe-
nyl)-cyclohexene) is more active than p-cymene (Dorman
and Deans 2000).

Propidium iodide (Cox et al. 2000), the nucleic acid dye
ethidium bromide (Lambert et al. 2001) as well as the self-
quenching probe rhodamine B (Ultee et al. 2002) were used
to monitor membrane integrity and uptake of EO compo-
nents. An acetate-succinyl ester of carboxy fluorescein was
used by Lambert ef al. (2001) to follow changes in cyto-
plasmic pH following carvacrol challenge. Fluorescent
probes have been used to study membrane changes. Work
with fluorescent probes showed that EOs increased mem-
brane permeability and that oil components actually dis-
solved in the membranes causing swelling and reduced
membrane function. Although important, the extent of dilu-
tion in the membrane of the antimicrobial was unrelated to
their overall antimicrobial activity in the case of carvacrol
and its precursor p-cymene (Ultee ef al. 2002). In this study,
Ultee et al. (2002) concluded that to be effective against
vegetative cells of B. cereus antimicrobials should have
both a hydroxyl group on the phenolic ring as well as a
system of delocalized electrons (i.e. presence of a—f double
bonds) to elicit strong antimicrobial activity. Ultee et al.
(2002) developed a model for carvacrol inhibition of bac-
terial cells where it acted as a protonphore uncoupler, faci-

litating K" efflux and destruction of the internal pH gradient.

With the loss of the gradient, ATP levels were depleted and
this led to cell death. Synergism between carvacrol and its
biological precursor p-cymene has been noted when acting
on B. cereus vegetative cells. It appears that p-cymene, a
very weak antibacterial, swells bacterial cell membranes to
a greater extent than carvacrol does. By this mechanism p-
cymene probably enables carvacrol to be more easily trans-
ported into the cell so that a synergistic effect is achieved
when the two are used together (Ultee et al. 2000a). Ultee et
al. (2002) suggested that carvacrol exerts its activities by
interacting with the cytoplasmic membrane via its own hyd-
roxyl group, thus changing the permeability of membrane
for protons and potassium ions.

Possible use of three different EO components as natu-
ral food preservatives was studied by examining their influ-
ence in the kinetics of growth from activated spores of four
Bacillus cereus strains in tyndallized carrot broth over the
temperature range 5-16°C. Selected low concentrations of
carvacrol, cinnamaldehyde, or thymol showed a clear anti-

bacterial activity against B. cereus in the vegetable substrate.

The addition of 2 pl cinnamaldehyde or 20 mg thymol to
100 ml of broth in combination with refrigeration tempera-
tures (<8°C) was able to inhibit the outgrowth from acti-
vated spores of the psychrotrophic strain INRA TZ415 for
at least 60 days, but only cinnamaldehyde did it even at the
mild abuse temperature of 12°C. Five microliters of carva-
crol per 100 ml of inoculated carrot broth, however, were
unable to inhibit bacterial growth at 8°C (Valero and Fran-
ces 2006). Inhibitory effects of carvacrol, an antimicrobial
compound present in the EO fraction of oregano and thyme,
on growth and diarrheal enterotoxin production by B. ce-
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reus inoculated in brain heart infusion medium (BHI),
cooked rice and mushroom soup have been published
(Ultee et al. 2000b; Pol et al. 2001; Ultee and Smid 2001).
Observations that higher concentrations were needed to
achieve the same effect in food as in laboratory medium
showed that carvacrol was less effective in a food matrix,
most likely as a result of interaction with food components
(Pol et al. 2001; Ultee and Smid 2001). These studies poin-
ted out the potential use of carvacrol for preservation of
foods, increasing the safety of the products. It is apparent
that the generally greater resistance of Gram-negative bac-
teria to EOs (Davidson and Naidu 2000; Lambert et al.
2001; Walsh ef al. 2003) is likely to be due in part to the
greater complexity of the double membrane-containing cell
envelope of these organisms in contrast with the single
membrane-glycoprotein/techoic acid, or membrane-glyco-
protein/f-glucan-based structures of Gram-positive bacteria
and yeast, respectively. Sterols present in membranes of
yeasts and fungi but absent from prokaryotic cells do not
confer resistance against these antimicrobials (Vardar-Unlu
et al. 2003). Resistance also seems to be related to the rate
and extent of antimicrobial dissolution or ability to partition
in the lipid phase of the membrane as discussed by Lambert
et al. (2001), although this is not the complete explanation.
In attempting to explain differences in the sensitivity of
Gram-positive and -negative cells, differences in cell sur-
face hydrophobicity have been suggested as contributing
factors (Chao et al. 2000). Enhancement of EO antimicro-
bial action against both types of bacteria by ethylene dia-
mine tetra acetic acid (EDTA) suggests a role for metal cat-
ions in resistance (Naidu 2000; Walsh ez al. 2003). The use
of several chelating agents, such as EDTA and other sub-
stances, have been proposed to destabilize the lipopolysac-
charide layer of outer membrane of Gram-negative bacteria
(Helander et al. 1997). Unfortunately, those agents that
cause outer membrane permeabilization are often too toxic
to be used as food ingredients. Damage to the bacterial cell
wall and loss of cell contents can be studied by scanning
electron microscopy (SEM) (Lambert et al. 2001; Skanda-
mis et al. 2001; Burt and Reinders 2003). Careful prepara-
tion of the samples for SEM is necessary to ensure that the
observed difference between control and treated cells are
due to the effect of the EO and not to the preparation me-
thod.

Considering the large number of different groups of
chemical compounds present in EOs, it is most likely that
their antibacterial activity is not attributable to one specific
mechanism but that there are several targets in the cell
(Skandamis ez al. 2001; Carson et al. 2002). The locations
or mechanisms in the bacterial cell thought to be sites of
action for EO components have been reported as: degrada-
tion of the cell wall (Helander et al. 1998); damage to cyto-
plasmic membrane (Ultee et al. 2000a, 2002); damage to
membrane proteins (Juven et al. 1994; Ultee et al. 1999);
coagulation of cytoplasm (Gustafson ez al. 1998) and deple-
tion of the proton motive force (Ultee ef al. 1999; Ultee and
Smid 2001). Listeria monocytogenes treated with EOs from
two thyme species exhibited thickened or disrupted cell
wall with increased roughness and lack of cytoplasm (Ra-
sooli et al. 2006a). Transmission electron microscopy (TEM)
of A. niger exposed to MIC levels of the oils showed ir-
reversible damage to cell wall, cell membrane and cellular
organelles (Rasooli ef al. 2006b). TEM of A4. parasiticus ex-
posed to MIC level (250 ppm) of thyme oils showed ir-
reversible damage to cell wall, cell membrane and cellular
organelles (Rasooli and Owlia 2005). An important charac-
teristic of EOs and their components is their hydrophobicity,
which enables them to partition in the lipids of the bacterial
cell membrane and mitochondria, disturbing the structures
and rendering them more permeable (Sikkema et al. 1994).
Karatzas et al. (2000) observed that a combined treatment
with S-carvone (a terpene associated mainly to the Labiatae
EOs) and mild heat treatment led to a decline in the viable
number of L. monocytogenes. They explained the differen-
ces in the effectiveness of the treatment with the amount of
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S-carvone which can dissolve in the cell membrane. In par-
ticular, the membrane solubility of S-carvone was depen-
dent on the growth temperature before the treatment, which,
in turn, influenced the membrane composition and fluidity.
Leakage of ions and other cell contents can then occur (Cox
et al. 2000; Lambert et al. 2001; Skandamis et al. 2001;
Ultee et al. 2002; Carson et al. 2002;). Although a certain
amount of leakage from bacterial cells may be tolerated
without loss of viability, extensive loss of cell contents or
the exit of critical molecules and ions will lead to death
(Denyer and Hugo 1991).

Components of EO also appear to act on cell proteins
embedded in the cytoplasmic membrane (Knobloch et al.
1989). Enzymes such as ATPases are known to be located in
the cytoplasmic membrane and to be bordered by lipid
molecules. Two possible mechanisms have been suggested
whereby cyclic hydrocarbons could act on these. Lipophilic
hydrocarbon molecules could accumulate in the lipid
bilayer and distort the lipid—protein interaction; alternatively,
direct interaction of the lipophilic compounds with hydro-
phobic parts of the protein is possible (Juven et al. 1994;
Sikkema et al. 1995). Some EOs have been found to stimu-
late the growth of pseudomycelia (a series of cells adhering
end-to-end as a result of incomplete separation of newly
formed cells) in certain yeasts. This could be an indication
that EOs act on the enzymes involved in the energy regula-
tion or synthesis of structural components (Conner and
Beuchat 1984). Cinnamon oil and its components have been
shown to inhibit amino acid decarboxylases in Enterobacter
aerogenes. The mechanism of action was thought to be the
binding of proteins (Wendakoon and Sakaguchi 1995). Indi-
cations that EO components may act on proteins were also
obtained from studies using milk containing different pro-
tein levels (Pol ef al. 2001).

There is overwhelming consensus that aromatic and
phenolic compounds exert their antimicrobial effects at the
cytoplasmic membrane by altering its structure and function
(Sikkema et al. 1995). Efflux of K' is usually an early sign
of damage (Walsh et al. 2003) and is often followed by ef-
flux of cytoplasmic constituents (Cox et al. 2000; Davidson
and Naidu 2000; Lambert ez al. 2001; Ultee et al. 2002) in-
cluding ATP (Brul and Coote 1999). The loss of the differ-
ential permeability character of the cytoplasmic membrane
is frequently identified as the cause of cell death. Some
workers have explored this further, reasoning that loss of
membrane function is only part of the explanation for anti-
microbial activity (Walsh ez al. 2003). Other events which
could lead to membrane dysfunction and subsequent dis-
ruption include dissipation of the two components of the
proton motive force in cells (the pH gradient and the elec-
trical potential) either by changes in ion transport or depola-
rization through structural changes in the membrane; inter-
ference with the energy (ATP) generation system in the cell;
or enzyme inhibition preventing substrate utilization for
energy production (Lambert et al. 2001; Ultee et al. 2002).
In addition, Cox et al. (2000) showed that tea tree oil which
contains terpinen-4-ol (a cyclic monoterpene believed pri-
marily responsible for the antimicrobial activity) inhibited
oxidative respiration in E. coli, S. aureus and a yeast at the
MIC; and also induced membrane swelling and increased
membrane permeability. Certainly, the ability of phenolics
to interfere with cellular metabolism through a number of
mechanims (substrate complexing, membrane disruption,
enzyme inactivation and metal chelation) is well known
(Cowan 1999). It is also evident that their ability to prefer-
entially partition from water to membrane structures and
penetrate the membrane are important factors which have a
bearing on the sensitivity or resistance of exposed cells
(Cox et al. 2000; Lambert et al. 2001). The results of an-
other experiment (Gill and Holley 2003) with eugenol and
cinnamaldehyde against L. monocytogenes and Lb. sakei are
not consistent with a protonphore uncoupler mechanism.
Eugenol, like carvacrol, is a substituted phenolic compound
and cinnamaldehyde is a substituted aromatic compound.
Treatment of un-energized cells of L. monocytogenes with
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bactericidal concentrations of eugenol (5 mM) or cinnamal-
dehyde (40 mM) prevented cellular ATP pools from increas-
ing following addition of glucose. The treatment of ener-
gized L. monocytogenes cells with eugenol had no signifi-
cant effect on cellular ATP pools, but the cellular ATP of
cinnamaldehyde treated cells was rapidly depleted. The ATP
pools of L. monocytogenes cells treated with 10 uM of the
protonophore carbonyl cyanide m-chlorophenylhydrazone
(CCCP) responded identically to cells treated with cin-
namaldehdye, not like eugenol treated cells. Lb. sakei res-
ponded to bactericidal eugenol treatment (10 mM) like L.
monocytogenes, but was unresponsive to <0.4 M cinnamal-
dehyde or 100 uM CCCP. If eugenol functioned as a proto-
nophore it would affect L. monocytogenes like CCCP. Pro-
tonophores rapidly deplete the cellular ATP of L. monocy-
togenes as the cell makes a futile attempt to reestablish the
membrane proton motive force by exporting hydrogen ions
with the F|F, ATPase (Shabala er al. 2002). Though cin-
namaldehyde does behave like CCCP, it cannot function as
a protonophore as it does not possess a hydroxyl or acid
group to act as a proton carrier. Since measurements of
extracellular ATP were inconclusive, the results of Gill and
Holley (2003) would be consistent with either membrane
disruption by cinnamaldehyde or inhibition of either glu-
cose uptake or utilization by both compounds. These differ-
ences in response to eugenol and cinnamaldehyde by L.
monocytogenes and Lb. sakei may be due in part to differ-
ences in the solubility or permeability of the agents in the
cell membrane. It is conceivable that small differences in
antimicrobial concentration internally may determine the
biochemical event that dominates to inhibit cell growth or
cause death. It is clear that the bactericidal response of Lb.
sakei and L. monocytogenes to eugenol and cinnamalde-
hyde involves energy generation by the cells. In other rele-
vant work on the mode of action of natural antimicrobials
Delaquis et al. (2002) found, in a study of fractionated
hydroxycinnamic acids used against L. monocytogenes, that
the presence of hydroxyl groups on long chain alcohols was
correlated with inhibitory activity. This supports observa-
tions reported by Helander ef al. (1998). In other work with
yeast Fitzgerald et al. (2003) found that the antimicrobial
functionality of vanillin was due to its aldehyde group. In
their study of the mode of action of cinnamaldehyde against
Enterobacter aerogenes, Wendakoon and Sakaguchi (1993)
concluded that the antimicrobial inactivated decarboxylase
enzymes in the cell. The non-phenolic isothiocyanates are
also potent antimicrobials and have activity against a wide
range of microorganisms. Their antimicrobial activity is be-
lieved to be due to the inactivation of extracellular enzymes
through cleavage of disulfide bonds (Delaquis and Mazza
1995). Since the bioactivity of many aroma compounds is
dependent, in the first instance, on their partition in plasma
membrane, a key role in their toxicity has been attributed to
the vapor pressure that can be considered an indirect mea-
sure of their hydrophobicity. Thus, the factors able to in-
crease the vapor pressure of these substances can enhance
their antimicrobial activity increasing their solubility in cell
membranes (Gardini et al. 2001). Lanciotti et al. (1999)
proved that the antimicrobial activity of hexanal, 2-(E)-
hexenal and hexyl acetate is dependant on their vapor pres-
sure and, consequently, positively affected by temperature
rise. The literature data indicate that, although the sensiti-
vity to the aroma compounds used varies with the target
species considered and system composition, some aroma
compounds such as hexanal and 2-(F)-hexenal are able to
reduce significantly the growth potential of gram negative
species in fruit based products (Lanciotti ez al. 2003). These
microorganisms, and particularly Enterobacteriaceae, have
a high growth potential and specificity in minimally pro-
cessed fruits attributable to their physiology and to the
availability of specific carbon sources such as inositol and
pinitol (O’Conner-Shaw et al. 1995). The sensitivity of S.
enteritidis and E. coli to 2-(F)-hexenal and hexanal makes
these molecules particularly interesting as antimicrobial
agents. In fact, the inherent or acquired resistance of this
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microbial group to many antimicrobial agents complicates
their control in the environment and in food materials. The
resistance of gram-negative bacteria is mainly due to the
outer membrane, which acts as an efficient permeability
barrier against macromolecules and hydrophobic substances
(Helander et al. 1997) as well as to the high content in
cyclopropanic fatty acids of the inner membrane (Chang
and Cronan 1999). The citric acid used in the sliced apple
pre-treatment probably enhanced the outer membrane desta-
bilization, due to its chelating activity. Nevertheless, small
hydrophobic compounds such as six carbon aldehydes, can
enter, throughout porin proteins, into the deeper parts of
Gram-negative bacteria without any alteration to the perme-
ability of the outer membrane (Helander et al. 1997). This
gives an extra value for the aroma compounds considered as
antimicrobial agents in foods, because of its pronounced ac-
tion against gram-negative bacteria. Moreover, the effec-
tiveness at low levels, also under abuse temperature condi-
tions, the natural occurrence in several fruits and edible
vegetables, the possibility of using in unregulated doses as
flavoring agents, make hexanal, 2-(F)-hexenal and hexyl
acetate good candidates as antimicrobial agents to improve
the safety of minimally processed fruits. The ability of a
potentially active molecule to interact with the hydrophobic
cell membrane can be regarded as the result of its intrinsic
hydrophobicity, which increases with the hydrocarbon chain
length, and its actual hydrophobicity, which provides an in-
verse measure of the water molecules surrounding its polar
groups (Guerzoni et al. 1997). A temperature rise increases
the tendency of a molecule to pass into the vapor phase and,

consequently, its antimicrobial effects (Caccioni ef al. 1997).

Thus, the effect of temperature on the increase of vapor
pressure and toxicity, can compensate for an eventual inter-
ruption of the chilling chain.

GENOTOXICITY OF ESSENTIAL OILS AND
SAFETY CONCERNS

Currently, there is a strong debate about the safety aspects
of chemical preservatives since they are considered respon-
sible for many carcinogenic and teratogenic attributes as
well as residual toxicity. For these reasons, consumers tend
to be suspicious of chemical additives and thus the demand
for natural and socially more acceptable preservatives has
been intensified (Skandamis ez al. 2001). The exploration of
naturally occurring antimicrobials for food preservation
receives increasing attention due to consumer awareness of
natural food products and a growing concern of microbial
resistance towards conventional preservatives (Schuenzel
and Harrison 2002). EOs used as flavoring substances oc-
cupy an intermediate position in that they are composed of
naturally occurring substances many of which are intention-
ally added to food as individual chemical substances.
Because they are considered neither a direct food additive
nor a food itself, no current standard can be easily applied
to the safety evaluation of EOs. Also, there is a growing
interest in organically produced foods that the general pub-
lic associated with healthier food. Another problem is the
use of animal waste as organic fertilizer, whether in organic
or non-organic agriculture, that gives rise to concerns about
the possible contamination of agricultural produce with pa-
thogens (especially E. coli O157:H7) and the possible con-
tamination of ground and surface water. The evaluation of
the safety of EOs that have a documented history of use in
foods starts with the presumption that they are safe based
on their long history of use over a wide range of human ex-
posures without known adverse effects. The close relation-
ship of flavor complexes to food itself has made it difficult
to evaluate the safety and regulate the use of EOs. For EOs,
there is a requirement to specify the chemical constituents
and their range of concentrations for the oil to be evaluated
for GRAS. However, the chemical description represents
the chemical composition of material considered for GRAS.
It is not a required specification, since different batches of
the commercial oil will not contain all listed constituents in
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the reference concentration ranges. Instead different batches
will be required to exhibit upper concentration limits for
congeneric group that comprises the EO. Phenolic compo-
nents present in EOs have been known to possess antimic-
robial activity and some are classified as Generally Recog-
nized as Safe (GRAS) substances and therefore could be
used to prevent post-harvest growth of native and contami-
nant bacteria. Phenolic components of oils sensitize the
phospholipid bilayer of the cell membrane, causing an in-
crease of permeability and leakage of vital intracellular con-
stitutes or impairment of bacterial enzyme systems (Singh
et al. 2002).

Some EOs and their components have been known to
cause allergic contact dermatitis in people who use them
frequently. Preventive measures may be needed to ensure
the well-being of workers if these substances were to be
used on a larger scale (Carson and Riley 2001; Bleasel ef al.
2002). Some oils used in the fields of medicine, paramedic-
cine and aromatherapy have been shown to exhibit spasmo-
lytic or spasmogenic properties, although these are difficult
to associate with a particular component (Madeira et al.
2002). A necessary part of the safety evaluation of an EO
involves specifying the biological origin, physical and che-
mical properties, and other identifying characteristics of the
substance being evaluated. An EO produced under good
manufacturing practices (GMP) should be of a purity (qua-
lity) and chemical composition sufficiently high to repre-
sent a reasonable certainty of safety under conditions of
intended use. Because the evaluation is based primarily on
the actual chemical composition of the EO, specifications
must necessarily include chemical assay for the EO in com-
merce. In addition to information on the origin of the EO
and physical properties, specifications on composition link
the chemical identity of the EO to its safety evaluation.
Therefore data on the percent range or upper limit of con-
centration of congeneric groups in the EO, target constitu-
ents monitored in an ongoing quality control program, and
the amount of trace unidentified constituents that stipulate
the composition of the EO become key specifications lin-
king the product distributed in the marketplace to the che-
mically-based safety evaluation.

The leafy parts of thyme and its EO have been used in
foods for its flavor, aroma and preservation for many years.
Very few studies have been performed on the mutagenicity
and/or antimutagenicity of the ingredients of thyme. Al-
though the genotoxic potential of thymol and carvacrol at
non-toxic doses has been suggested to be weak in the DNA-
repair test and the SOS-chromotest (Stammati ez al. 1999),
contradictory results have been reported with the Ames
mutagenicity assay (Azizan and Blevins 1995; Stammati et
al. 1999). Sevtap and co-workers (2005) studied the geno-
toxic potential of major compounds of thyme oil i.e. thymol,
carvacrol, and y-terpinene and of the methanolic extracts of
thyme in human lymphocytes by single-cell gel electropho-
resis. Also, the effects of these substances on the induction
of DNA damage by 2-amino-3-methylimidazo[4,5-f]-quino-
line (IQ) and mitomycin C (MMC) were evaluated. No in-
crease in DNA strand breakage was observed at thymol and
y-terpinene concentrations below 0.1 mM, but at the higher
concentration of 0.2 mM significant increases in DNA da-
mage were seen. Thymol and y-terpinene significantly re-
duced the DNA strand breakage induced by IQ and MMC at
the lower concentrations studied. Carvacrol, which is an
isomer of thymol, seemed to protect lymphocytes from the
genotoxic effects of IQ and MMC at non-toxic concentra-
tions below 0.05 mM, but at the higher concentration of
0.1 mM carvacrol itself induced DNA damage. Also the
constituents of the n-hexane and ethyl acetate fractions
prepared from the concentrated aqueous methanolic extracts
of Thymus spicata protected lymphocytes against 1Q- and
MMC-induced DNA damage in a concentration-dependent
manner. Gomes-Carneiro et al. (2005) investigated the
genotoxicity of B-myrcene, o-terpinene and (+) and (—)-0-
pinene, monoterpenes found in a variety of plant volatile
oils. B-myrcene, a-terpinene and a-pinene as well as plant
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oils containing these hydrocarbon monoterpenes have been
used as flavoring additives in foods and beverages, as frag-
rances in cosmetics, and as scent in household products.
Mutagenicity was evaluated by the Salmonella/microsome
assay (TA100, TA98, TA97a and TA1535 tester strains),
without and with addition of an extrinsic metabolic activa-
tion system (rat liver S9 fraction induced by Aroclor 1254).
Two dose-complementary assays were performed so that a
broad range of doses, including a number of regularly-
spaced doses in the non-toxic dose interval, were tested. No
increase in the number of his" revertant colonies over the
negative control values was observed in any of the four S.
typhimurium tester strains. Their results indicated that f-
myrcene, o-terpinene, and (+) and (—)-o-pinene are not
mutagenic in the Ames test. Ipek ez al. (2005) evaluated the
genotoxic and antigenotoxic effects of the EO of Origanum
onites L. and carvacrol that are used in medicine, flavoring
of food and crop protection by Ames Sal/monella/microso-
mal test. The mutagenic activity was initially screened
using Salmonella typhimurium strains TA98 and TA100,
with or without S9 metabolic activation. No mutagenicity
was found in the oil to the both strains either with or with-
out S9 mixture whereas significant mutagenic activity was
induced by carvacrol generally in the absent of metabolic
activity. The oil and its major constituent carvacrol were
finally tested for their antimutagenic activity with 30 min
standard preincubation time. It was shown that both of them
strongly inhibited mutagenicity induced by 4-nitro-o-phe-
nylenediamine and 2-aminofluorene in both strains with or
without S9, respectively. These results indicate significant
antimutagenicity of the EO and carvacrol in vitro, sugges-
ting its pharmacological importance for the prevention of
cancer.

Among the thousands of naturally occurring constitu-
ents so far identified in plants and exhibiting a long history
of safe use, there are none that pose, or reasonably might be
expected to pose a significant risk to human health at cur-
rent low levels of intake when used as flavoring substances.
When consumed in higher quantities, normally for other
functions, some plants do indeed exhibit toxicity. Historic-
ally, humans have used plants as poisons (e.g., hemlock)
and many of the intended medicinal uses of plants have
produced undesirable toxicity. Even at high intake levels,
the majority of the constituents show no carcinogenic pot-
ential (Smith ef al. 2005a). In spite of the fact that a con-
siderable number of EO components are GRAS and/or ap-
proved food flavorings, some research data indicate irrita-
tion and toxicity. For example, eugenol, menthol and thy-
mol, when applied in root canal treatments, have been
known to cause irritation of mouth tissues. The results of a
cytotoxicity study on these compounds suggest that gum
irritation may be related to membrane lysis and surface acti-
vity and that tissue penetration may be related at least partly
to membrane affinity and lipid solubility (Manabe et al.
1987). Cinnamaldehyde, carvacrol, carvone and thymol ap-
pear to have no significant or marginal effects in vivo whilst
in vitro they exhibit mild to moderate toxic effects at the
cellular level. Genotoxicity data appear not to raise concern
in view of the present levels of use (Stammati ez al. 1999).
Oregano and cranberry extract mix provide a GRAS-type
phytochemical source with the potential to develop a natu-
ral and effective antimicrobial strategy against Vibrio para-
haemolyticus. Different ratios of extract mixtures were opti-
mized from oregano and cranberry, and evaluated for anti-
microbial activity in laboratory medium and seafood pro-
ducts (Lin et al. 2005). The results indicated that the anti-
microbial activity was enhanced in response to extract mix-
tures than individual extracts of each species. The efficacy
was further improved by combination with lactic acid,
which is also considered GRAS. These results show the
potential of plant extracts to be antimicrobial and, when
combined with lactic acid, they can be used as a more ef-
fective multiple-barrier food preservation system. Such a
synergistic ingredient approach can have wide implications
for improvement of food safety.
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Many of the individual constituents of the EOs are
themselves used as flavoring substances and pose no toxi-
cological threat (Smith ez al. 2005b). Besides, chronic stu-
dies have also been performed on over 30 major chemical
constituents including methyl chavicol and cinnamldehyde
and results have not revealed any safety concern (Smith et
al. 2005b).

Hence, it is recommended that more safety studies be
carried out before EOs are more widely used or at greater
concentrations in foods that at present.

FUTURE RESEARCH

Foods preserved with natural additives have become popu-
lar due to greater consumer awareness and concern regar-
ding synthetic chemical additives. This has led researchers
and food processors to look for natural food additives with
a broad spectrum of antimicrobial activity (Marino et al.
2001).

We have little doubt that the aroma compounds can rep-
resent a useful tool to increase the shelf-life and the safety
of processed foods and fruits. Nevertheless, in relation to
the composition of foods and fruits, further investigations
are necessary to identify the conditions that maximize their
activity without detrimental effects on the organoleptic pro-
perties of the product.

The antimicrobial molecules in complex mixture of
EOs’ compounds and their eventual interactions should be
addressed. This will lead to increase in control of microbial
growth, to minimize the impact of these substances on the
flavor of food products and to avoid fluctuations in EOs
activity due to meteorological, seasonal and geographical
factors, as well as different compositions due to the plant
type.

The stability of EOs during food processing will also
need to be studied.

Standardization of test methods for testing antibacterials
for use in food. This is a field where a selection of standard
methods would accelerate the study of promising antibac-
terial components and their synergistic or antagonistic ac-
tion with each other and with food ingredients.

Synergistic effects could be exploited so as to maximize
the antibacterial activity of EOs and to minimize the con-
centrations required to achieve a particular antibacterial ef-
fect. Antagonism between EO and food ingredients is unde-
sirable and research is needed so it can be avoided in practi-
cal applications.

Interactions between EOs and their components and
other food ingredients and food additives need to be investi-
gated. Clove and oregano oils can acquire a dark pigmenta-
tion when in contact with iron (Bauer ef al. 2001); this may
impose limitations on the public acceptability of the food
products or preservatives.

Further elucidation of the mechanisms of antimicrobial
actions of EOs would provide insights that may prove use-
ful for technological applications.

Setting up specific active packaging able to release
slowly over time in the headspace the selected molecules.
The activity would be enhanced by a calibrated increase of
EO vapor pressure in order to enhance its capacity to inter-
act with the microbial cell membrane (Guerzoni et al. 1994;
Gardini ef al. 1997; Lanciotti ef al. 1999).

The interaction between antimicrobials and packaging
materials, rather than the food itself need research.

Development of microbial resistance to the presence of
EOs in foods is important. Disadvantageous effects of ad-
dition of EOs on the safety of the food, such as influencing
the stress tolerance of pathogens need special attention.

Possible consequences such as toxicity or other unwan-
ted side effects on the human health of the use of EOs
would need to be explored.



Food 1(2), 111-136 ©2007 Global Science Books

ACKNOWLEDGEMENTS

The author wishes to extend his heartiest thanks to the Research
Centre of College of Basic Sciences, and to The Medicinal Plants
Centre of Shahed University, Tehran-Iran for their moral support
to carry out this review.

REFERENCES

Adam K, Sivropoulou A, Kokkini S, Lanaras T, Arsenakis M (1998) Anti-
fungal activities of Origanum vulgare susp. Hirtum, Mentha spicata, Lavan-
dula angustifolia, and Salvia fruticosa essential oils against human patho-
genic fungi. Journal of Agricultural and Food Chemistry 46, 1739-1745

Akgul A, Kivanc M, Sert S (1991) Effect of carvacrol on growth and toxin
production by Aspergillus flavus and Aspergillus parasiticus. Sciences des
Aliments 11, 361-370

Aligiannis N, Kalpoutzakis E, Mitaku S, Chinou IB (2001) Composition and
antimicrobial activity of the essential oils of two Origanum species. Journal
of Agriculture and Food Chemistry 49, 4168-4170

Aljadi AM, Kamaruddin MY (2004) Evaluation of the phenolic contents and
antioxidant capacities of two Malaysian floral honeys. Food Chemistry 85,
513-518

Allameh A, Razzaghi AM, Shams M, Rezaei MB, Jaimand K (2001) Effects
of neem leaf extract on production of aflatoxins and fatty acid synthetase,
citrate dehydrogenase and glutathione S-transferase in A. parasiticus. Myco-
pathologia 154, 79-84

Al-Mamary M, Al-Meeri A, Al-Habori M (2002) Antioxidant activities and
total phenolics of different types of honey. Nutrition Research 22, 1041-1047

Alzoreky NS, Nakahara K (2002) Antimicrobial activity of extracts from some
edible plants commonly consumed in Asia. International Journal of Food
Microbiology 80, 223-230

Amin I, Norazaidah Y, Emmy Hainida KI (2006) Antioxidant activity and
phenolic content of raw and blanched Amaranthus species. Food Chemis-
1ry 94, 47-52

Amvam Zollo PH, Biyiti L, Tchoumbougnang F, Menut C, Lamaty C, Bou-
chet PH (1998) Aromatic plants of tropical Central Africa. Part XXXII. Che-
mical composition and antifungal activity of thirteen essential oils from aro-
matic plants of Cameroon. Flavor and Fragrance Journal 13, 107-114

Anagnostopoulou MA, Kefalas P, Papageorgiou VP, Andreana N (2006)
Radical scavenging activity of various extracts and fractions of sweet orange
peel (Citrus sinensis). Food Chemistry 94, 19-25

Andrews S, de Graaf H, Stamation H (1997) Optimisation of methodology
for enumeration of xerophilic yeasts from foods. International Journal of
Food Microbiology 35, 109-116

Ashok BT, Ali R (1999) The aging paradox: free radical theory of aging. Expe-
rimental Gerontology 34, 293-303

Astley SB (2003) Dietary antioxidants — past, present and future? Trends in
Food Science and Technology 14, 93-98

Atanda OO, Akpan I, Oluwafemi F (2007) The potential of some spice essen-
tial oils in the control of 4. parasiticus CFR 223 and aflatoxin production.
Food Control 18, 601-607

Azizan A, Blevins RD (1995) Mutagenicity and antimutagenicity testing of six
chemicals associated with the pungent properties of spices as revealed by
Ames Salmonella/microsomal assay. Archives of Environmental Contamina-
tion and Toxicology 28, 248-258

Baardseth P (1989) Effect of selected antioxidants on the stability of dehydra-
ted mashed potatoes. Food Additives and Contaminants 6,201-207

Bagamboula CF, Uyttendaele M, Debevere J (2003) Antimicrobial effect of
spices and herbs on Shigella sonnei and Shigella flexneri. Journal Food Pro-
tection 66, 668-673

Barakat SM, Yamazaki MK, Miyashita K, Kawai Y, Shin I-S, Suzuki T
(2006) Preservative effect of combined treatment with electrolyzed NaCl so-
lutions and essential oil compounds on carp fillets during convectional air-
drying. International Journal of Food Microbiology 106, 331-337

Basilico MZ, Basilico JC (1999) Inhibitory effects of some spice essential oils
on Aspergillus ochraceus NRRL 3174 growth and ochratoxin A production.
Letters in Applied Microbiology 29, 238-241

Bassole IHN, Ouattara AS, Nebie R, Ouattara CAT, Kabore ZI, Traore SA
(2003) Chemical composition and antibacterial activities of the essential oils
of Lippia chevalieri and Lippia multiflora from Burkina Faso. Phytochemis-
1y 62, 209-212

Bastianetto S, Quirion R (2002) Natural extracts as possible protective agents
of brain aging. Neurobiology of Aging 23, 891-897

Bauer K, Garbe D, Surburg H (2001) In: Common Fragrance and Flavor
Materials: Preparation, Properties and Uses, Wiley-VCH, Weinheim, 293 pp

Baydar H, Sagdic O, Ozkan G, Karadogan T (2004) Antibacterial activity
and composition of essential oils from Origanum, Thymbra and Satureja spe-
cies with commercial importance in Turkey. Food Control 15, 169-172

Bayoumi S (1992) Bacteriostatic effect of some spices and their utilization in
the manufacture of yogurt. Chemie, Mikrobiologie, Technologie der Lebens-
mittel 14, 21-26

Bektas Tepe, Arzuhan Sihoglu-Tepe, Dimitra Daferera, Moschos Polissiou,

130

Atalay Sokmen (2007a) Chemical composition and antioxidant activity of
the essential oil of Clinopodium vulgare L. Food Chemistry 103, 766-770

Bektas T, Sokmen M, Akpulat AH, Daferera D, Polissiou M, Sokmen A
(2005) Antioxidative activity of the essential oils of Thymus sipyleus subsp.
sipyleus var. sipyleus and Thymus sipyleus subsp. sipyleus var. rosulans.
Journal of Food Engineering 66, 447-454

Bektas T, Eminagaoglu O, Akpulat A, Aydin E (2007b) Antioxidant potentials
and rosmarinic acid levels of the methanolic extracts of Salvia verticillata
(L.) subsp. verticillata and S. verticillata (L.) subsp. amasiaca (Freyn &
Bornm.) Bornm. Food Chemistry 100, 985-989

Beretta G, Granata P, Ferrero M, Orioli M, Facino RM (2005) Standardiza-
tion of antioxidant properties of honey by a combination of spectrophotomet-
ric/fluorimetric assays and chemometrics. Analytica Chimica Acta 533, 185-
191

Bishop CD (1995) Antiviral activity of the essential oil of Melaleuca alterni-
folia (Maiden and Betche) cheel (tea tree) against Tobacco mosaic virus.
Journal of Essential Oil Research 7, 641-644

Blackwell BA, Gilliam JT, Savard ME, David Miller J, Duvick JP (1999)
Oxidative determination of hydrolysed fumonisin B (AP;) by cultures of
Exophiola spinifera. Natural Toxins 7,31-38

Blaszk M, Holley RA (1998) Interaction of monolaurin, eugenol and sodium
citrate on growth of common meat spoilage and pathogenic organisms. Inter-
national Journal of Food Microbiology 39, 175-183

Bleasel N, Tate B, Rademaker M (2002) Allergic contact dermatitis following
exposure to essential oils. Australasian Journal of Dermatology 43, 211-213

Board RG, Gould GW (1991) Future prospects. In: Russell NJ, Gould GW
(Eds) Food Preservatives, Blackie, Glasgow, pp 267-284

Botsoglou NA, Fletouris DJ, Florou-Paneri P, Christaki E, Spais AB (2003)
Inhibition of lipid oxidation in long-term frozen stored chicken meat by diet-
ary oregano essential oil and a-tocopheryl acetate supplementation. Food Re-
search International 36,207-213

Boyle W (1955) Spices and essential oils as preservatives. The American Perfu-
mer and Essential Oil Review 66, 25-28

Bracesco N, Dell MRA, Behtash S, Menini T, Gugliucci A, Nunes E (2003)
Antioxidant activity of a botanical extract preparation of Ilex paraguariensis:
prevention of DNA double-strand breaks in Saccharomyces cerevisiae and
human low-density lipoprotein oxidation. Journal of Alternative and Comple-
mentary Medicine 9, 379-387

Bravo L (1998) Polyphenols: chemistry, dietary sources, metabolism, and nut-
ritional significance. Nutrition Reviews 56, 317-333

Brocklehurst TF, Parker ML, Gunning PA, Coleman HP, Robins MM
(1995) Growth of food-borne pathogenic bacteria in oil-in-water emulsions:
II. Effect of emulsion structure on growth parameters and form of growth.
Journal of Applied Bacteriology 78, 609-615

Brul S, Coote P (1999) Preservative agents in foods. Mode of action and mic-
robial resistance mechanisms. International Journal of Food Microbiology 50,
1-17

Burt S (2004) Essential oils: their antibacterial properties and potential applica-
tions in foods. International Journal of Food Microbiology 94, 223-253

Burt SA, Reinders RD (2003) Antibacterial activity of selected plant essential
oils against Escherichia coli O157:H7. Letters in Applied Microbiology 36,
162-167

Caccioni DRL, Guizzardi M (1994) Inhibition of germination and growth of
fruit and vegetables post-harvest pathogenic fungi by essential oil compo-
nents. Journal of Essential Oil Research 6, 173-179

Caccioni DRL, Deans SG, Ruberto G (1995) Inhibitory effect of citrus fruits
essential oil components on Penicillium italicum and Penicillium digitatum.
Petria 5, pp 177-182

Caccioni DRL, Gardini F, Lanciotti R, Guerzoni ME (1997) Antifungal acti-
vity of natural volatile compounds in relation to their vapour pressure. Sci-
ences des Aliments 17, 21-34

Caccioni DRL, Guizzardi M, Biondi DM, Renda A, Ruberto G (1998) Rela-
tionships between volatile components of citrus fruit essential oils and anti-
microbial action on Penicillium digitatum and Penicillium italicum. Interna-
tional Journal of Food Microbiology 43, 73-79

Cagri A, Ustunol Z, Ryser ET (2004) Antimicrobial edible films and coatings.
Journal of Food Protection 67, 833-848

Canillac N, Mourey A (2001) Antibacterial activity of the essential oil of Picea
excelsa on Listeria, Staphylococcus aureus and coliform bacteria. Food
Microbiology 18, 261-268

Careaga M, Fernandez E, Dorantes L, Mota L, Jaramillo ME, Hernandez-
Sanchez ZH (2003) Antibacterial activity of Capsicum extract against Sal-
monella typhimurium and Pseudomonas aeruginosa inoculated in raw beef
meat, International Journal of Food Microbiology 83, 331-335

Carson CF, Riley TV (2001) Safety, efficacy and provenance of tea tree (Mela-
leuca alternifolia) oil. Contact Dermatitis 45, 65-67

Carson CF, Hammer KA, Riley TV (1995b) Broth micro-dilution method for
determining the susceptibility of Escherichia coli and Staphylococcus aureus
to the essential oil of Melaleuca alternifolia (tea tree oil). Microbios 82, 181-
185

Carson CF, Mee BJ, Riley TV (2002) Mechanism of action of Melaleuca al-
ternifolia (tea tree) oil on Staphylococcus aureus determined by time-kill,
lysis, leakage and salt tolerance assays and electron microscopy. Antimicro-



Food biopreservation. Iraj Rasooli

bial Agents and Chemotherapy 46, 1914-1920

Chang YY, Cronan Jr. JE (1999) Membrane cyclopropane fatty acid content
as a major factor in acid resistance of Escherichia coli. Molecular Microbio-
logy 33, 249-259

Chao SC, Young GD, Oberg CJ (2000) Screening of inhibitory activity of es-
sential oils on selected bacteria, fungi, and viruses. Journal of Essential Oil
Research 12, 639-649

Chavant P, Gaillard-Martinie B, Hebraud M (2004) Antimicrobial effects of
sanitizers against planktonic and sessile Listeria monocytogenes cells accor-
ding to the growth phase. FEMS Microbiology Letters 236, 241-248

Chen Q, Shi H, Ho CT (1992) Effects of rosemary extracts and major constitu-
ents on lipid oxidation and soybean lipoxygenase activity. Journal of the
American Oils Chemists’Society 69, 999-1002

Chen F-A, Wu A-B, Shieh P, Kuo D-H, Hsieh C-Y (2006) Evaluation of the
antioxidant activity of Ruellia tuberose. Food Chemistry 94, 14-18

Chevolleau S, Mallet JF, Ucciani E, Gamisans J, Gruber M (1992) Antioxi-
dant activity in leaves of some mediterranean plants. Journal of the American
Oils Chemists’ Society 69, 1269-1271

Chun SS, Vattern AV, Lin YT, Shetty K (2004) Phenolic antioxidants from
clonal oregano (Origanum vulgare) with antimicrobial activity against Heli-
cobacter pylori. Process in Biochemistry 40, 809-816

Cimanga K, Kambu K, Tona L, Apers S, De Bruyne T, Hermans N, Totte J,
Pieters L, Vlietinck AJ (2002) Correlation between chemical composition
and antibacterial activity of essential oils of some aromatic medicinal plants
growing in the Democratic Republic of Congo. Journal of Ethnopharmaco-
logy 79, 213-220

Commenges D, Scotet V, Renaud S, Jacqmin-Gadda H, Barberger-Gateau
P, Dartigues JF (2000) Intake of flavonoids and risk of dementia. European
Journal of Epidemiology 16, 357-363

Conner DE, Beuchat LR (1984) Effects of essential oils from plants on growth
of food spoilage yeasts. Journal of Food Science 49, 429-434

Cornwell DG, Jones KH, Jiang Z, Lantry LE, Southwell Keely P, Kohar I,
Donald ET (1998) Cytotoxicity of tocopherols and their quinones in drug-
sensitive and multidrug-resistant leukemia cells. Lipids 33, 295-301

Cowan MM (1999) Plant products as antimicrobial agents. Clinical Microbio-
logy Reviews 12, 564-582

Cox SD, Mann CM, Markham JL, Bell HC, Gustafson JE, Warmington JR,
Wyllie SG (2000) The mode of antimicrobial action of essential oil of Mela-
leuca alternifola (tea tree oil). Journal of Applied Microbiology 88, 170-175

Cressy HK, Jerrett AR, Osborne CM, Bremer PJ (2003) A novel method for
the reduction of numbers of Listeria monocytogenes by freezing in combina-
tion with an essential oil in bacteriological medium. Journal Food Protec-
tion 66, 390-395

Daferera DJ, Ziogas BN, Polissiou MG (2000) GC-MS analysis of essential
oils from some Greek aromatic plants and their fungitoxicity on Penicillium
digitatum. Journal of Agriculture and Food Chemistry 48, 2576-2581

Dapkevicius A, Venskutonis R, Van Beek TA, Linssen PH (1998) Antioxidant
activity of extracts obtained by different isolation procedures from some aro-
matic herbs grown in Lithuania. Journal of the Science of Food and Agricul-
ture 77, 140-146

Davidson PM, Naidu AS (2000) Phyto-phenols. In: Naidu AS (Ed) Natural
Food Antimicrobial Systems, CRC Press, Boca Raton, FL, pp 265-294

Davidson PM, Parish ME (1989) Methods for testing the efficacy of food anti-
microbials. Food Technology 43, 148-155

Dawson PL, Carl GD, Acton JC, Han 1Y (2002) Effect of lauric acid and
nisin-impregnated soy-based films on the growth of Listeria monocytogenes
on turkey bologna. Poultry Science 81, 721-726

Deans SG, Ritchie G (1987) Antibacterial properties of plant essential oils.
International Journal of Food Microbiology 5, 165-180

Delaquis PJ, Mazza G (1995) Antimicrobial properties of isothiocyanates in
food preservation, Food Technology 49, 73-84

Delaquis PJ, Stanich K, Girard B, Mazza G (2002) Antimicrobial activity of
individual and mixed fractions of dill, cilantro, coriander and eucalyptus es-
sential oils. International Journal of Food Microbiology 74, 101-109

Demetzos C, Perdetzoglou DK (2001) Composition and antimicrobial studies
of the oils of Origanum calcaratum Juss. and O. scabrum Boiss. et Heldr.
from Greece. Journal of Essential Oil Research 13, 460-462

Demo M, Oliva M, Ramos B, Zigadlo J (2001) Determination of the antibac-
terial activity of the pure components of essential oils. Higiene Alimentaria
85, 87-90

Denyer SP, Hugo WB (1991) Biocide-induced damage to the bacterial cyto-
plasmic membrane. In: Denyer SP, Hugo WB (Eds) Mechanisms of Action of
Chemical Biocides, The Society for Applied Bacteriology, Technical Series
No 27, Oxford Blackwell Scientific Publication, Oxford, pp 171-188

Dickens JA, Berrang ME, Cox NA (2000) Efficacy of an herbal extract on the
microbiological quality of broiler carcasses during a simulated chill, Poultry
Science 79, 1200-1203

Ditry N, Dureuil L, Pinkas M (1994) Activity of thymol, carvacrol, cinnamal-
dehyde and eugenol on oral bacteria. Pharmaceutica Acta Helvetiae 69, 25-
28

Dixon RA, Paiva NL (1995) Stress-induced phenylpropanoid metabolism.
Plant Cell 7, 1085-1097

Dorman HJD, Deans SG (2000) Antimicrobial agents from plants: antibacte-

131

rial activity of plant volatile oils. Journal of Applied Microbiology 88, 308-
316

Dorman HJD, Peltoketo A, Hiltunen R, Tikkanen MJ (2003) Characterisa-
tion of the antioxidant properties of de-odourised aqueous extracts from
selected Lamiaceae herbs. Food Chemistry 83, 255-262

Dryden MS, Dailly S, Crouch M (2004) A randomized controlled trial of tea
tree topical preparations versus a standard topical regimen for clearance of
MRSA colonization. The Journal of Hospital Infection 56, 283-286

Duthie G, Crozier A (2000) Plant-derived phenolic antioxidants. Current Opi-
nion in Lipidology 11, 43-47

Economou KD, Oreopoulou V, Thomopoulos CD (1991) Antioxidant proper-
ties of some plant extracts of the Labiatae family. Journal of the American
Oil Chemists’Society 68, 109-113

Elgayyar M, Draughon FA, Golden DA, Mount JR (2001) Antimicrobial ac-
tivity of essential oils from plants against selected pathogenic and saprophy-
tic microorganisms. Journal of Food Protection 64, 1019-1024

Ellis WR, Sommerville KW, Whitten BH, Bell GD (1984) Pilot study of com-
bination treatment for gall stones with medium dose chenodeoxycholic acid
and a terpene preparation. British Medical Journal 289, 153-156

Estevez M, Cava R (2004) Lipid and protein oxidation, release of iron from
heme molecule and colour deterioration during refrigerated storage of liver
pate. Meat Science 68, 551-558

Estevez M, Ramirez R, Ventanas S, Cava R (2007) Sage and rosemary essen-
tial oils versus BHT for the inhibition of lipid oxidative reactions in liver pate.
LWT - Food Science and Technology 40, 58-65

Ettayebi K, Yamani JE, Rossi-Hassani B (2000) Synergistic effects of nisin
and thymol on antimicrobial activities in Listeria monocytogenes and Bacil-
lus subtilis. FEMS Microbiology Letters 183, 191-195

Faleiro ML, Miguel MG, Ladeiro F, Venancio F, Tavares R, Brito JC, Fi-
gueiredo AC, Barroso JG, Pedro LG (2002) Antimicrobial activity of es-
sential oils isolated from Portuguese endemic species of Thymus. Letters in
Applied Microbiology 36, 35-40

Farag RS, Daw ZY, Hewedi FM, El-Baroty GSA (1989) Antimicrobial acti-
vity of some Egyptian spice essential oils. Journal of Food Protection 52,
665-667

Fente CA, Jaimez OJ, Vizquez BI, Franco CM, Cepeda A (2001) A new ad-
ditive for culture media for rapid determination of aflatoxin-producing Asper-
gilli strains. Applied Environmental Microbiology 67, 4858-4862

Filip R, Lotito SB, Ferraro G, Fraga CG (2000) Antioxidant activity of /lex
paraguariensis and related species. Nutritional Research 20, 1437-1446

Filtenborg O, Frisvad JC, Thrane U (1996) Moulds in food spoilage. Interna-
tional Journal of Food Microbiology 33, 85-102

Firouzi R, Azadbakht M, Nabinedjad A (1998) Anti-listerial activity of essen-
tial oils of some plants. Journal of Applied Animal Research 14, 75-80

Fitzgerald DJ, Stratford M, Narbad A (2003) Analysis of the inhibition of
food spoilage yeasts by vanillin. International Journal of Food Microbiology
86, 113-122

Friedman M, Henika PR, Mandrell RE (2002) Bactericidal activities of plant
essential oils and some of their isolated constituents against Campylobacter
Jjejuni, Escherichia coli, Listeria monocytogenes and Salmonella enterica.
Journal of Food Protection 65, 1545-1560

Gachkar L, Yadegari D, Rezaei MB, Taghizadeh M, Alipoor AS, Rasooli I
(2006) Chemical and biological characteristics of Cuminum cyminum and
Rosmarinus officinalis essential oils. Food Chemistry 102, 898-904

Galindo-Cuspinera V, Westhoff DC, Rankin SA (2003) Antimicrobial proper-
ties of commercial annatto extracts against selected pathogenic, lactic acid,
and spoilage organisms Journal of Food Protectection 66, 1074-1078

Gardini F, Lanciotti R, Guerzoni ME (2001) Effect of (E)-2-hexenal on the
growth of Aspergillus flavus in relation to its concentration, temperature and
water activity. Letters in Applied Microbiology 33, pp. 50-55

Gardini F, Lanciotti R, Caccioni DRL, Guerzoni ME (1997) Antifungal acti-
vity of hexanal as dependent on its vapour pressure. Journal of Agricultural
and Food Chemistry 45, 4297-4302

Gill AO, Delaquis P, Russo P, Holley RA (2002) Evaluation of antilisterial ac-
tion of cilantro oil on vacuum packed ham. International Journal of Food
Microbiology 73, 83-92

Gill AO, Holley RA (2003) Nature of E. coli O157:H7, L. monocytogenes and
Lactobacillus sakei inhibition by eugenol, cinnamaldehyde and sodium
lactate. Annual Meeting of the International Assocociation of Food Protec-
tion, New Orleans. PO156 Abstract Book, p 113

Gomes-Carneiro MR, Marcia Viana ES, Felzenszwalb I, Paumgartten FJR
(2005) Evaluation of B-myrcene, o-terpinene and (+)- and (—)-a-pinene in the
Salmonella/microsome assay. Food and Chemical Toxicology 43, 247-252

Griffin SG, Wyllie SG, Markham JL, Leach DN (1999) The role of structure
and molecular properties of terpenoids in determining their antimicrobial ac-
tivity. Flavor and Fragrance Journal 14, 322-332

Guenther E (1948) The Essential Oils, D. Van Nostrand, New York, 427 pp

Guerzoni ME, Gardini F, Corbo ME, Lanciotti R, Sinigaglia M (1997)
Modelling of growth of microorganisms on minimally processed fruits and
vegetables in relation to technological and environmental conditions. In: Pro-
ceeding of Joint Workshop COST 914-COST 915 “Non Conventional Me-
thods for the Control of Postharvest Disease and Microbiological Spoilage”,
pp 15-20



Food 1(2), 111-136 ©2007 Global Science Books

Guerzoni ME, Lanciotti R, Sinigaglia M, Anese M, Lerici CR (1994) Influ-
ence of some selected ions on system water activity, and on ethanol vapour
pressure and its inhibitory action on Saccharomyces cerevisiae. Canadian
Journal of Microbiology 40, 1051-1056

Gulcin I, Buyukokuroglu ME, Oktay M, Kufrevioglu OI (2003) Antioxidant
and analgesic activities of turpentine of Pinus nigra Am. subsp. pallsiana
(Lamb.) Holmboe. Journal of Ethnopharmacology 86, 51-58

Gustafson JE, Liew YC, Chew S, Markham JL, Bell HC, Wyllie SG, War-
mington JR (1998) Effects of tea tree oil on Escherichia coli. Letters in Ap-
plied Microbiology 26, 194-198

Hammer KA, Carson CF, Riley TV (1999) Antimicrobial activity of essential
oils and other plant extracts. Journal of Applied Microbiology 86, 985-990

Hao YY, Brackett RE, Doyle MP (1998a) Efficacy of plant extracts in in-
hibiting Aeromonas hydrophila and Listeria monocytogenes in refrigerated
cooked poultry. Food Microbiology 15, 367-378

Hao YY, Brackett RE, Doyle MP (1998b) Inhibition of Listeria monocyto-
genes and Aeromonas hydrophila by plant extracts in refrigerated cooked
beef. Journal of Food Protection 61, 307-312

Harborne JB (1998) Phenolic compounds. In: Harborne JB (Ed) Phytochemi-
cal Methods: A Guide to Modern Techniques of Plant Analysis, Chapman and
Hall, London, pp 40-106

Harborne JB, Williams CA (2000) Advances in flavonoid research since 1992.
Phytochemistry 55, 481-504

Harpaz S, Glatman L, Drabkin V, Gelman A (2003) Effects of herbal es-
sential oils used to extend the shelf life of freshwater-reared Asian sea bass
fish (Lates calcarifer). Journal of Food Protection 66, 410-417

Hasegawa N, Matsumoto Y, Hoshino A, Iwashita K (1999) Comparison of
effects of Wasaba japonica and allyl isothiocyanate on the growth of four
strains of V. parahaemolyticus in lean and fatty tuna meat suspensions. Inter-
national Journal of Food Microbiology 49, 27-34

Havsteen BH (2002) The biochemistry and medical significance of the flavo-
noids. Pharmacology and Therapeutics 96, 67-202

Helander IM, Alakomi HL, Latva-Kala K, Mattila-Sandholm T, Pol I, Smid
EJ, Gorris LGM, von Wright A (1998) Characterization of the action of se-
lected essential oil components on Gram-negative bacteria. Journal of Agri-
cultural and Food Chemistry 46, 3590-3595

Helander IM, von Wright A, Matilla-Sandholm TM (1997) Potential of lac-
tic acid bacteria and novel antimicrobials against Gram-negative bacteria.
Trends in Food Science and Technology 8, 146-150

Hirasa K, Takemasa M (1998) Spice Science and Technology, Marcel Dekker
Inc., New York, 219 pp

Hoffman KL, Han 1Y, Dawson PL (2001) Antimicrobial effects of corn zein
films impregnated with nisin, lauric acid, and EDTA. Journal of Food Pro-
tection 64, 885-889

Ibanez E, Kubatova A, Senorans FJ, Cavero S, Reglero G, Hawthorne SB
(2003) Subcritical water extraction of antioxidant compounds from rosemary
plants. Journal of Agricultural and Food Chemistry 51, 375-382

Iisley S, Miller H, Greathead H, Kamel C (2002) Herbal sow diets boost pre-
weaning growth. Pig Progress 18, 8-10

Ipek E, Zeytinoglu H, Okay S, Tuylu BA, Kurkcuoglu M, Baser KHC
(2005) Genotoxicity and antigenotoxicity of origanum oil and carvacrol eva-
luated by Ames Salmonella/microsomal test. Food Chemistry 93, 551-556

Iscan G, Kirimer N, Kurkcuoglu M, Husnu K, Can Baser, Demirci F (2002)
Antimicrobial screening of Mentha piperita essential oils. Journal of Agricul-
ture and Food Chemistry 50, 3943-3946

Ismaiel AA, Pierson MD (1990) Effect of sodium nitrite and origanum oil on
growth and toxin production of Clostridium botulinum in TYG broth and
ground pork. Journal of Food Protection 53, 958-960

Jackson LS, Bullerman LB (1999) Effect of processing on Fusarium myco-
toxins. Advances in Experimental Medicine and Biology 459, 243-261

Juglal S, Govinden R, Odhav B (2002) Spice oils for the control of co-occur-
ring mycotoxin-producing fungi. Journal of Food Protection 65, 683-687

Juliano C, Mattana A, Usai M (2000) Composition and in vitro antimicrobial
activity of the essential oil of Thymus herba-barona Loisel growing wild in
Sardinia. Journal of Essential Oil Research 12, 516-522

Juven BJ, Kanner J, Schved F, Weisslowicz H (1994) Factors that interact
with the antibacterial action of thyme essential oil and its active constituents.
Journal of Applied Bacteriology 76, 626-631

Kahkonen MP, Hopia Al, Heikki JV, Rauha JP, Pihlaja K, Kujala TS, Hei-
nonen M (1999) Antioxidant activity of plant extracts containing phenolic
compounds. Journal of Agricultural and Food Chemistry 47, 3954-3962

Kartal N, Sokmen M, Bektas T, Daferera D, Polissiou M, Sokmen A (2007)
Investigation of the antioxidant properties of Ferula orientalis L. using a
suitable extraction procedure. Food Chemistry 100, 584-589

Karatzas AK, Bennik MHJ, Smid EJ, Kets EPW (2000) Combined action of
S-carvone and mild heat treatment on Listeria monocytogenes Scott A. Jour-
nal of Applied Microbiology 89, 296-301

Karatzas AK, Kets EPW, Smid EJ, Bennik MHJ (2001) The combined ac-
tion of carvacrol and high hydrostatic pressure on Listeria monocytogenes
Scott A. Journal of Applied Microbiology 90, 463-469

Karpouthsis I, Pardali E, Feggou E, Kokkini S, Scouras ZG, Mavragani-
Tsipidou P (1998) Insecticidal and genotoxic activities of oregano essential
oils. Journal of Agricultural and Food Chemistry 46, 1111-1115

132

Kasai H, Fukada S, Yamaizumi Z, Sugie S, Mori H (2000) Action of chloro-
genic acid in vegetable and fruits as an inhibitor of 8-hydroxydeoxyguano-
sine formation in vitro and in a rat carcinogenesis model. Food and Chemical
Toxicology 38, 467-471

Kim HY, Lee YJ, Hong KH, Kwon YK, Sim KC, Lee JY, Cho HY, Kim IS,
Han SB, Lee CW, Shin IS, Cho JS (2001) Isolation of antimicrobial sub-
stances from natural products and their preservative effects. Food Science
and Biotechnology 10, 59-71

Kim J, Marshall MR, Wei CI (1995) Antibacterial activity of some essential
oil components against five foodborne pathogens. Journal of Agricultural
and Food Chemistry 43, 2839-2845

Knobloch K, Pauli A, Iberl B, Weigand H, Weis N (1989) Antibacterial and
antifungal properties of essential oil components. Journal of Essential Oil
Research 1, 119-128

Knowles J, Roller S (2001) Efficacy of chitosan, carvacrol, and a hydrogen
peroxide-based biocide against foodborne microorganisms in suspension and
adhered to stainless steel. Journal Food Protectection 64, 1542-1548

Kohlert C, Schindler G, Marz RW, Abel G, Brinkhaus B, Derendorf H,
Grafe EU (2002) Systemic availability and pharmacokinetics of thymol in
humans. Journal of Clinical Pharmacology 42, 731-737

Koleva 11, van Beek TA, Linssen JPH, de Groot A, Evstatieva LN (2002)
Screening of plant extracts for antioxidant activity: a comparative study on
three testing methods. Phytochemical Analysis 13, 8-17

Koutsoumanis K, Lambropoulou K, Nychas GJE (1999) A predictive model
for the non-thermal inactivation of Salmonella enteritidis in a food model
system supplemented with a natural antimicrobial. International Journal of
Food Microbiology 49, 63-74

Kristensen L, Purslow PP (2001) The effect of processing temperature and ad-
dition of mono- and di-valent salts on the heme-nonheme-iron ratio in meat.
Food Chemistry 73, 433-439

Kucuk M, Kolayh S, Karaoglu S, Ulusoy E, Baltaci C, Candan F (2007)
Biological activities and chemical composition of three honeys of different
types from Anatolia. Food Chemistry 100, 526-534

Kwon JA, Yu CB, Park HD (2003) Bactericidal effects and inhibition of cell
separation of cinnamic aldehyde on Bacillus cereus. Letters in Applied
Microbiology 37, 61-65

Lachowicz KJ, Jones GP, Briggs DR, Bienvenu FE, Wan J, Wilcock A,
Coventry MJ (1998) The synergistic preservative effects of the essential oils
of sweet basil (Ocimum basilicum L.) against acid-tolerant food microflora.
Letters in Applied Microbiology 26, 209-214

Lambert RJW, Skandamis PN, Coote P, Nychas GJE (2001) A study of the
minimum inhibitory concentration and mode of action of oregano essential
oil, thymol and carvacrol. Journal of Applied Microbiology 91, 453-462

Lancaster MYV, Fields RD (1996) Antibiotic and cytotoxic drug susceptibility
assays using resazurin and poising agents. US Patent and Trademark Office
Patent No. 5,501,959, U.S.A., Alamar Biosciences Laboratory, Inc. (Chicago,
L)

Lanciotti R, Belletti N, Patrignani F, Gianotti A, Gardini F, Guerzoni ME
(2003) Application of hexanal, 2-(E)-hexenal and hexyl acetate to improve
the safety of fresh sliced apples. Journal of Agricultural and Food Chemistry
51, 2958-2963

Lanciotti R, Corbo MR, Gardini F, Sinigaglia M, Guerzoni ME (1999) Ef-
fect of hexanal on the shelf-life of fresh apple slices. Journal of Agricultural
and Food Chemistry 47, 4769-4776

Lanciotti R, Gianotti A, Patrignani F, Belleti N, Guerzoni ME, Gardini F
(2004) Use of natural aroma compounds to improve shelf life and safety of
minimally processed fruits. Trends in Food Science and Technology 15, 201-
208

Lebert I, Leroy S, Talon R (2007) Effect of industrial and natural biocides on
spoilage, pathogenic and technological strains grown in biofilm. Food Micro-
biology 24, 281-287

Lee KG, Shibamoto T (2001) Inhibiton malonaldehyde formation from blood
plasma oxidation by aroma extracts and aroma components isolated from
clove and eucalyptus. Food and Chemical Toxicology 39, 1199-1204

Lemay MJ, Choquette J, Delaquis PJ, Gariepy C, Rodrigue N, Saucier L
(2002) Antimicrobial effect of natural preservatives in a cooked and acidified
chicken meat model. International Journal of Food Microbiology 78, 217-
226

Leong LP, Shui G (2002) An investigation of antioxidant capacity of fruits in
Singapore markets. Food Chemistry 76, 69-75

Leontopoulos D, Siafaka A, Markaki P (2003) Black olives as substrate for
Aspergillus parasiticus growth and aflatoxin B1 production. Food Microbio-
logy 20, 119-126

Leung AY, Foster Steven (2003) Encyclopedia of Common Natural Ingredients
Used in Food, Drugs and Cosmetics (2™ Edn), John Wiley and Sons Ltd.,
New York, 688 pp

Lin YT, Labbe RG, Kalidas Shetty (2005) Inhibition of Vibrio parahaemoly-
ticus in seafood systems using oregano and cranberry phytochemical syner-
gies and lactic acid. Innovative Food Science and Emerging Technologies 6,
453-458

Lopez-Malo A, Alzamora SM, Palou E (2002) Aspergillus flavus dose-res-
ponse curves to selected natural and synthetic antimicrobials. International
Journal of Food Microbiology 73,213-218



Food biopreservation. Iraj Rasooli

Lucchini JJ, Core J, Cremieux A (1990) Antibacterial activity of phenolic
compounds and aromatic alcohols. Research in Microbiology 141, 499-510
Madeira SVF, Matos FJA, Leal-Cardoso JH, Criddle DN (2002) Relaxant
effects of the essential oil of Ocimum gratissimum on isolated ileum of the
guinea pig. Journal of Ethnopharmacology 81, 1-4

Madsen HL, Bertelsen G (1995) Spices as antioxidants. Trends in Food Sci-
ence and Technology 6, 271-277

Mahmoud AL (1994) Antifungal action and aflatoxinogenic properties of some
essential oil constituents. Letters in Applied Microbiology 19, 110-113

Mahmoud BSM, Badee AZM, El-Akel A, Ragab GH, Faheid SM (2004a)
Effect of some spices used as antioxidants on the yeast activity and the rheo-
logical properties of wheat flour. Deutsche Lebensmittel-Rundschau 100,
398-404

Mahmoud BSM, Yamazaki K, Miyashita K, Il-Shik S, Dong-Suk C, Suzuki
T (2004b) Bacterial microflora of carp (Cyprinus carpio) and its shelf-life
extension by essential oils compounds. Food Microbiology 21, 657-666

Mahmoud SS, Croteau RB (2002) Strategies for transgenic manipulation of
monoterpene biosynthesis in plants. Trends in Plant Science 78, 366-373

Manabe A, Nakayama S, Sakamoto K (1987) Effects of essential oils on
erythrocytes and hepatocytes from rats and dipalitoyl phophatidylcholine-
liposomes. Japanese Journal of Pharmacology 44, 77-84

Mann CM, Markham JL (1998) A new method for determining the minimum
inhibitory concentration of essential oils. Journal of Applied Microbiology 84,
538-544

Markowicz-Bastos DH, Ishimoto EY, Marques MOM, Ferri AF, Torres
EAFS (2006) Essential oil and antioxidant activity of green mate and mate
tea (llex paraguariensis) infusions. Journal of Food Composition and Analy-
sis 19, 538-543

Mari M, Bertolini P, Pratella GC (2003) Non-conventional methods for the
control of post-harvest pear diseases. Journal of Applied Microbiology 94,
761-766

Marino M, Bersani C, Comi G (2001) Impedance measurements to study the
antimicrobial activity of essential oils from Lamiacea and Compositae.
International Journal of Food Microbiology 67, 187-195

Matan N, Rimkeeree H, Mawson AJ, Chompreeda P, Haruthaithanasan V,
Parker M (2006) Antimicrobial activity of cinnamon and clove oils under
modified atmosphere conditions. International Journal of Food Microbiology
107, 180-185

Mattila P, Astola J, Kumpulainen J (2000) Determination of flavonoids in
plant material by HPLC with diode-array and electro-array detections. Jour-
nal of Agricultural and Food Chemistry 48, 5834-5841

Meister A, Bernhardt G, Christoffel V, Buschauer A (1999) Antispasmodic
activity of Thymus vulgaris extract on the isolated guinea-pig trachea: discri-
mination between drug and ethanol effects. Planta Medica 65, 512-516

Mejlholm O, Dalgaard P (2002) Antimicrobial effect of essential oils on the
seafood spoilage micro-organism Photobacterium phosphoreum in liquid
media and fish products. Letters in Applied Microbiology 34, 27-31

Mendoza-Yepes MJ, Sanchez-Hidalgo LE, Maertens G, Marin-Iniesta F
(1997) Inhibition of Listeria monocytogenes and other bacteria by a plant
essential oil (DMC) en Spanish soft cheese. Journal of Food Safety 17, 47-55

Middleton E, Kandaswami C, Theoharides TC (2000) The effects of plant
flavonoids on mammalian cells: implications for inflammation, heart disease,
and cancer. Pharmacological Reviews 52, 673-751

Min S, Harris LJ, Han JH, Krochta JM (2005) Listeria monocytogenes in-
hibition by whey protein films and coatings incorporating lysozyme. Journal
of Food Protection 68, 2317-2325

Miura K, Kikuzaki H, Nakatani N (2002) Antioxidant activity of chemical
components from sage (Salvia officinalis) and thyme (Thymus vulgaris) mea-
sured by the oil stability index method. Journal of Agriculture and Food Che-
mistry 50, 1845-1851

Moleyar V, Narasimham P (1992) Antibacterial activity of essential oil com-
ponents. International Journal of Food Microbiology 16, 337-342

Moore JE, Wilson TS, Wareing DRA, Humphrey TJ, Murphy PG (2002)
Prevalence of thermophilic Campylobacter spp. in ready-to-eat foods and
raw poultry in Northern Ireland. Journal Food Protectection 65, 1326-1328

Mourey A, Canillac N (2002) Anti-Listeria monocytogenes activity of essential
oils components of conifers. Food Control 13, 289-292

Moyler D (1998) CO, extraction and other new technologies: an update on
commercial adoption. In: International Federation of Essential Oils and
Aroma Trades — 21st International Conference on Essential Oils and Aroma's,
IFEAT, London, pp 33-39

Mundo MA, Padilla-Zakour OI, Worobo RW (2004) Growth inhibition of
foodborne pathogens and food spoilage organisms by select raw honeys.
International Journal of Food Microbiology 97, 1-8

Muthukumarasamy P, Han JH, Holley RA (2003) Bactericidal effects of
Lactobacillus reuteri and allyl isothiocyanate on E. coli O157:H7 in refrige-
rated ground beef. Journal Food Protectection 66,2038-2044

Nadarajah D, Han JH, Holley RA (2004) Inactivation of Escherichia coli
O157:H7 in packaged ground beef by allyl isothiocyanate. International
Journal of Food Microbiology 99, 269-279

Naidu AS (2000) Natural Food Antimicrobial Systems, CRC Press, Boca

Raton, FL, 818 pp

Nakatani N (2000) Phenolic antioxidants from herbs and spices. Biofactors 13,

133

141-146

Namazi M, Allameh A, Aminshahidi M, Nohee A, Malekzadeh F (2002)
Inhibitory effects of ammonia solution on growth and aflatoxin production by
Aspergillus parasiticus NRRL-2999. Acta Poloniae Toxicologica 10, 65-72

NCCLS (2000) Methods for dilution antimicrobial susceptibility tests for bac-
teria that grow aerobically; approved standard (5" Edn) NCCLS document
M7-A5. [ISBN 1-56238-394-9] NCCLS, 940 West Valley Road, Suite 1400,
Wayne, PA 19087-1898. USA, X pp

Negi PS, Jayaprakasha GK, Jagan R, Mohan L, Sakariah KK (1999) Anti-
bacterial activity of turmeric oil: A byproduct from curcumin. Journal of
Agricultural and Food Chemistry 47, 4297-4300

Nguefack J, Leth V, Amvam Zollo PH, Mathur SB (2004) Evaluation of five
essential oils from aromatic plants of Cameroon for controlling food spoilage
and mycotoxin producing fungi. International Journal of Food Microbiology
94, 329-334

Nielsen PV, Rios R (2000) Inhibition of fungal growth on bread by volatile
components from spices and herbs, and their possible application in active
packaging, with special emphasis on mustard essential oil. Infernational
Journal of Food Microbiology 60, 219-229

Nostro A, Blanco AR, Cannatelli MA, Enea V, Flamini G, Morelli I, Roc-
caro AS, Alonzo V (2004) Susceptibility of methicillin-resistant staphylo-
cocci to oregano essential oil, carvacrol and thymol. FEMS Microbiology
Letters 230, 191-195

Novak J, Bitsch C, Langbehn J, Pank F, Skoula M, Gotsiou Y, Franz CM
(2000) Ratios of cis- and frans-sabinene hydrate in Origanum marjoram L.
and Origanum midrophyllum (Bentham) Vogel. Biochemical Systematics and
Ecology 28, 697-704

Nychas GJE (1995) Natural antimicrobials from plants. In: Gould GW (Ed)
New Methods of Food Preservation, Blackie Academic and Professional,
London, pp 58-89

Nychas GJE, Tassou CC, Skandamis P (2003) Antimicrobials from herbs and
spices. In: Roller S (Ed) Natural Antimicrobials for the Minimal Processing
of Foods, Woodhead Publishing, Cambridge, pp 176-200

O'Conner-Shaw RE, Gurthrie JA, Dunlop KJ, Roberts R (1995) Coliforms
in processed mango: significance and control. International Journal of Food
Microbiology 25, 51-61

Ogawa T, Matsuzaki H, Isshiki K (1998) Bacterial control by hydrostatic
pressure treatment with addition of allylisothiocianate. Nippon Shokuhin
Kagaku Kogaku Kaishi 45, 349-356

Okazaki K, Kawazoe K, Takaishi YK (2002) Human platelet aggregation
inhibitors from thyme (Thymus vulgaris). Phytotherapy Research 16, 398-
399

Onawunmi GO (1989) Evaluation of the antimicrobial activity of citral. Letters
in Applied Microbiology 9, 105-108

Orhan I, Kartal M, Naz Q, Ejaz A, Yilmaz G, Kan Y, Konuklugil B, Sener
B, Choudhary MI (2007) Antioxidant and anticholinesterase evaluation of
selected Turkish Salvia species. Food Chemistry 103, 1247-1254

Ormancey X, Sisalli S, Coutiere P (2001) Formulation of essential oils in
functional perfumery, Parfums, Cosmetiques, Actualités 157, 30-40

Ou B, Huang D, Hampsch-Woodill M, Flanagan JA, Deemer EK (2002)
Analysis of antioxidant activities of common vegetables employing oxygen
radical absorbance capacity (ORAC) and ferric reducing antioxidant power
(FRAP) assay: a comparative study. Journal of Agricultural and Food Che-
mistry 50, 3122-3128

Ouattara B, Sabato SF, Lacroix M (2001) Combined effect of antimicrobial
coating and gamma irradiation on shelf life extension of pre-cooked shrimp
(Penaeus spp.). International Journal of Food Microbiology 68, 1-9

Ouattara B, Simard RE, Holley RA, Piette GJP, Begin A (1997) Antibac-
terial activity of selected fatty acids and essential oils against six meat spoil-
age organisms. International Journal of Food Microbiology 37, 155-162

Oussallah M, Caillet S, Salmieri S, Saucier L, Lacroix M (2004) Antimicro-
bial and antioxidant effects of milk protein based film containing essential
oils for the preservation of whole beef muscle. Journal of Agriculture and
Food Chemistry 52, 5598-5605

Owlia P, Rasooli I, Saderi H, Aliahmadi M (2007) Retardation of biofilm for-
mation with reduced productivity of alginate as a result of Pseudomonas
aeruginosa exposure to Matricaria chamomilla essential oil. Pharmacognosy
Magazine 3, 83-89

Appendini P, Hotchkiss JH (2002) Review of antimicrobial food packaging.
Innovative Food Science and Emerging Technologies 3, 113-126

Packiyasothy EV, Kyle S (2002) Antimicrobial properties of some herb essen-
tial oils. Food Australia 54, 384-387

Padget T, Han IY, Dawson PL (2000) Effect of lauric acid addition on the
antimicrobial efficacy and water permeability of corn zein films containing
nisin. Journal of Food Processing and Preservation 24, 423-432

Pandey R, Kalra A, Tandon S, Mehrotra N, Singh HN, Kumar S (2000)
Essential oil compounds as potent source of nematicidal compounds. Journal
of Phytopathology 148, 501-502

Pandit VA, Shelef LA (1994) Sensitivity of Listeria monocytogenes to rose-
mary (Rosmarinus officinalis L.). Food Microbiology 11, 57-63

Park SF (2002) The physiology of Campylobacter species and its relevance to
their role as foodborne pathogens. International Journal of Food Microbio-
logy 74, 177-188



Food 1(2), 111-136 ©2007 Global Science Books

Paster N, Juven BJ, Shaaya E, Menasherov M, Nitzan R, Weisslowicz H,
Ravid U (1990) Inhibitory effect of oregano and thyme essential oils on
moulds and foodborne bacteria. Letters in Applied Microbiology 11, 33-37

Periago PM, Moezelaar R (2001) Combined effect of nisin and carvacrol at
different pH and temperature levels on the variability of different strains of
Bacillus cereus. International Journal of Food Microbiology 68, 141-148

Periago PM, Palop A, Fernandez PS (2001) Combined effect of nisin, carva-
crol and thymol on the viability of Bacillus cereus heat-treated vegetative
cells. Food Science and Technology International 7, 487-492

Pessoa LM, Morais SM, Bevilaqua CML, Luciano JHS (2002) Anthelmintic
activity of essential oil of Ocimum gratissimum Linn. and eugenol against
Haemonchus contortus. Veterinary Parasitology 109, 59-63

Pietta PG (2000) Flavonoids as antioxidants. Journal of Natural Products 63,
1035-1042

Pintore G, Usai M, Bradesi P, Juliano C, Boatto G, Tomi F, Chessa M, Cerri
R, Casanova J (2002) Chemical composition and antimicrobial activity of
Rosmarinus officinalis L. oils from Sardinia and Corsica. Flavour and Frag-
rance Journal 17, 15-19

Pitt and Hocking (1997) Fungi and Food Spoilage, Blackie Academic and Pro-
fessional, London, 593 pp

Pokorny J (1991) Natural antioxidant for food use. Trends in Food Science
Technology 9, 223-227

Pol IE, Smid EJ (1999) Combined action of nisin and carvacrol on Bacillus
cereus and Listeria monocytogenes. Letters in Applied Microbiology 29, 166-
170

Pol IE, Krommer J, Smid EJ (2002) Bioenergetic consequences of nisin com-
bined with carvacrol towards Bacillus cereus. Innovative Food Science and
Emerging Technologies 3, 55-61

Pol IE, Mastwijk HC, Slump RA, Popa ME, Smid EJ (2001) Influence of
food matrix on inactivation of Bacillus cereus by combinations of nisin,
pulsed electric field treatment and carvacrol. Journal of Food Protection 64,
1012-1018

Pradsad MM, Seenayya G (2000) Effect of spices on the growth of red halo-
philic cocci isolated from salt cured fish and solar salt. Food Research Inter-
national 33, 793-798

Proestos C, Boziaris IS, Nychas GJE, Komaitis M (2006) Analysis of flavo-
noids and phenolic acids in Greek aromatic plants: Investigation of their anti-
oxidant capacity and antimicrobial activity. Food Chemistry 95, 664-671

Prudent D, Perineau F, Bessiere JM, Michel GM, Baccou JC (1995) Ana-
lysis of the essential oil of wild oregano from Martinique (Coleus aromaticus

Benth.) — evaluation of its bacterioatatic and fungistatic properties. Journal of

Essential Oil Research 7, 165-173

Quintavalla S, Vicini L (2002) Antimicrobial food packaging in meat industry.
Meat Science 62, 373-380

Rajesh K, Ajay KM, Dubey NK, Tripathi YB (2007) Evaluation of Chenopo-
dium ambrosioides oil as a potential source of antifungal, antiaflatoxigenic
and antioxidant activity. International Journal of Food Microbiology 115,
159-164

Ramanathan L, Das NP (1992) Studies on the control of lipid oxidation in
ground fish by some polyphenolic natural products. Journal of Agriculture
and Food Chemistry 40, 17-21

Rasooli I, Owlia P (2005) Chemoprevention by thyme oils of Aspergillus para-
siticus growth and aflatoxin production. Phytochemistry 66,2851-2856

Rasooli I, Razzaghi AM (2004) Inhibitory effects of Thyme oils on growth and
aflatoxin production by Aspergillus parasiticus. Food Control 15, 479-483

Rasooli I, Rezaei MB, Allameh A (2006a) Ultrastructural studies on antimicro-
bial efficacy of thyme essential oils on Listeria monocytogenes. International
Journal of Infectious Diseases 10, 236-241

Rasooli I, Rezaei MB, Allameh A (2006b) Growth inhibition and morpholo-
gical alterations of Aspergillus niger by essential oils from Thymus eriocalyx
and Thymus x-porlock. Food Control 17, 359-364

Ratledge C, Wilkinson SG (1988) An overview of microbial lipids. In: Rat-
ledge C, Wilkinson SG (Eds) Microbial Lipids (Vol 1), Academic Press, Lon-
don, pp 3-22

Rauha JP, Remes S, Heinonen M, Hopia A, Kahkonen M, Kujala T, Pihlaja
K, Vuorela H, Vuorela P (2000) Antimicrobial effects of Finnish plant ex-
tracts containing flavonoids and other phenolic compounds. International
Journal of Food Microbiology 56, 3-12

Reische DW, Lillard DA, Eintenmiller RR (1998) Antioxidants in food lipids.
In: Ahoh CC, Min DB (Eds) Chemistry, Nutrition and Biotechnology Marcel
Dekker, New York, pp 423-448

Rice-Evans CA, Miller NJ, Paganga G (1996) Structure-antioxidant activity
relationships of flavonoids and phenolic acids. Free Radical Biology and Me-
dicine 20, 933-956

Rice-Evans CA, Miller NJ, Paganga G (1997) Antioxidant properties of phe-
nolic compounds. Trends in Plant Science 2, 152-159

Richheimer SL, Bailey DT, Bernart MW, Kent M, Viniski JV, Andersen LD
(1999) Antioxidant activity and oxidative degradation of phenolic com-
pounds isolated from rosemary. Recent Research Development in Oil Che-
mistry 3, 45-48

Rimm EB, Ascherio A, Grovannucci E, Spielgelman D, Stampfer MJ, Wil-
lett WC (1996) Vegetable, fruit and cereal fiber intake and risk of coronory
heart disease among men. Journal of the American Medical Association 275,

134

447-451

Rios JL, Recio MC, Villar A (1988) Screening methods for natural antimicro-
bial products with antimicrobial activity: a review of the literature. Journal of
Ethnopharmacology 23, 127-149

Robards K, Prenzler PD, Tucker G, Swatsitang P, Glover W (1999) Phenolic
compounds and their role in oxidative processes in fruits. Food Chemistry 66,
401-436

Rocourt J, BenEmbarek P, Toyofuku H, Schlundt J (2003) Quantitative risk
assessment of Listeria monocytogenes in ready-to-eat foods the FAO/WHO
approach. FEMS Immunology and Medical Microbiology 35, 263-267

Roller S, Seedhar P (2002) Carvacrol and cinnamic acid inhibit microbial
growth in fresh-cut melon and kiwifruit at 4°C and 8°C. Letters in Applied
Microbiology 35, 390-394

Ruberto G, Baratta MT, Deans SG, Dorman HJD (2000) Antioxidant and
antimicrobial activity of Foeniculum vulgare and Crithmum maritimum es-
sential oils. Planta Medica 66, 687-693

Sacchetti G, Maietti M, Muzzoli M, Scaglianti M, Manfredini M, Radice M,
Bruni R (2005) Comparative evaluation of 11 essential oils of different ori-
gin as functional antioxidants, antiradicals and antimicrobials in foods. Food
Chemistry 91, 621-632

Sagdic O, Kuscu A, Ozkan M, Ozcelik S (2002) Effect of Turkish spice ex-
tracts at various concentrations on the growth of E. coli 0157:H7 Food
Microbiology 19, 473-480

Sahin F, Gulluce M, Daferera D, Sokmen A, Sokmen M, Polissiou M, Agar
G, Ozer H (2004) Biological activities of the essential oils and methanol ex-
tract of Origanum vulgare ssp. vulgare in the Eastern Anatolia region of Tur-
key. Food Control 15, 549-557

Salvat A, Antonnacci L, Fortunato RH, Suarez EY, Godoy HM (2001)
Screening of some plants from Northern Argentina for their antimicrobial
activity. Letters in Applied Microbiology 32, 293-297

Schinella GR, Troiani G, Davila V, Buschiazzo PM, Tournier HA (2000)
Antioxidant effects of Na aqueous extract of llex paraguariensis. Biochemi-
cal and Biophysical Research Communication 269, 357-360

Schlesier K, Harwat M, Bohm YV, Bitsch R (2002) Assessment of antioxidant
activity by using different in vitro methods. Free Radical Research 36, 177-
187

Schuenzel KM, Harrison MA (2002) Microbial antagonists of foodborne pa-
thogens on fresh minimally processed vegetables. Journal of Food Protection
65, 1909-1915

Senatore F, Napolitano F, Ozcan M (2000) Composition and antibacterial acti-
vity of the essential oil from Crithmum maritimum L. (Apiaceae) growing
wild in Turkey. Flavour and Fragrance Journal 15, 186-189

Serrano M, Martinez-Romero D, Castillo S, Guillen F, Valero D (2005) The
use of natural antifungal compounds improves the beneficial effect of MAP
in sweet cherry storage. Innovative Food Science and Emerging Technologies
6, 115-123

Sevtap A, Basaranb AA, Basarana N (2005) The effects of thyme volatiles on
the induction of DNA damage by the heterocyclic amine IQ and mitomycin C.
Mutation Research/Genetic Toxicology and Environmental Mutagenesis 581,
43-53

Seydim AC, Sarikus G (2006) Antimicrobial activity of whey protein based
edible films incorporated with oregano, rosemary and garlic essential oils.
Food Research International 39, 639-644

Shabala L, Budde B, Ross T, Siegumfeldt H, Jakonsen M, McMeekin T
(2002) Responses of Listeria monocytogenes to acid stress and glucose avail-
ability revealed by a novel combination of fluorescence microscopy and
microelectrode ion-selective techniques. Applied and Environmental Micro-
biology 68, 1794-1802

Shelef LA (1983) Antimicrobial effects of spices. Journal of Food Safety 6, 29-
44

Shelef LA, Jyothi EK, Bulgarelli MA (1984) Growth of enteropathogenic and
spoilage bacteria in sage-containing broth and foods. Journal of Food Sci-
ence 49, 737-740

Sikkema J, de Bont JAM, Poolman B (1994) Interactions of cyclic hydrocar-
bons with biological membranes. The Journal of Biological Chemistry 269,
8022-8028

Sikkema J, de Bont JAM, Poolman B (1995) Mechanisms of membrane toxi-
city of hydrocarbons. Microbiological Reviews 59, 201-222

Singh N, Singh RK, Bhunia AK, Stroshine RL (2002) Efficacy of chlorine di-
oxide, ozone and thyme essential oil or a sequential washing in killing Esche-
richia coli O157:H7 on lettuce and baby carrots. Lebensmittelwissenchaften
und Technologien 35, 720-729

Siragusa GR, Cutter CN, Willett JL (1999) Incorporation of bacteriocin in
plastic retains activity and inhibits surface growth of bacteria on meat. Food
Microbiology 16, 229-235

Sivropoulou A, Kokkini S, Lanaras T, Arsenakis M (1995) Antimicrobial ac-
tivity of mint essential oils. Journal of Agriculture and Food Chemistry 43,
2384-2388

Skandamis P, Kout: nis K, F K, Nychas GJE (2001) Inhibition of
oregano essential oil and EDTA on Escherichia coli O157:H7. Italian Jour-
nal of Food Science 13, 65-75

Skandamis P, Tassou C, Nychas GJE (1999) Potential use of essential oils as
food preservatives. In: Tuijtelaars ACJ, Samson RA, Romouts FM, Noter-




Food biopreservation. Iraj Rasooli

mans S (Eds) Food Microbiology and Food Safety Into the Next Millennium.
Proceedings of the 1 7" International Conference on Committee Food Micro-
biology and Hygiene, Veldhoven, Wageningen, Netherlands, pp 300-307

Skandamis P, Tsigarida E, Nychas GJE (2002) The effect of oregano essential
oil on survival/death of Salmonella typhimurium in meat stored at 5°C under
aerobic, VP/MAP conditions. Food Microbiology 19, 97-103

Skandamis PN, Nychas GJE (2000) Development and evaluation of a model
predicting the survival of Escherichia coli O157:H7 NCTC 12900 in home-
made eggplant salad at various temperatures, pHs and oregano essential oil
concentrations. Applied and Environmental Microbiology 66, 1646-1653

Skandamis PN, Nychas GJE (2001) Effect of oregano essential oil on micro-
biological and physico-chemical attributes of minced meat stored in air and
modified atmospheres. Journal of Applied Microbiology 91, 1011-1022

Skandamis PN, Tsigarida E, Nychas GJE (2000) Ecophysiological attributes
of Salmonella typhimurium in liquid culture and within a gelatin gel with or
without the addition of oregano essential oil. World Journal of Microbiology
and Biotechnology 16, 31-35

Smid EJ, Gorris LGM (1999) Natural antimicrobials for food preservation. In:
Rahman MS (Ed) Handbook of Food Preservation, Marcel Dekker, New
York, pp 285-308

Smith RL, Cohen S, Doull J, Feron VJ, Goodman JI, Marnett LJ, Munro
IC, Portoghese PS, Waddell WJ, Wagner BM, Adams TB (2005a) Criteria
for the safety evaluation of flavoring substances. Food and Chemical Toxico-
logy 43, 1141-1177

Smith RL, Cohen SM, Doull J, Feron VJ, Goodman JI, Marnett LJ, Porto-
ghese PS, Waddell WJ, Wagner BM, Hall RL, Higley NA, Lucas-Gavin C,
Adams TB (2005b). A procedure for the safety evaluation of natural flavour
complexes used as ingredients in food: essential oils. Food and Chemical
Toxicology 43, 345-363

Smith-Palmer A, Stewart J, Fyfe L (1998) Antimicrobial properties of plant
essential oils and essences against five important food-borne pathogens. Lez-
ters in Applied Microbiology 26, 118-122

Smith-Palmer A, Stewart J, Fyfe L (2001) The potential application of plant
essential oils as natural food preservatives in soft cheese. Food Microbiology
18, 463-470

Soliman KM, Badeaa RI (2002) Effect of oil extracted from some medicinal
plants on different mycotoxigenic fungi, Food and Chemical Toxicology 40,
1669-1675

Souza EL, Stamford TLM, Lima EO, Trajano VN (2007) Effectiveness of
Origanum vulgare L. essential oil to inhibit the growth of food spoiling
yeasts. Food Control 18, 409-413

Stammati A, Bonsi P, Zucco F, Moezelaar R, Alakomi Hl, von Wright A
(1999) Toxicity of selected plant volatiles in microbial and mammalian short-
term assays. Food and Chemical Toxicology 37, 813-823

Stecchini ML, Sarais I, Giavedoni P (1993) Effect of essential oils on Aero-
monas hydrophila in a culture medium and in cooked pork. Journal of Food
Protection 56, 406-409

Steinmetz KA, Potter JD (1996) Vegetables, fruits and cancer prevention: A
review. Journal of the American Diet Association 96, 1027-1039

Suhr KI, Nielsen PV (2004) Effect of weak acid preservatives on growth of
bakery product spoilage fungi at different water activities and pH values.
International Journal of Food Microbiology 95, 67-78

Takao T, Kiatani F, Watanabe N, Yagi A, Sakata K (1994) A simple screen-
ing method for antioxidants and isolation of several antioxidants produced by
marine bacteria from fish and shellfish. Biosence, Biotechnology and Bioche-
mistry 58, 1780-1783

Taniwaki MH, Hocking AD, Pitt JI, Fleet GH (2001a) Growth of fungi and
mycotoxin production on cheese under modified atmospheres. International
Journal of Food Microbiology 68, 125-133

Taniwaki MH, Hocking AD, Pitt JI, Fleet GH (2001b) Growth of fungi and
mycotoxin production on cheese under modified atmospheres. International
Journal of Food Microbiology 68, 125-133

Tassou C, Drosinos EH, Nychas GJE (1995) Effects of essential oil from mint
(Mentha piperita) on Salmonella enteritidis and Listeria monocytogenes in
model food systems at 4°C and 10°C. Journal of Applied Bacteriology 78,
593-600

Tassou C, Drosinos EH, Nychas GJE (1996) Inhibition of resident microbial
flora and pathogen inocula on cold fresh fish fillets in olive oil, oregano, and
lemon juice under modified atmosphere or air. Journal of Food Protection 59,
31-34

Tassoui C, Koutsoumanis K, Nychas GJE (2000) Inhibition of Salmonella
enteritidis and Staphylococcus aureus in nutrient broth by mint essential oil.
Food Research International 33, 273-280

Tharanathan RN (2003) Biodegradable films and composite coatings: Past,
present and future. Trends in Food Science Technology 14, 71-78

Trewavas A, Stewart D (2003) Paradoxical effects of chemicals in the diet on
health. Current Opinion in Plant Biology 6, 185-190

Tsigarida E, Skandamis P, Nychas GJE (2000) Behaviour of Listeria mono-
cytogenes and autochthonous flora on meat stored under aerobic, vacuum
and modified atmosphere packaging conditions with or without the presence
of oregano essential oil at 5°C. Journal of Applied Microbiology 89, 901-909

Tuley de Silva K (Ed) (1996) A Manual on the Essential Oil Industry, United
Nations Industrial Development Organization, Vienna, 232 pp

135

Tura D, Robards K (2002) Sample handling strategies for the determination of
biophenols in food and plants. Review. Journal of Chromatography A 975,
71-93

Ultee A, Smid EJ (2001) Influence of carvacrol on growth and toxin production
by Bacillus cereus. International Journal of Food Microbiology 64, 373-378

Ultee A, Bennink MHJ, Moezelaar R (2002) The phenolic hydroxyl group of
carvacrol is essential for action against the food-borne pathogen Bacillus
cereus. Applied and Environmental Microbiology 68, 1561-1568

Ultee A, Kets EPW, Smid EJ (1999) Mechanisms of action of carvacrol on the
food-borne pathogen Bacillus cereus. Applied and Environmental Microbio-
logy 65, 4606-4610

Ultee A, Kets EPW, Alberda M, Hoekstra FA, Smid EJ (2000b) Adaptation
of the food-borne pathogen Bacillus cereus to carvacrol. Archives of Micro-
biology 174, 233-238

Ultee A, Slump RA, Steging G, Smid EJ (2000a) Antimicrobial activity of car-
vacrol toward Bacillus cereus on rice. Journal of Food Protection 63, 620-
624

Vaara M (1992) Agents that increase the permeability of the outer membrane.
Microbiological Reviews 56, 395-411

Valero M, Frances E (2006) Synergistic bactericidal effect of carvacrol, cin-
namaldehyde or thymol and refrigeration to inhibit Bacillus cereus in carrot
broth. Food Microbiology 23, 68-73

Valero M, Giner MJ (2005) Effects of antimicrobial components of essential
oils on growth of Bacillus cereus INRA L2104 and the sensory qualities of
carrot broth. International Journal of Food Microbiology 106, 90-94

van de Braak SAAJ, Leijten GCJJ (1999) In vitro antibacterial activity of
some plant essential oils. In: Essential Oils and Oleoresins: A Survey in the
Netherlands and other Major Markets in the European Union, CBI, Centre
for the Promotion of Imports from Developing Countries, Rotterdam, 116 pp

van Krimpen MM, Binnendijk GP (2001) Ropadiar®™ as alternative for anti-
microbial growth promoter in diets of weanling pigs. Lelystad, Praktijkon-
derzoek Veehouderij, May 2001. 14 pp

Vardar-Unlu G, Candan F, Sokmen A, Daferera D, Polissiou M, Sokmen M,
Donmez E, Tepe B (2003) Antimicrobial and antitoxic activity of the essen-
tial oil and methanol extracts of Thymus pectinatus Fisch. et Mey. var. pecti-
natus (Lamiaceae), Journal of Agriculture and Food Chemistry 51, 63-67

Vaughn SF, Spencer GF, Shasha BS (1993) Volatile compounds from rasp-
berry and strawberry fruit inhibit post harvest decay fungi. Journal of Food
Science 58, 793-796

Vazquez BI, Fente C, Franco CM, Vazquez MJ, Cepeda A (2001) Inhibitory
effects of eugenol and thymol on Penicillium citrinum strains in culture
media and cheese. International Journal of Food Microbiology 67, 157-163

Vina J, Lloret A, Orti R, Alonso D (2004) Molecular bases of the treatment of
Alzheimer’s disease with antioxidants: Prevention of oxidative stress. Mole-
cular Aspects of Medicine 25, 117-123

‘Walsh SE, Maillard JY, Russell AD, Catrenich CE, Charbonneau DL, Bar-
tolo RG (2003) Activity and mechanism of action of selective biocidal agents
on Gram-positive and -negative bacteria. Journal of Applied Microbiology 94,
240-247

‘Wan J, Wilcock A, Coventry MJ (1998) The effect of essential oils of basil on
the growth of Aeromonas hydrophila and Pseudomonas fluorescens. Journal
of Applied Microbiology 84, 152-158

Ward SM, Delaquis PJ, Holley RA, Mazza G (1998) Inhibition of spoilage
and pathogenic bacteria on agar and pre-cooked roasted beef by volatile
horseradish distillates. Food Research International 31, 19-26

Weissinger WR, McWatters KH, Beuchat LR (2001) Evaluation of volatile
chemical treatments for lethality to Salmonella on alfalfa seeds and sprouts.
Journal of Food Protection 64, 442-450

Wen A, Delaquis P, Stanich K, Toivonen K (2003) Antilisterial activity of se-
lected phenolic acids. Food Microbiology 20, 305-311

Wendakoon CN, Sakaguchi M (1993) Combined effect of sodium chloride
and clove on growth and biogenic amine formation of Enterobacter aero-
genes in mackerel muscle extract. Journal of Food Protection 56, 410-413

Wendakoon CN, Sakaguchi M (1995) Inhibition of amino acid decarboxylase
activity of Enterobacter aerogenes by active components in spices. Journal
of Food Protection 58, 280-283

WHO (2002a) Food safety and food borne illness. World Health Organization
Fact sheet 237, revised January 2002. Geneva, pp 1-4

WHO (2002b) World health report: Reducing risks, promoting healthy life.
Geneva, World Health Organization, 30 Oct. 2002. ISBN 92 4 156207 2,
ISSN 1020-3311, 248 pp

Wilkinson JM, Hipwell M, Ryan T, Cavanagh HMA (2003) Bioactivity of
Backhousia citriodora: Antibacterial and antifungal activity. Journal of Agri-
cultural and Food Chemistry 51, 76-81

Williams JH, Phillips TD, Jolly PE, Stiles JK, Jolly CM, Aggarwal D (2004)
Human aflatoxicosis in developing countries: a review of toxicology, expo-
sure, potential health consequences, and interventions. American Journal of
Clinical Nutrition 80, 1106-1122

Wimpenny JWT, Lewis MWA (1977) The growth and respiration of bacterial
colonies. Journal of General Microbiology 103, 9-18

Wojtatowicz M, Chrzanowska J, Juskekyk P, Skib A, Gdula A (2002) Iden-
tification and biochemical characteristics of yeast mycoflora of Rokpol
cheese. International Journal of Food Microbiology 69, 135-140



Food 1(2), 111-136 ©2007 Global Science Books

Wollgast J, Anklam EE (2000) Review on polyphenols in theobroma cacao:
changes in composition during the manufacture of chocolate and methodo-
logy for identification and quantification. Food Research International 33,
423-447

Yadegarinia D, Gachkar L, Rezaei MB, Taghizadeh M, Alipoor AS, Rasooli
1 (2006) Biochemical activities of Iranian Mentha piperita L. and Myrtus
communis L. essential oils. Phytochemistry 67, 1249-1255

Yamazaki K, Yamamoto T, Kawai Y, Inoue N (2004) Enhancement of antilis-
terial activity of essential oil constituents by nisin and diglycerol fatty acid
ester. Journal of Food Microbiology 21, 283-289

Yanishlieva NV, Marinova EM, Gordon MH, Raneva VG (1999) Antioxidant

136

activity and mechanism of action of thymol and carvacrol in two lipid sys-
tems. Food Chemistry 64, 59-66

Yin MC, Cheng WS (2003) Antioxidant and antimicrobial effects of four gar-
lic-derived organosulfur compounds in ground beef. Meat Science 63, 23-28

Zaika LL (1988) Spices and herbs their antimicrobial activity and its determi-
nation. Journal of Food Safety 9,97-118

Zeringue HJ, Bhatnagar D (1990) Inhibition of aflatoxin production in Asper-
gillus flavus infected cotton bolls after treatment with neem (4Azadirachta
indica) leaf extracts. Journal of American Oil Chemical Society 67,215-216

Zhu X, Raina AK, Lee HG, Casadesus G, Smith MA, Perry G (2004) Oxida-
tive stress signaling in Alzheimer’s disease. Brain Research 1000, 32-39



