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ABSTRACT: Traditional antimicrobials have been extensively used for many years. However, consumers are cur-
rently demanding wholesome, fresh-like, and safe foods without addition of chemically synthesized preservatives.
The application of novel natural antimicrobials to assure safety of fresh-cut fruits and unpasteurized juices while
preventing quality loss is a promising alternative. The effectiveness of these natural substances added to fruit deriva-
tives has been studied by different researchers. Antimicrobials of animal (lactoperoxidase, lysozyme, and chitosan),
plant (essential oils, aldehydes, esters, herbs, and spices), and microbial origin (nisin) can be used to effectively
reduce pathogenic and spoilage microorganisms in fresh-cut fruits and fruit juices. Nevertheless, the use of these
compounds at a commercial level is still limited due to several factors such as impact on sensory attributes or, in
some cases, regulatory issues concerning their use. Therefore, extensive research on the effects of each antimicro-
bial on food sensory characteristics is still needed so that antimicrobial substances of natural origin can be regarded

as feasible alternatives to synthetic ones.

Introduction

Consumption of ready-to-eat fresh-cut fruits and fruit juices
has substantially risen over the last few years, mostly due to the
increasing demand for low-caloric food products with fresh-like
characteristics. In addition, there is scientific evidence that con-
sumption of fruits and vegetables helps prevent many degenera-
tive diseases such as cardiovascular problems and several cancers
(Rico and others 2007). However, as a consequence of inap-
propriate manipulation and storage conditions, both pathogenic
and/or deteriorative microorganisms may contaminate a prod-
uct, thus increasing the risk of microbial diseases and spoilage
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(Beuchat 1996; Diaz-Cinco and others 2005). In fact, the num-
ber of outbreaks and cases of illness caused by consumption of
fresh-cut fruits and unpasteurized juices has increased in the last
years (Harris and others 2003).

Quality losses in fresh-cut fruits and unpasteurized juices may
occur as a consequence of microbiological, enzymatic, chemi-
cal, or physical changes. Safety and quality losses by microbio-
logical causes are very important due to 2 reasons: first, because
they constitute a hazard for consumers by the possible presence
of microbial toxins or pathogenic microorganisms in the product,
and second, by economic losses as a result of microbial spoilage.
Many food preservation strategies such as chilling, freezing, wa-
ter activity reduction, nutrient restriction, acidification, modified
atmosphere packaging, fermentation, nonthermal physical treat-
ments or the use of antimicrobials have been traditionally ap-
plied to control microbial growth (Davidson 2001). However,
interest in the use of natural substances to prevent fresh-cut fruits
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and unpasteurized juices from microbiological spoilage while
assuring safety and maintaining quality characteristics has signif-
icantly increased in the last years, due to the high demand of
healthy, fresh-like, and safe foods that contain as low amounts
of preservatives as possible (Soliva-Fortuny and Martin-Belloso
2003).

Antimicrobial agents are considered as food additives. There-
fore, their use in foods is ruled by both international and national
regulations. Hence, different countries have their own regulations
with lists of approved additives (European Parliament and Council
Directive N° 95/2/EC 1995; USFDA 2006, 2007; USCFR 2009).
The U.S. Food and Drug Act, the European Union standards, and
the Codex Alimentarius, which constitutes the FAO/WHO joint
regulatory document, are the foremost governmental regulations
concerning food additives (Raju and Bawa 2006). According to
these regulations, the majority of natural antimicrobials are gen-
erally recognized as safe (GRAS); however, this will depend on
their origin in an edible or inedible commodity and demonstrated
absence of toxicity in concentrated form. Therefore, some limits
based on these conditions, effects on sensory attributes, and the
allowed acceptable daily intake (ADI) can be established in each
case.

This review presents a compilation of the different studies on
the use of natural antimicrobials in fresh-cut fruits and juices to
maintain their safety and quality.

Microorganisms Associated with Fresh-Cut
Fruits and Fruit Juices

Foods of plant origin such as fruits and vegetables have hetero-
geneous characteristics with regard to their compositions. Conse-
quently, the microbiota in these products may substantially differ
depending on medium pH, nutrient availability, and water ac-
tivity, among other factors (Kalia and Gupta 2006). Fruits may
become contaminated with pathogenic and spoilage microor-
ganisms either during their growing in fields, orchards, vineyards,
or greenhouses, or during harvesting, postharvest handling, and
distribution (Beuchat 2002). Fresh fruits have a natural protec-
tive barrier (skin) that acts effectively against most plant spoilage
and pathogenic microorganisms; however, this protection may
be eliminated during the processing, thus exposing the fruit flesh
to unfavorable environmental conditions as well as to a possible
contamination with pathogenic microorganisms including bacte-
ria, viruses, and parasites during the handling, cutting, shredding,
and maintenance of the fresh-cut fruit at ambient temperature
(Brackett 1994; Nguyen-The and Carlin 1994; Balla and Farkas
2006). Hence, the number of documented outbreaks of human
infections associated with consumption of fresh-cut fruits (ranged
from 1 to 6 per year) and unpasteurized fruit juices (ranged from
1 to 5 per year) has increased in the last 2 decades in compari-
son with previous decades (ranged from O to 1 per year) (Table 1
and 2).

Very few surveys analyzing the incidence of pathogens in fresh-
cut fruits and fruit juices have been carried out and reported
in the literature. Harris and others (2003) reported absence of
Salmonella in a total of 336 samples of freshly peeled oranges
or tangerines. Likewise, Martinez and others (2000) reported ab-
sence of L. monocytogenes in minimally processed fruit salads in-
cluding papaya, apple, watermelon, grape, guava, and pineapple.
On the other hand, Sado and others (1998) found that 2 samples
of a total of 50 analyzed, corresponding to an apple juice and
an apple/raspberry juice, were positive for L. monocytogenes.
In contrast, survival and growth of pathogenic microorganisms
in fresh-cut fruits and fruit juices have been more extensively
studied. For example, challenge studies have been performed to

evaluate the behavior of Campylobacter jejuni, E. coli O157:H7,
Salmonella spp., L. monocytogenes, Staphylococcus aureus, and
Shigella in several products (Table 3 and 4).

The causal agents of microbiological spoilage in fruits and
derivatives can be bacteria, as well as yeasts and molds. The lat-
ter are considered the main spoilage agents due to the low pH
of most fruits. Nevertheless, some bacteria such as Erwinia spp.,
Enterobacter spp., Alicyclobacillus spp., Propionibacterium cy-
clohexanicum, Pseudomonas spp., and lactic acid bacteria have
been reported as deteriorative in cut fruit and juices (Pao and
Petracek 1997; Brackett 2001; Chang and Kang 2004; Walker
and Phillips 2008). Certain common molds such as Penicillium
spp., Aspergillus spp., Eurotium spp., Alternaria spp., Cladospo-
rium spp., Paecilomyces spp., and Botrytis spp. have been shown
to be involved in the spoilage of fresh fruits and some processed
fruit derivatives including the thermally processed (Splittstoesser
1991; Beuchat and Pitt 1992; Lund and Snowdon 2000). On
the other hand, Jay and others (2005) reported the occurrence
of yeasts such as Saccharomyces spp. Cryptococcus spp., and
Rhodotorula spp. in fresh fruits, and Zygosaccharomyces spp.,
Hanseniaspora spp., Candida spp., Debaryomyces spp., and
Pichia spp. in dried fruits. Although both molds and yeasts are
able to grow in fruit tissue, the latter are more often associated
with spoilage of cut fruits due to their ability to grow faster than
molds.

Four types of factors determine the colonization of fresh-cut
fruits and derivatives by microorganisms: 1) intrinsic factors,
which are dependent on food composition, such as water activ-
ity, pH, redox potential, nutrients, structures, and antimicrobial
agents; 2) technological treatments, which can modify the ini-
tial microbiota; 3) extrinsic factors or environmental conditions
of the medium such as temperature, relative humidity, and at-
mosphere; 4) implicit factors, which depend on the developing
microbiota and the handling of both the raw material and the
product during processing and storage (Montville and Matthews
2001)

Antimicrobials for the Preservation of Fresh-Cut
Fruits and Fruit Juices

Whole fresh fruits before processing are washed with water
containing chemical sanitizer agents such as chlorine, chlorine
dioxide, trisodium phosphate, hydrogen peroxide, organic acids,
and ozone to decontaminate the surface of the fruit; with chlo-
rine being among the more effective chemical additives in re-
ducingpathogenic or naturally occurring microorganisms (by the
order of 10- to 100-fold) (Balla and Farkas 2006). So, if the ini-
tial microbial load of the fruit surface is high (>100,000 cells/
cm?), then it would be ineffective. Several nonthermal physical
treatments, however, such as ionizing irradiation, high hydro-
static pressure, pulsed electric field (for liquid foods), ultravio-
let light, pulsed light, and ultrasound are emerging to improve
the microbiological safety and quality of minimally processed
foods including fruit products (Ross and others 2003). Neverthe-
less, the high treatment intensities required for microbial inac-
tivation by some of these physical treatments during processing
can cause adverse changes in the sensory or nutritional proper-
ties of the food (Ross and others 2003). Moreover, some emerg-
ing nonthermal technologies have been considered too energy
expensive or costly to be practical for use in food processing
(Raso and others 1998). On the other hand, the resilience of
bacterial spores and the existence of highly resistant microbial
subpopulations could also currently limit the efficacies of emerg-
ing nonthermal technologies (Ross and others 2003). Therefore
in this review, traditional and alternative natural antimicrobial
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Table 1 —Outbreaks of foodborne illness caused by pathogenic bacteria associated with fresh fruits.

Causal agent Year Fruits Cases (death) Place
E. coli O157:H7 2005 Fruit salad 18 Home

Salmonella ser. Braenderup 2005 Roma tomatoes 84 Restaurant or deli
Salmonella ser. Braenderup 2004 Roma tomatoes 137 Restaurant or delicatessen, home
Salmonella multiserotypes 2004 Roma tomatoes 429 -

Salmonella spp. 2003 Strawberry 13 -

Salmonella ser. Muenchen 2003 Cantaloupe, Honeydew melons 58 —

Salmonella ser. Newport 2003 Honeydew melons 68 -

Salmonella ser. Berta 2002 Watermelon 29 —

Salmonella ser. Poona 2002 Cantaloupe melon 26 —

Salmonella ser. Newport 2002 Tomatoes 510 -

Salmonella ser. Newport 2002 Fruit salad 51 —

Salmonella ser. Poona 2001 Honeydew melons, watermelon 23 Restaurant
Salmonella ser. Saintpaul 2001 Mango 26 Private home
Salmonella ser. Poona 2001 Watermelon 23 —

Salmonella ser. Poona 2001 Cantaloupe, Honeydew melons 50 Private home
Salmonella ser. Senftenberg 2001 Green grapes 40 Private home

E. coli O157:H7 2001 Pear 14 School

E. coli O157:H7 2000 Watermelon 736 Restaurant

E. coli O157:H7 2000 Red grape 14 Grocery store
Salmonella ser. Poona 2000 Cantaloupe melon 46 —

Salmonella ser. Thompson 2000 Tomato 43 Private home
Salmonella ser. Enteritidis 1999 Honey dew melons/watermelon 82 School

Salmonella ser. Newport 1999 Mango 79 Multiple

Salmonella ser. Baildon 1998 Tomatoes >85(3) Multiple

Salmonella ser. Oranienburg 1998 Mango 9 Private home
Salmonella ser. Oranienburg 1998 Cantaloupe 22 Various

E. coli O157:H7 1997 Melon 9 Private home
Salmonella ser. Saphra 1997 Cantaloupe melon 24 Restaurant, home, grocery store
E. coli O157:H7 1993 Cantaloupe 27 Restaurant
Salmonella ser. Montevideo 1993 Tomatoes 100 Restaurant
Salmonella ser. Poona 1991 Cantaloupe >400 Multiple

Salmonella ser. Javiana 1990 Fresh tomatoes 176 Day care center, restaurant
Salmonella ser. Chester 1990 Cantaloupe 25000(2) —

Salmonella ser. Miami 1954 Watermelon 17(1) Supermarket

Adapted from Harris and others (2003) and CDC (2007).

Table 2-—Outbreaks of foodborne illness caused by pathogenic bacteria associated with fruit juices.

Causal agent Year Fruit juice Cases (death) Place
Salmonella ser. Typhimurium 2005 Orange juice unpasteurized 157 Restaurant, deli, private home
and Saintpaul
Salmonella ser. Enteritidis 2000 Orange, grapefruit, and lemonade juice 74 Multiple places
Salmonella ser. Muenchen 1999 Orange juice unpasteurized 398 (1) -
Salmonella ser. Typhimurium 1999 Orange juice 427 Retail
Salmonella ser. Anatum 1999 Orange juice unpasteurized 10 Other
Salmonella ser. Typhimurium 1999 Mamey juice unpasteurized 13 -
E. coli O157:H7 1999 Apple cider unpasteurized 5 Private home
E. coli O157:H7 1998 Apple juice 14 Farm, home
E. coli O157:H7 1997 Apple cider unpasteurized 6 Farm
E. coli O157:H7 1996 Apple cider unpasteurized 56 Multiple
E. coli O157:H7 1996 Apple juice unpasteurized 71(1); 14HUS Community
E. coli O157:H7 1996 Apple cider unpasteurized 14 (3) Small cider mill
E. coli O157:H7 1996 Apple cider unpasteurized 6 Small cider mill
Salmonella ser. Hartford, 1995 Orange juice 62 Theme park
Gaminara and Rubislaw
E. coli O157:H7 1992 Orange juice 6 Roadside vendor
E. coli O157:H7 1991 Apple cider 23; 4HUS Community
Salmonella ser. Javiana 1991 Watermelon juice 39 Indoor picnic, school party
Salmonella ser. Enteritidis 1991 Orange juice 600 -
E. coli O157:H7 1980 Apple juice unpasteurized 14 (1); 14HUS Local market
Salmonella ser. Typhimurium 1974 Apple cider 296 Farm and small retail outlets

HUS = people with hemolytic uremic syndrome.
Adapted from Powell and Luedtke (2000), Harris and others (2003), and CDC (2007).
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Table 4 — Survival and growth of pathogenic bacteria in fruit juices.

Juice Temperature Storage Initial/final counts
Pathogen type pH (°C) time (h) (log CFU/mL) Reference
Escherichia coli O157:H7  Apple cider 3.6 to 4.0 25 72 to 144 5.0/<1.0 Zhao and others (1993)
Escherichia coli O157:H7  Apple cider 3.6 to 4.0 8 360t0 816 5.0/<1.0 Zhao and others (1993)
Escherichia coli O157:H7  Apple cider 3.6 10 4.0 8 264t0360 2.0/<1.0 Zhao and others (1993)
Escherichia coli O157:H7  Apple cider 3.7 to 3.9 4 240 4.5/9.4 Miller and Kaspar (1994)
Escherichia coli O157:H7  Apple cider 3.5 21and4 168 5.3/<1.5and 5.3/2.2 Uljas and Ingham (1999)
Escherichia coli O157:H7  Apple cider 3.7 26 144 6.0/4.5 Janisiewicz and others (1999)
Escherichia coli O157:H7  Apple cider 3.6 to0 4.2 20to25 168 4.3/2510 4.1 Dingman (2000)
Escherichia coli O157:H7  Apple juice — 8and25 336and72 5.1/5.0 and 5.3/5.1 Ceylan and others (2004)
Escherichia coli O157:H7  Apple cider 3.510 3.6 5 72 8.0/7.9 Ingham and others (2006)
Listeria monocytogenes Apple juice 3.7 5and20 72and24  4.5/Nd and 4.5/Nd Yuste and Fung (2002)
Listeria monocytogenes Apple cider 3.5t03.6 5 72 5.8/1.5 Ingham and others (2006)
Salmonella spp. Apple cider 3.5103.6 5 72 7.9/6.4 Ingham and others (2006)
Salmonella ser. Enteritidis  Apple juice 4.2 35 24 5.0/3.01 Raybaudi-Massilia and others (2006)
Salmonella ser. Enteritidis  Pear juice 4.0 35 24 5.0/4.1 Raybaudi-Massilia and others (2006)
Salmonella ser. Enteritidis  Melon juice 5.9 35 24 5.0/7.9 Raybaudi-Massilia and others (2006)

substances, with a relatively lower cost than physical treatments
and simple use, in addition to their potentials to suppress out-
growth of surviving populations during subsequent storage of the
fresh-cut fruit and fresh fruit juices are discussed in detail in this
section.

Food antimicrobials are chemical compounds or substances
that may delay microbial growth or cause microbial death when
finding their way into a food matrix (Davidson and Zivanovic
2003). The major targets for antimicrobials are food poison-
ing microorganisms (infective agents and toxin producers) and
spoilage microorganisms whose metabolic end products or en-
zymes cause off-odors, off-flavors, texture problems, and discol-
oration (Davidson 2001).

The classification of antimicrobials is extremely difficult. They
can be divided into traditional and novel substances (called “nat-
urals”) depending on their origin. Nevertheless, this classification
does not imply that the synthetic or traditional preservatives are
less effective from a microbiological point of view than one of
natural origin. Antimicrobials are called traditional when: 1) they
have been used for many years, 2) they have been approved by
many countries for inclusion as antimicrobials in foods, or 3) they
have been produced by chemical synthesis. Ironically, many syn-
thetic traditional antimicrobials are found in nature. This is the
case of benzoic acid (in cranberries), sorbic acid (in rowanber-
ries), citric acid (in lemons), malic acid (in apples), or tartaric acid
(in grapes).

Most food antimicrobial agents are only biostatic and are not
biocides. Therefore, their actions on foods are rather limited and
the shelf life of the product will depend on the storage conditions.
On the other hand, the use of combinations of antimicrobials is
usually more effective than adding just one antimicrobial because
some microorganisms are not inhibited or killed by the doses that
are legally approved or accepted flavorwise (Beuchat 2001). The
combined use of 2 or more antimicrobial compounds can result
in synergistic, additive, or antagonistic effects. Similar results can
be expected by combining them with other preservation methods
such as heat, pulsed electric fields, ultraviolet light, ultrasound,
and high hydrostatic pressure. However, these combinations of
techniques must be tested for each specific food product before
application to find desirable synergies and to avoid antagonistic
effects (Wiley 1994).
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Generally, antimicrobials have different concentration thresh-
olds for inhibition or inactivation. These thresholds depend on
the specific targets of the antimicrobial substance, including cell
wall, cell membrane, metabolic enzymes, protein synthesis, and
genetic systems. The exact mechanism(s) or target(s) for food an-
timicrobials are often not known or well defined. It is difficult to
identify a specific action site where many interacting reactions
take place simultaneously. For example, membrane-disrupting
compounds could cause leakage of cellular content, interference
with active transport or metabolic enzymes, or dissipation of cel-
lular energy in ATP form (Davidson 2001).

The efficiency of a certain antimicrobial will also depend on
the type, genus, species, and strain of the target microorganism.
Likewise, it will also depend on environmental factors such as
pH, water activity (ay), temperature, atmosphere composition,
initial microbial load, and acidity of the food substrate (Gould
1989). Many of these environmental factors can be considered
individually as preservation methods; whereas the combined use
of some of these treatments has been the basis of the hurdle
concept which consists in the use of more than one treatment in
a logical sequence to enhance microbiological safety as well as
to provide fresh-like quality food products (Wiley 1994; Leistner
1995).

The antimicrobial nature of any compound is mostly de-
termined by its chemical properties, notably the pKa value,
hydrophobicity/lipophilicity ratio as measured by the partition
coefficient log P, solubility, and volatility, particularly in
opened systems (Stratford and Eklund 2003). The pH and po-
larity are perhaps the most prominent factors influencing the ef-
fectiveness of a food antimicrobial. Polarity is related to both
the ionization of the molecule and the contribution of any alkyl
side groups or hydrophobic parent molecules (Davidson 2001).
Therefore, it is very important to know the specific characteristics
of the food system that needs to be preserved since a high propor-
tion of lipids could limit the effectiveness of some antimicrobial
agents, especially of those with hydrophobic properties. On the
other hand, hydrophobic or partially hydrophobic characteristics
of some antimicrobial substances makes difficult their dissolu-
tion in water, and therefore, they can not be used to prepare dip-
ping solutions, which is a common technique in fresh-cut fruit
processing.
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Traditional antimicrobials

Organic acids. Organic acids have been traditionally used in
the food industry as preservative agents, since pH, as affected
by the concentration of hydrogen ions, has a great impact on
the survival and growth of microorganisms in foods. In general,
bacteria prefer a pH close to neutrality (pH 6.5 to 7.5), but tolerate
a pH range of 4 to 9. Yeasts are more tolerant than bacteria to
low pH values, whereas molds can grow in the widest range of
pH conditions. Therefore, one effective way of limiting microbial
growth is to increase the acidity of a food by either adding an
acidifier or enhancing natural fermentation to develop a change
in acidity (Doores 1993).

Given the metabolic complexity of the microbial cell, either
prokaryote (bacteria) or eukaryote (yeasts and molds), it is very
unlikely for a chemical compound to affect a single site of ac-
tion only. Thus, organic acids are likely to affect a number of
systems in the target organism. The effect on each point of action
will depend, in turn, on variables such as acid type and con-
centration, conditions of use, pH, temperature, and nature of the
target microorganism. Possible mechanisms of action of organic
acids (Figure 1) include: direct pH reduction of the substrate
or growth medium due to an increase in proton concentration,
depression of the internal cellular pH by ionization of the undis-
sociated acid molecule, or disruption of substrate transport by
alteration of cell membrane permeability. In addition to inhibit-
ing substrate transport, organic acids may also inhibit NADH ox-
idation, thus eliminating supplies of reducing agents to electron
transport systems (Davidson 2001). Because the undissociated
portion of an acid molecule is primarily responsible for the an-
timicrobial activity, effectiveness at a given pH depends largely
on the dissociation constant (pKa) of the acid (Beuchat 2000).
Fully dissociated “strong” acids such as hydrochloric or sulfu-
ric acids affect microbes only through alteration of pH (proton

concentration), since chloride or sulfate concentrations appear to
have little effect. However, when media are acidified with “weak”
acids, such as citric, acetic, or lactic acids, the antimicrobial ef-
fects are more pronounced, indicating that “weak” acids inhibit
microbes by other mechanisms in addition to that of merely low-
ering pH (Stratford and Eklund 2003). Undissociated forms of or-
ganic “weak” acids can penetrate the cell membrane lipid bilayer
more easily. Once inside the cell, the acid is forced to dissociate
into charged anions and protons because the cell interior has a
higher pH than the exterior. Protons generated from intracellu-
lar dissociation cause a progressive decline in intracellular pH,
which, in turn, may inhibit glycolysis, affect cell signaling, and
inhibit active transport (Stratford and Eklund 2003). Bacteria have
to exclude the protons generated outside the cell to prevent con-
formational changes in the cell structural proteins, enzymes, nu-
cleic acids, and phospholipids. According to the chemiosmotic
theory, the cytoplasmic membrane is impermeable to protons,
which must be transported to the exterior implying an energetic
cost in the ATP form, which will eventually deplete the cellular
energy (Davidson 2001). Organic acids also interfere with mem-
brane permeability. Thus, Sheu and Freese (1972) suggested that
short-chain organic acids interfere with energy metabolism by
alteration of the structure of the cytoplasmic membrane due to
an interaction with membrane proteins.

Different studies have demonstrated the effectiveness of or-
ganic acids added to fresh-cut fruits and fruit juices to inhibit or
reduce populations of spoilage and pathogenic microorganisms
(Table 5 and 6). Nonetheless, it has been shown that the use of
organic acids in combination with other preservation methods
such as mild heat, high-intensity pulsed electric fields, dehydra-
tion, freezing-thawing, and low temperatures has an enhanced
antimicrobial effect in fresh-cut fruits and/or fruit juices (Uljas
and Ingham 1999; Comes and Beelman 2002; Chikthimmah and

Porins

Quter
membrane

RCOO™ + H Figure 1 —Mecha-
& nisms of action of
organic acids in a
bacterial cell (a to
e). The left
amplification
illustrates how the
organic acids can
pass through the
outer membrane in
Gram-negative

Peptidoglycan

Inner
membrane

a-Decrease of

bacteria, whereas
the right

medium pH

RCOOH
b- Chelation of l*
medium metal

Rcoo + H* Acid dissociated

amplification shows
how they can pass
through the inner
membrane in
Gram-positive
(adapted from
Davidson 2001).

9

H'  d-Exit of protons
at expense of ATP

ions
ATP ADP + Pi
\\‘ -~
c-Chelation of |
wall ions H H*
ATPase pumps

e-Decrease of
intracellular pH

162 COMPREHENSIVE REVIEWS IN FOOD SCIENCE AND FOOD SAFETY —Vol. 8, 2009



ITjuices. ..

in fresh-cut fruits and fru

Icroorganisms

Control of pathogenic and spoilage m

panunuoy

|0J3U0D 0} J0adsal

yum p Lg< Aq sealis suolendod
Jead Jo aji-}oys 1seah pue
8y} pepusixe pue plow ‘onydosyoAsd
ymolb [eiqosoiw ‘oljiydosa (p
ay) pakeleq (p LH:2G10 /109 '3 (2 ot 8]ejoe| wnivje)
Py sipiueug ol + auolylemn|o
Jaye B/n4D bBojg< (o gjjouowes (q OUJaIAU| + auig1sho
(96002) sieylo poile sausbojfoouow ap 10|4 uoisiawiwi ol -7-1A1e0e-N
pue elisselN-Ipneghey  B/n40 Bojg< (qA(e pog g euglsiy (e ¥ “JeA Jead Aq yauqg Z Se + pioe olley
|0Jju02
yum uosuedwod
urp 1< Aq saoyis o't ajejoe| wney
a|dde jo ay-yays suonendod 1seah ol + auolylein|n
8y} papusixe pue pjow ‘eusoeq + aule)sho
(2002) si8yi0 pue ymolb oliydoayoAsd iIn4 uolsiawuwl ol -1-1A180e-N
pue eljisse|N-Ipneghey  [eiqosolw 8y pakelag  p 0 S ‘eueloeq ofjiydossiy 6'¢ “1eA a|ddy Aq 108110 b SC + pIoe dlfeN
/H:/S1O 1j0o '3 (0 ol ajeloe| wnEe)
pe sipiusug ot + suolyieln|o
Jaye b/n4D boj 6< (o gjjeuow|es (q + aulg1sho
(e6002) siayio po1eb/n4o bojs< (g seusbojfoouow 1ng uolsiawwil ol -1-1A1e0e-N
pue eiissey-pneghey p 0 ¥e 6/n40 Bojg< (e pog S euglsiy (e 6€ "JeA a|ddy Aq yaua L Se + pioe oley
p tg< Aq abueio-1no
pajead Jo ayiI-eys
ay} papusixa uljweH 1o
(2661) pue ymo.b l1gJio8 swsiueblo0.1oiw [erArd BIOUSJBA uoisiawuwil ol
)oorlad pue oed  [elqosolw ayl pakelog P 1g ¥ olqolee [elI0l  G/°2 “Jen abuelQ Aq 100110 b4 S0 ploe ouND
(S002) sisyo
pue uojbuliey ] 6/n4D efen uoisJawwi
-uosoueg  Boj g7| 01 dn psonpay Y0 14 LH/GLO /j00 '3 SG'E “1eA a|ddy Aq 108110 ot L'} poe oo
uebiyoiw
pue ‘euobe
(€002) B/n40 ‘winunwiydAL e[en uoisJawiwi
s1ayjo pue oisiadiq  Boj 6°0 01 dn peonpay Y 0 14 ies gjjsuowjes 1y e o|ddy Aq 108110 (0]% (A poe ol
(S002) sisyjo
pue uojbulirey | 6/n40 elen uolsJawwl
-uosoueg  Boj g7| 03 dn psonpay Y0 14 LH/GLO /00 '3 SOV “1eA a|ddy Aq 108110 (0] 8¢ p1oe 21q.100sy
uebiyoiw
pue ‘euobe
(€002) B/n40 ‘wnunwiydAL elen uolsJawwl
slayjo pue oisiediq Boj 2:0 0y dn psonpay Y0 G2 19s gjjouowes /'€ ‘Jen 9|ddy Aq 100110 ol v'e pIOB 21q100SY
ERITEYETEN| 10943 awi]l (9.) ‘dwa) wisjueBbioooiw Hd }nuy uonesjdde (urw) (%) |elqoisiunuy
- abie onpo.u no-ysal 0 apo uonisodxa pajdde
SuOmPUOD ¥ 1 jonpold  jnd-ysalg J0 3pon u_%.oEF w.iwc_,«
abeio)g

*swisiueb100401w db6ejiods pue s1usaboyjed [043U0D 0] S}INA} IND-YSI4) Ul PASh sjelqosdiwijue jeuoijipel] — g ajqeL

163

Vol. 8, 2009—COMPREHENSIVE REVIEWS IN FOOD SCIENCE AND FOOD SAFETY



Table 5 —=Continued.

CRFSFS: Comprehensive Reviews in Food Science and Food Safety

°
c
©
©
| =0
o| 28
5|38
§/38
| S wn
A
o £
S
o
o =
-0 =
< @ 52233
o5 T3S 00 s
22 2x59m¢S
| oBol 08+~ 8§
o =] _Co)'c‘*a/\
£ 2S5c85052
5.8
W 8285%x2283
30>~ocb.‘l_w0>
S8 5552
o0l 2200
TS0 Ecwn L
7 =
© Q0
| o
E|lo
w|E=|®™
[ =
20 | ~
g2 |0
87T <
- .
MmWo|la|lw
©|E
)
[
kel
o
El~ €
©L T -
[ Q
T ® u'\':<5= 2]
O =5%6
g =
SgI2528%
=9 395 >3
HNER
Elu=8&8
©Ta
-
S
SIT| |
o o
S
o
-
3.|5
o
-és >:_
0w el o=
o= gl
e | &
w“ § 5
o
oS | @ o2
0B B S50ETw
BL| 58 %CL
o= Q.o._ma
Q| 5 T O =
= g 8E00o®
©| c
c
5.8
=
=c
Q%=
ESE
=X
)
-]
325l wo oo
o3 X - A
E&L A~ -
<®©
— 2
8 + ©
3+, o3
) a0 c®
5 -g_'Eo_
S|l e22cE
E|looowg .3
£ 28585
c| ®© ¢ 2 ®
/=2 OO
164 COMPREHENSIVE REVIEW

Raybaudi-Massilia and

21d a) Reduced up to 3.1

5

a) Salmonella

Incorproted Melon var.

2

25
2.0

+
S
[$]
©
Q
©
=
S

others (2008b)

log CFU/g after 21 d

b) Delayed the

Enteritidis
b) Mesophilic,

Piel de
sapo

into an
edible

2
&
Q
8
S
=
]
©
)
N

microbial growth

psychrophilic, mold

and yeast

coating of
alginate

and extended the
shelf-life of apple

slice by >6 d in

populations

comparison with

control
0h Reduced upto0.4log DiPersio and others

25

Salmonella ser.

3.78

Apple var.

10 Direct by

4.18

Sodium

(2003)

Gala Typhimurium, CFU/g

immersion

metabisulfite

Agona, and
Michigan

others 2003; DiPersio and others 2003; Derrickson-Tharrington
and others 2005; Ingham and others 2006, Mosqueda-Melgar
and others 2008a, 2008b, 2008c).

Sulfites. While sulfites now have multiple uses as food addi-
tives, they were originally used for antimicrobial purposes. As
antimicrobials, sulfites are used primarily in fruit and vegetable
products to control 3 groups of microorganisms: 1) spoilage and
fermentative yeasts and molds on fruits and fruit products, 2)
acetic acid bacteria, and 3) malolactic bacteria. The antimicro-
bial activity of sulfites is substantially enhanced at a pH below 4.
In addition, sulfites inhibit enzymatic and nonenzymatic brown-
ing (Davidson 2001).

Because of their extreme reactivity, it is difficult to pinpoint the
exact antimicrobial mechanism for sulfites. This reactivity is due
to the ability of sulfites to act as reducing agents or to take part
in nucleophilic attacks. Sulfites react with disulfide bonds of pro-
teins and with glutathione-forming thiosulfonates. The most likely
targets for inhibition by sulfites include: cytoplasmic membrane,
DNA replication, protein synthesis, cytoplasmic enzymes, or in-
dividual components in metabolic pathways (Davidson 2001).

Traditionally, sulfites have been used to prevent enzymatic
browning of fresh-cut products, and to inhibit the growth of
microorganisms in fermented foods such as wines, ciders, and
juices (Table 5 and 6). However, their use as food additive
has been restricted by the U.S. Food and Drug Administration
(FDA) since 1990 because they can cause dangerous side ef-
fects for people with asthma. For this reason, there is increas-
ing interest in substitutes for sulfites (USFDA 1994; Ahvenainen
1996).

Alternative natural antimicrobials of animal origin

Enzymes. Lactoperoxidase is a hemoprotein present in milk
and other secretions, which catalyzes the oxidation of thio-
cyanate (SCN™) and iodide ions to generate highly reac-
tive oxidizing agents. These products have a broad spectrum
of antimicrobial effects against bacteria, fungi, and viruses
(Naidu 2000). Lactoperoxidase is primarily active against H,O»-
producing bacteria such as Lactobacillus and Streptococcus spp.,
although certain catalase-positive Gram-negative microorgan-
isms may also be inhibited. The lactoperoxidase system exerts
its antimicrobial action through short-life oxidation products,
mainly hypothiocyanate (OSCN~) and hypothiocyanous acid
(HOSCN), which produce microbiocidal or microbiostatic effects
by the oxidation of thiol groups (-SH) of cytoplasmic enzymes and
damage to the outer membrane, cell wall or cytoplasmic mem-
brane, transport systems, glycolytic enzymes, and nucleic acids
(Beuchat and Golden 1989; Touch and others 2004).

The Food Standards Australia New Zealand (FSANZ), in 2002,
in its regulatory status pointed out that lactoperoxidase is not a
known allergen and the presence of known allergens in commer-
cial lactoperoxidase seems insufficient to elicit allergic reaction
in the vast majority of milk-allergic individuals, since there is little
evidence to suggest that lactoperoxidase may be capable of sensi-
tizing susceptible individuals. However, they recommended that
consumers be informed by appropriate labeling of food products
for the presence of this milk protein. This regulatory organization
has permitted the use of the lactoperoxidase system for the treat-
ment of meat (including poultry), fish, and milk products as an
antimicrobial at maximum levels of 20 mg/kg meat or 30 mg/L
milk. In addition, the USFDA, in 2006, informed that lactoperox-
idase is generally recognized as safe (GRAS) (Table 7), through
scientific procedure, for use as an ingredient of foods including
dairy products (up to 1000 mg/kg L), fruit and vegetable juices
(up to 167 mg/L).

Studies reporting the effect of enzymes on pathogenic
or spoilage microorganisms naturally present or intentionally
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inoculated in fresh-cut fruits are not available in the literature.
However, their effects on pathogenic bacteria in fruit juices
have been investigated. Van Opstal and others (2006) inactivated
E. coli O157:H7 and Shigella spp. in freshly squeezed and pas-
teurized apple, orange, tomato, and pink grape juices with per-
oxidase systems such as lactoperoxidase (LPER)-thiocyanate and
soybean peroxidase (SBP)-thiocyanate. Since, in the absence of
peroxidase systems, these pathogenic microorganisms might sur-
vive for at least 24 h at 6 and 20 °C. These researchers concluded
that LPER systems have more interesting properties as biopreser-
vatives in acid juices than SPB systems; because the latter pro-
duced significant browning on some juices and caused little or no
inactivation of E. coli O157:H7 and Shigella spp. in the respective
juices. Reductions of more than 5 log CFU/mL of E. coli O157:H7
and Shigella spp. in freshly extracted and pasteurized apple juice
stored at 6 and 20 °C for 24 h were found using 30 ug/mL of LPER.
Addition of the same concentration to pasteurized commercial
orange juice resulted in reductions of 2 and 5 log CFU/mL in
E. coli O157:H7 and Shigella spp. counts, respectively. Never-
theless, no significant activity against inoculated pathogens was
reported in freshly extracted orange juice regardless of storage
temperature. This fact could be attributed to the additives added
into pasteurized commercial orange juice, which may give an
additional antimicrobial effect on microorganisms and/or pulp
present in fresh juice, which could exert a protective effect on
microorganisms. On the other hand, a slight effect, leading to
<1 log CFU/mL reductions of Shigella spp., was observed in pas-
teurized tomato juice stored for 24 h at 20 °C. However, Touch
and others (2004) reduced more than 5 log CFU/mL of S. Enteri-
tidis in tomato juice treated with 14.8 ug/mL of a lactoperoxidase
system after 3 (acid-adapted cells) and 4 h (nonadapted cells) of
storage at 30 °C, in comparison with nontreated tomato juice,
where any microbial reduction was observed. The differences
found between both studies could be attributed to the sensitivity
of each microorganism to the antimicrobial and storage tempera-
ture used, being the latter factor the most important in regulating
the effectiveness.

Results reported here point out that lactoperoxidase system
could be a good alternative thermal treatment for fruit juices, be-
cause more than 5 log reductions of pathogenic microorganisms
might be reached; however, more studies are necessary to de-
termine whether effective concentrations can alter their sensory
attributes.

The use of other enzymes such as lysozyme to inactivate
pathogenic and spoilage microorganisms has also been reported
for fruit juices. Lysozyme is a protein present in milk and eggs
that catalyzes the hydrolysis of the B-1,4 linkages between
N-acetylmuramic acid and N-acetylglucosamine in the pepti-
doglycan layer of the bacterial cell wall. The FAO/WHO joint
and several countries including Austria, Australia, Belgium, Den-
mark, Finland, France, Germany, Italy, Japan, Spain, and United
Kingdom have approved its use in some foods when used in
accordance with good manufacturing practices (GMP) (Losso
and others 2000). Likewise, in 2000, the USFDA considered to
lysozyme as GRAS (Table 7), through scientific procedures, for
use as antimicrobial agent in casings for frankfurters (up to 5.5
mg/kg), on cooked meat and poultry products (up to 4.4 mg/kg),
and cheese production (according to GMP) (in preventing late
blowing caused by the bacterium Clostridium tyrobutyricum).
However, hen eggs white proteins including ovomucoid (Gal d
1), ovalbumin (Gal d 2), conalbumin (Gal d 3), and lysozyme
(Gal d 4), which reside in the egg white fraction, have tradition-
ally been implicated in the development of food allergy. Although
clinical reactions to lysozyme have rarely been reported, an im-
munoglobulin E (IgE)-mediated hypersensitivity reaction could
occur in patients allergic to this enzyme (Pérez-Calderén and
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others 2007). Therefore, a condition for the safe use of lysozyme
would be labeling to alert the sensitive population to the possible
presence of this enzyme in foods (USFDA 2007).

Lysozyme is generally active against most Gram-positive bacte-
ria, particularly thermophilic spore formers (Beuchat and Golden
1989). Hughey and Johnson (1987) reported that lysozyme is in-
hibitory to several food spoilage organisms as well as to some
pathogens, including L. monocytogenes, C. jejuni, B. cereus, and
C. botulinum. Gram-positive bacteria are more susceptible to
lysozyme than Gram-negative bacteria due to the different con-
tents of peptidoglycan in their cell walls. The former contain
about 90% peptidoglycan and the latter one, 5% to 10%.

Very few studies have reported the use of lysozyme in fruit
juices. Liang and others (2002) did not find significant reduc-
tions of S. Typhimurium in freshly squeezed nonpulpy (0.05
log CFU/mL) and pulpy (0.08 log CFU/mL) orange juice with
added lysozyme (0.1 pg/mL) in comparison with the control
juice (0.06 log CFU/mL); whereas in pasteurized juice, treated
with the same concentration of lysozyme, a slight reduction was
observed (1.3 log CFU/mL). The lower pH value of the pas-
teurized juice (pH 3.8) with respect to fresh juices (pH 4.06)
might have contributed to the more extensive microbial inacti-
vation. This fact suggests that antimicrobial action of lysozyme
could be favored by low pH. In addition, Liang and others
(2002) indicated that lysozyme combined with pulsed electric
fields (PEF) and/or nisin had a greater bactericidal effect than
either of them alone. Other studies have also reported the an-
timicrobial effect of lysozyme combined with nisin, PEF, high
hydrostastic pressure (HHP), or heat in red grape and banana
juice, and apple cider against S. Typhimurium, Shigella flexneri,
E. coli O157:H7, Yersinia enterocolitica, and spoilage microor-
ganisms (Wu and others 2005; Liang and others 2006; Nakim-
bugwe and others 2006).

The results indicate that lysozyme added alone to that con-
centration into fruit juices is ineffective against Gram-negatives.
Therefore, other preservation methods such as thermal or non-
thermal processing are needed to increase its antimicrobial
effectiveness.

Polysaccharides. Chitosan is a heteropolysaccharide composed
of B—1, 4-linked 2-amino-2-deoxy-B-D-glucose obtained com-
mercially by deacetylation of chitin, which is an abundant con-
stituent of crustacean shells and fungi (Rhoades and Roller 2000;
Sebti and others 2005). Chitosan is considered a biocompat-
ible, nonantigenic, nontoxic, and biofunctional food additive
(Novack and others 2003; No and others 2007). In addition,
shrimp-derived chitosan was admitted as GRAS (Table 7) in 2005
by the USFDA (2007), based on scientific procedures for use in
foods in general in accordance with GMP. It is marketed as food
additive or supplement in Japan, Korea, England, Italy, Portugal,
and today in the United States (Novack and others 2003; No
and others 2007). However, Barney (1998) indicated that anyone
with shellfish allergy, pregnant, or nursing should avoid the use
of chitosan products. Consequently, its use as an antimicrobial
may be limited, and adequate labeling for alerting the population
of its presence would be necessary.

The general properties and applications of chitin, chitosan, and
their derivatives in foods have extensively been studied (Shahidi
and others 1999; No and others 2007). However, their antimicro-
bial properties have been scarcely evaluated. Although it is more
active against spoilage yeasts and molds (Rhoades and Roller
2000), chitosan has also been shown to inhibit some Gram-
negative bacteria including E. coli, Pseudomonas aeruginosa, and
S. Typhimurium (Helander and others 2001). The antimicrobial
activity of chitosan towards Gram-negative bacteria may be at-
tributed to its chemical and structural properties. Because of its
macromolecular polymeric structure, chitosan is unable to pass
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the outer membrane of Gram-negative bacteria (Nikaido 1996).
Therefore, chitosan penetration into microbial cells is unlikely
to occur. A key feature of chitosan is its positive charge of the
amino group at C-2 below its pKa (pH 6.3), which can create
a polycationic structure and interact with anionic components
such as lipopolysaccharides and proteins of the membrane cell
surface (Begin and Van Calsteren 1999; Helander and others
2001). Binding of polycationic molecules has been shown to dis-
rupt the integrity of the outer membrane resulting in loss of the
barrier function but lacking direct bactericidal activity (Helander
and others 2001).

The antimicrobial properties of chitosan-based coatings ap-
plied to fresh-cut fruits have been evaluated by several researches.
Sangsuwan and others (2008) reduced populations of E. coli inoc-
ulated on fresh-cut cantaloupe by more than 5 log CFU/piece in
8 d at 10 °C using a chitosan (1.5% w/v)/methyl cellulose (0.5%
w/v) film. Nevertheless, populations of E. coli on noncoated fresh-
cut cantaloupe were also reduced by 4 log CFU/piece in 8 d
at 10 °C. That latter fact could be due to storage temperature,
whereas differences in reductions between coated and noncoated
fresh-cut cantaloupe might be due to antimicrobial effect of chi-
tosan. On the other hand, these same reserachers indicated that
populations of S. cerevisiae on fresh-cut cantaloupe melon and
pineapple coated with that antimicrobial film were reduced about
3 log CFU/piece in 4 d of storage at 10 °C. Similarly, Gonzalez-
Aguilar and others (2005) reported that the incorporation of chi-
tosan of low and medium molecular weight at concentrations
of 1% and 2% (w/v) into edible coatings affected the growth of
mesophilic bacteria and fungi in coated fresh-cut papayas stored
at 5 °C for 15 d. These researchers reported a 3 log CFU/g reduc-
tion in mesophilic bacteria counts during the storage time when
chitosan coatings of low (2% w/v) and medium (1% and 2%
w/v) molecular weight were used, in comparison with control
sample, where microbial growth was observed during storage.
In addition, the growth of yeasts and molds was completely in-
hibited throughout storage. Likewise, Chien and others (2007)
found a substantial antimicrobial effect of an edible chitosan
coating applied to sliced mango at concentrations of 0.5%, 1%,
and 2% (w/v) and stored at 6 °C. A delay in the growth of nat-
urally occurring microorganisms (from 3.82 to 5.53 log CFU/g)
in comparison with the control (from 3.82 to 6.41 log CFU/g)
was observed during storage. However, increasing the concen-
tration of chitosan from 0.5 to 2% did not further delay microbial
growth.

The effect of chitosan on pathogenic and spoilage microorgan-
isms in fruit juices has also been reported. Kiské and others (2005)
observed that the addition of chitosan (0.05% or 0.1% w/v) to ap-
ple juice (pH 3.2) enhanced the survival of £. coli O157:H7 and S.
Typhimurium from 1 to 2 d at 25 °C, and from 3 to 5 d at 4 °C only
for E. coli O157:H7. However, these researchers indicated that
yeasts such as Metschnikowia pulcherrima and Kloeckera apic-
ulata were inactivated in apple juice supplemented with 0.05%
chitosan and stored for 12 d at 25 °C, whereas the growth of S.
cerevisiae and Pichia spp. was delayed for the duration of the
experiment (12 d) in comparison with the control, where yeast
growth reached levels of 7 to 8 log CFU/mL within 4 d. Roller
and Covill (1999) demonstrated that chitosan at concentrations
from 0.01% to 0.5% (w/v) was effective to inhibit the growth of
yeasts and molds in apple juice (pH 3.4) stored at 25 °C for 10 d,
since high levels (7 to 8 log CFU/mL) of fungi in control sam-
ple was observed at 1st day of storage. Likewise, Rhoades and
Roller (2000) reported that the addition of 0.03% (w/v) chitosan
to apple-elderflower juice (pH 3.3) completely inactivated yeasts
during 13 d of storage at 7 °C, and the total microbial and lactic
acid bacteria counts increased at lower rates than those observed
in nontreated juices.

170

In general, chitosan has demonstrated to be effective in low
concentrations (<1%) against mesophilic, yeast and mold pop-
ulations in both fresh-cut fruits and fruit juices. Nevertheless, it
has also shown to enhance the survival of pathogenic microor-
ganisms in fruit juices, in contrast with fresh-cut fruit coated with
an edible film containing chitosan, where a microbial reduction
was noted. Therefore, new investigations are suggested to clear
the effect of chitosan on pathogenic microorganisms.

Alternative natural antimicrobials from plant origin
Plant extracts. Essential oils. Essential oils (EOs), also called
volatile or ethereal oils, are aromatic oily liquids obtained from
plant materials (flowers, buds, seeds, leaves, twig bark, herbs,
wood, fruits, and roots), which can be obtained by fermenta-
tion, extraction, or distillation, with distillation being the most
commonly used method for the commercial production of these
oils (Burt 2004). Essential oils are constituted of a complex mix
of compounds including terpenes, alcohols, cetones, phenols,
acids, aldehydes, and esters (Burt 2004; Ayala-Zavala and oth-
ers 2005). EOs are mainly used as food flavorings, in perfumes
(fragrances and aftershaves), and as functional components in
pharmaceuticals (Nychas and others 2003). Individual compo-
nents of EOs are also used as food flavorings; they are either
extracted from plant material or are synthetically manufactured
(Burt 2004). Although the majority of the EOs are classified as
GRAS substances (Table 7) (USFDA 2006), their use in food as
preservatives is often limited due to flavor considerations (Lam-
bert and others 2001). Many herbs and plant extracts possess
antimicrobial activities against a wide range of bacteria, yeasts,
and molds (Beuchat 2001; Friedman and others 2002, 2004; Burt
2004; Raybaudi-Massilia and others 2006, 2008b, 2008c; Rojas-
Graii and others 2006, 2007a, 2007b; Mosqueda-Melgar and
others 2008a, 2008b, 2008c¢).

Although the antimicrobial properties of EOs and their compo-
nents have been reviewed in the past, their mechanisms of action
have not been studied in great detail. Considering the large num-
ber 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 to action over several specific
targets in the cell (Burt 2004). Nychas and others (2003) and
Burt (2004) have reported the location and mechanisms of action
in the bacterial cell of EOs, for instance: degradation of the cell
wall, damage to cytoplasmic membrane and membrane proteins,
leakage contents out of the cell, coagulation of cytoplasm, and
depletion of the proton motive force (Figure 2). Nychas and others
(2003) indicated that the mode of action of EOs is concentration-
dependent, indicating that low concentrations inhibit enzymes
associated with energy production, while higher amounts may
precipitate proteins.

EOs of oregano, savory, lemongrass, and active compounds
such as thymol, eugenol, and carvacrol have been shown to cause
disruption of the cellular membrane, inhibition of ATPase activity,
and release of intracellular ATP and other constituents of several
microorganisms such as E. coli, E. coli O157:H7, L. monocyto-
genes, Lactobacillus sakei, Pseudomonas aeruginosa, Salmonella
Enteritidis, and S. aureus (Lambert and others 2001; Gill and
Holley 2006; Oussalah and others 2006; Raybaudi-Massilia and
others 2006). However, Oussalah and others (2006) and Gill
and Holley (2004, 2006) indicated that cinnamon oil and cin-
namaldehyde produced a decrease in the intracellular ATP by
ATPase activity without apparent changes on the cell membrane
of E. coli, E. coli O157:H7, and L. monocytogenes. This fact
could be attributed to interaction of cinnamaldehyde with the
cell membrane, which may cause enough disruption to disperse
the proton motive force by leakage of small ions but without
leakage of larger cell molecules such as ATP. Wendakoon and
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Sakaguchi (1995) reported a possible action of cinnamaldehyde
on the embedded proteins in the cytoplasmic membrane of £n-
terobacter aerogenes by inhibition of amino acid decarboxylase
enzymes, which are necessary for amino acid biosynthesis and
biodegradation.

Different studies have demonstrated the effectiveness of EOs
and their active compounds to control or inhibit the growth of
pathogenic and spoilage microorganisms in both fresh-cut fruit
and fruit juices (Table 8 and 9). That effectiveness depended
on the pH of the fruit product, kind and concentration of used
EOs or active compound, and microorganism type. In this way,
Raybaudi-Massilia and others (2008c) using EOs (cinnamon and
lemongrass) or their active compounds (eugenol, and citral) in-
corporated into an alginate-based edible coating and applied on
fresh-cut apples found a higher effectiveness of those substances
for reducing populations of inoculated E. coli O157:H7 during
storage time than for populations of S. Enteritidis inoculated onto
fresh-cut melons coated with the same edible coating (Raybaudi-
Massilia and others 2008b) (Table 8). Differences between data
could be attributed to the kind of fruit used, because fresh-cut ap-
ple had a lower pH value than fresh-cut melon (Table 8). Similar
results with regard to pH differences were obtained by Mosqueda-
Melgar and others (2008a), who reported higher reductions of S.
Enteritidis and E. coli O157:H7 in strawberry and orange juices
containing 0.1% (v/v) of cinnamon bark oil than in apple and pear
juices under same conditions. Likewise, Mosqueda-Melgar and
others (2008¢) and Raybaudi-Massilia and others (2006) reported
this same microbial behavior between melon and watermelon
juices with added cinnamon bark oil; and among apple and pear
juices in comparison with melon juice containing cinnamon oil,
lemongrass oil, or geraniol. Burt (2004) stated that the bacterial
susceptibility to EOs increases with a reduction in pH of the food,
since at low pH the hydrophobicity of the oil increases, enabling
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it to more easily dissolve in the lipids of cell membrane of the
target bacteria.

On the other hand, Raybaudi-Massilia and others 2008c in-
dicated that lemongrass oil and its main active compound (cit-
ral) acted faster against £. coli O157:H7 at 0 d than cinnamon
and clove oils or their active compounds (cinnamaldehyde and
eugenol). This fact suggests that partition coefficients of the sub-
stances might influence its diffusion rate through the cell mem-
brane, because a higher value of partition coefficient of the
formers was reported (Raybaudi-Massilia and others 2008c). In
addition, when higher concentrations of EOs were added onto
fresh-cut fruit and fruit juices, a greater antimicrobial effective-
ness of them on microorganisms was observed, but sensory at-
tributes were seriously affected (Raybaudi-Massilia and others
2006, 2008b, 2008c).

Mosqueda-Melgar and others (2008c) indicated that L. mono-
cytogenes was more sensitive to cinnamon bark oil than E. coli
O157:H7 and S. Enteritidis inoculated into melon and water-
melon juices (Table 9). This fact could be attributed to the outer
membrane and lipopolysaccharide layer that possess the Gram-
negative microorganisms (absent in Gram-positives), which can,
in part, restrict diffusion of hydrophobic compounds toward the
inside of the cell (Brul and Coote 1999; Burt 2004; Mosqueda-
Melgar and others 2008c). However, Burt (2004) reported that not
all studies on EOs have concluded that Gram-positive microor-
ganisms are more susceptible than Gram-negative microorgan-
isms. Therefore, more studies on this phenomenon in real food
systems should be carried out in the future. Storage temperature
is another important factor that may influence the antimicrobial
effectiveness of EOs in fruit products. In such sense, Friedman
and others (2004) observed that the bactericidal activity of differ-
ent EOs or their active components against £. coli O157:H7 and
S. Hadar in apple juice was higher at 37 °C than at 4 and 21 °C.
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Control of pathogenic and spoilage microorganisms in fresh-cut fruits and fruit juices.. . .

A greater fluidity of the microbial cell membrane at high temper-
atures could explain an increased cellular diffusion of antimicro-
bial substances. Aronsson and Ronner (2001) indicated that the
temperature of the medium in which cells are suspended has a
significant influence on determining membrane fluidity proper-
ties. At low temperatures, the phospholipids are closely packed
into a rigid gel structure while at high temperatures, they are less
ordered and the membrane has a liquid-crystalline structure.

In general, EOs have shown to possess strong antimicrobial ac-
tivity against both pathogenic and spoilage microorganisms being
greater in fruit products of low pH and stored above refrigeration
temperatures. On the other hand, a higher value of partition co-
efficient of the main active compound of the EO would favor its
diffusion through the cell membrane, and consequently, its an-
timicrobial action. In addition, the use of high concentrations of
EOs or their active compounds as antimicrobial agents in fresh-
cut fruit and juices would not be recommended because of their
adverse effects on the sensory properties. Therefore, combina-
tions with other preservation methods are required to decrease
their impact on food flavor.

Aldehydes. Aldehydes are dominant compounds released by
plant tissue through the lipoxygenase pathway after some dam-
age (Lanciotti and others 1999). The precise action mode is not
yet clear but passive diffusion across the plasma membrane is
likely to occur. Once inside cells, aldehydes would react with
nucleophilic groups playing a key role in living cells, namely
sulfydryl groups present in proteins and lower-molecular-weight
compounds such as glutathione. Although the precise targets in
microbial cells remain unclear, the toxicity of these molecules
seems to be dependent on affinity to membrane phospholipidic
bilayer (Lanciotti and others 2003; Patrignani and others 2008).

On the other hand, Lanciotti and others (2003) pointed out
that the effectiveness at low levels, the natural occurrence in sev-
eral fruits, and the nonregulated doses, in addition to its GRAS
status (Table 7) as flavoring agents makes these volatile com-
pounds good candidates as antimicrobial agents to improve the
safety and quality of minimally processed fruits. Nevertheless,
high concentrations of these compounds may produce an unde-
sirable hay-like flavor due to the oxidative rancidity of fatty acids
through lipoxygenase pathway, thus limiting its use as antimicro-
bial in some foods (Fritsch and Gale 1977; Su and Wiley 1998;
Lei and Boatright 2008).

The antimicrobial activity against pathogenic and spoilage
species of some aldehydes such as hexanal, (E)-2-hexenal, trans-
2-hexenal, and hexyl acetate, which are components of the
aroma of many fruits and vegetables, has been demonstrated
(Lanciotti and others 1999, 2003; Corbo and others 2000). Lan-
ciotti and others (2003) reported significant extensions of the lag
phase of E. coli (from 5 to approximately 35 h) and S. Enteritidis
(from 10 to approximately 44 h) inoculated onto apple slices
treated with hexanal (150 ulL/L), hexyl acetate (150 ul/L), and
(E)-2-hexenal (20 ul/L) stored at 20 °C. Whereas for L. mono-
cytogenes, a bactericidal effect (4 to 5 log CFU/g) after 4 d,
using volatile compounds, was found under the same experi-
mental conditions, in comparison with control sample, where
survival but not growth of L. monocytogenes in apple slices was
detected. These authors indicated that higher resistance of Gram-
negative bacteria to volatile compounds than Gram-positive bac-
teria is mainly attributed to the outer membrane, which acts as
an efficient permeability barrier against macromolecules and hy-
drophobic substances, as well as to the high content in cyclo-
propane fatty acids of the inner membrane.

Lanciotti and others (1999) reported that the use of 0.225 uL/L
hexanal prolonged the lag phase of native yeasts for 8 d, in com-
parison with control sample, on sliced apple stored at 15 °C
under modified atmosphere (80% N, and 20% CO,); whereas
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mesophilic bacteria growth was retarded by more than 20 d under
the same conditions. Likewise, Corbo and others (2000) attained
an extension of 13 (at 25 °C) and 10 (at 5 °C) d with regard to
control in the lag phase of an inoculated spoilage yeast (Pichia
subpelliculosa) on sliced apple treated with 0.3 uL/L of hexanal in
vapor form (soaked filter paper disks introduced inside package
before sealing) and packed under modified atmosphere (70% N,
and 30% CO,). On the other hand, concentrations of 0.06 uL/L of
trans-2-hexenal applied in the same form than hexanal extended
the lag phase up to 2 (at 25 °C) and 8 (at 5 °C) d with regard to
control samples. Therefore, the antimicrobial activity of hexanal
and trans-2-hexenal was influenced by the vapor pressure of the
used compounds, which is temperature-dependent.

Vanillin (4-hydroxy-3-methoxybenzaldehyde) is a phenolic
aldehyde present in vanilla beans. Based on the studies con-
ducted with E. coli, Lactobacillus plantarum, and L. innocua the
inhibitory activity of vanillin resides primarily in its ability to
negatively affect the integrity of the cytoplasmic membrane, with
loss of ion gradients, pH homeostasis, and inhibition of respi-
ratory activity, but keeping energy generation largely unaffected
(Fitzgerald and others 2004a).

Vanillin is a GRAS flavoring compound (Table 7) widely used in
ice cream, beverages, biscuits, chocolate, confectionary, desserts,
and more (Walton and others 2003). However, its use as an an-
timicrobial in fruit juices and fruit juice-containing drinks may
be limited, due to the formation of guaiacol (an “off-flavor”
metabolic compound) catabolized from vanillin by several mi-
croorganisms including Alicyclobacillus acidoterrestris, Bacillus
megaterium, Streptomyces spp., and Rhodotorula rubra (Lee and
others 2002; Alvarez-Rodriguez and others 2003; Bahceci and
others 2005).

The bactericidal activity of vanillin on L. innocua (as microbial
surrogate for L. monocytogenes) inoculated onto fresh-cut “Fuji”
apples coated with an apple puree-alginate edible layer was stud-
ied (Rojas-Grdu and others 2007a). Significant reductions (3 log
CFU/g) of L. innocua populations were reported on coated apple
pieces compared to control samples by incorporating vanillin (0.3
and 0.6% w/v) into the edible coating formulations. The incor-
poration of vanillin was also effective in inhibiting the growth of
psychrophilic bacteria and fungi on apple pieces, with maximal
populations down to 10° CFU/g after 21 d of refrigerated storage,
whereas in control sample that microbial level was found before
10 d. In the same way, Vasantha-Rupasinghe and others (2006)
demonstrated that the incorporation of vanillin (0.18% w/v) into
dipping treatments inhibited microbial growth on “Empire” and
“Crispin” apple slices during 19 d of storage at 4 °C with regard
to control. Likewise, Ngarmsak and others (2006) delayed the
development of total aerobic bacteria and yeast and mold popu-
lations for up to 14 and 7 d in fresh-cut mangoes stored at 5 and
10 °C, respectively, using vanillin at 0.12% (w/v).

On the other hand, vanillin has also been used in fruit juice
and purees to control pathogenic and spoilage microorganisms.
Ferrante and others (2007) reduced L. monocytogenes popula-
tions in orange juice (pH 3.6) by 2 to 3 log cycles after a 30-
min exposure to 0.10% or 0.15% (w/v) vanillin at 45 °C, but
when 0.20% vanillin was applied 4 log CFU/mL reductions in
less than 15 min were achieved. However, the latter concen-
tration of vanillin imparted a strong flavor to the orange juice
when panelists tested it. Similar reductions (4 to 5 log cycles)
but in L. innocua counts were found by Corte and others (2004)
adding to apple juice (pH 3.3) a higher concentration of vanillin
(0.30% w/v), applying a higher exposure time (4 to 8 h), and a
lower temperature (30 °C). Likewise, Moon and others (2006)
reduced more than 5 log CFU/mL of L. monocytogenes and
E. coli O157:H7 in apple juice (pH 3.42) supplemented with
0.6% (w/v) after 24 h of storage at 4 or 15 °C. In addition,
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these researchers indicated that the antimicrobial effect of vanillin
was enhanced when lower pH and higher temperature were ap-
plied. Cerruti and others (1997) evaluated the use of vanillin
as a natural antimicrobial for producing shelf-stable strawberry
puree (pH 3.1). They prevented the growth of both native (aer-
obic, anaerobic mesophilic, and yeasts and molds) and inoc-
ulated flora (S. cerevisiae, Zygosaccharomyces rouxii, Z. bailii,
Schizosaccharomyces pombe, Pichia membranaefaciens, Botry-
tis spp., Byssochlamys fulva, Bacillus coagulans, and Lactobacillus
delbrueckii) for more than 60 d of storage at room temperature in
pasteurized strawberry puree containing 0.3% (w/v) vanillin. In
the same way, Cerruti and Alzamora (1996) inhibited the growth
of S. cerevisiae, Z. rouxii, Debaryomyces hansenii, and Z. bailii
in apple purée (pH 3.5) containing 0.2% (w/v) of vanillin for 40 d
stored at 27 °C. But the addition of vanillin to the banana puree
(pH 4) at the same concentration was not effective to inhibit the
growth of Z. rouxii and S. cerevisiae. These researchers attributed
the lack of antimicrobial activity to the high lipid/protein levels
found in bananas, since interactions could reduce the quantity
of vanillin available to act as an antimicrobial. On the other
hand, Fitzgerald and others (2004b) reported that concentrations
of 0.30% and 0.15% (v/v) vanillin added to pasteurized apple
juice (pH 3.5) and a peach-flavored soft drink (pH 3.1), respec-
tively, were required to inactivate (about 10* CFU/mL) and inhibit
both inoculated S. cerevisiae and Candida parapsilosis over 56 d
of storage at 25 °C. Nonetheless, when storage temperature was
reduced to 8 °C the effective levels of vanillin were 0.075% and
0.015% (V/v).

Vanillin has been demonstrated to be effective against both
pathogenic and spoilage microorganisms in fresh-cut fruit and
fruit juices; however, effective concentrations (>0.2%) may be
a hurdle, because a strong flavor in the fruit products can be
imparted. Therefore, combinations of preservation methods are
required for decreasing its impact on the flavor.

Esters. Methyl jasmonate is a natural compound derivate
of jazmine (Ayala-Zavala and others 2005) with GRAS status
(Table 7) in accordance with USFDA (2008), which is found as a
lipid of plant cell membranes, synthesized via the lipoxygenase
pathway (Ippolito and Nigro 2003). Some of its properties are:
to regulate plant growth, to promote the closing of stomas, to
act as second messenger, and to decrease the pathogen’s attack
(Ayala-Zavala and others 2005).

No references reporting the use of methyl jasmonate in fresh-
cut fruits to control pathogenic microorganisms are available,
although different studies have been published about the effec-
tiveness of methyl jasmonate to reduce the spoilage of whole
products of plant origin (Ayala-Zavala and others 2005). Wang
and Buta (2003) reported that methyl jasmonate in concentra-
tions of 11.2 and 22.4 uL/L applied as vapor (spotting the volatile
compound onto filter paper strip hanging inside the container
before the lids were covered) was effective for preventing mold
growth in fresh-cut kiwifruit during 3 wk of storage at 10 °C. Like-
wise, Martinez-Ferrer and Harper (2005) reached 3 log CFU/g
reductions of the native microbiota on fresh-cut pineapple af-
ter 12 d of storage at 7 °C when treating with an emulsion of
methyl jasmonate in a concentration of 15 uL/L. In addition,
those authors indicated that methyl jasmonate in the same con-
centration, but applied as a vapor (on cotton soaked with the
volatile compound into container), was less effective in reducing
the microbial population. Consistently, Ayala-Zavala and others
(2007) demonstrated that methyl jasmonate in a concentration of
22.4 pl/L applied as vapor (spotting the volatile compound onto
filter paper strip hanging inside the container before the lids were
covered) suppressed microbial proliferation in fresh-cut tomato
stored at 5 °C for 15 d. However, a combination of methyl jas-
monate (22.4 /L) and ethanol (300 pL/L) applied as vapor was
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more effective in inhibiting the microbial growth through the
storage period than the individual treatments with each volatile
compound.

Methyl jasmonate in fruit products has only been proved on
naturally occurring microorganisms with demonstrated effective-
ness on them. Nonetheless, more inhibition than reduction was
observed when applied as vapor. Thus, further studies on effec-
tive concentrations and behavior of pathogenic microorganisms
in foods treated with this volatile compound are still necessary.

Herbs and spices. Mint belonging to the genus Mentha in the
family Lamiaceae, consisting of about 25 to 30 species, includ-
ing peppermint (Mentha piperita L.) and spearmint (Mentha spi-
cata) as the most common species. This family is a rich source
of polyphenolic compounds, flavonoids, terpenoids, and other
volatile compounds, hence could possess strong antimicrobial
and antioxidant properties (Gulluce and others 2007). The an-
timicrobial properties of mint against pathogenic microorganisms
have already been demonstrated (Tassou and others 1995, 2000).
However, the use of mint extract to control pathogenic and de-
teriorative microorganisms in fresh-cut fruits has not yet been
reported in the literature. Indeed, scarce information is available
on fruit juice applications. Nguyen and Mittal (2007) reported
4.77 and 8.34 log CFU/mL reductions in the native flora of pas-
teurized tomato juice intentionally spoiled when mint crystals at
0.1% and 1.2% (w/v) were used, respectively, with heat (50 °C).
On the other hand, these researchers reduced 0.74 CFU/mL of
native microorganisms when without mint tomato juice was only
heated at 50 °C. Therefore, mint has demonstrated to be an alter-
native agent; however, studies about its sensory impact are still
needed.

Cinnamon powder obtained from bark is widely used as a
spice with antioxidant and antimicrobial activities. It contains
cinnamaldehyde and eugenol as the major compounds with an-
timicrobial effects. The use of this spice to control pathogenic and
spoilage microorganisms in fresh-cut fruits has not been reported
in the literature. However, its use to inactivate pathogenic mi-
croorganisms such as L. monocytogenes and E. coli O157:H7 in
fruit juices has been studied. Yuste and Fung (2002) reached 4 to
6 log CFU/mL reductions of L. monocytogenes inoculated in pas-
teurized apple juice with 0.1%, 0.2%, and 0.3% (w/v) of ground
cinnamon after 1 h of incubation at 5 and 20 °C. In addition, no
growth of the microorganism occurred during 7 d of storage. On
the other hand, Ceylan and others (2004) demonstrated that the
addition of 0.3% (w/v) cinnamon powder into pasteurized apple
juice gradually decreased the counts of £. coli O157:H7 in 1.6
(8°C)and 2 (25 °C) log CFU/mL after 14 and 3 d, respectively. In
contrast, lu and others (2001) reported an immediate 2 log CFU/
mL reduction of E. coli O157:H7 in unpasteurized apple cider
maintained at 42 °C by adding 2% (w/v) cinnamon powder.

The results obtained show that cinnamon powder was more
effective against L. monocytogens than E. coli O157:H7 under
similar experimental conditions. Moreover, storage temperature
plays an important role in the antimicrobial effectiveness of it,
being more effective at higher temperatures.

Natural antimicrobials of microbial origin

Bacteriocins. Nisin isasmall, heat-stable antimicrobial peptide
of 34 amino acids produced by Lactococcus lactis subsp. lactis
(Davidson and Zivanovic 2003), which has been described as a
class 1 bacteriocin, a group that comprises lantibiotics, which
are a family of membrane-active peptides containing the unusual
thioether amino acids lanthionine and B-methyl lanthionine, as
well as other modified amino acids such as dehydrated serine and
threonine. Nisin has shown a narrow antimicrobial spectrum,
inhibiting only Gram-positive bacteria, including Alicyclobacil-
lus, Bacillus cereus, Brochothrix thermosphacta, C. botulinum,
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C. sporogenes, Desulfotomaculum, Enterococcus, Lactobacillus,
Leuconostoc, L. monocytogenes, Micrococcus, Pediococcus,
Sporolactobacillus, and Staphylococcus. Against bacterial spores,
nisin is sporostatic rather than sporicidal. On the other hand,
nisin does not generally inhibit Gram-negative bacteria, yeasts,
or molds. The activity spectrum includes Gram-negative bacteria
when used in combination with chelating agents (such as EDTA).
Nisin activity generally increases at low pH and low initial mi-
crobial loads (Davidson and Zivanovic 2003; Ross and others
2003).

In vegetative cells the primary site of action for nisin is the
cytoplasmic membrane where it forms pores, thus destroying
membrane integrity (Figure 3), and acts as a voltage-dependent
polarizer (Abee and others 1994; Ross and others 2003). Pore for-
mation results in depletion of proton motive force and loss of cel-
lular ions, amino acids, and ATP (Crandall and Montville 1998;
Davidson and Zivanovic 2003). Other action mechanisms against
vegetative cells have been proposed for nisin, including interfer-
ence with cell wall biosynthesis, although some researchers have
indicated that this may simply be a consequence of energy loss
and membrane depolarization resulting from pore formation and
induction of autolysis (Thomas and others 2000).

The FSANZ (2007) and Codex Standards have permitted the
use of nisin in foods including meat (up to 12.5 mg/kg), poultry
(up to 12.5 mg/kg), and dairy (according to GMP) products, fruit
and vegetables juices (according to GMP), and egg products (ac-
cording to GMP). Likewise, the USFDA (2007) approved nisin as
GRAS, through scientific procedures, for use on casing for frank-
furters (up to 6.9 mg/kg), meat and poultry products (up to 5.5
mg/kg).

The effectiveness of nisin used alone against pathogenic mi-
croorganisms in fresh-cut fruits has not been found in the litera-
ture. However, Ukuku and Fett (2004) reported reductions of 1
and 1.4 log CFU/g Salmonella in fresh-cut cantaloupe melon us-
ing combinations of nisin (50 ug/mL), EDTA (0.02 M), sodium
lactate (2% v/v), and potassium sorbate (0.02% v/v). On the
other hand, Ukuku and Fett (2002) reached 2 log CFU/g reduc-
tions in the mesophilic aerobic and lactic acid bacteria pop-
ulations on fresh-cut cantaloupe melon after washing with a
solution containing 10 pg/mL nisin and 0.02 M EDTA. Never-
theless, those researchers indicated that the growth of Gram-
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negative bacteria such as Pseudomonas and yeasts and molds
during 15 d of storage at 5 °C was not inhibited with that dipping
treatment.

The effect of nisin alone or in combination with other pre-
serving technologies over pathogenic microorganisms in fruit
juices has been evaluated by several researchers. Liang and oth-
ers (2002) did not find significant reductions of S. Typhimurium
in nonpulpy (0.1 log CFU/mL), pulpy (0.1 log CFU/mL), and
pasteurized freshly squeezed (1.5 log CFU/mL) orange juice by
adding 0.1 ug/mL nisin in comparison with control samples.
However, they found that the use of a combination of a PEF
treatment (30 pulses of 90kV/cm) with nisin slightly reduced
S. Typhimurium counts in nonpulpy (0.25 log CFU/mL), pulpy
(0.20 log CFU/mL), and pasteurized freshly squeezed (2.95 log
CFU/mL) orange juice. Likewise, lu and others (2001) achieved a
4.63 log CFU/mL reduction of E. coli O157:H7 in unpasteurized
apple cider using 20 pg/mL nisin; whereas a higher reduction
(8.78 log CFU/mL) was achieved when nisin was combined with
a PEF treatment (10 pulses of 80 kV/cm). Greater reductions found
in this latter study were due probably to the higher concentrations
of nisin used in comparison with the former one.

On the other hand, the use of nisin in combination with other
preservation methods has been shown to effectively control nat-
urally occurring microbes in fruit juices. Thus, Wu and others
(2005) reported a 6.2 log CFU/mL reduction of the naturally oc-
curring biota of intentionally spoiled pasteurized red grape juice
when applying a combination of nisin (4 ug/mL), heat at 51 °C
and PEF (20 pulses of 80 kV/cm). On the other hand, Nguyen and
Mittal (2007) achieved a 0.85 log CFU/mL reduction in the nat-
urally occurring microbiota of intentionally spoiled pasteurized
tomato juice by applying a combination of nisin (4 ug/mL) with
a thermal treatment at 50 °C, whereas heat treatment of juice
caused only a reduction of 0.74 log CFU/mL. Nonetheless, those
researchers found a higher reduction (4.4 log CFU/mL) of the nat-
ural microbiota when a combination of nisin, heat at 50 °C, and
PEF (20 pulses of 80 kV/cm) was used.

The application of nisin alone in low concentrations as an
antimicrobial agent in fruit products showed scarce effective-
ness against Gran-negative bacteria; therefore, combinations
of preservation methods to achieve a higher effectiveness are
necessary.
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Conclusions

The information compiled in this review demonstrates that
different natural antimicrobials of animal, plant, and microbial
origin, directly or indirectly added to fresh-cut fruits and fruit
juices, can effectively reduce or inhibit pathogenic and spoilage
microorganisms, thus representing a good alternative to the use
of traditional antimicrobials. However, the extraction and purifi-
cation of some natural antimicrobials can be difficult and expen-
sive. Isolation and purification procedures that may avoid denat-
uralization, breakdown, volatilization, and/or loss of functional
properties of active compounds, as well as safety and toxicology
evaluations could be implicated.

On the other hand, the addition of antimicrobials to these
products without adversely affecting the sensory characteristics
is still a challenge for researchers, since the concentrations that
are necessary to ensure safety (up to 5 log CFU/g reductions in
the most resistant pathogenic microorganism, based on USFDA
(2002) regulation) of fresh-cut fruits and fruit juices are several
times higher than those accepted by consumers from sensory
point of view. Therefore, new studies combining the use of an-
timicrobials with other methodologies of food preservation are
necessary to reduce the impact of these compounds on sensory
properties.

Acknowledgments

The Spanish Ministry of Science and Technology supported this
study through the project AGL 2003-09208-C01. The Council
of Scientific and Humanistic Development of Central Univ. of
Venezuela, Caracas-Venezuela, supplied a grant for the doctoral
studies of Rosa M. Raybaudi-Massilia.

References

Abee T, Rombouts FM, Hugenhultz ), Guihard G, Letellier L. 1994. Mode of action of nisin Z
against Listeria monocytogenes Scott A grown at high and low temperatures. Appl Environ
Microbiol 60:1962-8.

Ahvenainen R. 1996. New approaches in improving the shelf life of minimally processed
fruit and vegetables. Trends Food Sci Technol 7:179-87.

Alvarez-Rodn’guez ML, Belloch C, Villa M, Uruburu F, Lariba G, Coque JJR. 2003. Degra-
dation of vanillic acid and production of guaiacol by microorganisms isolated from cork
samples. FEMS Microbiol Lett 220:49-55.

Aronsson K, Ronner U. 2001. Influence of pH, water activity and temperature on the inacti-
vation of E. coli and Saccharomyces cerevisiae by pulsed electric fields. Innovat Food Sci
Emerg Technol 2:105-12.

Ayala-Zavala JF, Villegas-Ochoa MA, Cuamea-Navarro F, Gonzélez-Aguilar GA. 2005. Com-
puestos voldtiles de origen natural. Nueva alternativa para la conservacién. In: Gonzalez-
Aguilar GA, Gardea AA, Cuamea-Navarro F, editors. Nuevas tecnologias de conservacion
de productos vegetales frescos cortados. Sonora, Mexico: CIAD AC. p 314-38.

Ayala-Zavala JF, Oms-Oliu G, Odriozola-Serrano I, Gonzalez-Aguilar GA, Alvarez-Parrilla
E, Martin-Belloso O. 2007. Bio-preservation of fresh-cut tomatoes using natural antimicro-
bials. Eur Food Res Technol 226:1047-55.

Balla C, Farkas J. 2006. Minimally processed fruits and fruit products and their microbiological
safety. In: Hui YH, Barta J, Cano MP, Gusek T, Sidhu JS, Sinha N, editors. Handbook of
fruits and fruit processing. Ames, lowa: Blackwell Publishing. p 115-28.

Bahgeci KS, Gokmen V, Acar J. 2005. Formation of guaiacol from vanillin by Alicyclobacillus
acidoterrestris in apple juice: a model study. Eur Food Res Technol 220:196-9.

Barney P. 1998. Doctor’s guide to natural medicine. Orem, Utah: Woodland Publishing Inc.
406 p.

Begin A, Van Calsteren MR. 1999. Antimicrobials films produced from chitosan. Int J Biol
Macromol 26:63-7.

Beuchat LR. 1996. Pathogenic microorganisms associated with fresh produce. J Food Prot
59:204-16.

Beuchat LR. 2000. Use of sanitizers in raw fruit and vegetable processing. In: Alzamora SM,
Tapia MS, Lépez-Malo A, editors. Minimally processed fruits and vegetables. Fundamental
aspects and applications. Gaithersburg, Md.: Aspen Publishers Inc. p 63-78.

Beuchat LR. 2001. Control of foodborne pathogens and spoilage microorganisms by naturally
occurring antimicrobials. In: Wilson CL, Droby S, editors. Microbial food contamination.
London, U.K.: CRC Press. p 149-69.

Beuchat LR. 2002. Ecological factors influencing survival and growth of human pathogens
on raw fruits and vegetables. Microb Infect 4:413-23.

Beuchat LR, Golden DA. 1989. Antimicrobials occurring naturally in foods. Food Technol
43:134-42.

Beuchat LR, Pitt]I. 1992. Detection and enumeration of heat-resistant molds. In: Vanderzant
C, Splittstoesser DF, editors. Compendium of methods for the microbiological examination
of food. Washington, D.C.: American Public Health Assoc. p 251-63.

Brackett RE. 1994. Microbiological spoilage and pathogens in minimally processed refriger-
ated fruits and vegetables. In: Wiley RC, editor. Minimally processed refrigerated fruits and
vegetables. New York: Chapman & Hall. p 269-312.

Brackett RE. 2001. Fruits, vegetables and grains. In: Doyle MP, Beuchat LR, Montville TJ,
editors. Food microbiology. Fundamentals and frontiers. 2nd edition. Washington, D.C.:
ASM Press. p 127-38.

Brul S, Coote P. 1999. Preservative agents in foods: mode of action and microbial resistance
mechanisms. Int ] Food Microbiol 50:1-17.

Burt S. 2004. Essential oils: their antibacterial properties and potential applications in foods:
a review. Int ] Food Microbiol 94:223-53.

Castillo A, Escartin EF. 1994. Survival of Campylobacter jejuni on sliced watermelon and
papaya. J Food Prot 57:166-8.

[CDC] Centers for Disease Control and Prevention. 2007. Annual listing of food-
borne disease outbreaks, United States, 1990-2004. Available from: http://www.cdc.gov/
foodborneoutbreaks/outbreak _data.htm. Accessed Feb 26, 2007.

Cerruti P, Alzamora SM. 1996. Inhibitory effects of vanillin on some food spoilage yeasts in
laboratory media and fruit puree. Int ] Food Microbiol 29:379-86.

Cerruti P, Alzamora SM, Vidales SL. 1997. Vanillin as an antimicrobial for producing shelf-
stable strawberry puree. J Food Sci 62:608-10.

CeylanE, Fung DYC, SabahJR. 2004. Antimicrobial activity and synergistic effect of cinnamon
with sodium benzoate or potassium sorbate in controlling Escherichia coli O157:H7 in
apple juice. ) Food Sci 69:FSM102-6.

Chang SS, Kang DH. 2004. Alicyclobacillus spp. in the fruit juice industry: history, character-
istics, and current isolation/detection procedures. Crit Rev Microbiol 30:55-74.

Chien PJ, Sheu F, Yang FH. 2007. Effects of edible chitosan coating on quality and shelf life
of sliced mango fruit. ] Food Eng 78:225-9.

Chikthimmah N, LaBorde LF, Beelman RB. 2003. Critical factors affecting the destruction of
Escherichia coli O157:H7 in apple cider treated with fumaric acid and sodium benzoate.
J Food Sci 68:1438-42.

Comes JE, Beelman RB. 2002. Addition of fumaric acid and sodium benzoate as an alternative
method to achieve a 5-log reduction of Escherichia coli O157:H7 population in apple cider.
) Food Prot 65:476-83.

Corbo MR, Lanciotti R, Gardini F, Sinigaglia M, Guerzoni ME. 2000. Effects of hexanal,
trans-2-hexenal, and storage temperature on shelf life of fresh sliced apples. ] Agric Food
Chem 48:2401-8.

Corbo MR, Campaniello D, D’Amato D, Bevilacqua A, Sinigaglia M. 2005. Behavior of
Listeria. monocytogenes and Escherichia coli O157:H7 in fresh-sliced cactus-pear fruit.
J Food Saf 25:157-72.

Corte FV, Fabrizio SV, Salvatori DM, Alzamora SM. 2004. Survival of Listeria innocua in
apple juice as affected by vanillin or potassium sorbate. J Food Saf 24:1-15.

Crandall AD, Montville TJ. 1998. Nisin resistance in Listeria monocytogenes ATCC 700302
is a complex phenotype. Appl Environ Microbiol 64:231-7.

Davidson PM. 2001. Chemical preservatives and natural antimicrobial compounds. In: Doyle
MP, Beuchat LR, Montville T}, editors. Food microbiology: fundamentals and frontiers, 2nd
edition. Washington, D.C.: ASM Press. p 593-627.

Davidson PM, Zivanovic S. 2003. The use of natural antimicrobials. In: Zeuthen P, Bogh-
Sorensen L, editors. Food preservation techniques. Boca Raton, Fla.: CRC Press LLC.
p 5-30.

Del Rosario BA, Beuchat LR. 1995. Survival and growth of enterohemorrhagic Escherichia
coli O157:H7 in cantaloupe and watermelon. J Food Prot 58:105-7.

Derrickson-Tharrington E, Kendall PA, Sofos JN. 2005. Inactivation of Escherichia coli
O157:H7 during storage or drying of apple slices pretreated with acidic solutions. Int ]
Food Microbiol 99:79-89.

Diaz-Cinco ME, Acedo-Félix E, Garcia-Galaz A. 2005. Principales microorganisms patégenos
y de deterioro. In: Gonzdlez-Aguilar GA, Gardea AA, Cuamea-Navarro F, editors. Nuevas
tecnologias de conservacion de productos vegetales frescos cortados. Sonora, Mexico:
CIAD AC. p 216-40.

Dingman DW. 2000. Growth of Escherichia coli O157:H7 in bruised apple (Malus domes-
tica) Tissue as influenced by cultivar, date of harvest, and source. Appl Environ Microbiol
66:1077-83.

DiPersio PA, Kendall PA, Calicioglu M, Sofos JN. 2003. Inactivation of Salmonella during
drying and storage of apple slices treated with acidic or sodium metabisulfite solutions.
) Food Prot 66:2245-51.

Dong H, Cheng L, Tan J, Zheng K, Jiang Y. 2004. Effects of chitosan coating on quality and
shelf life of peeled litchi fruit. ) Food Eng 64:355-8.

Doores S. 1993. Organic acids. In: Davidson PM, Branen AL, editors. Antimicrobials in food.
New York: Marcel Dekker Inc. p 95-136.

European Parliament and Council Directive N° 95/2/EC. 1995. On food additive other
than colors and sweeteners. Available from: http://ec.europa.eu/food/fs/sfp/addit_flavor/
flav11_en.pdf. Accessed Jul 7, 2007.

Fernandez-Escartin E, Castillo-Ayala A, Saldana-Lozano J. 1989. Survival and growth of
Salmonella and Shigella and sliced fresh fruit. ] Food Prot 52:471-2.

Ferrante S, Guerrero S, Alzamora MS. 2007. Combined use of ultrasound and natural antimi-
crobials to inactivate Listeria monocytogenes in orange juice. J Food Prot 70:1850—6.

Fisher TL, Golden DA. 1998a. Fate of Escherichia coli O157:H7 in ground apples used in
cider production. ] Food Prot 61:1372—4.

Fisher TL, Golden DA. 1998b. Survival of Escherichia coli O157:H7 in apple cider as af-
fected by dimethyl dicarbonate, sodium bisulfite, and sodium benzoate. ] Food Sci 63:
1-3.

Fitzgerald D), Stratford M, Gasson MJ, Ueckert J, Bos A, Narbad A. 2004a. Mode of an-
timicrobial action of vanillin against Escherichia coli, Lactobacillus plantarum and Listeria
innocuass. ] Appl Microbiol 97:104-13.

Fitzgerald DJ, Stratford M, Gasson M), Narbad A. 2004b. The potential application of vanillin
in preventing yeast spoilage of soft drinks and fruit juices. ] Food Prot 67:391-5.

Friedman M, Henika PR, Mandrell RE. 2002. Bactericidal activities of plant essential oils and
some of their isolated constituents against Campylobacter jejuni, Escherichia coli, Listeria
monocytogenes, and Salmonella enterica. ) Food Prot 65:1545-60.

Friedman M, Henika PR, Levin CE, Mandrell RE. 2004. Antibacterial activities of plant essen-
tial oils and their components against Escherichia coli O157:H7 and Salmonella enterica
in apple juice. ] Agric Food Chem 52:6042-8.

Fritsch CW, Gale JA. 1977. Hexanal as a measure of rancity in low fat foods. JAOCS 54:
225-8.

178 COMPREHENSIVE REVIEWS IN FOOD SCIENCE AND FOOD SAFETY —Vol. 8, 2009



Control of pathogenic and spoilage microorganisms in fresh-cut fruits and fruit juices.. . .

[FSANZ] Food Standards Australian New Zealand. 2002. Application A404. Lactoperox-
idase system. Available from: http:/www.foodstandards.gov.au/_srcfiles/A404_DAR.pdf.
Accessed Jan 5, 2009.

[FSANZ] Food Standards Australian New Zealand. 2007. Application A565. Use of nisin in
processed meat products. Available from: http:/www.foodstandards.gov.au. Accessed Jan
6, 2009.

Gill AO, Holley RA. 2004. Mechanism of bactericidal action of cinnamaldehyde against
Listeria monocytogenes and of eugenol against L. monocytogenes y Lactobacillus sakei.
App! Environ Microbiol 70:5750-5.

Gill AO, Holley RA. 2006. Disruption of Escherichia coli, Listeria monocytogenes and Lacto-
bacillus sakei cellular membranes by plant oil aromatics. IntJ Food Microbiol 108:1-9.

Golden DA, Rhodehamel EJ, Kautter DA. 1993. Growth of Salmonella spp. in cantaloupe,
watermelon, and honeydew melons. J Food Prot 56:194-6.

Gonzilez-Aguilar GA, Monroy-Garcia IN, Goycoolea-Valencia F, Diaz-Cinco ME, Ayala-
Zavala JF. 2005. Cubiertas comestibles de quitosano. Una alternativa para prevenir el
deterioro microbiano y conservar la calidad de papayas frescas cortadas. In: Gonzalez-
Aguilar G, Cuamea-Navarro F, editors. Nuevas tecnologfas de conservacién y envasado de
frutas y hortalizas. Hermosillo, Mexico: CIAD AC. p 121-33.

Gould GW. 1989. Introduction. In: Gould GW, editor. Mechanisms of action of food preser-
vation procedures. London, U.K.: Elsevier Applied Science. p 1-42.

Gulluce M, Sahin F, Sokmen M, Ozer H, Daferera D, Sokmen A, Polissiou M, Adiguzel A,
Ozkan H. 2007. Antimicrobial and antioxidant properties of the essential oils and methanol
extract from Mentha longifolia L. ssp. Longifolia. Food Chem 103:1449-56.

Harris L), Farber JN, Beuchat LR, Parish ME, Suslow TV, Garrett EH, Busta FF. 2003. Outbreaks
associated with fresh produce: incidence, growth, and survival of pathogens in fresh and
fresh-cut produce. CRFSFS 2(1):78-141.

Helander IM, Nurmiaho-Lassila EL, Ahvenainen R, Rhoades ], Roller S. 2001. Chitosan
disrupts the barrier properties of the outer membrane of Gram-negative bacteria. Int) Food
Microbiol 71:235-44.

Hughey VL, Johnson EA. 1987. Antimicrobial activity of lysozyme against bacteria involved
in food spoilage and food borne disease. Appl Environ Microbiol 53:2165-70.

Ingham SC, Schoeller EL, Engel RA. 2006. Pathogen reduction in unpasteurized apple cider:
adding cranberry juice to enhance the lethality of warm hold and freeze-thaw steps. J Food
Prot 69:293-8.

Ippolito A, Nigro F. 2003. Natural antimicrobials in postharvest storage of fresh fruits and
vegetables. In: Roller S, editor. Natural antimicrobials for the minimal processing of foods.
Boca Raton, Fla.: CRC Press. p 201-34.

luJ, Mittal GS, Griffiths MW. 2001. Reduction in levels of Escherichia coli O157:H7 in apple
cider by pulsed electric fields. ) Food Prot 64:964-9.

Janisiewicz W), Conway WS, Brown MW, Sapers GM, Fratamico P, Buchanan RL. 1999. Fate
of Escherichia coli O157:H7 on fresh-cut apple tissue and its potential for transmission by
fruit flies. Appl Environ Microbiol 65:1-5.

Jay JM, Loessner M), Golden DA. 2005. Modern food microbiology. 7th edition, New York:
Springer Science + Business Media Inc. 790 p.

Kalia A, Gupta RP. 2006. Fruit microbiology. In: Hui YH, editor. Handbook of fruits and fruit
processing. Ames, lowa: Blackwell Publishing. p 3-28.

Kiské G, Sharp R, Roller S. 2005. Chitosan inactivates spoilage yeasts but enhances survival
of Escherichia coli O157:H7 in apple juice. ] Appl Microbiol 98:872-80.

Lambert RJW, Skandamis PN, Coote PJ, Nychas GJE. 2001. A study of minimum inhibitory
concentration and mode of action of oregano essential oil, thymol and carvacrol. J Appl
Microbiol 91:453-62.

Lanciotti R, Corbo MR, Gardini F, Sinigaglia M, Guerzoni ME. 1999. Effect of hexanal on the
shelf life of fresh apple slices. ] Agric Food Chem 47:4769-76.

Lanciotti R, Belletti N, Patrignani F, Gianotti A, Gardini F, Guerzoni ME. 2003. Application
of hexanal, (E)-2-hexenal, and hexyl acetate to improve to safety of fresh-sliced apples.
J Agric Food Chem 51:2958-63.

Lanciotti R, Gianotti A, Patrignani F, Belletti N, Guerzoni ME, Gardini F. 2004. Use of natural
aroma compounds to improve shelf-life and safety of minimally processed fruits. Trends
Food Sci Technol 15:201-8.

Lee SY, Dougherty RH, Kang DH. 2002. Inhibitory effects of high pressure and heat on
Alicyclobacillus acidoterrestris spores in apple juice. Appl Environ Microbiol 68:4158—
61.

Lei Q, Boatright WL. 2008. Lipoxygenase independent hexanal formation in isolated soy
proteins induced by reducing agents. J Food Sci 73:C646-8.

Leistner L. 1995. Principles and applications of hurdle technology. In: Gould GW, ed-
itor. New methods of food preservation. London: Blackie Academic & Professional.
p1-21.

Liang Z, Mittal GS, Griffiths MW. 2002. Inactivation of Salmonella Typhimurium in orange
juice containing antimicrobial agents by pulsed electric field. ] Food Prot 65:1081-7.

Liang Z, Cheng Z, Mittal GS. 2006. Inactivation of spoilage microorganisms in apple cider
using a continuous flow pulsed electric field system. LWT 39:350-6.

Liao CH, Sapers GM. 2000. Attachment and growth of Salmonella Chester on apple fruit and
in vivo response of attached bacteria to sanitizer treatments. | Food Prot 63:876-83.

Losso JN, Nakai S, Charter EA. 2000. Lysozyme. In: Naidu AS, editor. Natural food antimi-
crobial systems. Boca Raton, Fla.: CRC Press. p 185-210.

Lund BM, Snowdon AL. 2000. Fresh and processed food. In: Lund BM, Baird-Parker TC,
Gould GW, editors. The microbiological safety and quality of food. Gaithersburg, Md.:
Aspen Publication. p 738-58.

Martinez A, Diaz RV, Tapia MS. 2000. Microbial ecology of spoilage and pathogenic flora
associated with fruits and vegetables. In: Alzadora SM, Tapia MS, Lépez-Malo A, edi-
tors. Minimally processed fruits and vegetables. Fundamental aspects and applications.
Gaithersburg, Md.: Aspen Publishers, Inc. p 43-62.

Martinez-Ferrer M, Harper C. 2005. Reduction in microbial growth and improvement of
storage quality in fresh-cut pineapple after methyl jasmonate treatment. J Food Qual 28:3—
12.

Mejia L, Diaz RV. 1998. Crecimiento y sobrevivencia de Listeria monocytogenes en ensal-
adas de frutas con minimo procesamiento. V Congreso Latino-Americano de Microbiologia
e Higiene de los Alimentos. COMBHAL. VI Simposio Brasileiro de Microbiologia de Ali-
mentos. Aguas de Lindéia, SP, Brasil.

Vol. 8, 2009—COMPREHENSIVE REVIEWS IN FOOD SCIENCE AND FOOD SAFETY

Miller LG, Kaspar CW. 1994. Escherichia coli O157:H7 acid tolerance and survival in apple
cider. ) Food Prot 57:460-4.

Montville TJ, Matthews KR. 2001. Principles which influence microbial growth, survival, and
death in food. In: Doyle MP, Beuchat LR, Montville TJ, editors. Food microbiology: funda-
mentals and frontiers, 2nd edition. Washington, D.C.: American Society for Microbiology
Press. p 13-32.

Moon KD, Delaquis P, Toivonen P, Stanich K. 2006. Effect of vanillin on the fate of Listeria
monocytogenes and Escherichia coli O157:H7 in a model apple juice medium and in apple
juice. Food Microbiol 23:169-74.

Mosqueda-Melgar J, Raybaudi-Massilia RM, Martin-Belloso O. 2008a. Non-thermal pas-
teurization of fruit juices by combining high-intensity pulsed electric fields with natural
antimicrobials. Innovat Food Sci Emerg Technol 9:328-40.

Mosqueda-Melgar J, Raybaudi-Massilia RM, Martin-Belloso O. 2008b. Inactivation of
Salmonella enterica ser. Enteritidis in tomato juice by combining of high-intensity pulsed
electric fields with natural antimicrobials. J Food Sci 73:M47-53.

Mosqueda-Melgar J, Raybaudi-Massilia RM, Martin-Belloso O. 2008c. Combination of high-
intensity pulsed electric fields with natural antimicrobials to inactivate pathogenic mi-
croorganisms and extend the shelf life of melon and watermelon juices. Food Microbiol
25:479-91.

Naidu AS. 2000. Lactoperoxidase. In: Naidu AS, editor. Natural food antimicrobial systems.
Boca Raton, Fla.: CRC Press. p 103-32.

Nakimbugwe D, Masschalck B, Anim G, Michiels CW. 2006. Inactivation of Gram-negative
bacteria in milk and banana juice by hen egg white and lambda-lysozyme under high
hydrostatic pressure. Int ] Food Microbiol 112:19-25.

Ngarmsak M, Delaquis P, Toivonen P, Ngarmsak T, Ooraikul B, Mazza G. 2006. Antimicro-
bial activity of vanillin against spoilage microorganisms in stored fresh-cut mangoes. J Food
Prot 69:1724-7.

Nguyen-The C, Carlin F. 1994. The microbiology of minimally processed fresh fruits and
vegetables. Crit Rev Food Sci Nutr 34:371-401.

Nguyen P, Mittal GS. 2007. Inactivation of naturally occurring microorganisms in tomato
juice using pulsed electric field (PEF) with and without antimicrobials. Chem Eng Process
46:360-5.

Nikaido H. 1996. Outer membrane. In: Neidhardt FC, editor. Escherichia coli and Salmonella
cellular and molecular biology. Washington, D.C.: ASM Press. p 29-47.

No HK, Meyers SP, Prinyawtwatkul W, Xu Z. 2007. Applications of chitosan for improvement
of quality and shelf life of foods: a review. J Food Sci 72:87-100.

Novack K, Cupp MJ, Tracy TS. 2003. Chitosan. In: Cupp MJ, Tracy TS, editors. Dietary
supplements. Toxicology and clinical pharmacology. Totowa, N.J.: Humana Press Inc.
p 33-40.

Nychas GJE, Skandamis PN, Tassou CC. 2003. Antimicrobials from herbs and spices. In:
Roller S, editor. Natural antimicrobials for the minimal processing of foods. Washington,
D.C.: CRC Press. p 177-99.

Oussalah M, Caillet S, Lacroix M. 2006. Mechanism of action Spanish oregano, Chinese
cinnamon, and savory essential oils against cell membrane and walls of £. coli O157:H7
and Listeria monocytogenes. ) Food Prot 69:1046-55.

Pao S, Petracek PD. 1997. Shelf-life extension of peeled oranges by citric acid treatment.
Food Microbiol 14:485-91.

Pao S, Brown GE, Schneider KR. 1998. Challenge studies with selected pathogenic bacteria
on freshly peeled Hamlin orange. Microbiol 63:359-62.

Patrignani F, lucci L, Belletti N, Gardini F, Guerzoni ME, Lanciotti R. 2008. Effects of sub-
lethal concentrations of hexanal and 2-(E)-hexenal on membrane fatty acid composition
and volatile compounds of Listeria monocytogenes, Staphylococcus aureus, Salmonella
Enteritidis and Escherichia coli. Int } Food Microbiol 123:1-8.

Pederson CS, Albury MN, Christensen MD. 1961. The growth of yeasts in grape juice stored
at low temperature. IV. Fungistatic effect of organic acids. Appl Environ Microbiol 9:
162-7.

Penteado AL, Leitao MFF. 2004. Growth of Listeria monocytogenes in melon, watermelon
and papaya pulps. IntJ Food Microbiol 92:89-94.

Pérez-Calder6n R, Gonzalo-Garijo MA, Lamilla-Yerga A, Mangas-Santos R, Moreno-Gast6n
1. 2007. Recurrent angioedema due to lysozyme allergy. J Investig Allergol Clin Immunol
17:264-6.

Powell D, Luedtke A. 2000. Fact sheet: a timeline of fresh juice outbreaks. Univer-
sity of Guelph. Available from: http://www.plant.uoguelph.ca/safefood/micro-haz/juice-
outbreaks.htm. Accessed May 7, 2006.

Raju PS, Bawa AS. 2006. Food additives in fruit processing. In: Hui YH, editor. Handbook of
fruits and fruit processing. Ames, lowa: Blackwell Publishing. p 145-70.

Raso J, Pagan R, Condon S, Sala FJ. 1998. Influence of temperature and pressure on the
lethality of ultrasound. Appl Environ Microbiol 64:465-71.

Raybaudi-Massilia RM, Mosqueda-Melgar ], Martin-Belloso O. 2006. Antimicrobial activity
of essential oils on Salmonella Enteritidis, Escherichia coli and Listeria innocua in fruit juices.
] Food Prot 69:1579-86.

Raybaudi-Massilia RM, Mosqueda-Melgar J, Sobrino-Lépez A, Soliva-Fortuny R, Martin-
Belloso O. 2007. Shelf-life extension of fresh-cut Fuji apples at different ripeness stages
using natural substances. Postharvest Biol Technol 45:265-75.

Raybaudi-Massilia RM, Mosqueda-Melgar J, Martin-Belloso O. 2008a. Antimicrobial activity
of malic acid against Listeria monocytogenes, Salmonella Enteritidis and Escherichia coli
O157:H7 in apple, pear and melon juices. Food Contr 20:105-12.

Raybaudi-Massilia RM, Mosqueda-Melgar J, Martin-Belloso O. 2008b. Edible alginate-based
coating as carrier of antimicrobials to improve shelf life and safety of fresh-cut melon. IntJ
Food Microbiol 121:313-27.

Raybaudi-Massilia RM, Rojas-Graii MA, Mosqueda-Melgar J, Martin-Belloso O. 2008c. Com-
parative study on essential oils incorporated into an alginate-based edible coating to assure
the safety and quality of fresh-cut Fuji apples. ) Food Prot 71:1150-61.

Raybaudi-Massilia RM, Mosqueda-Melgar ], Sobrino-Lépez A, Martin-Belloso O. 2009b.
Inactivation of L. monocytogenes, S. Enteritidis and E. coli O157:H7 and shelf life exten-
sion of fresh-cut pears using malic acid and quality stabilizing compounds. J Food Qual,
Accepted.

Raybaudi-Massilia RM, Mosqueda-Melgar J, Sobrino-Lépez A, Soliva-Fortuny R, Martin-
Belloso O. 2009a. Use of malic acid and other quality stabilizing compounds to assure

179



CRFSFS: Comprehensive Reviews in Food Science and Food Safety

the safety of fresh-cut “fuji” apples by inactivation of Listeria monocytogenes, Salmonella
Enteritidis and Escherichia coli O157:H7. ) Food Saf 29: 236-52.

Rhoades ], Roller S. 2000. Antimicrobial actions of degraded and native chitosan
against spoilage organisms in laboratory media and foods. Appl Environ Microbiol 66:
80-6.

Rico D, Martin-Diana AB, Barat JM, Barry-Ryan C. 2007. Extending and measuring the quality
of fresh-cut fruit and vegetables: a review. Trends Food Sci Technol 18:373-86.

Rojas-Grali MA, Avena-Bustillo RJ, Friedman M, Henika PR, Martin-Belloso O, McHugh
TH. 2006. Mechanical, barrier, and antimicrobial properties of apple puree adible films
containing plant essential oils. ] Agric Food Chem 54:9262-7.

Rojas-Grali MA, Raybaudi-Massilia RM, Soliva-Fortuny RC, Avena-Bustillos RJ, McHugh TH,
Martin-Belloso O. 2007a. Apple puree-alginate edible coating as carrier of antimicrobial
agents to prolong shelf life of fresh-cut apples. Postharvest Biol Technol 45:254-64.

Rojas-Grali MA, Avena-Bustillos R}, Olsen C, Friedman M, Henika PR, Martin-Belloso O. Pan
Z, McHugh TH. 2007b. Effect of plant essential oils and oil compounds on mechanical,
barrier and antimicrobial properties of alginate-apple puree edible films. ] Food Eng 81:634—
41.

Roland JO, Beuchat LR. 1984. Biomass and patulin production by Byssochlamys nivea in
apple juice as affected by sorbate, benzoate, SO, and temperature. J Food Sci 49:402-6.
Roller S, Covill N. 1999. The antifungal properties of chitosan in laboratory media and apple

juice. IntJ Food Microbiol 47:67-77.

Roller S, Seedhar P. 2002. Carvacrol and cinnamic acid inhibit microbial growth in fresh-cut
melon and kiwifruit at 4° and 8°C. Lett Appl Microbiol 35:390-4.

Ross AIV, Griffiths MW, Mittal GS, Deeth HC. 2003. Combining nonthermal technologies to
control foodborne microorganism. Int J Food Microbiol 89:125-38.

Sado PN, Jinneman KC, Husby GJ, Sorg SM, Omiecinski CJ. 1998. Identification of L. mono-
cytogenes from unpasteurized apple juice using rapid test kits. J Food Prot 61:1199-202.
Sangsuwan J, Rattanapanone N, Rachtanapun P. 2008. Effect of chitosan/methyl cellu-
lose films on microbial and quality characteristics of fresh-cut cantaloupe and pineapple.

Postharvest Biol Technol 49:403-10.

Sebti I, Martial-Gros A, Carnet-Pantiez, Grelier S, Coma V. 2005. Chitosan polymer as bioac-
tive coating and film against Aspergillus niger contamination. J Food Sci 72:M100-4.

Shahidi F, Kmil A, Arachi A, You-Jim J. 1999. Food applications of chitin and chitosans.
Trends Food Sci Technol 10:37-51.

Sheu CW, Freese E. 1972. Effects of fatty acid on growth and enveloped proteins of Bacillus
subtilis. ) Bacteriol 111:525-30.

Soliva-Fortuny RC, Martin-Belloso O. 2003. New advances in extending the shelf life of
fresh-cut fruits: a review. Trends Food Sci Technol 14:341-53.

Splittstoesser DF. 1991. Fungi of important in processed fruits. In: Arora DK, Mukerji KG,
Marth EH, editors. Handbook of applied mycology. New York: Marcel Dekker, Inc. p
201-19.

Stratford M, Eklund T. 2003. Organic acids and esters. In: Russell NJ, Gould GW, editors.
Food preservatives. 2nd edition. London: Kluwer Academic/Plenum Publishers. p 48-84.
Su SK, Wiley RC. 1998. Changes in apple juice flavor compounds during processing. J Food

Sci 63:688-91.

Tassou C, Drosinos EH, Nychas GJE. 1995. Effects of essential oils from mint (Mentha piperita)
on Salmonella Enteritidis and Listeria. monocytogenes in model food systems at 4 °C and
10 °C. J Appl Bacteriol 78:593-600.

Tassou C, Koutsoumanis K, Nychas GJE. 2000. Inhibition of Salmonella Enteritidis and Staphy-
lococcus aureus in nutrient broth by mint essential oil. Food Res Int 33:273-80.

Thomas LV, Clarkson MR, Delves-Broughton J. 2000. Nisin. In: Naidu AS, editor. Natural
food antimicrobial systems. Boca Raton, Fla.: CRC Press. p 463-524.

Touch V, Hayakawa S, Yamada S, Kaneko S. 2004. Effects of lactoperoxidase-thiocyanate-
hydrogen peroxide system on Salmonella Enteritidis in animal or vegetable foods. Int) Food
Microbiol 93:75-183.

Ukuku DO, Fett WF. 2002. Effectiveness of chlorine and nisin-EDTA treatments of whole
melons and fresh-cut pieces for reducing native microflora and extending shelf life. ) Food
Saf 22:231-53.

Ukuku DO, Fett WF. 2004. Effect of nisin in combination with EDTA, sodium lactate, and
potassium sorbate for reducing Salmonella on whole and fresh-cut cantaloupe. J Food Prot
67:2143-50.

Uljas HE, Ingham SC. 1999. Combinations of intervention treatment resulting in a 5-log1o-
unit reductions in numbers of Escherichia coli O157:H7 and Salmonella Typhimurium
DT104 organisms in apple cider. Appl Environ Microbiol 65:1924-9.

[USCFR] U.S Code of Federal Regulations. 2009. Available from: http://www.gpoaccess.
gov/cfr/index.html. Accessed Jan 3, 2009.

[USFDA] U.S. Food and Drug Administration. 1994. Food allergies rare but risky (updated De-
cember, 2004). Available from: http://www.cfsan.fda.gov/~dms/wh-alrg1.html. Accessed
Mar 14, 2008.

[USFDA] U.S. Food and Drug Administration. 2002. Exemptions from the warning label re-
quirement for Juice - recommendations for effectively achieving a 5-log reduction. Available
from: http://www.cfsan.fda.gov/~dms/juicgui2.html. Accessed Feb 21, 2007.

[USFDA] U.S Food and Drug Administration. 2006. Food additive status list. Available from:
http://www.cfsan.fda.gov/~dms/opa-appa.html#ftnH. Accessed Apr 25, 2007.

[USFDA] U.S Food and Drug Administration. 2007. Summary of all GRAS notices. Available
from: http://www.cfsan.fda.gov/~rdb/opa-gras.html. Accessed Jul 7, 2007.

[USFDA] U.S Food and Drug Administration. 2008. “Everything” added to Food in the
United States (EAFUS): a food additive database. Available from: http://www.cfsan.fda.
gov/~dms/eafus.html. Accessed Jan 8, 2008.

Van Opstal IV, Bagamboula CF, Theys T, Vanmuysen SCM, Michiels CW. 2006. Inactivation
of Escherichia coli and Shigella in acidic fruit and vegetable juices by peroxidase systems.
J Appl Microbiol 101:242-50.

Vasantha-Rupasinghe HP, Boulter-Bitzer J, Ahn T, Odumeru JA. 2006. Vanillin inhibits
pathogenic and spoilage microorganism in vitro and aerobic microbial growth in fresh-
cut apples. Food Res Int 39:575-80.

Walker W, Phillips CA. 2008. The effect of preservatives on Alicyclobacillus acidoterrestris
and Propionibacterium cyclohexanicum in fruit juice. Food Contr 19:974-81.

Walton NJ, Mayer M), Narbad A. 2003. Vanillin. Phytochemistry 63:505-15.

Wang CY, Buta JG. 2003. Maintaining quality of fresh-cut kiwifruit with volatile compounds.
Postharvest Biol Technol 28:181-6.

Wendakoon CN, Sakaguchi M. 1995. Inhibition of amino acid decarboxylase activity of
Enterobacter aerogenes by active components in spices. ] Food Prot 58:280-3.

Wiley RC. 1994. Preservation methods for minimally processed refrigerated fruits and veg-
etables. In: Wiley RC, editor. Minimally processed refrigerated fruits and vegetables. New
York: Chapman & Hall. p 66-134.

Wu Y, Mittal GS, Griffiths MW. 2005. Effect of pulsed electric field on the inactivation
of microorganisms in grape juices with and without antimicrobials. Biosystems Eng 90:
1-7.

Yuste J, Fung DYC. 2002. Inactivation of Listeria monocytogenes Scott A 49594 in apple juice
supplemented with cinnamon. J Food Prot 65:1663-6.

Zhao T. Doyle MP, Besser RE. 1993. Fate of enterohemorrhagic Escherichia coli O157:H7 in
apple cider with and without preservatives. Appl Environ Microbiol 59:2526-30.

180 COMPREHENSIVE REVIEWS IN FOOD SCIENCE AND FOOD SAFETY —Vol. 8, 2009



