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Preface to the Second Edition

Never in the history of mankind were human food intake, nutrition, health, environ-
ment, and lifestyles so much interrelated and researched, as it is done today, in the
twenty-first century. Never in human experience has food been available in this
abundance and variety, as seen today, in the world. Humans (an average person) can
eat convenient, refined, highly processed food with great speed, enabling them to
consume about 3000 calories in 10-15 min. But, approximately, it takes a marathon
(5 h) to burn 2600 calories (100 calories/mile/10 min).

Advances in food technologies in the last 200 years resulted in efficient food
production and centralized, standardized processing systems, which enormously
improved the general health, quality of life, and abundance of foods, eradicated
many infectious and deficiency diseases, and increased life expectancy of majority
of the people. Processing is accomplished by using one or more of a range of opera-
tions, including washing, grinding, mixing, cooling, storing, heating, freezing, fil-
tering, fermenting, extracting, extruding, centrifuging, frying, drying, concentrating,
pressurizing, irradiating, microwaving, and packaging. Recent advances in emerg-
ing food-processing technologies, such as high hydrostatic pressure or high-intensity
electric field pulses, and minimal processing allow targeted and sophisticated modi-
fication and preservation of foods.

The researches in food science and nutrition over the last 200 years focused on
five major areas:

(a) Basic nutrient (carbohydrates, proteins, lipids) preservation and microbial
safety of foods.

(b) Micronutrient deficiency disease prevention with vitamins and minerals.

(c) Public health efforts at eradicating nutrient deficiency by the voluntary addition
of iodine to salt (1922). The fortification of other foods were also used to
address public health problems such as rickets (vitamin D), beriberi (thiamin),
pellagra (niacin), and dental caries (fluoride) and folate fortification for preg-
nant woman diet (1998). Since the initiation of fortification policies in the
United States, as in many parts of the world, clinically evident nutritional defi-
ciencies have been virtually eliminated.

vii



viii Preface to the Second Edition

(d) Food and chronic diseases: the role of food in the cause of and treatment for
chronic disease. Disease patterns shifted from infectious and nutrient deficiency
diseases to increasing rates of cardiovascular disease, diabetes, cancer, obesity,
neurological diseases, and osteoporosis.

(e) Nutrition for optimal lifelong health: superfood, phytochemicals, nutraceuticals,
and bioactive food components.

The chronic conditions of cardiovascular diseases, cancers, neurodegenerative
diseases, obesity, osteoporosis, arthritis, diabetes, and chronic respiratory diseases
emerged as the major causes of morbidity and mortality. Nutritional and epidemiologi-
cal research implicated food as a major factor in the etiology of diseases.

In response to consumer demand, the food processors produced a range of new
processes and products; attention is being increasingly focused on food which can
confer specific health benefits, so-called functional foods, superfoods, phytochemi-
cals, and nutraceuticals, whose further development may help the population to
attain even greater health in the twenty-first century.

Foods rich in whole and unrefined vegetables, fruits, legumes, nuts, and seeds
contain high concentrations of antioxidant phenolics, fibers, and numerous
other phytochemicals that may be protective against chronic diseases. Whole
foods are foods that are unprocessed or minimally processed, before being
consumed.

Minimally processed refrigerated (MPR) fruits and vegetables are fresh, raw,
whole or cut, safe foods which are usually processed and sold to consumers in a ready-
to-eat, ready-to-use, ready-to-cook, ready-to-serve forms (Wiley 1994). The fresh-cut
produce industry has been the fastest-growing portion of the food retail market during
the past 10 years, providing consumers with convenient and nutritious food.
However, fresh-cut fruits and vegetables raise food safety concerns, because
exposed tissue may be colonized more easily by pathogenic bacteria than intact
produce. This is due to the higher availability of nutrients on cut surfaces and the
greater potential for contamination because of the increased amount of handling.

This book is an outgrowth of our research and studies at the University of
Maryland, USA; INRA Avignon, France; and the METU, Turkey, over the last
35 years. The first edition of this book was the first book written on the subject of
minimally processed fruits and vegetables, about 25 years ago. It was and still is a
new major development in food science.

This volume contains 4 parts and 22 chapters. The book starts with an introduc-
tion and definition of the concept. The first part deals with the fundamentals of mini-
mal processing technologies in seven chapters. The second part of the book gives
some common commodities currently minimally processed in the market in eight
chapters. The third part has three chapters and gives information about the emerging
and new technologies in the sector. The fourth part of the book gives some informa-
tion related to safety, health, and nutritional aspects of the minimal processing in
five chapters.
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This volume is written for food processors, engineers, and technologist, as well
as nutrition experts, medical doctors, consumers, regulatory officials, graduate and
undergraduate students, researchers, and other stakeholders on the subject.

I hope the book will serve to its purpose by and large.

Golbasi, Ankara, Turkey Fatih Yildiz
January 10, 2017



Preface to the First Edition

The objective of this book is to introduce, organize, and document the scientific,
technical, and practical aspects involved with the manufacture, storage, distribution,
and marketing of minimally processed refrigerated (MPR) fruits and vegetables.
The overall function of these foods is to provide a convenient, fresh product for food
service and retail consumers. High levels of quality accompanied by superior safety
are essential requisites of MPR fruits and vegetables. Since refrigeration or chilling
is essential to the quality and safety of these food products, “refrigeration” is
included in the title of this book, i.e., MP Refrigerated Fruits and Vegetables.

This swiftly emerging area of processing requires organization and unification of
thinking concerning fruit and vegetable food products which are not considered
commercially sterile from a classical standpoint. Fruits and vegetables require very
special attention because of the multitude of enzymic and respiratory factors as well
as microbiological concerns which impact on the safety of low-acid and acidified
vegetables and on the economic viability of high-acid fruit products of all kinds.

The name of this field, minimally processed (MP) fruits and vegetables, deserves
attention in that there is little agreement among processors, produce dealers and
merchants, and research workers regarding the proper term for these products.
Many names are used as synonyms for MP fruits and vegetables, and these include
ready-to-use, precut, lightly processed, fresh-cut, etc.; I think it behooves the food
industry to settle on a single name and agree on a standard definition of this product.
Doing so would benefit research and development efforts, data base searches, nutri-
tional information needs, and the like.

The term “refrigerated” as opposed to chilled foods seems to be slightly confus-
ing. These terms are synonymous, but probably one or the other should be selected
to avoid confusion. Although the “chilled food” term may be easier to say than
“refrigerated food,” in the United States (US) at least, “refrigerated” may be more
recognizable by consumers.

This volume is designed to serve primarily as a reference book for those inter-
ested and involved in the minimally processed refrigerated or chilled fruit and veg-
etable industry. There has been an attempt to bring together historical information
available from many fields developed long before the concept of “minimally
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Xii Preface to the First Edition

processed” foods was considered a viable field of endeavor. I have tried to gather as
much knowledge as possible regarding this field but realize that there is much more
research and development to be completed and that great opportunities exist in this
area of food technology. The lack of information in certain areas has hampered the
authors of some of the chapters. If I have been able to summarize the present knowl-
edge of MPR fruits and vegetables and stimulate others to develop this important
field in a uniform and concise manner, I think we will all feel successful.

I thank all of the contributors to this volume and thank the following individuals
for reviewing chapters: Timothy P. Lydane, Imperial Produce; Dr. John Y. Humber,
Kraft General Foods; Dr. Dennis C. Westhoff, University of Maryland; Dr. Harold
R. Bolin, USDA-ARS; Dr. Bernard A. Twigg, University of Maryland; Dr. Charles
A. McClurg, University of Maryland; and Dr. Charles R. Barmore, W.R. Grace and
Co. Thanks also go to Kathleen Hunt, Robert Savoy, Lovant Hicks, David Jones,
Ester Lee, and all others who read manuscripts, worked with tables and artwork for
figures, entered information and data into the computer, and generally made this
volume possible.

Finally, I thank Joy Wiley for her help and encouragement during the time that
this work was being produced.

Robert C. Wiley, September 22, 1993
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Chapter 1

Introduction to Minimally Processed
Refrigerated (MPR) Fruits and Vegetables

Robert C. Wiley and Fatih Yildiz

1.1 Introduction

Minimally processed refrigerated (MPR) fruits and vegetables are an important and
rapidly developing class of foods. These convenience foods are being produced by
unique applications of the basic and food sciences and their supporting technologies
and engineering. MPR fruits and vegetables have attracted the interest of many
facets of the food industry including such diverse areas as food manufacturers, retail
food stores (deli departments), restaurants, carry-out establishments, and commis-
sary units. Much of the developmental work in this field is now being carried out in
western Europe, Japan, and the United States in response to strong consumer
demand, both individual and institutional, for new types of like-fresh high-quality
convenience and safe foods. The purpose of MPR foods is to deliver to the con-
sumer a fresh-like fruit or vegetable, product with an extended shelf-life, and at the
same time ensure food safety and “maintain sound nutritional and sensory quality.
MPR fruits and vegetables received their original impetus from institutional users,
but retail applications are gaining favor and are expected to expand rapidly.

Many countries are making significant strides toward solving the myriad of prob-
lems associated with the manufacturing, distribution, and marketing of MPR fruits
and vegetables.

R.C. Wiley ()

Department of Nutrition and Food Science, University of Maryland,
0112 Skinner Building, College Park, MD, USA

e-mail: RobertCraigWiley @ gmail.com

F.Yildiz
Mogan International Research Center, Golbasi, Ankara, Turkey

Department of Food Engineering and Biotechnology, Middle East Technical University,
Ankara, Turkey
e-mail: fatih@metu.edu.tr
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This progress appears to be due to strong governmental and food industry sup-
port for MPR food applications, a conducive regulatory climate in preparation for
the expanding food markets that will be available within the European Community
(EC) since the trade and monetary barriers are removed.

It is clear that investigators in the fields of food science, nutrition, technology,
related disciplines, and engineering have studied and conducted research on the
various facets of MPR food for many years, especially in the cold preserved and raw
fresh foods areas (Fig. 1.1). The early work by Smock and Neubert (1950) on con-
trolled atmosphere (CA) storage of apples is a good example of the type of research
that is now utilized and is being greatly refined with regard to MPR fruits and veg-
etables. It is now time to look at this field as a concise discipline investigating the
continuum of product flow from harvest to consumption (Fig. 1.2). As seen in
Fig. 1.2, the discipline effectively links product production (horticulture produc-
tion) with manufacturing, packaging, distribution, and consumption. See Morris
(1991) and Anon (1991) for good manufacturing practices (GMP) and Hazard
Analysis Critical Control Point (HACCP) Systems for MPR fruits and vegetables
and chilled foods in general. A unified approach and thinking of MPR foods as a
specific food preservation industry/method as contrasted to canning, freezing, or
drying would greatly assist in its development, which is now growing rapidly in
many parts of the world.

As shown in Fig. 1.1, the major differences between MPR fruits and vegetables
and raw fruits and vegetables are the rather specific processing and preservation
steps taken with MPR foods. The MPR fruits and vegetables are usually living
respiring tissues (Rolle and Chism 1987), but respiration is greatly “increased by
cutting, slicing, low temperature heat treatments, and preservatives (Figs. 1.3 and
1.4, Anon 1989a). As seen in Fig. 1.3, the intact cell is expected to be much more
resistant to oxidative browning and entrance of bacteria as compared to the cut cell.
Figure 1.4a shows the intact vegetable product in a package, and Fig. 1.4b shows the
condition of some cut surface cells with the majority of intact interior cells. The
latter situation may greatly complicate the modeling of gas exchange in polymeric
packages as suggested by Mannapperuma and Singh (1990). Refrigeration and
packaging may be optional for raw fresh intact fruits and vegetables but are manda-
tory for MPR fruits and vegetables.

In this book, the attempt is made to differentiate between intact fresh fruits and
vegetables and MPR fruits and vegetables even though the latter are somewhat dif-
ficult to define exactly. For example, whole intact apple fruit in CA storage,
described by Smock and Neubert (1950), would not be considered an MPR product,
whereas sliced, refrigerated apple slices treated with ascorbic acid and calcium salts
(Ponting et al. 1972) would easily fall into the MPR category. As seen in Fig. 1.5,
the vacuum-infused peeled oranges prepared using pectinase are a good example of
minimally processed fruit Baker and Bruemmer (1989). The fruit can be segmented
or handled in a tray pack as a whole fruit. Waldorf salad with diced apples, celery,
walnuts, etc., in a dressing and sous vide with a portion of prepared fruits or vege-
tables would be considered an MPR fruit and vegetable product to carry the concept
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Fig. 1.2 General flow sheet for minimally processed refrigerated fruits and vegetables

into prepared foods. See Part 2 for an extensive listing of MPR fruits and
vegetables.

A more difficult to define, gray area might involve the classification of washed,
waxed cucumbers. These products would probably not be considered MPR foods
because although they are packaged (waxed), they are also intact.”” Waxed intact
cucumbers could be contrasted with precut or sliced cucumbers which have a rela-
tively short shelf-life and are considered MPR foods. MPR fruits and vegetables
should not include fresh intact fruits and vegetables which may undergo normal
postharvest handling treatments such as sizing, grading, washing, waxing, CA, or
modified atmosphere (MA) storage (see Fig. 1.1).

Frozen foods make up a portion of products normally classified as cold preserved
foods. However, MPR foods are dissimilar to frozen foods in that frozen foods must
be transported and stored at —10 °C or lower, whereas MPR foods require cold-chain
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Fig. 1.3 Diagrams of
intact and processed (cut)
fruit or vegetable cell
(From CTIFL, France)
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refrigerated or slightly higher temperatures depending on the commodity or mix-
tures of commodities (Anon 1989b). The overall quality of frozen food is different
than the like-fresh quality of MPR food. Many times the consumer can discern dif-
ferences in texture between frozen and MPR foods. Some manufacturers of sous
vide meals, for example, freeze their product, which makes the meal little less than
a frozen food in most respects.

MPR fruits and vegetables are different from dehydrated fruits and vegetables in
terms of texture and water activity (a,,). MPR fruits and vegetables which normally
have a,, around 0.97-0.99 are very sensitive to a,, reduction. However, preservatives
such as ascorbic acid and citric acid used on dehydrated fruits and vegetables are
also used on MPR fruits and vegetables. Dehydrated foods are considered shelf-
stable at ambient temperatures and thus do not require the cold-chain delivery sys-
tem used for MPR foods (Fig. 1.2).

An important difference between MPR and thermally processed foods is that
MPR foods do not exhibit “commercial sterility” as defined for thermally processed
foods. This definition states thermally processed foods are free of microorganisms
capable of reproducing under nonrefrigerated conditions and that no viable microor-
ganisms (including spores) of public health significance can reproduce. This “steril-
ity” may be acquired by control of water activity, reducing pH, or application of heat.
There is some likelihood that the “commercially sterile” concept may be assigned to
those MPR fruits and vegetables that are deemed to be safe. The microbial and
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Package

Intact interior cells

Fig. 1.4 Diagram of product in package and product with surface modification such as from peel-
ing or slicing (From CTIFL, France)

enzyme limits for “commercial sterility” or “microbial and enzymatic safety” of
MPR fruits and vegetables are yet to be developed, if in fact this term is accepted and
is germane to these foods. Thermally processed food cannot be claimed to be like-
fresh. Nevertheless, the tremendous amount of research conducted on handling, pro-
cessing, and preservation of fresh, frozen, irradiated, dehydrated, and thermally
processed fruits and vegetables can be applied where appropriate to the relatively
new concept of MPR foods Kader (1986), Kantor (1989).
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Fig. 1.5 Example of
vacuum-infusion peeling p"\
of oranges by pectinase / ‘

(From Agricultural

Research Service, USDA) /"

A major advantage in the development and careful classification of MPR foods is
that they provide a basis for separation of the traditional cold preservation field, as
described by Potter (1968), into two distinct areas, that is, frozen foods and refriger-
ated foods. As shown in Fig. 1.1, separation of these two areas would greatly simplify
the frozen food/refrigerated food classification by placing all frozen foods together
and all refrigerated foods in a refrigerated category (Appendix 1). No doubt refriger-
ated as well as other preservation categories should be subclassed into commodity
and prepared foods areas. One noticeable difference between MPR fruits and vege-
tables and many other refrigerated foods is the “living tissue” concept which must be
considered in dealing with certain types of MPR fruits and vegetables. The shelf-life
of MPR fruits and vegetables also should be limited to 3—6 months from harvest to
consumption due to the living tissue and active enzymes concept.

There is a need to update and organize current information developed over many
years of research in food science and technology that may apply to MPR foods. In
addition, there are demands for research to make MPR foods comparable to the cur-
rently more actively used preservation methods for which so many food processing
industries are named. The food industry seems interested in making the large family
of MPR foods more intensively competitive. It would require several volumes to
cover adequately the various food product types that could be interpreted as using
the technologies and packaging systems required to produce MPR foods. To narrow
the scope of this volume, emphasis will be placed on MPR fruits and vegetables,
although in some chapters of the book, particularly in the regulatory and quality
control areas, it is difficult to separate MPR fruits and vegetables from other MPR
foods. This burgeoning area of food science requires the expertise of horticulturists,
plant physiologists, molecular biologists and pathologists, biochemists, biotech-
nologists, microbiologists, food scientists, and food engineers and packaging
experts, to name only a few specialties. A truly interdisciplinary effort will be
needed to deliver to the markets MPR fruits and vegetables that will have extended
high-quality shelf-life beyond 8—10 days, which is usually satisfactory for the retail
European market. MPR fruits and vegetables will probably require a minimum
shelf-life of 21 days to compete satisfactorily in US markets (Lioutas 1988). This
author is likely referring to name-brand products requiring national distribution and
not to regional operations.
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1.2 Definitions of MPR Fruits and Vegetables

There have been a number of articles which have defined minimal processing. For
example, Rolle and Chism (1987) suggest that minimal processing “includes all unit
operations (washing, sorting, peeling, slicing, etc.) that might be used prior to
blanching on a conventional processing line.” They feel all these products are living
tissues. A slightly different approach was taken by Huxsoll and Bolin (1989) in
which they felt the “minimally processed product is raw and the cells of the tissues
are alive but these characteristics are not required.” There was no agreement on the
definitions for minimally processed fruits and vegetables at a recent American
Chemical Society symposium (Hicks and Sapers 1991). Cantwell (1991) for one, at
the symposium, called these products “cut fruits and vegetables which are lightly
processed.”

It is generally conceded that MPR fruits and vegetables are products that contain
live tissues or those that have been only slightly modified from the fresh condition
and are fresh-like in character and quality. These tissues do not exhibit the same
physiological responses as normal (raw) untreated intact live plant tissues (Fig.1.3
and 1.4). The cutting, abrasion, or minimal heating of these tissues can cause
broadly different responses in various environmental and packaging situations.
However, some fruits and vegetables that show little or no physiological activity
should also be included in the MPR category. The cold preservation category
(Fig. 1.1) now encompasses some of these types of foods. MPR fruits probably
should include products such as chilled peaches in glass containers in which com-
plete inactivation of cellular metabolism has recently occurred, and the product has
been quickly transferred to the market in the cold chain. Sous vide dishes which
may include preheated vegetables or fruits should be included in the MPR food
area. In terms of physical state, the tendency has been to include only solids, semi-
solids, and semiliquids as MPR fruits and vegetables, but refrigerated liquids both
cloud and clarified juices should be included in this class of foods. The freshly
squeezed orange juices and others that are chilled and packaged in plastics, paper-
board, or glass are good examples of this type of product. This type of food should
probably be included with refrigerated fruit and vegetable products under the like-
fresh minimal processing column (Fig. 1.1). The USFDA is still considering whether
these products should be labeled fresh.

MPR fruits and vegetables (for the purposes of this book) are defined as those
prepared by a single or any number of appropriate unit operations such as peeling,
slicing, shredding, juicing, etc., given a partial but not end-point preservation treat-
ment including the use of minimal heat, a preservative, or radiation. The preserva-
tion or hurdle treatment may include pH control, antioxidants, chlorinated water
dips, or a combination of these or other treatments (see Chap. 3). It is important to
take advantage of the synergies of all preservation treatments. The initial prepara-
tion and preservation treatments are usually followed by some kind of controlled/
modified atmosphere and vacuum packaging and subjected to reduced temperatures
above the freezing point during storage, distribution, marketing, and just prior to
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preparation for consumption. For safety and greatest retention of sensory and nutri-
tional quality, these products must be distributed and marketed in the cold chain.

Some precut fruits and vegetables (examples are cucumber, eggplant, tomatoes,
and tropicals, and subtropicals) have to be handled at higher temperatures to avoid
chilling injury (Appendix, Tables 2 and 3). It should be clear that MPR fruits and
vegetables are not intended for ambient shelf-life stability as expected from canned,
retorted, or aseptic processed and packaged fruits and vegetables. Nor are they pro-
tected from spoilage or quality changes by freezing and being held in frozen stor-
age. There is a need for agreement by workers in the food field as to the proper
description (title) for these foods and definitions thereof. To be successful, MPR
foods will have to be of high quality, convenient, healthier, fresh-like aroma, active
phytonutrients, and safe and reduce the risk of chronic diseases. Currently, there is
no other food processing methods that have all these properties.

1.3 Quality of Minimally Processed Fresh Produce
and Other Plant Foods

Several parameters affect quality and shelf-life of MPR produce from field to the
fork as summarized in Table 1.1 and Fig. 1.6. Quality aspects of MPR fruits and
vegetables are studied and published by many researchers (Mercedes Diaz-Mendoza
et al. 2016; Anna Karlund et al. 2014). Leaf senescence is a physiological process
critical for plant survival. It is characterized by the dismantling of cellular struc-
tures, massive degradation of macromolecules, and efficient relocation of nutrients
from senescing leaves to growing tissues or sink organs. Shelf-life extension will be
very closely related to the control of senescence and cell membrane peroxidations
in MPR fruits and vegetables (Mercedes Diaz-Mendoza et al. 2016; Yildiz et al.
2007).

Health-promoting quality of minimally processed fruits and vegetables has been
emphasized by many researchers in many countries in the last 20 years (Crowe et al.
2011; Carter et al. 2010). There is an increasing epidemiological and experimental

Table 1.1 Summary of the factors affecting total quality of the MPR fruits and vegetables

Parameters Affects

Preharvest agricultural practices Composition, phytonutrients

Growing crops practices Size, shape, scars, pesticide residues

Harvest practices Maturity, brix/acid, color

Postharvest handling Mechanical damage, biochemical changes

Processing Microbial growth, browning, weight loss

Packaging, handling, and storage Spoilage, weight, loss, softening, surface drying

Physiological changes from harvest to | Senescence, changes in respiration rates, ethylene

fork (respiration rates of F&V O,/CO,) | production, yellowing, loss of water, size changes, loss
of phytonutrients, shelf-life
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Fig. 1.6 Senescence of broccoli (changes in lipids, chlorophylls, chloroplast, ethylene, and pro-
teins metabolism during postharvest storage, yellowing)

data indicating that the consumption of vegetables and fruits confers many health
benefits (Hughes et al. 2010; Cho et al. 2010). There are more than 10,000 phyto-
chemicals in plant foods which include antioxidants, anti-inflammatory substances,
and many others (Trim 2006; World Cancer Research Fund/American MPR) fruits
and vegetables:Institute for Cancer Research 2007). For example, polyphenols are
antioxidants and cardioprotective in humans (Anna et al. 2014).

1.4 Approach to Studying MPR Fruits and Vegetables

It is becoming increasingly recognized that low temperatures are not the defenses
against foodborne illnesses that were previously accepted by the food industry and
governmental agencies. The emergence to prominence of non-spore-forming psy-
chrophilic pathogens such as Listeria monocytogenes and Yersinia enterocolitica
can cause enormous problems in refrigerated foods (Chap. 19). Many vegetables,
mushrooms, and legume sprouts are considered to be low-acid foods by the USFDA
(pH 4.6 and over); thus, special measures will have to be taken to make these types
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of foods free from type B and type E C. botulinum toxin formation in anaerobic situ-
ations brought on by packaging, product density, deaeration, or inert gas injection.

MPR fruits and vegetables have necessarily been studied first on an individual
commodity basis and not as mixtures such as precut salads, pizza vegetables, or stir-
fry mixtures, sous vide, and the like. A good example of the individual approach is
the work on grated carrots in modified atmosphere packaging in France (Carlin
et al. 1990). In this research, only gaseous packs of thin strips 1.5 mm x 1.5 mm
sections of carrots were studied. There is a need for studies of convenience foods,
that is, complex food mixtures in salads and soup mixtures and the various new
products being developed for the market. Also every commodity and its individual
cultivars need to be investigated for their applications to MPR foods. It is not clear
at this time, for example, whether strawberries for the fresh market or for freezing
would be the best suited as a MPR product. Perhaps plant breeders, biotechnologists
should be looking for cultivars that are especially suited for minimal processing and
refrigerated products. This idea seems to be supported by Rolle and Chism (1987),
who have stated that MPR fruits and vegetables are all living respiring tissues in an
“energized state.” The individualistic concept is also suggested by Labuza and
Breene (1989), who feel that is all important to define the end point of high-quality
life for each type of fruit and vegetable. Both cultivar and maturity play a very
important role in determining these end-point values. It is necessary to collect data
on individual commodities, their cultivars, and maturity levels before attempting to
work with either simple or complex MPR food mixtures, although this will eventu-
ally have to be done by computer modeling. There is no question that complex mini-
mally processed food mixtures are being found in the markets at this time, but little
information seems to be available about their shelf-life characteristics.

Rolle and Chism (1987) suggested live tissues that have the largest energy
reserves such as white potato, topped beetroot, and apple have the longest shelf-life
(postharvest) and that the greatest problems are being found with those commodi-
ties such as sweet corn/eggplant, raspberries, and strawberries that have the smallest
“reserves.” Probably more important than the lack or presence of “reserves” is the
physical injury received during size reduction operations and the series of preserva-
tion steps that will set up a complex series of physiological and microbiological
events (Figs. 1.3 and 1.4).

It appears that MPR fruits and vegetables of the high-reserve type and high res-
piration rates will have a shorter shelf-life than the intact raw or fresh product, for
example, controlled atmosphere stored apples vs. the presliced refrigerated MPR)
fruits and vegetables:fruit. The former may exhibit 6—8 months or longer satisfac-
tory storage period, whereas refrigerated presliced apples may not be usable for
more than 2-3 weeks if untreated or up to the average of 10 weeks if treated with
0.5% ascorbic acid and 0.1% Ca (Ponting et al. 1972). Low-reserve fruits and veg-
etables are very sensitive” to further processing as a means to extend storage and
shelf-life and present complex research challenges. There are currently research
studies in many parts of the world to address these problems, but in most cases, the
findings are not published or available to the public.
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The study of MPR fruits and vegetables will be divided into introductory
information, preparatory operations, preservation methods, packaging, biological
aspects, and regulatory implications for MPR food products.
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Chapter 2
Aspects of the Biology and Physics
Underlying Modified Atmosphere Packaging

Theophanes Solomos

2.1 Introduction

The practice of modified atmosphere packaging (MAP) for fresh and minimally
processed refrigerated (MPR) fruits and vegetables is widespread, particularly for
commodities with a relatively short storage life (Cameron 1989; Chinnan 1989;
Hayakawa et al. 1975; Hobson and Burton 1989; Kader 1986). The subject has been
reviewed in the past from both a practical and a theoretical standpoint (Chinnan
1989; Mannapperuma et al. 1991). The beneficial effects of MAP are due in part to
the decrease in O, and the increase in CO, levels, and in part to the decrease in water
loss (Ben-Yehoshua et al. 1983; Biale 1946, 1960; Fidler et al. 1973; Isenberg 1979;
Kader 1980, 1986; Kidd and West 1945; Lipton and Harris 1974; Smock 1979). In fact,
in non-climacteric fruits such as citrus, the prevention of water loss is the main
factor contributing to the extension of their storage life (Ben-Yehoshua et al. 1983)
(see Chaps. 5, 6 and 7 for packaging materials).

In order to develop an appropriate modified atmosphere (MA) environment, the
rates of O, uptake and CO, evolution, along with the permeability to O, and CO, of
the film, must be known. In addition, the tolerance of the plant materials to the levels
of CO, and O, engendered by MA must also be considered. The optimum levels of
0O, and CO, are known for a number of commodities (Fidler et al. 1973; Isenberg
1979; Kader 1985; Saltveit 1989; Smock 1979). In the case of bulky plant organs
such as fruits, it is advantageous to determine the diffusivity of O, and CO, through
their skin and flesh in order to avoid the creation of partial anoxia at the center of
the tissue as this would be expected to contribute to spoilage and development of
off-flavors during extended shelf life periods (Kader 1986).
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In this chapter, we discuss aspects of both the biology and physics involved in
MAP. We also attempt to address some problems encountered in the generation of
non-steady-state predictive models.

2.2 Biological Responses of Plant Tissue to Low
O, or High CO,

2.2.1 Effects of Low O, on Senescence of Detached
Plant Tissues

The effects of O, on fruit ripening include (1) a diminution in the rate of respiration,
(2) a delay in the climacteric onset of the rise in ethylene, and (3) a decrease in the
rate of ripening (Blackman 1954; Burg and Burg 1967; Fidler et al. 1973; Kader
1986; Kanellis et al. 1991; Mapson and Robinson 1966; Smock 1979; Solomos
1982; Yang and Chinnan 1988a, b). It was observed by Blackman (1954) that the
respiratory isotherms of O, uptake as a function of the external O, concentration are
biphasic in nature in that they include an initial gradual decrease at relatively high
O, levels, followed by a rapid decline as the levels of O, approach zero. The iso-
therm of CO, output follows that of O, up to the point where the rate of decline
diminishes; in fact, it may even increase as the O, level approaches zero (Biale
1960). The rise in CO, evolution at low levels of O, is obviously caused by the
expected Pasteur effect which results in an increase in fermentation. As far as pro-
longing storage life is concerned, the range of O, levels that would be expected to
be beneficial must be in the region between the point that induces the initial decline
in respiration and that at which it generates partial anoxic environments. It should
be underlined that in this region of O, levels, the tissue does not experience anoxia
because (1) there is no accumulation of ethanol (Table 2.1) and (2) no symptoms of
low-O, injury develop even after lengthy storage (Fidler et al. 1973; Kader 1986;
Lougheed 1987).

Table 2.1 Ethanol content Apple no. Air Apple no. 1.5% O,
(mM) 1 3.204 1 132
2 3.422 2 0.56
3 9.264 3 0.09
4 5.361 4 2.18
5 5.584 5 0.54
Avg 5.385 Avg 0.938

“Gala” apples were kept for 180 days in air and 1.5% O,
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Table 2.2 Internal O, concentration, rate of respiration, and percentage of V,,,, of oxidases with
different K&

K @

Intercellular partial CO, output 0.05 22 25 3 4
pressure of O, kPa (pl-g="h7") Percentage of V.«

19.25 5.92 99.98 99.45 99.30 99.10 98.54
6.50 5.90 99.94 99.13 97.52 96.92 95.14
4.91 4.92 99.91 97.47 96.65 95.85 93.52
4.13 4.40 99.90 96.96 95.99 95.03 92.28
2.23 3.34 99.78 93.81 99.91 90.10 85.04
0.92 3.30 98.82 73.60 67.65 62.59 51.11
0.49 2.20 85.63 16.57 12.91 19.65 6.93

The data were calculated from the rate of respiration and diffusion coefficient of O, through the
skin and flesh of “Gold” apples (Solomos 1987)

The biphasic nature of the O, isotherm as a function of external O, concentration
has been attributed in turn to:

1. The existence of regulatory enzyme(s) that perceive(s) the level of O, and exert(s)
a feedback inhibition on the initial steps of glucose oxidation, thus lowering
respiration (Blackman 1954; Solomos 1982; Tucker and Laties 1985)

2. The effect of resistance to the diffusion of O, through the tissue (Chevillotte
1973; James 1953)

3. The presence of a terminal “oxidase” with an affinity for O, much smaller than
that of cytochrome oxidase (Mapson and Burton 1962)

Work with apples and avocados (Solomos 1982; Tucker and Laties 1985) has
shown that suggestion (2) is not a viable explanation of the biphasic nature of the O,
isotherm. Suggestion (3), that the decrease in respiration at relatively high O, levels
is due to the presence of an oxidase other than cytochrome oxidase, is difficult to
assess. It is fair to say that neither cytochrome oxidase nor the alternative oxidase is
expected to be curtailed by the levels of O, that initiate a diminution in the rate of
respiration. Table 2.2 presents data that indicate that the apparent K, for O, of the
putative oxidase must be larger than 4 pM in order to produce an experimentally
detectable decrease in CO, evolution. It is known that the K, for O, of the cyto-
chrome oxidase is about 0.05 pM, whereas that of the alternative oxidase is 10- to
15-fold higher than that of cytochrome oxidase (Douce 1985; Siedow 1982; Solomos
1977; Tucker and Laties 1985). The data thus preclude the curtailment of either of
the known mitochondrial terminal oxidases by relatively high O, concentrations.
Plant tissues, however, contain terminal “oxidases” that are resistant to the com-
bined inhibition of both cytochrome and alternative oxidase (Laties 1982; Theologis
and Laties 1978). Neither the nature of the residual oxidases nor the degree of their
participation in plant respiration is known with any degree of precision. Suffice it to
say that they are predominantly cytosolic in origin, with rather a low affinity for O,
(Solomos 1988). Because of this low O, affinity, it could be argued that these
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Fig. 2.1 Oxygen distribution along the tuber. The oxygen distribution was calculated from the
data concerning the diffusivity of CO, in the skin and flesh of potato tubers (Tables 2.11 and 2.12)
and the assumption that the sum of the internal partial pressures of CO, and O, equals the partial
pressure of the latter in the ambient atmosphere

“oxidases” may not be contributing to the decrease in respiration with decreasing
external O, levels. It should be emphasized that in actively respiring plant tissues,
such as avocados, the O, level is low enough to preclude any appreciable participa-
tion of the residual oxidases in the respiration of the fruit. Even in potato tubers,
which have much lower rates of respiration than avocado fruits (Solomos and Laties
1976), the oxygen level at the center of the tuber drops to about 13% (Fig. 2.1), a
concentration that would be expected to severely curtail the engagement of these
“residual” oxidases (Solomos 1988). In addition, their curtailment must exert a
feedback restraint on the initial steps of glucose oxidation, yet this is not compatible
with the most likely known regulatory mechanisms of plant respiration (Davies
1980; Solomos 1988; Turner and Turner 1980; Wiskich 1980). In the case of climac-
teric fruits, it may be suggested that the effect of low O, on respiration is due to the
diminution of ethylene action (Burg and Burg 1967). Therefore, on the basis of the
above discussion, it appears that suggestion (1) is the most likely explanation of the
effects of low O, on fruit respiration.

It was assumed in the past that the accompanying decrease in respiration in
response to a lowering of the external O, levels was an important facet of the mode
of action of low O, in prolonging the storage life of fruits (Burton 1974). However,
one may argue that the decrease in respiration reflects a metabolic depression
engendered by hypoxia. In the first place, hypoxia affects metabolic events in tissues
where ripening is not an issue and where ethylene is not involved. For instance,
hypoxic conditions inhibited the accumulation of RNA, protein, and DNA synthesis
associated with the wounding of potato tubers (Butler et al. 1990). We have also



2 Aspects of the Biology and Physics Underlying Modified Atmosphere Packaging 21

Table 2.3 Effect of 1.5% O, on sugar accumulation and activity of the alternative oxidase in
potato tubers stored at 1°C

Sugars Alternative oxidase
(umoles-g™") nanomoles O, -min~'-mg protein~'
10°C 1°C 1°C 10 °C 1°C 1°C
Days Air Air 1.5% O, Air Air 1.5% O,
0 16.9 - - 0.0 - -
20 19.6 91.5 329 0.0 46.63 4.24
30 18.4 113.4 34.4 0.0 60.79 4.16

observed that hypoxia (1.5% O,) prevented the accumulation of simple sugars and
the induction of the alternative oxidase associated with storage of potato tubers at
1 °C (Table 2.3). It should be pointed out that in potatoes, chilling temperatures do
not induce the biosynthesis of ethylene. Undoubtedly the delaying effects of low O,
on the senescence of detached plant organs in general, and fruit ripening in particu-
lar, must involve a decrease in ethylene accumulation. In a perceptive paper, Burg
and Burg (1967) suggested that the ethylene receptor contains a metal and when it
is in its oxidized state, the binding of ethylene is enhanced. However, the effect of
hypoxia on ethylene biosynthesis and action may be indirect through the suppres-
sive effects of hypoxia on the induction of 1-amino-cyclopropane-1-carboxylic acid
(ACC) synthase and/or synthesis of transducer(s) of ethylene action. It has been
reported previously that, in avocados, O, concentrations in the range of 2.5-5.5%
suppress the activity, appearance of exoenzymes, and accumulation of proteins of
cellulose and polygalacturonase, associated with normal ripening (Kanellis et al.
1991). The suppressive effects on the cellulase protein were also reflected in the
accumulation of its mRNA. Further, the intensity of inhibition of the synthesis of
these hydrolases was inversely related to the levels of O, under which the fruits were
kept. In addition, the same range of O, concentrations that suppressed the synthesis
of the hydrolases induced the appearance of anaerobic isoenzymes of alcohol dehy-
drogenase (ADH). The rates of increase in the levels of cellulose, its mRNA and
polygalacturonase, and the disappearance of the anoxic isoenzymes of ADH on
reexposure of the fruits to air were directly related to the previous levels of O,
(Kanellis et al. 1991). The fact that similar ranges of O, concentrations on one hand
suppressed the rise in the enzymes associated with normal ripening, while at the
same time inducing the synthesis of anoxic isoenzymes of ADH, indicates that the
O, sensing mechanism is common for both processes. The induction of anoxic
isoenzymes in response to hypoxia is easily understood because it is advantageous
for the tissue to synthesize enzymes that increase the production of ATP in anoxia
before oxygen is completely depleted. However, the extension of the storage life of
fresh fruits and vegetables must be the consequence of metabolic depression which,
unlike anoxia, is not deleterious to the long-term survival of the tissue. Metabolic
depression is the most important adaptation for survival of intertidal organisms,
which experience frequent transitions from normoxia to hypoxia (Storey and Storey
1990). Because the intensity of respiration could be considered to reflect the intensity
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Table 2.4 Days to climacteric under different O, concentrations

Treatment
Year Harvest date Air 8% O, 6% O, 4% O, 3% O, 2% O,
1987 8-24 19 24 40 66 109 >194
1988 8-26 22 - - 89 >280 -
1989 8-22 21 - 45 76 103 -
1990 8-24 16 - - 32 - 105
1991 8-27 9 - - - - 45

of cellular metabolism, and because low oxygen invariably decreases the rate of
respiration of such detached plant organs as fruits, flowers, and leaves, this indicates
that hypoxia, by an as yet unknown mechanism, produces a decrease in metabolism,
which in turn results in diminishing the rate of plant development and hence
senescence. In short, the decrease in respiration may not be the cause of the decline
in the rate of senescence, but rather a response to a metabolic depression, which
diminishes the demand for biological energy.

It has been pointed out that low O, in preclimacteric tissues delays the onset of
the climacteric rise in ethylene evolution (Mapson and Robinson 1966). Experimental
results concerning the range of O, concentrations that delay the onset of ripening are
limited. It appears that in the case of “Gala” apples, the external O, concentration
must fall below 8% in order to prolong the preclimacteric stage of the apples
(Table 2.4). In short, the system that is involved in the induction of ACC synthase, a
key regulatory enzyme in ethylene biosynthesis (Yang and Hoffman 1984), is satu-
rated at O, levels above 7-8%. The data of Table 2.4 show, as expected, that the
effect of low O, on the timing of the onset of ripening differs with the season.

Quantitative data concerning the effect of low O, on the rate of ripening are
rather difficult to establish. At present it is not possible to describe unequivocally
the relationships between O, concentration and rate of ripening. Suffice it to say that
low O, does indeed delay ripening, as has been amply demonstrated in a variety of
fruits (Kader 1986; Knee 1980; Kanellis et al. 1991; Liu and Long-Jum 1986; Quazi
and Freebairn 1970; Yang and Chinnan 1988a). Yang and Chinnan (1988b) devel-
oped a mathematical expression for predicting the changes in the color of tomato
fruits as a function of O, concentration.

A critical parameter that must be taken into consideration in designing suitable
MAP is the limit of O, below which the produce cannot be safely stored. This limit,
as expected, varies with the produce, but it is important to realize that levels of O,
that induce partial anaerobiosis will be detrimental to both longevity and quality of
the produce. This limit can be assessed experimentally by measuring either the
values of the respiratory quotient (RQ) or, preferably, the increase in ethanol content
of the tissue. The latter may be a more reliable indicator than the RQ values, espe-
cially at levels of O, that initiate partial anaerobiosis, and that will be somewhat dif-
ficult to detect from the changes in the RQ. Because of its volatility, ethanol can be
detected in the ambient atmosphere of MAP by removing a gas sample and determin-
ing the ethanol content using gas chromatography (Nakhasi et al. 1991).
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2.2.2 Effects of CO, on Senescence of Detached Plant Tissues

The mode of action of CO, on senescence is unclear. Burg and Burg (1967) suggested
that CO, is a competitive inhibitor of ethylene. Recent experimental evidence indicates
that CO, may indeed diminish the action of ethylene provided the concentration of
the latter is less than 1 plxL=". In the case of apples, CO, enhances the inhibitory
effects of low O, on respiration (Fidler et al. 1973), whereas CO, concentrations in
the range of 1-27% do not affect the rate of respiration of peaches (Deily and Rizvi
1982). It should be pointed out that CO, is a metabolically active molecule participat-
ing in a number of carboxylating reactions. In addition, it is expected that high concen-
trations of CO, could alter the pH of the cytosol, which in turn may affect plant
metabolism (Siripanich and Kader 1986). Anoxic conditions generated by CO, induce
changes in a number of intermediate metabolites that differ from those observed when
the tissue is kept under nitrogen instead (Kader, personal communication). CO; is also
required for the action of ACC oxidase (Kuai and Dilley 1992).

It is well known that tolerance to CO, varies greatly, not only between species
but also between cultivars of the same species. For instance, “Golden Delicious”
apples can tolerate high CO, concentrations, whereas ‘“McIntosh” apples are dam-
aged by even 3% CO, (Fidler et al. 1973). Strawberries can tolerate CO, levels as
high as 20%, and storage of peaches in 10-15% CO, is beneficial (Deily and Rizvi
1982). In apples, high CO, concentrations appear to inhibit succinic acid dehydro-
genase (Hulme 1956). Storage of lemons under high concentrations of CO, leads to
an accumulation of organic acids (Biale 1960). In lettuce, high CO, concentrations
affect the metabolism of phenolic compounds (Siripanich and Kader 1985a, b).
Another beneficial effect of high CO, levels is their antimicrobial activity. At present
it is impossible to predict the tolerance of a particular tissue to high levels of CO,
(Kader 1986).

2.2.3 Effects of Slicing on Tissue Metabolism

The effects of wounding on plant metabolism have been studied extensively in
tissues prepared from bulky plant organs such as tubers and roots. The vast literature
on this subject has established that slicing induces profound quantitative and quali-
tative changes in tissue metabolism (Kahl 1974; Laties 1978). The observed changes
include a rise in respiration, DNA and RNA synthesis, induction of new enzymes,
membrane degradation, and the appearance of novel mRNA (apRees and Beevers
1960; Butler et al. 1990; Clicke and Hackett 1963; Kahl 1974; Laties 1978).
The effect of slicing on respiration is probably the most extensively studied aspect
of wounding in bulky plant organs (Laties 1978). These investigations have shown
that slicing induces a three- to fivefold rise in respiration over that of the parent-plant
organ. With aging there is a further two- to threefold increase in respiration
(Laties 1978). This rise in respiration with aging of slices is critically dependent on
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protein and RNA synthesis since the addition, within 8-10 h of slicing, of either
protein or RNA synthesis inhibitors prevents the development of the respiratory rise
with aging (Clicke and Hackett 1963; Kahl 1974). Neither the cause of this rise in
respiration nor its metabolic significance is clear. However, the data indicate that
inhibitors of respiratory development also inhibit a number of biochemical events,
such as suberin formation and synthesis of phenolics, associated with aging of
potato slices (Kahl 1974; Laties 1978).

Several experiments show that the nature of both respiratory substrates and path-
ways changes with aging of slices. In particular, in fresh potato slices, most of the
respiratory CO, is derived from the a-oxidation of fatty acids arising out of the
attendant breakdown of phospholipids in response to slicing, whereas carbohydrates
are respiratory substrates of aged slices (Jacobson et al. 1970; Laties 1978). It has
also been reported that in slices other than potatoes, a large portion of CO, is pro-
duced by the pentose phosphate pathway (PPP) (apRees and Beevers 1960). In addi-
tion it should be mentioned that temperature and gas composition affect both
respiratory substrates and pathways. Thus, when potato slices are aged either in air,
in the presence of 10% CO,, or in a bicarbonate solution, suberin formation is pre-
vented and the tissue develops callus (cf. Laties 1978). Moreover, the respiration of
aged slices is manolate resistant and is presumed to comprise the PPP (Kahl 1974).
This observation is important from the point of view of MAP because aging in high
CO, levels may prevent the formation of color in potato slices.

The effects of hypoxia on minimally processed produce, in combination with
high CO, concentrations, have not been studied in detail. However, based on the
observations that hypoxia inhibits the synthesis of DNA, protein, and novel mRNA
in potato slices (Butler et al. 1990), it may be anticipated that these conditions
repress the synthesis of those enzymes that are considered to exert adverse effects
on the quality of tissue slices, for example, phenylalanine ammonia lyase (PAL),
this being considered to increase the content of phenolics in the tissue, which in turn
tend to increase in wounded plant tissues (Kahl 1974; Uritani and Asahi 1980). In
addition MAP environments may suppress the rise in amylases, thus diminishing
the breakdown of starch prevalent in potato slices (Kahl 1974).

A number of experimental observations indicate that regardless of the origin of the
respiratory reducing equivalents, the terminal electron acceptor is predominantly
cytochrome oxidase, even in tissues that possess substantial cyanide-resistant respira-
tion (Laties 1978; Solomos 1988). If this is the case in tissue slices, the oxygen con-
centration can be reduced to very low levels because of the high affinity for O, of the
cytochrome oxidase, and because of the short diffusion path available to gases. For
instance, in the case of sweet potato slices suspended in air at 25 °C, the rate of O,
uptake is of zero order with respect to its external concentration until the latter drops
to about 0.4% (Fig. 2.2). The ability to decrease the O, concentration to such low
levels may be beneficial because it is expected to reduce the browning due to polyphe-
nol oxidases (PPO), as the latter have a rather high K, for O, (Beevers 1961).

At present there are no detailed studies concerning the effect of ranges of O,
and/or CO, concentrations on either metabolism, longevity, or quality of cut tissue
segments. It is to be expected, as in the case of intact tissues, that O, concentrations



2 Aspects of the Biology and Physics Underlying Modified Atmosphere Packaging 25

1.065 |—
GAS OFF
0.850 1= 0.925% O,
o
= w0645 |
prd
Ll
U
o
Ll
O pa4z0 |-
— 0.365% O,
0.215 [~
0.000 ] ] | ] ] |
=10 MIN-= TIME

Fig. 2.2 The rate of O, uptake of slices suspended in air was followed polarographically. The
slices were initially maintained under 0.925% O,. At the indicated point, the gas was turned off.
The rate of O, uptake between 20.946% and 0.925% was of zero order

that engender partial anoxia will be detrimental to longevity and quality of the produce.
This low limit of O, can be assessed in a manner identical to that described earlier
for intact tissues.

2.3 Determination of Gas Diffusivities in Plant Tissues

2.3.1 General Considerations

In attempting to generate predictive MAP models, it is useful to know the tissue’s
permeability to gases in order to calculate their concentration at the center of the
organ, particularly when bulky fruits or vegetables are used. The diffusion barriers
of a plant organ include the skin, the intercellular spaces, the cell walls, and plasma-
lemma. The diffusion of gases through bulky plant organs such as fruits, roots, and
tubers follows Fick’s first law, and the diffusion channels are predominantly gas-
eous in nature (Burg and Burg 1965; Burton 1974; Cameron and Yang 1980;
Solomos 1987). Simple calculations with apples have shown that, assuming an
aqueous diffusion barrier, the maximum radius that could maintain 1% O, at the
center of the fruit would be about 0.7 cm (Solomos 1987). For fruits with rates of O,
uptake much larger than that of apples, the radius would be even smaller. Similar
observations have also been reported for potato tubers and apples (Burton 1974).
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Table 2.5 Relationship External pressure
between external pressure (kPa) Internal ethylene concentration (ul)
and internal concentration of
101.3 472
C,H,
76 319
37.3 190
25.3 88

From Burg and Burg (1965)

The most convincing evidence for the gaseous nature of the diffusion paths is that
provided by Burg and Burg (1965). These authors showed that the diffusivity of
gases was inversely related to the external pressure (Table 2.5), as would be expected
from the ideal gas law. If the barrier was liquid in nature, the changes in external
pressure would not be expected to affect the length of the mean free path because of
the incompressibility of water.

Fick’s first law states that the flux normal to the surface of a metabolically inert
gas is given by (Crank 1970):

oc

J=AD-— 2.1
o (2.1)

where J, in pmoles sec™! per fruit, is the flux; A, in cm?, is the surface available to
diffusion; D, in cm? sec™!, is the diffusion coefficient; and dc/0x is the concentration
gradient with respect to distance. It is customary to replace dc/dx with the difference
in concentration Ac/Ax. This is permissible only when the change in concentration
with distance is linear (Jacobs 1967; Nobel 1983). In order to determine D, the con-
centration gradient must first be determined. In the case of non-steady-state condi-
tions, the change in concentration with respect to time should also be known. In
order to calculate these gradients, it is necessary to solve the equation for Fick’s
second law (Crank 1970; Jacobs 1967). The general equation for Fick’s second law
for a metabolically active gas in three dimensions is (Crank 1970):
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where v is the specific rate of evolution (+) or uptake (—) of the gas under consider-
ation. The analytical solutions of Eq. (2.2) are numerous, depending on the bound-
ary conditions and the initial distribution of the gas throughout the barrier. Equations

(2.3) and (2.4) below represent the expression of Eq. (2.2) for a solid sphere and
cylinder, respectively (Crank 1970; Jacobs 1967):
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where r, in cm, is the radius of the sphere and cylinder. In cases where the peel of
the tissue is the main parameter, these equations must be solved for hollow spherical
and cylindrical shells. For nonmetabolic gases, there are analytical solutions for a
hollow sphere and cylinder (Crank 1970).

Apart from the mathematical complexities, determining the diffusivity of gases
under dynamical conditions introduces a number of uncertainties because of the
nonhomogeneous nature of the diffusion barriers of a plant organ. For instance, the
diffusion coefficients of CO, in the skin and flesh of potato tubers are about
6.90x 107" and 2.50 x 10~* cm?-sec™!, respectively. The existence of such a barrier in
the flesh will generate appreciable concentration gradients within the flesh when the
efflux of a gas is measured. To demonstrate this point, it is assumed that CO, is
diffusing in an infinite cylinder of unit cross-sectional area, with a D, similar to
that of potato tuber flesh. Table 2.6 describes the percentage distribution of a quan-
tity M of CO, deposited at x = 0 and # = 0. The change in concentration with time
and distance is given by (Crank 1970):

M x°
== - 2.
€x) 2n(Dt)”2xeXp{ 4DJ =

It may be seen from Table 2.6 that the concentration gradient is substantial.
Therefore, the assumption that the concentration of a metabolically inert gas is uni-
form throughout the flesh is not valid (Cameron and Yang 1980).

Another uncertainty of the efflux method is the assumption that the equilibrium
between the cellular solution and intercellular spaces is instantaneous. However, a
number of observations indicate that this may not be the case. It was shown by
Burton (1950) that the evacuation of O, from a small plug of potato tissue was a
lengthy process. In addition, indirect experimental evidence indicates that the resis-
tance to gas diffusion from the cell to the intercellular spaces may not be negligible
(Chevillotte 1973). It is also expected that the solubility of the gas in aqueous solu-
tions would affect the equilibrium distribution between the cell and the intercellular
spaces, especially where short time intervals are concerned. A case in point is the
changes in RQ in the course of the rapid climacteric rise in respiration. In precli-

Table 2.6 Concentration of CO, with distance and time as percent of initial amount deposited at
the center of an infinite cylinder with a diffusion coefficient of 2.5 x 10~*-cm~2sec™!

Time Distance (cm)

(min) 1 1.5 2 2.5 3

10 12.688 1.370 0.061 0.001 0.000
11 14.223 1.880 0.111 0.003 0.000
15 18.755 4.253 0.533 0.037 0.001
20 21.854 7.182 1.512 0.204 0.018
30 24.009 11.433 4.046 1.064 0.208
40 24.119 13.826 6.344 2.330 0.685
50 23.581 15.109 8.102 3.636 1.365
60 22.843 15.763 9.378 4.809 2.126
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macteric avocados, the RQ is close to unity, changes to less than one at the climacteric
peak, and then returns toward unity at the postclimacteric stage (Solomos and
Laties 1976). It was found, however, that in bananas this pattern of changes was not
metabolic in nature, but rather the result of the difference in the respective solubili-
ties of CO, and O, in water (McMurchie et al. 1972). Because of this difference in
solubilities, O,, which has a smaller solubility in water than does CO,, equilibrates
with the intercellular spaces faster than does CO,. Further, the efflux method requires
a precise knowledge of the volume of the intercellular spaces and the solubility of the
gas in the cellular liquid.

However, if appropriate experimental precautions are taken, it may be feasible to
obtain reasonable approximations of gas diffusivities through the skin of a plant organ
by following the efflux of metabolically inert gases. For instance, if the skin is thin, if
the tissue is loaded with relatively high concentrations of the inert gas, if the volume
of the vessel is small, and if the diffusion in the flesh is much larger than in the skin,
then this method could give reasonable approximations of gas diffusivity through the
skin. In order to avoid the generation of the concentration gradient along the flesh of
potato tubers, the resistance to diffusion was calculated by considering only the initial
linear part of the efflux isotherm of ethane (Banks 1985). This approach, however,
introduces some uncertainties concerning the origin of the gas. It was assumed that the
gas originated under the skin, which may not be correct because ethane, being nonpolar,
is expected to dissolve in the waxy layers of the cuticle. In tissues with thick skin, the
volume of the waxy layer can be appreciable. For instance, in a cylindrical tuber of
radius 2.8 cm, length 12 cm, and skin thickness 0.012 cm, the volume of the
phellem is about 2.5 ml. It is also possible that some of the initial gas efflux may
originate from the gas adsorbed on the tuber surface or present in gaseous cavities.
This approach could be compared to the ion fluxes, where the initial flux contains a
large component of the apparent free space and does not measure fluxes across the
cellular membranes, these being the main barrier to ion fluxes between cells and ambi-
ent environment (Briggs et al. 1961). It should be emphasized that any determination
of gas diffusion is meaningless unless it is verified experimentally.

In view of the uncertainties and mathematical complexities involved in the deter-
mination of the D of gases under non-steady-state conditions, we shall here consider
only steady-state situations.

The steady-state solution of Eq. (2.2), ((dc)/dt = 0), in a one dimensional, plane
sheet, for a metabolically active gas is (Hill 1928):

clx)="r-Yric, (2.6)
2D D

where v, in pmoles cm~3-sec™!, is the constant rate of output (+) or uptake (—) of the

gas per unit tissue volume; Z, in cm, is half of the tissue thickness; and C,, in pmoles

cm™, is the concentration of the gas at x = 0, that is, the ambient atmosphere. Thus,

the concentrations of CO, and O, at the center of the tissue C; are:

i

C =C, i%éz @2.7)
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The concentrations of CO, and O, at the center of a sphere and cylinder are given
by Eqgs. (2.8) and (2.9), respectively (Hill 1928):

C =C,+ GLDR2 2.8)
Y
C=Cy% R 2.9)

where R, in cm, is the radius of either the sphere or cylinder. The other notations
have been defined earlier.

In the case of metabolically inert hollow spherical and cylindrical shells, the flux
of CO, per unit time at their surfaces is given by Egs. (2.10) and (2.11), respectively
(Crank 1970):

C -C

J _,=4nD——=0 (2.10)
R- i

J = a5 =G0 (2.11)
(n(R/R))

where R and R;, in cm, are the outside and inside radii, respectively. In the case of a
thin spherical wall (Eq. 2.10), it is assumed that R-R; &~ R,. The other notations have
been defined earlier. It should be pointed out that Eq. (2.11) may not be very accurate
unless the surfaces of the cylindrical bases are small in comparison with the cylin-
drical surface, and the length is much larger than the radius. In the case of oxygen,
the order of the concentration differences in Eqgs. (2.10) and (2.11) is reversed,
for example, C,— C.. It is obvious from Eq. (2.11) that for an accurate determination
of D, the values of R and R; must be known with some degree of precision. It is
customary to use Eq. (2.12), instead of Eq. (2.11):

J =SS p (2.12)
Ar
and to determine the apparent diffusion coefficient, D" = (D/Ar). This could, depending
on the dimensions, introduce appreciable error because D’ = R X (D/Ar)
(Abdul-Baki and Solomos 1994).
Finally the flux of oxygen through a metabolically inert plane sheet is given by
Eq. (2.13) (Jacobs 1967):

an(c, <)
Ax

J= (2.13)

As already mentioned, gases diffuse in and out of plant organs in gaseous channels.
Thus, the usually observed low diffusivities are due to the fact that only a small
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fraction of the tissue surface is available to gas diffusion. In “Russet Burbank”
potato tubers, the fraction of the surface permeable to gases varies with the tuber
from 4.22x107° to 7.8x107°, the average being 6.22x107° (Abdul-Baki and
Solomos 1994). It is thus apparent that Eq. (2.1) should be written as:

dc

J=ADN —
dx

where N is a number between 0 and unity representing the fraction of the surface
that is permeable to gases (Burg and Burg 1965). On the basis of microscopic and
gas diffusion measurements, it was calculated that only 1/1000 of the cross section
of the flesh of potato tubers is permeable to gases (Woolley 1962).

The diffusivity of gases through plant tissues could also be decreased by the
degree of tortuosity of the path. However, in most plant tissues of interest for
consumption, the skin is quite thin; hence, the effect of a tortuous path will probably
be insignificant.

It was mentioned earlier that for the determination of the diffusion coefficient of
the gases for the cases considered above, one must measure the flux and the concen-
trations of the gases inside and outside the tissue.

2.3.2 Measurements of Intercellular Gases

Several methods have been used in the past to ascertain the internal concentration of
gases in various fruits and vegetables. These methods include evacuation, manomet-
ric techniques, use of oxygen microelectrodes, and the removal of plugs of tissue
which are then sealed in airtight vials (Solomos 1987).

The evacuation technique introduces the following uncertainties. In the first
place, the values reflect the overall concentration of the gases in the tissue and not
that at a particular point, for example, at the center, under the skin, etc. Further, the
evacuated gases will contain not only those present in the intercellular spaces, which
is required, but an unknown portion of the dissolved gases in the cellular sap. This
in turn requires corrections that must include solubility of gases in the cell liquid
and also, depending on time and intensity of respiration, the production or utiliza-
tion of the gas within the time interval. The use of O, microelectrodes has produced
measurements of some large O, gradients within the tissue (Bradle 1968). Readings
of an oxygen microelectrode will vary greatly depending on whether the electrode
is submerged in liquid or is in a gaseous phase. The use of manometric techniques,
though reliable, requires the construction of special apparatus which makes it diffi-
cult to use for a large number of samples (Hulme 1951). Removal of plugs is a
destructive method. In addition, it introduces uncertainties in the subsequent analysis
of the gases similar to those given above for the evacuation technique.

Banks and Kays (1988) affixed small vials on the surface of potato lenticels
and followed the changes in the concentration of CO, and O,. It is expected that
these concentrations in the vials will reflect that under the skin. This method is an
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improvement on any of the previous techniques, but the uncertainty exists that the
gases may diffuse laterally to adjacent lenticels if the pressure in the vial increases,
or the lenticel is partially blocked. Waldraw and Leonard (1939) removed small
plugs of tissue to create cavities into which the inserted tubes were in turn sealed
airtight. It is anticipated that, with time, the composition of the gas atmospheres of
the tubes will equilibrate with the internal gas atmosphere of the tissue. Thus, the
composition of the fruit gases can be determined by analyzing the gas in the tubes.
Trout et al. (1942) showed that the removal of up to 10 ml of gas from the internal
cavity of apple fruit generated no appreciable drop in pressure, and the system
returned to equilibrium quite rapidly. However, this may not be the case for plant
organs with small intercellular spaces. With improved analytical techniques for
measuring gases, a small volume of samples — between 25 and 50 pl — can be used
to accurately determine the concentrations of metabolically active gases, that is, O,,
CO,, and C,H,. Several investigators have inserted hypodermic needles into the
locule cavities of apple fruits to determine the internal concentration of C,H, (Burg
and Burg 1965). The hubs of the needles are sealed with a vaccine cap, and samples
are withdrawn from the needle using an airtight syringe. The concentration of C,H,
is then measured by gas chromatography (Burg and Burg 1965).

This method can be improved upon further by gluing a chromatographic septum to
the calyx of the fruit and inserting the needle through the septum and into the locules
(Solomos 1989). This technique facilitates sequential sampling, and the needle can be
replaced easily if it becomes blocked. The method has the additional advantage that it
inflicts minimal injury, and the needle can be kept in the fruit for longer periods so that
the effect of injury is dissipated. In the case of fruits, such as apples, with large locular
cavities, the injury effect may not be an issue. Further, because of the small volume of
the needle, it is expected that its gas space will come into rapid equilibrium with the
intercellular gases, and, in addition, the removal of small volumes of sample gas is
expected to represent that in the intercellular spaces adjacent to the needle tip. In this
way, gradients across the tissue can be ascertained.

Previous work established, as expected, that the total internal gas pressure equals
that of the ambient environment (Hulme 1951; Trout et al. 1942). That requires that the
sum of the internal partial pressures of the gases equals the surrounding atmosphere,
approximately 1 atm. This is indeed the case for apple fruit (Table 2.7). This in turn
suggests that the sampling method does not introduce appreciable experimental error.
The rate of gas exchange can be measured either by a static or a flow-through system
(Henig and Gilbert 1975; Solomos 1987).

Table 2.7 Internal partial pressure of gases in the atmospheres inside “Gala” apples

Total
CO, 0O, N, CO, + O, + N, + argon + water vapors
Experiment 1 0.022 0.181 0.772 1.002"
Experiment 2 0.026 0.183 0.777 1.012
Experiment 3 0.022 0.188 0.777 1.014

“Each reading represents the average of five apples
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2.3.3 Experimental Determination of CO, Diffusivity in Apples
and Potatoes

As mentioned above, the diffusion barriers from the cell to the ambient atmosphere
include the skin, intercellular spaces, cell walls, and plasmalemma. Most of the
previous data were mainly concerned, apart from a couple of exceptions (Burton 1950;
Solomos 1987; Woolley 1962), with measuring skin resistance (Banks 1985; Burg
and Burg 1965; Cameron and Yang 1980). The main reason for this is that the exper-
imental procedures that were used are not amenable to determining gas diffusion
through the intercellular spaces of the flesh. Further, with a few exceptions, the
calculated resistances have not been subjected to experimental verification. We shall
here briefly describe methods for evaluating gas diffusion coefficients through both
skin and flesh, as well as experimental procedures for ascertaining their validity.
Here we shall confine the discussion to apples and potato tubers.

2.3.3.1 Apples

We have used varieties of apples whose geometry approaches that of a sphere
(Solomos 1987). Within the cultivar, we selected fruits whose equatorial and polar
circumferences differed by <5%. In order to subject the data to experimental verifi-
cation, we altered the rate of CO, output by decreasing the external O, concentration
and comparing the values of CO, diffusivities. The experimental arrangements were
those described by Burg and Burg (1965), with minor modifications (Solomos 1987,
1989). The geometrical configuration of the skin of the apple was assumed to be a
hollow spherical shell. It is apparent from Eq. (2.10) that the concentration of CO,
under the skin, along with the respiration rates and fruit dimensions, must be known,
so that D’ can be calculated. The concentration of CO, under the skin can be mea-
sured by inserting a hypodermic needle just under the surface of the fruit, while the
concentration at the center is obtained by inserting a hypodermic needle through the
calyx into the locules. In most of the apple cultivars we used, the gradient between
the center and the subcutin was quite small (0.2-0.6%) (Solomos 1987). In the case
of “Gala,” whose data are presented here, the gradient of CO, was between 0.1%
and 0.2%, which falls within the experimental error for measuring CO,. It has been
demonstrated that in the case of ethylene, the use of the concentration at the center
to represent that under the skin introduced an insignificant error in the values of D’
(Solomos 1989). Thus, the concentration of CO, under the skin is taken to be identi-
cal to that at the center. Table 2.8 shows the diffusion coefficient of CO, under dif-
ferent external O, concentrations. When the external O, concentration was decreased
in steps from air to N,, this of course affected the rate of CO, output. It may be seen
from Table 2.8 that the diffusivities of CO, under different O, levels are in reason-
able agreement.

Apple fruit pose problems for evaluating the diffusivity of their intercellular
spaces. Because of the small difference in CO, concentrations between the center
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Table 2.8 Diffusion coefficient (cm?sec™ X-107*) of CO, in the skin of “Gala” apples under
different O, levels at 15 C

Apple no.

1 2 3 4 5 CO, output (pl/G/H)
Air 1.67 1.28 1.28 1.50 1.51 6.08
0, (13.00%) 1.26 1.17 1.35 1.50 1.30 5.99
0, (6.78%) 1.18 0.98 0.99 1.28 1.19 4.29
0O, (4.75%) 1.18 0.98 0.98 1.28 1.19 4.19
0, (1.59%) 1.16 1.48 1.00 1.30 1.47 3.54
0, (0.62%) 1.34 1.47 0.94 1.29 1.23 291
N, 1.32 1.20 1.10 1.34 1.32 3.15
AVG 1.301 1.223 1.09 1.356 1.316
STD 0.164 0.19 0.150 0.093 0.120

Table 2.9 Diffusion

‘ : Experiment cm?*sec™! x 107
coifﬁcw’I}t of CO, in the flesh 1 1.46 (0.27)
of “Gala” apples
2 1.47 (1.27)
3 1.26 (0.27)
4 2.13 (0.95)

Each value represents the average of five apples.
The number in parentheses is the STD

and subcutin, Eq. (2.8) cannot be used to calculate D. We thus proceeded to peel the
fruit, blot it dry with filter paper, and then measure the rate of respiration and inter-
nal CO, concentration. Within about 6-8 h, the rate of CO, evolution was close to
that of the intact fruit, probably because the dissolved CO, was dissipated. From the
rate of CO, output and external and internal CO, concentrations, its diffusion coef-
ficient in the intercellular spaces was calculated based on Eq. (2.8). The values
obtained are presented in Table 2.9. Unfortunately the validity of these values can-
not be tested experimentally because with time the outer layers of the fruit will form
periderm, thus altering the internal concentration of CO,.

2.3.3.2 Potato Tubers

We have used only “Russet Burbank™ tubers because their geometry simulates a
cylinder. (It should be stressed, however, that no tuber is exactly cylindrical.)
The tubers were selected with the proviso that their length be greater than 11 cm and
that the circumference, measured at several points along the tuber, not vary by more
than 10% (Abdul-Baki and Solomos 1994). The CO, concentrations under the skin
and at the center were measured by gluing two chromatographic septa, 11 mm in
diameter, onto the surface in the middle of the tuber, each septum being 180° apart.
Through the septa, two hypodermic needles were inserted, one at the center and
the other under the skin. In addition the thickness of the lenticels was measured
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microscopically. From the rate of CO, output and the concentration of CO, under
the skin, the diffusion coefficient of CO, in the skin was calculated using Eq. (2.11).
Table 2.10 shows the values of the D, . It may be seen that there is appreciable
variability between the tubers. These values are close to those reported previously
for O, (Burton 1950). The validity of the data was tested by transferring the tubers
from 10 to 27 °C. From the observed values of CO, concentration under the skin,
and the values of D, calculated from those obtained at 27 °C (Jost 1960), we
calculated the rate of CO, output at 10 °C and compared it to that observed. The
observed and calculated values of respiration are in good agreement (Table 2.11).

Table 2.10 Diffusion
coefficient (cm?sec™' x 1077)
of CO, in the skin of potato
tubers

Table 2.11 Comparison of
observed and calculated rates
of CO, evolution at 10°C

Tuber no. 10 °C 27 °C
1 7.16 8.21
2 6.73 9.33
3 6.03 6.04
4 6.04 7.97
5 6.37 7.77
6 4.19 5.12
7 5.56 5.98
8 7.79 7.62
Avg 6.24 7.26

The values of Dy, were calculated by inserting in
Eq. (2.11) the observed fluxes and concentrations
of CO, under the skin and ambient atmosphere,
along with dimensions of the tuber and skin

thickness (0.012 cm)

27 °C (pmoles-sec™"'-1072)

Tuber no. Observed Calculated
1 2.97 2.92
2 2.37 1.83
3 2.63 2.96
4 2.34 1.69
5 2.34 1.65
6 2.39 2.20
7 2.56 2.68
8 2.70 2.86
Avg 2.54 2.35

The theoretical fluxes were obtained by inserting in Eq. (2.11)
the calculated values of D, at 10 °C from those observed
at 27 °C along with the theoretical CO, concentration
under the skin, calculated as in Table 2.13, the dimensions
of the tuber, and the concentration of CO, in the ambient
atmosphere
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Table 2.12 Diffusion Tuber no. 10 °C 27 °C
coefficient (cm?sec™! x 10~
of CO, in tl(le flesh of potato) ; ;?Z ;3(3)
tubers : :
3 2.63 3.10
4 2.68 2.90
5 2.90 2.46
6 2.30 2.67
7 3.65 3.81
8 1.96 2.10
Avg 2.50 2.65
Talbl(; 2-1d3 Observeq and Tuber no. Observed Calculated
calculated concentrations
(pmol.es~cm‘3) of CO, under ; :4912 :2?
the skin at 10 °C . :
3 2.66 2.64
4 1.85 1.87
5 1.87 1.86
6 2.93 2.96
7 2.53 2.52
8 2.10 2.10
Avg 2.15 2.17

The theoretical values were obtained by inserting in
Eq. (2.9) the calculated values of D, from their value
at 27 °C (Jost 1967), along with the observed CO, con-
centration at the center, and the specific respiration

The diffusion coefficient of CO, in the flesh was calculated from the values of
CO, output, based on Eq. (2.9) (Table 2.12). The accuracy of these values was tested
by calculating the concentration of CO, under the skin from Eq. (2.9) along with the
observed concentrations of CO, at the center, and the calculated values of D, at
10 °C from the data at 27 °C corrected for temperature (Jost 1960). Here too, the
observed and calculated values are in reasonable agreement (Table 2.13).

2.4 Modeling for Appropriate Gas Environment in MAP

2.4.1 General Considerations

MAP is an inexpensive way to generate controlled atmosphere (CA) conditions
within the package. The CA environment is generated through the interactions
between produce respiration, film permeability to gases, and the ratio between total
film area and produce weight. MAP is a dynamic system in that the internal concen-
tration of gases changes continuously until it reaches a steady state, i.e., where the
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rates of O, and CO, fluxes equal their respective rates of utilization and production.
Modeling thus includes a determination of the time it takes for the gases to reach
their steady-state levels, which must equal their desired concentrations for the pro-
duce under consideration. However, the non-steady-state part of the modeling is of
limited practical value and may be ignored. Modeling can be carried out under
steady-state conditions.

At any time, the rate of changes in the concentrations of O, and CO, per unit
volume of free gas space in the package can be expressed as:

d[Oz ] _ Poz A {[02 ]out B [02 ]in } _ Raz w
dt \%4 \%4

(2.14)

d[COz] _ _PCOZA{[C02 ]in _[COZ ]oul} + ROZW (215)
dt 4 v

where [0,] and [CO,], in ml/cm, are the concentrations of O, and CO,, respectively;
F, and Pro, » in ml/h cm? ml cm™3, are the permeabilities of the film to O, and CO,;
A, in cm?, is the area of the film; R, and R, ,inml kg~!/h~!, are the rates of O,
uptake and CO, output, respectively; W, in kg, is the weight of the produce; and V,
in cm’, is the free gaseous volume of the package (void volume).

Obviously when the system reaches steady state, the changes in CO, and O,

concentrations in the package with time are zero; hence,
R, W =P, A{[0,],, -[0.],} (2.16)

Rop W =Pey A {[co2 ] -[co, ]} (2.17)

2.4.2 Rate of Respiration

The solutions of Egs. (2.14) and (2.15) require a precise knowledge of the rates of
O, uptake and CO, evolution, which in turn vary with the concentrations of O, and
CO,, that is, R, = f(0,C0O,) and R, =g(0,CO,). Further, the effect of O, or
CO, on the rate of respiration is also dependent on the stage of maturity. For instance,
in preclimacteric “Gala” apples, the rate of CO, output decreases when the external
O, concentration drops below 8.10 kPa (8%), whereas in the climacteric kind, the
rate of CO, output is of zero order with respect to the external O, concentration up
to 2.53 kPa (2.5%) (unpublished observations). The rates of O, uptake and CO,
output can be determined using a flow-through system. Here, a stream of gas is
passed through the tissue which is enclosed in a jar. The levels of O, and CO, in the
outlet stream are monitored. This method is probably the most accurate. However,
it is not practicable to measure the rate of respiration under a number of combinations
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of O, and CO,. Alternatively, the tissue may be enclosed in a vessel, and the changes
in O, and CO, in the head space can be measured. At any instant, the change in the
concentrations of O, and CO, will be dependent on the rate of respiration, the volume
of the gas space in the vessel, and the weight of the tissue. Therefore,

v, 4[0]
- 2.1
“ W dt (2.18)

This method has the advantage that the rate of respiration can be determined
under a variety of O, and CO, concentrations. However, if rapid changes in the rate
of respiration are involved, they could introduce some uncertainty, especially with
bulky plant organs, because of the large differences between the solubilities of O, and
CO, in water. It is thus expected that the external O, levels will reach equilibrium
between the concentrations in the intercellular gas spaces and the ambient atmosphere
faster than will those of CO,. It has been noted earlier that this can introduce appre-
ciable experimental error in the values of RQ. Nevertheless, if appropriate ratios of
the volume of the respiratory vessel to weight of tissue are chosen, it is possible that
the concentration of gases in the ambient and fruit atmospheres will be close to equi-
librium because the changes occur gradually. A number of authors have deter-
mined the rate of O, uptake by scrubbing the CO, in the vessel (Cameron et al.
1989; Henig and Gilbert 1975). Because of the absorption of CO,, the pressure of
the jar will decrease with time. This may introduce some experimental errors
because of possible contamination from air during the withdrawal and subsequent
injection of the gas into the gas chromatogram. Cameron (1989) measured the rate
of O, depletion by enclosing an O, electrode in the jar, thus eliminating this source
of experimental error.

Once the relationship between rates of O, uptake and CO, output as a function of
both O, and CO, levels is determined, an expression is generated by various inter-
polation techniques. A number of interpolation methods have been used in the past
to express the rates of O, uptake and CO, output as a function of O, and CO, con-
centrations. Henig and Gilbert (1975) divided the isotherms showing the percentage
of gas versus time into linear and curvilinear segments. The latter part was plotted
on semilog arithmetic paper, and both segments were subjected to regression analy-
sis for the determination of the coefficients and intercepts. Hayakawa et al. (1975)
expressed the rate of respiration in stepwise linear segments which were subse-
quently used to develop a predictive MAP model. Cameron (1989) fitted the O,
depletion data to an exponential function, whereas Yang and Chinnan (1987, 1988a)
used polynomial interpolations.

Unfortunately previously published modeling work was mainly concerned with
intact tissue. There is a scarcity of experimental data regarding both the optimal
MAP conditions and the effects of O, and CO, on the rate of respiration of tissue
segments.

As mentioned above, slicing of tissues cut from such plant organs as tubers and
roots invokes an immediate two- to fourfold increase in respiration over the parent
organs (Laties 1978). In addition, there is a further two- to threefold increase with aging.
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The latter increment depends on temperature and on whether the aging takes place with
slices that are submerged in aerated liquid or in moist air (cf. Laties 1978). The facts
that (1) slice respiration is mediated mainly by cytochrome oxidase with a K,, for O,
of 0.05 pM (Solomos 1988; Theologis and Laties 1978) and (2) the resistance to
diffusion through the flesh is lower than that through the skin indicate that tissue
slices at relatively low temperatures can be maintained at quite low O, concentra-
tions. For instance, the diffusion of O, in potato flesh is about 2.9 x 10~*/cm? sec™!
(Table 2.11). If it is assumed that at 10 °C the rate of O, uptake is 9 pl kg=' h~!, and
the ambient O, concentration is 2%, then the O, level at the center of a slice 2 cm
thick will be about 0.4%, which will result in a 6.7 pM O, solution in the adjacent
cells, a concentration that is unlikely to limit cytochrome oxidase. We have observed
that the rate of O, uptake of sweet potato slices 2 mm thick at 25 °C is of zero order
with respect to its external level until the latter decreases below 0.5% (Fig. 2.2).

The effect of temperature on MAP modeling must also be considered because it
affects both the rate of respiration and film permeability to gases. The effects of tem-
perature on plant respiration can be expressed as Arrhenius-type equations (James
1953). In chilling-sensitive tissues, there is an increase in the energy of activation at
low temperatures (Lyons 1973). Further, in a number of tissues, low temperatures may
induce a rise in respiration. A classic example is potato tubers, where storage at 1 °C
evokes a rise in respiration above that observed at 10 °C (Isherwood 1973).

Changes in the permeability of gases through the film with temperature can also
be expressed by an Arrhenius-type equation (Mannapperuma et al. 1991). The
authors have determined the energy of activation of a number of commercially
available films.

2.4.3 Steady-State Modeling

The most important aspect of MAP modeling is the design of suitable packaging for
generating the requisite gas environment for long-term storage of the commodity.
Usually, the establishment of the steady-state CA environment takes about 24 h,
which is adequate for most commodities. In cases where the creation of the desired
gas composition has to be accelerated, the package can be flushed with the appropri-
ate gas mixture before sealing. It should be underlined that the time for the system
to reach its final steady state is determined by the parameters that are used for the
creation of the long-term desired gas composition. A detailed knowledge of the
transient changes in the gas composition is of limited practical value, though very
interesting from a theoretical point of view.

It has been noted above that under steady-state conditions, the concentrations of
0O, and CO; inside the package can be considered constant, although small changes
occur gradually due to changes in the respiratory activity of the tissue under the new
gas environment. Thus, (d[O,];,/dt) and (d[CO,];/df) are zero, and the equilibrium
fluxes can be determined from Eqs. (2.16) and (2.17). It is apparent from these equa-
tions that the internal concentrations of O, and CO, will be determined from the rates
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of O, uptake and CO, evolution, weight of the tissue, and area and permeability
properties of the film. Combining Eqgs. (2.16) and (2.17) we obtain:

ROz — POz [02 ]out B [02 ]in
Rco2 F co, [COZ ] in [COZ ]oul

(2.19)

It is evident that both the RQ and the ratio of permeabilities of O, over CO, will
be critical in establishing a particular CA environment. For most tissues, RQ is close
to one, in particular for tissue slices of bulky plant organs such as tubers and roots
(Laties 1978). Assuming a value for RQ of 1, Eq. (2.18) can be rearranged to become:

P, P
[C02 ]iﬂ = I)O2 [02 out +[C02 ]ou[ _%[02 ]in (220)

co, co,

A plot of [O,];, against [CO,];, will result in a straight line with a slope equal to the
permeability ratio, as [CO,],, can be neglected, and the P, /P, -[02] " is con-
stant. Figure 2.3 illustrates the relationship between [O;];, and [COz]om for 1/2, 1/4,
1/5, and 1/6 permeability ratios of O, over CO,. These ratios were chosen because
they are the most common in commercially available films. For a successful MAP
package, the combination of internal concentrations of O, and CO, will fall close to
the line for a given permeability ratio.

Equations (2.16) and (2.17) show that the area of the film, along with the weight
of the tissue, will be critical in establishing a desired MAP environment. If W/A is
denoted by p, then:

R

W&=ML—;p 2.21)
0,
Rco2

[co.], =[co.],,+-=» (2.22)
co,

In this way, an appropriate W/A ratio can be selected to move the internal CO,
and O, concentrations toward the point where the lines of Fig. 2.3 intersect the
right-hand y-axis.

Jurin and Karel (1963) determined the steady-state internal oxygen concentra-
tion from the intercept of the plot of the experimental rates of respiration and flux
across the film as a function of O, concentration. Cameron (1989) and Cameron
etal. (1989) fitted the curve showing oxygen depletion versus time to an exponential
equation:

Vg]=a[1—e*mf} (2.23)

where a, b, and c are constants. The rate of respiration at steady state was calculated
by multiplying the time derivative of Eq. (2.23) by the V/W ratio, where V, in lit, and
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Fig. 2.3 Steady-state relationship between the internal concentrations of CO, and O,

W, in kg, are the void volume of the vessel and weight of tomato fruits, respectively.
The transient changes were ignored; only steady-state modeling was considered.
It should be noted that Eq. (2.23) may not always be appropriate to use with plastic
bags because of the changes in the void volume due to film shrinkage. Changes in V
are produced by the decrease in the internal pressure due to differences in the
permeabilities of O, and CO,. This necessitates a decrease in volume so that the
internal total gas pressure equals the ambient pressure (see later). Equations (2.16)
and (2.17) are more appropriate because the volume is not a variable.

In summary, for modeling an appropriate MAP package, first the desired concen-
tration of gases for a particular commodity can be selected from the compilation of
previous data (Isenberg 1979; Kader 1985; Saltveit 1989). Then from the values of
respiration under the chosen MAP environment, the appropriate film and W/A(p)
ratio can be determined.

2.4.4 Dynamic Modeling

Non-steady-state modeling can predict both the time from the start until the virtual
steady-state is established, and the steady-state concentrations of O, and CO; in the
package. In order to generate the appropriate expressions, the equations expressing
the rate of respiration as f{O,, CO,) must be inserted into Egs. (2.14) and (2.15).
The results in the literature differ somewhat (Chinnan 1989; Hayakawa et al. 1975;
Mannapperuma et al. 1991). These differences could be partly biological in nature
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because of the inherent variability in biological material, and because of the limited
number of determinations that are usually used. The differences could also be due
to physical considerations in assessing the rate of respiration and changes in gas
concentrations inside the package during the transient stage.

In order to illustrate the latter point, we assume a solid sphere with a diffusion
coefficient similar to that for O, in the “Russet Burbank™ potato tuber
(2.94%x107* cm? sec™"). Further, at zero time, the sphere contains no O, and is trans-
ferred to a vessel where the O, concentration is maintained constant at 9.1 pmoles
cm™ O, (air concentration at 10 °C). It is also assumed that oxygen is not utilized
by the tissue. It can be shown that for boundary conditions C(R,t) = Cy, t > 0, and
C(0,t) = 0 for 0 < t < t,, and initial conditions C(10) = 0, the solution of Eq. (2.2) is:

2_2
Z il -exp[—% : Dt} (2.24)

where Cy, in pmoles-cm=3, is the concentration of O, in the ambient atmosphere; R,
in cm, is the radius of the sphere; ¢, in sec, is the time; and D, in cm? sec™!, is the
diffusion coefficient. It may be seen from Fig. 2.4a and b that even after 10 min, the
concentration of O, at r = 1 is almost zero. Figure 2.4b demonstrates the distribution
of O, along the radius after 1 h. It should be noted that the gradient would have been
steeper if the utilization of O, had been incorporated into the solution of Eq. (2.2)
and if the resistance to O, diffusion of the skin had also been included. Even if the
initial O, distribution is not zero, the concentration gradient could be appreciable
(Crank 1970).

It is likely that under rapid changes in the external O, concentration in a closed
system, an appreciable concentration gradient of oxygen along the organ will
develop. Under these conditions, the rate of respiration of the cells on the periphery
will differ from those at the center of the organ because of the substantial differ-
ences in O, concentration. Further, the changes in respiration calculated from the
gas isotherms may represent part of the respiration of the organ, because the distri-
bution of the cells at the center may not be perceived.

It has been noted above that because of the differences in O, and CO, permeabili-
ties through the film, a partial vacuum is generated inside the package which in turn
produces a decrease in void volume in order that the internal pressure may equal the
ambient pressure. In short, the void volume is also a function of time, and Eq. (2.14)
should be written as follows:

a[o,] P.A{l0:],-[0:]}  R,W
ar Vi V()

ZRC

C(r,t) =

(2.25)

A note of caution is also appropriate regarding the global validity of the rates of
respiration calculated from the gas isotherms. In general, a number of interpolations
produce a unique function. This, however, may not be the case for all methods of
interpolation (Lancaster and Salkauskas 1986). Although the uniqueness of the
local expression may be assured, this may not necessarily reflect the biochemical
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Fig. 2.4 The distribution of oxygen along the radius of a sphere with a diffusion coefficient simi-
lar to that in potato flesh. (a) Changes with time in O, concentration at a number of points along
the radius. (b) Distribution of oxygen across the sphere after 1 h. O, at zero time was 0%

behavior of the system. For instance, the rate of respiration of a number of plant
tissues is of zero order at concentrations of O, from 15% to 100% (Burton 1974,
James 1953; Tucker and Laties 1985). If the local expressions reflected the
biochemical events that underly plant respiration, the extension of the interpolation
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to concentrations of O, larger than those in air will result in respiration being
independent of O,.

It should also be noted that the relationship between O, and respiration is
enzymatic in nature and may involve more than one terminal oxidase whose affini-
ties for oxygen may differ. Furthermore, the suppression of respiration may be the
result of a metabolic depression involving alterations in the kinetic properties and/or
amount of key regulatory respiratory enzymes (Storey and Storey 1990). It may thus
be more appropriate to develop mathematical expressions reflecting the kinetics
of multienzyme sequences (Goldbeter 1991) rather than the usual interpolating
techniques that are frequently used in the literature.

2.4.4.1 Experimental Dynamic MAP Modeling

The literature on dynamic MAP modeling has been reviewed previously (Chinnan
1989; Mannapperuma et al. 1991). Here a limited amount of previous research,
representing different approaches to deriving predictive mathematical expressions,
will be considered.

Deily and Rizvi (1982) produced analytical formulae for predicting the gas con-
centration and the time necessary to reach the final dynamic equilibrium for peach
fruits. They observed that the O, depletion isotherm consists of linear and exponen-
tial segments with an inflection point at about 5% O, and 20% CO,. Further, the rate
of respiration was unaffected by CO, concentrations in the range of 1-27%. Since
the optimal MAP environment for peach storage was found to be 10-15% O, and
15-25% CO,, and since the rate of respiration is constant under these conditions,
the authors solved Eqs. (2.14) and (2.15) for constant R, and R, . The analytical
formulae derived for calculating O, and CO, are:

(1) =5+(y,~F)-exp(-AP,t/V) (2.26)
2(t) =7+ (2, —2)-exp(~APy, 1 /v) (2.27)

where ¥ and 7 are the steady-state levels of O, and CO,, calculated from the steady-
state solution of Egs. (2.14) and (2.15) and from limit (y(t)/t — 0. y, and z, are the
internal concentrations of O, and CO, at t = 0. The analytical formulae were tested by
comparing the experimental and predicted gas concentrations using different films.
Table 2.14 shows a good agreement between observed and calculated values.

Henig and Gilbert (1975) solved Egs. (2.14) and (2.15) numerically using the
experimental results of the respiration rate as a function of external O, and CO, con-
centrations. The authors validated the computer modeling with the experimental
data. The experimental results with a FV-71 film package were in good agreement
with the computer-predicted results (Fig. 2.5) (Henig and Gilbert (1975). The authors
also tested the validity of the computer model by altering the variables of the inputs,
for example, permeability, weight/void volume ratio, and film area. Their results
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Table 2.14 Parameters and results of analytical and experimental determination of model

packages of peach fruits

Package types Film overlaps on foam trays
Parameters Bags Super-L-bags Super firm Barrier bag Polyolefin
w 0.21 212.30 0.32 0.23 0.31
R, 7.84 7.84 7.84 7.84 7.84
R, 7.55 7.55 7.55 7.55 7.55
S 0.12 0.11 0.04 0.04 0.03
\% 2.34 2.32 533.90 439.60 614.00
K, 166.67 166.67 166.67 0.10 0.06
K, 200.00 200.00 200.00 5.54 0.29
12.48 11.92 - -
v(%)
. 6.62 7.05 - -
z(%)
t 96.00 108.00 20.00 10.00 10.00
Analyt
0,% 15.99 15.55
CO% 4.12 4.61

W, S, and V are the weight, surface, and void volume of the package, respectively. R, and R, are the
rates of O, uptake and CO, output, respectively, and K, and K are the permeabilities to O, and CO,,
respectively, of the films. )7 and z are the steady-state levels of O, and CO,, respectively. # = time
after packaging (h)

From Deily and Rizvi (1982)

07 or CO2 concentrations, (Vol.%)

- —

o—=  Experimental

Analytical Solution

Fig. 2.5 Changes with time in O, and CO, concentrations in a RMF-61 film package of tomato
fruits (From Henig and Gilbert 1975)
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showed that the predicted steady-state values of CO, and O, concentrations were
similar to those expected.

Hayakawa et al. (1975) derived an analytical solution of Egs. (2.14) and (2.15)
using Laplace transforms. The rate of respiration was expressed as linear
segments:

R,, =a,[0,]+p,[CO,]+q, (2.28)
Reo, =d,[0,]+¢,[CO, ]+, (2.29)

where a;, p;, ¢, d;, e;, and f; are constants, and [O,] and [CO,] are the analytical
expressions determining the O, and CO, levels. Because of computational compli-
cations, the authors assumed that the rate of O, uptake of tomato fruits was not criti-
cally affected by CO,; hence, p; = 0. Similarly it was assumed that the rate of CO,
output was not significantly affected by the external O, levels. There is some uncer-
tainty concerning the latter assumption because usually the rate of CO, evolution
parallels that of O, uptake as a function of external O, concentrations up to the
inflection point. Nevertheless, the predicted transient changes in O, and CO, con-
centrations were similar to those observed experimentally (Fig. 2.6).

Yang and Chinnan (1987) measured the rates of O, uptake and CO, output
under 20 combinations of external O, and CO, concentrations. These data were
subsequently used to develop a computer-predictive model by expressing the rates
of O, uptake and CO, output as a second-degree polynomial of O,, CO,, and time
(Yang and Chinnan 1988a):

20!

]: | 9—e—o Experimental (O
-9-—0—6- Computer Calculation (Oy

161 &—8—& Experimental (CO,)

14 N =A== Computer Calculation (CO,)

02 and CO2 concentrations, percent

L 1 1 1 1 L 1 1 1

0o 4 8 12 16 20 24 28 32 36 40 44 48 56 60 64

TIME, HR.

Fig. 2.6 A comparison between experimental and computed O, and CO, concentrations in a
RMF-61 film package of tomato fruits (From Hayakawa et al. 1975)
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2
20 —

oA O
i oa CO;
16 —

Gas Concentration, %

Time, Days

Fig. 2.7 A comparison between experimental (O/A@A) and computed (—) results of the atmo-
sphere in two packages (A and B) made from cryo-pack E-type film. Both packages had the same
surface area (1392 cm?). Packages A and B contained two and four tomatoes, respectively (From
Yang and Chinnan 1988b)

2 2 2
R, =a,+aC,+a,C +ait+a,C, +a,C_ +ait” +a,C,C +a,Ct+a,Ct (2.30)

where C, and C. are the concentrations of O, and CO,, respectively, and ay...a, are
constants. The calculated values were tested by comparing them with the experi-
mental observations at two arbitrary combinations of O, and CO, levels (Fig. 2.7).
The prediction of the steady-state concentrations of O, and CO, was achieved by
iterative techniques which minimize the sum of the squares of the O, and CO, fluxes
at short time intervals as the system approaches steady state (Yang and Chinnan
1988b). An innovative aspect of this work is the development of expressions to pre-
dict quality attributes, such as color, as a function of O, and CO,. This is very useful
for determining the apparent K,, for O, of the enzyme(s) whose activity is restricted
by O,, thus producing a slowing of metabolic reactions in plant senescence in gen-
eral and fruit ripening in particular.

2.5 Effects of Hypoxia on Plant Tissues

Hypoxia affects a large number of metabolic activities in plant tissues, for example,
the induction and suppression of gene expression (Bailey-Serres and Chang 2005;
Geigenberger 2003; Giovannoni 2004; Klok et al. 2002; Liu et al. 2005; van Dongen
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Fig. 2.8 Effect of hypoxia on the timing of the C,H, climacteric onset in “Gala” apples

et al. 2009). Genes induced by hypoxia include anoxic proteins such as ADH
(Kanellis et al. 1990). Conversely, hypoxia also suppresses the synthesis of existing
proteins, such as those involved in cell wall synthesis, e.g., cellulase and polygalac-
turonase. In climacteric fruit ripening in general, its most profound effect lies in its
suppression of the induction of the C,H, onset. In apples, for example, the delay of
the climacteric onset is initiated when the oxygen concentration falls below 8%
(Fig. 2.8). Obviously, the effects of hypoxia are saturable with respect to oxygen.

2.6 Concluding Remarks

Substantial progress has been made in our understanding of the molecular aspects
underlying the beneficial effects of low O, and/or high CO, on the shelf life of plant
tissues. These include the induction of a number of genes as well as the suppression
of the genes involved in the synthesis of existing proteins. At present, however,
work still remains to be done regarding the nature of genes that are suppressed by
hypoxia. This work will in turn shed light on the molecular aspects of the beneficial
effects of MAP on plant tissues.
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Chapter 3

Initial Preparation, Handling,

and Distribution of Minimally Processed
Refrigerated Fruits and Vegetables

Fatih Yildiz

3.1 Introduction

There is a continuous demand for fresh, convenient, high-quality, and safely pre-
pared minimally processed refrigerated (MPR) fruits and vegetables throughout the
world, but consumption is concentrated in certain areas. On the other hand, most
MPR food raw material production is seasonal, usually remote from consumption
areas, and concentrated at certain geographical regions where yield and quality can
be optimized. In addition, the raw material remains a living entity and highly perish-
able, bulky, price, and quantity variable commodity Anon (1990a).

New fruit and vegetable production, storage, processing/packaging, and prepara-
tion technologies made year-round availability possible for most products, except
perhaps apricots, blueberries, cherries, blackberries, tangerines, carambola, and
some others in a global marketing system. An optimum integrated distribution
system for MPR foods will minimize energy use, environmental pollution, food
waste, and cost, while maximizing the overall quality and convenience of fruits and
vegetables, for optimum health of consumer.

Uneven production and processing will be equalized with new cultivars, improved
storage, and MPR technologies, which will make year-round availability of almost
all fruits and vegetables possible in fresh form around the world.

There are over 500,000 species of plants known on which animal and human
survival depends. However, if animals and humans ceased to exist on earth, plants
would continue not only to survive but also to thrive very well. There are 5000 gen-
era of plants and 5000 cultivars (varieties) that might be used to feed the world’s
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people either directly or indirectly. The species is the fundamental unit used to
designate groups of plants that can be recognized as distinct kinds. In nature,
individuals within one species interbreed, but they do not interbreed with other spe-
cies because they are separated by some physiological, morphological, or genetic
barrier that prevents the interchange of genes between the two species (Hartmann
et al. 1990). A cultivar denotes individuals that are distinguished by morphological,
physiological, cytological, chemical, or other characteristics significant for the pur-
pose of horticulture and retain their distinguishing features when reproduced. An
example of cultivar is the Jonathan apple. Cultivars also represent different food
quality attributes such as color, flavor, texture, and nutritional value. A strain
includes those plants of a given cultivar that possess the general varietal character-
istics but differ in some minor characteristic or quality. A cultivar with early matura-
tion may be considered a strain within the cultivar. An example of strain is “gray
zucchini.” As another example, some 70 strawberry cultivars are grown commer-
cially in the United States; only about 10 are truly popular, but these changes from
year to year as new cultivars are developed by plant breeders (Hartmann et al. 1988).
Variations between species, cultivars, and strains can be due either to environmental
or to genetic differences. Opportunity exists for a large number of desired trans-
genic cultivars or strain developments. However, some 200 species of fruits and
vegetables are of major importance in world trade.

3.2 Raw Materials Characteristics and Classification
for Food Purposes

Commercially fruits and vegetables are classified as follows:

Classification of fruits: Mostly fruits are tree-grown, perennial crops.

Drupes: Has one large pit or seed and grows on trees. Examples: apricot, cherry,
nectarine, and peach.

Pomes: Has a core that contains seeds and grows on trees. Examples: apples, pears,
and quince.

Citrus fruits: Has a leathery skin, many segments filled with juicy pellets, and grows
on trees. Examples: grapefruit, lemon, lime, and orange.

Berries: Small juicy fruits that contain tiny seeds. Grows as shrub. Examples: black-
berry, cranberry, blueberry, grape, raspberry, and strawberry.

Melons: Large juicy fruits that grow on vines and contain seeds and have a thick
skin that may be rough and smooth. Examples: cantaloupe, casaba, honeydew,
and watermelon.

Tropical and subtropical fruits: Grows only in warm sunny climate of tropics or
subtropics, as trees. Examples: avocado, banana, coconut, guava, kiwi, mango,
and pineapple.

Classification of vegetables: Mostly seed-grown, annual crops.

Bulbs: The underground structure where the plant’s nutrient reserves are stored.
Round bud with a stem and overlapping leaves. Examples: chive, garlic, onion,
leek, and shallot.



3 Initial Preparation, Handling, and Distribution of Minimally Processed Refrigerated... 55

Flower: The blooms or flower buds of plants eaten as vegetables. Examples: artichoke
and broccoli.

Fruit: Contains the seeds of the vegetable. Examples: cucumber, eggplant, pepper,
squash, zucchini, and tomato.

Leaves: Leaves of edible plants consumed as vegetables. Examples: Brussels
sprouts, cabbage, lettuce, kale, and spinach.

Root: The fleshy roots of edible plants consumed as vegetables. Examples: beets,
carrots, jicama, parsnips, turnip, and sweet potatoes.

Seeds: Vegetables grown and eaten from seeds. Examples: corn, green beans,
and peas.

Stem: Edible stalk and leaves of plants consumed as vegetables. Examples: asparagus,
bok choy, celery, and rhubarb.

Tubers: Grown underground. Examples: potatoes and yams.

Raw fruit and vegetable quality and shelf life depend to a great extent on the
preharvest, harvest, and postharvest conditions (Nonnecke 1989). These include:

1. Genetically controlled factors (cultivar, strain)

2. Climatic conditions (light, temperature, percent relative humidity, wind, rain
fall, etc.)

3. Soil conditions (type of soil, pH, percent moisture, microflora, mineral composi-
tion, etc.)

4. Agricultural practices (use of fertilizers, pesticides, growth regulators, irrigation,
and pollination, etc.)

5. Harvesting (mechanical harvest, hand harvest, harvest temperature, etc.)

Currently, most fruits and vegetables are grown in fields, gardens, and greenhouses;
however, three very different production (organic, hydroponic, and aeroponics)
systems are becoming more common.

Before harvest, fruits and vegetables must meet certain minimum maturity
requirements (Burton 1982). These requirements may vary from one producing area
to another and from one product to another but are usually based on (1) color break,
(2) minimum juice content, (3) minimum acid content, (4) minimum percentage of
total soluble solids, (5) brix/acid ratio, (6) optimum flavor development, (7) abscis-
sion (detachment from parent plant), (8) development of wax on the skin, (9) soften-
ing (changes in composition of pectic substances), (10) size and shape, and (11)
heat units (Pantastico 1975; Wills et al. 1989).

Fruits and vegetables can be classified in different ways for purposes of posthar-
vest storage and processing operations. Classifications of fruits and vegetables
according to the use of different plant organs were outlined by Weichmann (1987)
as follows:

Root, tuber, and bulb vegetables: carrot, celeriac, garlic, horseradish, Jerusalem arti-
choke, onion, parsnip, potato, radish, rutabaga, salsify, scorzonera, sweet potato,
beet, turnip, and yam

Leafy vegetables: Brussels sprout, cabbage, celery, chard, chicory, Chinese cabbage,
collard, cress, dandelion, endive, green onion, kale, leek, chive, lettuce, spinach,
and parsley
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Flower vegetables: artichoke, broccoli, and cauliflower

Immature fruit vegetables: bean, cucumber, eggplant, okra, peas, pepper, squash,
and sweet corn

Mature fruit vegetables: melon and tomato

Seed vegetables: shelled peas, shelled beans, corn, and lentils

Simple fleshy berry fruits: banana, grape, date, papaya, avocado, and kiwifruit

Simple fleshy hesperidium fruits: orange, lemon, lime, tangerine, and grapefruit

Simple drupe (stone) fruits: peach, plum, cherry, apricot, almond, and olive

Simple pome fruits: apple, pear, and quince

Multiple fleshy berry fruits: strawberry, blackberry, raspberry, mulberry, fig, pineapple,
and pomegranate

The variation in rates of respiration and transpiration among different commodities
is enormous. The various respiration and transpiration properties and temperature
sensitivities of horticultural products are compiled in Appendix tables. In Table 3.1
a list of some climacteric and nonclimacteric fruits according to their respiration
patterns is given (Hardenburg et al. 1986; Kays 1991).

All vegetables and fresh herbs can be considered to have a nonclimacteric type of
respiratory pattern. Most climacteric fruits, and some nonclimacteric fruits such as
pineapple, continue to ripen after separation from the plant Rolle and Chism (1987).
The task in this case is to deliver the fruit to the consumer at an optimal level of qual-
ity. Most nonclimacteric and some climacteric products do not ripen after harvest,
such as apples, berries, cherries, grapefruit, grapes, lemons, limes, oranges, strawber-
ries, tangerines, and watermelon. In nonclimacteric commodities, quality is optimal
at harvest. The task is to minimize quality loss. “Quality specifications” must be
reestablished for the final product by the retailers. The following is a list of changes
occurring in fruits and vegetables during harvesting, preparation, and handling:

1. Respiratory, metabolic, and enzymatic activities:

Heat production climacteric crisis after harvest nonclimacteric metabolism
Ethylene-induced physiological disorders — russet-spotting

Reduced O,- or elevated CO,-induced physiological disorders, CO, injury, and
blackheart in potatoes

a. Anaerobic respiration (ethanol-acetaldehyde accumulation causing off-flavors
and off-odors)

b. Lactic acid fermentation at low O, concentration in cut products (Juliot et al.
1989)

Adverse effects of polyphenol oxidases, cellulases, pectolytic enzymes, amy-
lases, and peroxidases (discoloration, softening, off-flavors, and off-odors)

2. Transpiration (moisture loss, weight loss):

Loss of turgidity (firmness), withering, and wilting in leafy vegetables
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Table 3.1 Classification of

some edible fruits according

to their respiratory behavior
during ripening

3. Growth phenomena:

Sprouting

Root growth (rooting)
Lignification (toughening)

Ripening

57

Climacteric fruits

Nonclimacteric fruits

Apple Blackberry
Apricot Cacao
Avocado Cashew
Banana Cherry, sour
Biriba Cherry, sweet
Bitter melon Cucumber
Blueberry, highbush Grape
Blueberry, lowbush Grapefruit
Blueberry, rabbiteye Java plum
Breadfruit Lemon
Cantaloupe Litchi
Cherimoya Mountain apple
Chinese gooseberry Olive
Corossol fruit Orange
Feijoa Pepper

Fig, common Pineapple
Guava, purple strawberry Rose apple

Guava, strawberry

Satsuma mandarin

Guava, yellow strawberry

Star apple

Guava

Strawberry

Honeydew melon

Surinam cherry

Kiwi

Tree tomato

Mammee apple

Mango

Papaw

Papaya

Passion fruit

Peach

Pear

Persimmon

Plum

Sapote

Soursop

Tomato

‘Watermelon

Source: Hardenburg et al. 1986; Kays 1991

Senescence (yellowing, pithiness, feathering opening or floral buds, pink rib

in lettuce)
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Color changes (greening)
Elongation (asparagus)
Sloughing (skin loss)
Wound healing

Warts

4. Pest and microbial spoilage (nematode, insect, bacteria, yeast, mold, and virus
attack and cause physiological disorders):

Psyllid yellows, insect infestation, root knot, brown rot, stem-end rot, gray mold rot,
rusty brown discoloration, downy mildew, blossom-end rot, and blue mold rot

5. Temperature-induced injuries:

Chill injury (CI), freeze injury, high-temperature injury, and solar injury (sunscald,
sunburn)

6. Mechanical injuries:

Wounding

Latent damage

Cracking

Broken tips

Surface browning

Cut or bruised products

Vibrational cell wall and cell membrane ruptures

Temperature is a major, invisible, ever-present factor controlling respiratory met-
abolic and enzymatic activities, transpiration, and the growth of pests and microor-
ganisms. Proper temperature management in the storage of MPR fruit and vegetable
tissues can inactivate or retard the physiological defects. A theory developed (Parkin
et al. 1989) to explain chill injury was based on low-temperature-induced mem-
brane lipid phase transitions leading to a loss of membrane integrity and physiologi-
cal dysfunction.

High-temperature and solar injury has been more a concern during the growth
and development of plants than in postharvest handling. Hot-water dipping with
fungicides is used in certain products to reduce microbial load without injuring the
fruit (Harvey 1978; Salunkhe et al. 1991).

Mechanical injuries speed up the deterioration of fresh produce by disrupting
membranes and increasing enzymatic activity which causes undesirable reactions to
occur (Shewfelt 1987).

Objectionable quality changes are accelerated by the mechanical rupturing of the
cells that occurs during preparation operations such as peeling and cutting, allowing
enzymes to intermix with substrates. In addition, cuts and punctures allow for
microbial contamination of products as well as moisture loss. Mechanical damage
may take place any time a product is handled during harvesting, loading, transporta-
tion, sorting, and grading operations. Mechanical stress also stimulates peroxidase
activity in cucumbers (Eckert and Ogawa 1988).
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Table 3.2 Susceptibility categories of fresh fruits and vegetables to freeze injury

Group 1 Group 2 Group 3
Most susceptible Moderately susceptible Least susceptible
Apricots Apples Beets
Asparagus Broccoli, sprouting Brussels sprouts
Avocados Cabbage, new Cabbage, old
Bananas Carrots Savoy
Beans, snap Cauliflower Dates
Berries (except cranberries) Celery Kale
Cucumbers Grapefruit Parsnips
Eggplant Grapes Rutabagas
Lemons Onions (dry) Salsify
Lettuce Oranges Turnips
Limes Parsley

Okra Pears

Peaches Peas

Peppers, sweet Radishes

Plums Spinach

Potatoes Squash, winter

Squash, summer

Sweet potatoes

Tomatoes

Cuts, punctures, and vibrations can be reduced by selecting varieties less
susceptible to bruising and by proper shock-absorbing packaging. Harvested fruits
and vegetables exhibit considerable resistance to pathogens and decay processes
during most of their postharvest life if they are not mechanically damaged.

Most perishable crops increase in susceptibility to infection as they approach senes-
cence, which is a progressive loss of membrane integrity. Treatments that inhibit or
delay these processes reduce postharvest decay losses (Eckert and Ogawa 1988).

It is essential to understand the nature of the harvested fruits and vegetables and
the effects of handling practices, to maintain optimum condition of the product at the
market. Due to the diversity of products, it is impossible to suggest a single solution
for all fruits and vegetables; rather, the most appropriate practices must be worked
out by the individual operator for each commodity and particular situation.

Susceptibility of fresh fruits and vegetables to freezing injury was summarized
by Hardenburg et al. (1986) in Table 3.2.

3.3 Optimal System Analysis

A systems approach to processing and distribution of MPR fruits and vegetables
is essential to optimize storage and handling conditions for individual crops.
This offers a challenge and an opportunity for food scientists to develop systems
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that will attain the low overall cost for the system, as a whole, while attaining
optimum overall quality of fresh horticultural products.

In a systems approach, (1) the steps of unit operations are documented within
defined boundaries, (2) the system is analyzed, (3) the system is optimized, and (4)
the system coordination and controls are studied. It will be necessary to, standardize
some components such as container sizes, product size and shapes, labels, etc. for
automation of the system.

An analysis of the system must begin with a survey of where the crops are grown
and where the products are consumed for specific product and market situations.
Each cultivar or closely related cultivars may be considered, a system. “For mini-
mally processed fruits and vegetables,” harvesting, processing, storage, and distri-
bution are accomplished in a fast, highly integrated system to maintain product
quality. As a result, postharvest losses have been reduced to a few percentages and
manageable transportation distances have been increased up to thousands of kilo-
meters (Meffert 1990). One of the disadvantages of the systems approach is that the
understanding of the entire system is emphasized much more than the detailed
understanding of each step.

Processing and distribution systems for MPR fruits and vegetables include such
issues as processing at the location of production versus at the location of consump-
tion, large versus small processing plants, and bulk transportation versus prepack-
aged shipment; other issues include controlled atmosphere (CA)/modified
atmosphere (MA)/vacuum/air packaging and storage at the location of production
or in the region of consumption of a single commodity versus a multiple fruit and
vegetable processing plant.

The alternative processing and distribution systems of minimally processed
products affect the kind of initial preparation and distribution that may be used.
Once the postharvest handling system has been diagrammed for a specific product,
quality attributes are measured at each step. Where the greatest quality losses are
occurring, they can then be subjected to more intense investigation under controlled
conditions. An improved technique can then be evaluated within the context of the
entire system and assessed for economic feasibility. In general, quality deterioration
occurring in MPR food systems is cumulative (Bogh-Sorensen 1990).

The location of the storage facility will depend greatly on the type of marketing
operation and the location of the orchard or field. It is desirable to have wholesale
bulk refrigerated storages as close to the production area as possible to dispose of or
utilize the waste at nearby areas. On the other hand, retail storage and displays
should be in the consumption area (Figs. 3.1 and 3.2).

The following type of information should be developed for each product in a
systems approach. An example of systems approach to a fresh sliced strawberry
processing operation should include at least the following parameters (Rosen and
Kader 1989):

1. Cultivar selection: Allstar is a June-bearing strawberry cultivar, ideal for fresh
market.
2. Harvest: Hand or mechanical harvesting at full bright red or pink, in shallow tray.
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Fig. 3.2 Living potted culinary herbs and sprouts

. Precooling: Rapid forced air or hydro precooling to below 7 °C (44.6 °F) within
8 min or maximum 2 h.

. Field processing: Dump-wash tank to remove sand, trash eliminator to separate
berry from plant, and mechanical stemming to remove calyx.

. Transportation: To packing house with dry ice in shallow tray around 0 °C
(32 °F).

. Sorting and grading: Defectives and color sorting, separation into two sizes
(small, large) by a tapered-finger sizing device.

. Processing: Slicing into quarters, water washing to remove all exudates, dipping
into CaCl, solution, and spin drying.

. Packaging: Controlled atmosphere (CA) packaging at 12% CO,, 2% O,, and
95% relative humidity and 0 °C (32 °F) packaging into portion 1-1b, 2-1b, and
11-1b (5 kg) size re-sealable plastic pail packaging for fresh or strawberry
shortcake.
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9. Storage at warehouse: 95% relative humidity, 0 °C (32 °F) wholesale warehousing
on standard pallets; maximum 7 days.
10. Storage and display at retail: Display cabinets 1 day at 18-20 °C (64-68 °F);
the first noticeable quality defect is loss of volatiles.

The ideal system will be a completely integrated, computerized, and automated one.

3.4 Major Initial Unit Operation of MPR Fruits
and Vegetables

The industrial harvesting, handling, processing, preparation, and distribution of fruits
and vegetables require a number of steps that are primarily physical in nature,
although their effects may contribute to biological, chemical, and physical changes
in the products. Many individual processes are required to change or separate horti-
cultural products into various MPR foods. By systematically studying these opera-
tions, all processes are unified, simplified, and speeded up. Batch operation requires
that theory and equipment be considered together. The understanding of the basic
physical principles of an operation and the formulation of these principles into a
mathematical expression are the first requirements for the application of the unit
operation concept. The design and operation of the equipment and the material and
energy balance calculations are based on unit operation principles. Major unit opera-
tions involved in MPR processing of fruits and vegetables are given in Table 3.3.
Packaging and preservation operations are given in other chapters in this book.

3.4.1 Raw Material Handling Operations

Materials handling is movement of MPR foods from the field to the retail display
cabinets. It involves the conveying (in all directions) and storage of materials.
Hydraulic flow, pneumatic or air flotation methods, conveyors, and forklift trucks
are basic to many materials handling systems. An understanding of the characteris-
tics of produce, such as shape, size, density, and hardness, is necessary in designing
process and equipment. Rapid handling, along with precooling and without damage
to the product, preserves quality. The product should not be transferred from differ-
ent containers to the field or in storage that will increase the chance of damage to the
product. Palletized unit loads, mobile racking, and lift trucks reduce the time and
labor requirements in handling operations. Therefore, unit loads should be maintained
until the final sales point. Unitizing refers to various methods of grouping together
shipping containers, whereby they can be mechanically handled as a unit load.
The most common unitizing method is palletizing; that is, containers are stacked on a
pallet. The standard pallet size most commonly used is 1.0 m x 1.2 m and has a thick-
ness of 15 cm. Some of the methods of increasing efficiency in material handling are
(1) to minimize movement, (2) handle in bulk or unit loads, (3) concentrate the
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Table 3.3 Major unit operations of MPR fruit and vegetable processing

A. Materials handling operations
1. Harvesting
2. Field processing
3. Transportation
4. Receiving
B. Preparation operations
1. Separation and multiphase contacting operations
a. Separating operations:

Grading Cleaning
Sorting Husking
Screening Heading
Inspection Topping
Brine separation Shelling
Culling Snipping
Dewatering Silking
Draining Trimming
Cluster separation Stemming
Flotation Skinning
Centrifugation Peeling
De-stoning Pitting
Dusting Coring

b. Mixing operations:
Blending Mixing with solids
Emulsification Mixing with liquids

2. Size reduction operations:
Chopping Slicing
Cutting Dicing
Strip cut Segmenting
V cut Shredding
Flat cut Pulping
Crinkle cut Mashing
Halving Juicing

C. Distribution and utilization operations
1. Wholesaling: storage and control
CA/MA/air/vacuum storage (O,, CO,, N,, CO, C,H,, H,O controls)
Computer-controlled warehousing
Wholesale storage
Retail storage
Labeling
2. Physical distribution or movement
3. Retailing and foodservice
4. Communications network

products to minimize the quantity of material to be moved, (4) make the operation
continuous and mechanized if possible, and (5) make units in the proper size.
Perishable MPR foods may be damaged by excessive temperature fluctuations,
severe vibration, or microbial contamination during the handling stage.
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3.4.2 Harvesting

Fruit and vegetable harvesting and handling operations are varied and highly dependent
on the particular commodity. Lack of uniform ripening can make a one-time-mode
harvest difficult but quite manageable. Harvesting at the proper stage of maturity is
an extremely exacting operation. Harvest dates may be estimated in advance by
crop scheduling systems or the heat unit system. Harvesting at the lowest possible
temperature (night or early morning) is advantageous for maintaining fruit quality
during handling and storage. Morris (1990) reported that grapes harvested when
fruit temperature was high (above 30 °C) had a poor color and produced high levels
of alcohol and acetic acid, indicating microbial spoilage. The delicate nature of
many fruits and vegetables requires careful handling, and many products for the
fresh and MPR processed market are hand harvested. Frequently, mechanical har-
vesting aids are used. Hydraulic platforms or ladders enable workers to be lifted
while harvesting tree fruits. Bulk collection containers or conveyors are used to
transfer the harvested products rapidly from fields to the processing unit. Machine
harvesting may improve quality over that obtained by hand harvesting because it
is faster and reduces holding time in the fields. In one study, mechanical and hand-
harvesting systems bruised 11-40% and 0-18% of apples, respectively (Tennes
et al. 1969).

3.4.3 Field Processing

Shelling and threshing of peas, beans, and lentils are done in the field by combines.
Beets and carrots are harvested and topped mechanically at the field. Large boom
conveyors have been used to carry the harvested pineapple from the pickers to the
loading trucks. Potato harvesters dig, lift, clean, and load the product. Field processing
includes inspecting for size, defects, maturity, and precooling in the field. Dry
sorting in the field removes gross contamination and defective fruit which would
otherwise contaminate wash waters. Insects in machine-harvested fruits can be
removed by a tank washing technique in which infested fruits pass through water
containing a 0.1% nonalkaline anionic wetting agent (Crandall et al. 1966). A water
spray is then used to remove insects, debris, and wetting agents. Ninety-five percent
of the chemical residues such as those arising from the use of pesticides can be
removed by this method with no loss of quality. Precooling may be performed in the
field or at the packing house on bulk loads, pallets, bin boxes, or shipping contain-
ers. Rapid precooling of fruits and vegetables to remove the field heat and the heat
of respiration can be achieved by (1) forced air cooling, (2) hydrocooling, (3) hydro-
air cooling (fine-mist spray combined with forced air cooling), and (4) vacuum
cooling.

Significant losses in market life of fresh broccoli were noted (Brennen and
Shewfelt 1989) within the 3-h cooling delay after harvest. Some MPR products,
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such as oranges, strawberries, and honeydew melons, may be hydro-cooled in the
field, but green pepper will fill with water if hydro-cooled. However, efficient imme-
diate handling techniques need to be established for chill-sensitive products at the
field. Curing or preconditioning, which is holding produce at moderate temperature
for a period, prior to low-temperature storage, is effective to prevent chill injury for
some fruits such as grapefruit. All harvesting equipment should be maintained in
clean condition to prevent deterioration caused by fungi and bacteria. Knives, belts,
and other surfaces should be cleaned daily to remove accumulated dirt and soil.
Boxes, trays, sacks, and other receptacles for harvested produce should be cleaned
daily to reduce microbial load. Metal and plastic receptacles are more easily cleaned
than wooden boxes. There are distinct advantages to do as much processing, such as
cleaning, trimming, and coring, as possible at the production field as can be done
without greatly increasing perishability. This prevents costly disposal problems at
metropolitan consumption areas.

3.4.4 Transportation

It is obvious that perishable MPR fruits and vegetables must be quickly and care-
fully handled during transportation. The choice of shipping in packages or in bulk
depends on the product and on market requirements and economics. Bulk transport
of some vegetables, such as peas, beans, and sweet corn, presents problems with
self-heating due to respiration, and cooling may be required before transport. In
bulk packaging of leafy and stem vegetables, application of ice slush lowers the
temperature while maintaining high relative humidity in transportation. The con-
tainers used in the transport of horticultural products must be so used to avoid any
mechanical damage to their contents, both through particle-to-particle or particle-
to-container contacts, by load shifting, shock, overhead weight, and vibration.
Fleshy berry fruits are placed in shallow boxes to prevent crushing by packing
under their own weight. Fast, reliable transportation by air, sea, truck, and rail is an
important element in the distribution of minimally processed foods. Mechanically
refrigerated CA/MA/air/vacuum intermodal containers can be transported by
truck, rail, ship, or air. Internationally standardized, dry, and refrigerated intermo-
dal containers of truck load capacity (20,000-30,000 kg) are now available.
Mechanical refrigeration systems consist of a compressor- condenser-evaporator
unit that is separated from the load compartment by an insulated bulkhead. The
machine section also contains a thermostat for temperature control and an air tem-
perature indicator.

The air distribution system in a rail car uses a fan to draw air through the evapo-
rator coil and discharge it into a ceiling duct above the load. Air distribution in all
refrigerated trailers is normally from front to back. Liquid nitrogen and solid CO,
have been used for transit refrigeration and modified atmospheres of fresh produce.
However, a prepared atmosphere with a specified mixture of N,, CO,, O,, C,H,,
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H,O, and CO should be tailored to meet the requirements and tolerances of the
product treated in airtight transport vehicles. It is sometimes desirable to initiate the
ripening of pears, apples, plums, and tomatoes with a low concentration of ethylene
at a controlled temperature during the transit period so that the product is ready for
retail sale when it arrives at the market. Regardless of the method of loading, provi-
sion should be made for refrigerated, controlled, or modified air to circulate uni-
formly to all parts of the load. Kays (1991) reported the specific requirements of
commodities being transported. The refrigeration requirement is higher during
transport than in static storage due to infiltration of air through the container walls,
floor, and ceiling. Highly perishable commodities, such as strawberries, apricots,
figs, cherries, grapes, lettuce, and mushrooms, may be transported by air in refriger-
ated cargo containers. Less perishable commodities, such as citrus fruits, potatoes,
pears, apples, bananas, tomatoes, and cabbage, may be shipped by sea in refriger-
ated holds of insulated ships. Fruits and vegetables that require different tempera-
tures, relative humidity (RH) conditions, fumigation, and those that are ethylene
producing and non-ethylene producing, odor absorbing, odor projecting, and pos-
sessing different chemical properties should not be loaded into the same container.
Grouping of compatible loads is essential in mixed load transportation and storage.
Containerization, modulization, unitization, and metrication allow delivery of MPR
foods with a minimum of handling and physical injury to the product and a short
transit time.

3.4.5 Receiving

At the receiving of MPR product, the cold chain is interrupted; consequently, proper
care must be exercised not to lose the quality that has been retained in harvesting
and transporting. The efficiency of the receiving operation will be increased by the
use of palletized loads. In receiving, produce must be properly segregated to permit
adequate grading. Materials should be moved rapidly through the shortest distance
possible from the unloading to the storage point to reduce costs. Batch and continu-
ous automatic digital weighing have replaced manual weighing, saving time and
labor. Accurate weighing is necessary for proper cost accounting, product formula-
tion, planning, and quality control. Contracts between the supplier and the MPR
product processing plant include the required standards. In some cases, contract
growing may be necessary as in canning. There is a need to be able to rapidly and
nondestructively evaluate the quality of fresh produce at the receiving (Dull 1986)
for such safety aspects as pesticide residues, heavy microbial loads, toxic metals,
naturally present undesirable compounds, and plant growth regulators.

After products have been received, they should be transferred immediately to the
proper (—1 °Cto +6 °C, +6 °Cto 13 °C, or +13 °C to 18 °C) storage areas depending
on the chill characteristics of the product.
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Table 3.4 Raw or cooked Food items Yield (pounds of EP)

yield of edible portion (E?) Apples, fresh peeled 0.92

per pound of selected fruits -

and vegetables as purchased Bananas, with peel 0.65

(AP) Beans, green (cooked) 0.88
Broccoli 0.81
Cabbage 0.87
Cantaloupe 0.52
Carrots 0.70
Carrots (cooked) 0.60
Lettuce (head) 0.55
Mushrooms 0.76
Onions 0.98
Peaches 0.88
Pears, pared 0.76
Pineapple 0.78
Plums 0.54
Potato, baked with skin (cooked) | 0.94
Potato, mashed (cooked) 0.81
Spinach (cooked) 0.81
Sweet potato, baked with skin 0.81
(cooked)
Tomato 0.61
Watermelon 0.99

Source: USDA 1984

3.4.6 Preparation Operations

Ready-to-cook, ready-to-eat, and ready-to-use type convenience fruits and vegetables
require many preparation operations. Most of these involve physical changes, but
chemical reactions also take place. The weight of the prepared cooked final product
may be 50-99% of the raw material as shown in Table 3.4 (USDA 1984). Vegetables
in the following food groups are prepared for ready-to-use, ready-to-cook, MPR
products (Figs. 3.3, 3.4, and 3.5).

Snack vegetables: whole and sliced onion, celery strip, cut carrots, sliced cucum-
bers, and whole lettuce

Stew vegetables: cut green beans, sliced onions, diced potatoes, corn, diced toma-
toes, asparagus, riba, diced peppers, peas, diced broccoli stalks, diced mush-
rooms, Brussels sprouts, crinkle-sliced eggplants, and whole okra

Salad vegetables: shredded carrots, shredded cabbage for coleslaw, halved and
cored pepper, diced onions, sliced red cabbage, shredded lettuce, whole parsley,
sliced tomatoes, endive, and chicory

Grill vegetables: zucchini, red pepper, and eggplant
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Fig. 3.3 Minimally
processed fresh-cut salads
in a retail display

Fig. 3.4 Fresh-cut ready-to-cook vegetables: carrots, green beans, zucchinis, and pumpkins

Soup vegetables: diced peppers, diced mushrooms, diced onions, strip-cut parsley,
crinkle-cut celery, diced garlic, and crosscut leeks

Sandwich vegetables: sliced tomatoes and shredded lettuce

Ready-to-cook vegetables: sliced potatoes, strip cuts for French fries, and stir-fry
vegetables

Souve and gravy vegetables: diced peppers, diced mushrooms, diced onions and
garlic, strip-cut peppermint, diced tomatoes, etc.

Puree and juice vegetables: shredded potatoes, mashed potatoes, diced tomatoes,
diced carrots, diced celery, diced beets, and diced eggplants

Pizza topping vegetables: strip-cut peppers, sliced mushrooms, and sliced tomatoes
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Fruits in the following groups are prepared for MPR products in the end-use
form (Figs. 3.5 and 3.6).

Fruit cocktail: diced peaches, diced pears, whole seedless grapes, diced pineapples,
pitted cherries, and diced apples
Fruit pies: apple slices, peeled peach halves, and peeled apricot halves

Small Fruit _ [ Large Fruit |

Party ’platter

Engey By

g

Platier B

Fig. 3.6 Ready-to-eat fruit salad; watermelon, grape, and honeydew mix and honeydew chunks on
a display cabinet
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Fruit salads: diced peaches, diced pears, seedless grapes, diced pineapple, pitted cherry
halves, sliced bananas in syrup, citrus salads, segmented oranges, segmented
mandarins, halved grapefruits, etc.

Fruit soups: pitted prunes, pitted cherries, sliced peaches, sliced apricots, etc.

Fruit cakes: sliced strawberries, peeled bananas, pitted cherries, and sliced apricots

Fruit jellos: whole strawberries, sliced bananas, pitted cherries, seedless grapes, and
sliced oranges

Fruit puddings: cut strawberries, sliced bananas, and pitted cherry halves

Snack fruits: sliced melons, pitted plums, and peeled oranges

Fruit sauce/puree/juice: shredded apples for puree or sauce, prune sauce, whole or
cut oranges, lemons, and grapefruits for juice

The preparation functions may be simplified by using assembly line concepts and
related equipment to enable mass production. The primary objective of industrial
food preparation is to ensure ultimate consumer safety (nutritional and health), qual-
ity, convenience, and innovation at minimum cost. Preparation of MPR fruits and
vegetables for ready-to-use form involves washing, cutting, rinsing, conditioning,
packaging, and storage operations as illustrated in Fig. 3.7 (Anon. 1988d).

In addition to general methods of doing these operations for some products,
specialized equipment is required such as green bean snippers and centrifugal spin
driers, special cutters, and aseptic assembly and filling rooms. In the design of a
processing line for MPR products, the major economic consideration is the cost of
operation and amount of the time the equipment is being utilized. The initial invest-
ment cost is usually secondary to the costs of operation. Operating costs on a per
unit of product processed basis take into account the type and use of energy, the
labor employed, the amount and type of water used, and the cost of effluent disposal
and innovation at minimum cost.

3.4.7 Separation and Multiphase Contacting Operations

In MPR food preparation, solid-solid, solid-liquid, and solid-gas contacting systems
are utilized for separation and mixing operations. Process equipment for such sys-
tems is designed to achieve the appropriate transfer operations with a minimum
expenditure of energy and capital investment. Screening is the solid-solid separation
of a mixture of various sizes of fruits. Blending of ingredients may be the main
objective of a solid-solid mixing. Leaching or simple washing is a separation of
solid-liquid system which consists of the displacement of dirt by a liquid in which
it is soluble. Separation and multiphase contacting operations of this kind are car-
ried out in single or multiple steps or stages. A stage may be defined as a unit of
equipment in which two dissimilar phases are brought into contact with each other
and then are mechanically separated. Gravity sedimentation operations are also
solid-liquid separations. Solid-liquid mixing is involved in fruit juice and puree
preparations. Modified and controlled atmosphere storage and packaging involves
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gas-solid mixing operations. The solid phase is usually in a static condition. The gas
phase flows or circulates more or less freely around the solid particles. Gas-solid
separation is involved in dust collection, aspiration, dewatering, O, scavenging, CO,
scavenging, and ethylene emitting.

Solid materials such as horticultural produce may be separated by virtue of
differences in density, shape, size, color, surface characteristics (surface area,
electrostatic charge), and solubility. In general, separating includes the following
operations: grading, cleaning, washing, screening, sorting, peeling, coring, drain-
ing, paring, pitting, stemming, sedimenting, trimming, and centrifuging. The MPR
products processing industry uses separators of various kinds. Solid-solid separa-
tors include screens, sizers, classifiers, magnetic separators, and cluster separators.
Solid-liquid separators are exemplified by the commonly used clarifiers, basket
centrifuges, strainers, and percolators. Also, solid-gas separators such as driers,
dehumidifiers, aspirators, cyclone separators, air filters, electrical precipitators,
dust collectors, and ethylene-removing catalyzers are used.

3.4.8 Sorting, Sizing, and Grading

Figures 3.8 and 3.9 show separation of raw materials into size and weight quality
groups. This provides uniformity and standardization of the finished products for
buying and selling. The most important grade factors are size, shape, color, firm-
ness, flavor, friability, bruises, cut surfaces, chemical composition, disease, and
soundness. Overripe, undersized, and blemished products are separated from those
of acceptable quality. Grading and sorting comprise the last separation stage before
processing. Damage and spoilage therefore are likely to be transmitted to the

Stepped Driven
Stepped Driven controllers --€—— Rollers

Stepped Rollers

Sloping Conveyor Belt

Fig. 3.8 The operating principle of a belt and roller sorter: a oblique view, b section across
conveyor belt (From Brennan et al. 1990)
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Fig. 3.9 Potato handling system (From Farrel 1976)

finished product if the bad products are not removed. The emptying of field contain-
ers onto sorting belts and dropping of product units from sorters can cause extensive
damage if it is not controlled. Screening is the separation of a mixture of various
sizes of produce such as peaches, strawberries, apricots, or oranges into two or more
portions by means of a screening surface. Material that remains on a given screen-
ing surface is the normal size and that passing through the screening surface is the
undersize material. Vibrating bar screens are used for coarse size separation and
dewatering at 4 mesh (4.76 mm) and larger screening operations. Smaller than 4
mesh and larger than 48 mesh (0.29 mm or 297 pm) is referred to as fine separation.
Ultrafine separation screens are smaller than 48-mesh size (Perry et al. 1989). In the
grading and sorting of fruits and vegetables, various devices and types of apparatus
are used to facilitate and mechanize grading operations. Screens of various designs
are used. Flatbeds, drums, rollers, vibrating screens, and belt and roller sorters are a
few examples of industrial operations. Light reflectance and transmittance sorting
are used for nondestructively sorting and internal examination of foods (Dull 1986).
Some grading is carried out manually by trained personnel who are able to assess a
number of grading factors simultaneously. Automated grading has the advantages of
speed, reliability, and low labor cost. The consumer recognizes, in descending order
of preference, fancy, choice, standard, and seconds for most fruits and vegetables.
A fancy product is normally one that can be secured only from the most nearly
perfectly grown crop in a given season.

3.4.9 Cleaning, Washing, and Disinfection

Cleaning and washing may be the only preservation treatments in most of the MPR
fruits and vegetables. Cleaning refers to the removal of foreign materials. As a unit
operation, cleaning is a form separation concerned with the removal of twigs,
stalks, dirt, sand, soil, insects, pesticides, and fertilizers residues from fruits and
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Fig. 3.10 Chlorination of wash water for MPR fruits and vegetables (Anon. 1988d)

vegetables, as well as containers and equipment, as the first step in processing.
The cleaning process also involves separation of light from heavy materials by
gravity, de-stoning, flotation, picking, screening, dewatering, and others Robinson
and Hills (1959).

In an MPR fruit and vegetable process line, washing is generally done in an isolated
chamber with a restricted number of entrances; human contact to product is limited
which is in sharp contrast with the previous operations. At this stage the product
becomes ready-to-eat and ready for preservation. To this end, the product is washed
and freed of the majority of microorganisms by chlorine treatment up to 200 ppm
allowed in the United States. The MPR product is immersed in a bath in which
bubbling is maintained by a jet of air. This turbulence permits one to eliminate practi-
cally all traces of earth and foreign matter without bruising the product. The addition of
various forms of chlorine to wash waters helps to prevent microbial contamination.
Chlorine is the only technological washing aid permitted (Anon. 1988d); it is
eliminated from the product by a final step (Fig. 3.10).

Water is one of the key elements in the quality of the MPR products. The source
and quality of water must be considered. Three parameters are controlled in washing
MPR fruits and vegetables (Anon 1990b): mushrooms, potatoes, and sweet potatoes
are never washed or are washed after storage since added moisture is undesirable.
Dry cleaning methods such as screening, brushing, aspiration, abrasion, and mag-
netic separation can be applied. The automatic aeroseparator for spinach and leafy
vegetables removes foreign matter such as worms, insects, stones, wood pieces, etc.
(Femia Industries, S. A., France, Anon. 1990b).

The washing operation has been studied for specific products (Gould 1974), and
such steps as the soak period, spray pressure, and use and concentration of deter-
gents added to the soak tank have been optimized. Rotary drum washers are used for
cleaning apples, pears, peaches, potatoes, turnips, and beets; high-pressure water is
sprayed over the product and it never comes in contact with dirty water. In wire-
cylinder leafy vegetable washers, medium-pressure sprays of fresh water are used
for washing spinach, lettuce, parsley, and leeks.
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Fig. 3.11 Continuous spin drier for salads and vegetables

Because free moisture and cellular exudates on the surface of horticultural
products tend to stimulate the growth of yeasts, molds, and bacteria, many types of
driers (dewaterers, centrifuges, screens, dehumidifiers) have been used to remove
water after washing (Fig. 3.11).

3.4.10 Peeling

The removal of the outer layer of a fruit or vegetable is referred to as peeling, paring,
skinning, husking, shelling, etc. Peeling may be done (1) by hand, (2) with steam or
boiling water, (3) with lye or alkalies (NaOH, KOH), (4) by dry caustic peeling with
infrared heat, (5) by flame, (6) by mechanical means, (7) by high-pressure steam,
(8) by freezing, and (9) with acids (Lopez 1987). Industrial peeling of large volumes
of products can be accomplished mechanically, chemically, or in high-pressure
steam peelers. Root vegetables such as potatoes, beets, carrots, turnips, and onions
may be peeled mechanically or lye peeled. Lye peeling of peaches, pears, apricots,
and tomatoes causes less loss of fruit and permits rapid handling but requires a large
water supply, NaOH, and a source of heat. Hand peeling is slow, costly, and wasteful
of the product. Husking of corn, shelling of peas, and snipping of beans may be done
by high-speed machines. Silking is an operation applied exclusively to corn. An apple
preparation system has been developed by FMC (Anon. 1988a) that automatically
peels, cores, and slices apples in a high-speed continuous operation (Fig. 3.12).
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Fig. 3.13 Cutting, giving a definite size and shape to the product

3.4.11 Size Reduction Operation

Size reduction describes all means by which fruits and vegetables are cut or broken
into smaller and uniform pieces of definite shape and size (Fig. 3.13). Size reduction
may be an essential step to improve taste, digestibility, ease of handling, and effec-
tive heat transfer, but it has accompanying disadvantages.

3.4.12 Cutting

Cutting accelerates respiration, causes mechanical damage, and softens plant tissue.
Cut tissues have lower barriers to gas diffusion, and they tolerate higher concentra-
tions of CO, and lower O, levels than intact commodities. Therefore, the products
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Fig. 3.14 Automatic high-speed centrifugal slicing, dicing, and strip cutting machine (Urschel
Laboratories, Inc.; Anon. 1988b)

must be taken to a 4 °C room immediately after cutting. Four types of force are
generally recognized in cutting machines.

They are (1) compression, (2) impact, (3) attrition, and (4) cutting. The perfor-
mance of a machine for reducing the size of material is characterized by the capacity,
the power required per unit of material, shape and surface characteristics of the
product, and the optimum size (Perry et al. 1989).

MPR fruits and vegetables are moved on a belt or centrifugally to vertical or hori-
zontal cutting blades (Fig. 3.14). Size reduction equipment is divided into grinders for
grinding, pulping, mashing, and juicing. Cutting machines are divided for chopping,
slicing, dicing, and shredding of horticultural products. Grinders break large pieces,
then the products pass through a 200-mesh screen that cuts them into particles 1-50
pm in size. The smallest size attainable by wet grinding with suitable surfactants is
0.5 pm, but in dry grinding, it is 1 pm (Perry et al. 1989).

Fresh horticultural products are automatically sliced, diced, and strip cut with
high-speed centrifugal machines. A slicing knife, circular knife, spindle, and cross-
cut knife spindle are used for dicing. Changing the size of the cubes is done by using
the required cutting spindles and adjusting the slice thickness. Strip cuts of any prod-
uct can be made by removing the crosscut knife from the machine. The length of the
strips will depend on the size of the original product (Fig. 3.14, Anon. 1988b).

The use of power is a major expense in size reduction operations. Cutters give
products of definite size and shape (fixed dimensions). The most satisfactory cutting
device is a knife of extreme sharpness and as thin as structurally possible. In general,
impact and shearing forces applied via a cutting edge are used in the disintegration
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Fig. 3.15 A various size
and shape cutting machine
for fruits and vegetable

of fibrous materials. Cutting machines are constructed of 188 stainless steel that
contacts the product. The slicing knives are made of high-carbon stainless steel
alloys. Most knives are ground to one of the three shapes: fully tapered, partially
tapered, or hollow ground. The knives of a cutter must be kept sharp and usually must
be sharpened after each 8-h operation. The effects of cutting angle, cutting speed, and
core diameter on energy requirement have been studied. It was concluded that the
energy and the peak force are not affected by the cutting speed (Kulshreshtha et al.
1988). The energy requirement is minimum for a cutting angle of about 21°. The
cutting angle corresponding to the minimum peak force is dependent on the diame-
ter. Cutting and grinding equipment must be thoroughly washed after each operation.
It is possible to produce aseptically diced or sliced products by using sterile knives
and aseptic conditions. Thorough washing with water alone to remove the free cel-
lular contents that are released by cutting was found to be important in prolonging
the shelf life of cut carrots (Bolin and Huxsoll 1991) (Fig. 3.15).

Water knives are a new innovation where the fruits and vegetables are cut by a
fine jet of high-pressure water (3000 kPa). Heiland et al. (1990) investigated the use
of water knives as a high-capacity, high-speed, accurate, and automatically con-
trolled cutting equipment for fruits and vegetables. Cell exudates were washed away
by the very stream that produced them. The cost study showed that, at the high
capacity, water knives may be economical.
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3.4.13 Mixing and Assembling

Combined foods such as salads and ready-to-eat meals all require mixing and
assembling before packaging. The object of mixing in fruit and vegetable process-
ing is to ensure that a homogeneous mixture is formed and maintained with as low
as energy input as possible at the lowest overall cost. Blending, coating, and dipping
operations all require solid-solid mixing. Salad dressings are emulsions that are a
mixture of liquids. Stable emulsions are formed by homogenizing. The three basic
mechanisms by which solid particles are mixed are diffusive mixing, convective
mixing, and shearing. There are several types of solid mixing machines. Tumblers
are suitable for gentle blending of solids. Ribbon mixers are effective blenders for
thin pastes and for solids that do not flow readily. The power they require is moder-
ate. Agitators are used for slow-speed mixing with a number of paddles and baffles.
The mixing efficiency of an industrial mixer is judged by the time required (mixing
time) and power load (power consumption) and the properties of the product. If two
or more gases are brought together, complete blending is achieved instantly. In gas-
solid mixtures, the diffusion of gas molecules and the convective currents will cause
slow but certain mixing. The simplest approach to mixing gases with liquid foods is
to introduce the gas with a sparger at the bottom of the tank containing the liquid
food and to permit it to bubble up through the liquid. Whippers and beaters are used
for the mixing of gases with low-viscosity liquids. The colloid mill is a special mix-
ing device for mixing extremely fine suspensions of either solids or liquids in a
liquid. Mayonnaise, salad dressing, seasoning blends, fruit cocktail, and fruit and
vegetable sauces all require mixing and emulsification.

The final operation in the processing of MPR foods takes place in the assembly
and packaging room. Shredded lettuce, sliced carrots, peeled oranges, or mixtures
of fresh vegetable or fruit ingredients are combined to produce a palatable mixture
with dressing, mayonnaise, and other ingredients. Cook-chill meals and pizza
mixes are prepared, portioned, plated, and filled in consumer packaging containers.
The assembly room is the most critical zone in the processing chain and aseptic
techniques are employed. A schematic diagram of an assembly and packaging room
is given in Fig. 3.16. Operators working in the assembly room wear special dress,
mouth masks, hair caps, and gloves. Inside the assembly room, a positive air pressure
is maintained with filtered air; ambient temperature is controlled at 10-12 °C and
humidity is 60-70% RH.

3.5 Distribution and Utilization of MPR Fruits
and Vegetables

Distribution, in general, may be defined as the fast and efficient movement and
handling of fruits and vegetables from the farm gate to the point of consumption.
This involves collecting 46 million tons of produce from 350,000 farms and distrib-
uting into 37,459 food stores and 1 million foodservice establishments in the United
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Fig. 3.16 An aseptic assembly and packaging room for MPR foods (Source: Knight 1991)

States (Fig. 3.17; Cook 2011). This involves 26.8 billion USD farm gate value to
150 billion USD consumer value (Cook 2011; News and Facts 2017). Distribution
and utilization of MPR foods include the following operations:

1. Production center operations: raw and processed fruit and vegetable storage and
control, central processing operations

2. Physical distribution: intra- and intercity transportation

3. Consumption center operations: food distribution centers, wholesaling, retailing,
and foodservice operations

4. Communication network

MPR food distribution systems seek to maximize the time and place utility or
economic value of products by getting and having the products where they are
wanted, at the time they are wanted, and at a reasonable cost. The exact marketing
channels differ with each commodity and change in pattern over the years. Quality
and quantity of MPR food losses occur in the field, at the processing plants, in ship-
ment to warehouses, and in the retail stores. Pilferage and tampering losses occur
primarily in retail outlets and, to some extent, in truck and rail shipments. It has
been reported (Kays 1991) that 3.62% of durable products such as dried fruits,
nuts, and potatoes, 5.42% of fruits, and 10.3% of fresh vegetables are lost during
transportation. Total distribution systems should reduce food losses and standardize
the product in wholesale, retail, and consumer packaging. This would also increase
the speed of distribution.
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Fig. 3.17 US fresh fruit and vegetable value chain, estimated dollar sales, billions, in 2010
(Roberta Cook 2011)

The selection and establishment of a distribution system is a key decision area as it
usually binds the firm long term, involves heavy investment, and can be the deciding
factor in determining the success or failure of a marketing strategy. If a product is to
sell, it must be made readily available to target segments such as fast-food chains,
supermarkets, restaurants, hotels, institutional cafeterias, and caterers. The extensive-
ness of the distribution system is the foundation of marketing in the industrialized
countries. The system must be able to adjust the supply of commodities to market
demands quickly and easily as either supply or demand changes. During the 3—10-day
distribution time, the product is often handled four to six times in loading, warehousing,
and unloading at the retail outlet (Anon. 1978).

Quality maintenance is aided by the following procedures in distribution channels:

1. Minimize handling frequency.

2. Provide continued control of temperature, % RH, modified atmosphere
(MA)/controlled atmosphere (CA) conditions (total environmental control)
during storage and transportation.

3. Always transfer product from truck to refrigerated storage immediately.

4. Always rotate product on a first-in/first-out basis; rotate the complete inventory
on a weekly basis.

5. Never stack individual cases more than five cases high.

Proper control of storage and transportation will extend the shelf life of MPR fruits
and vegetables. Extended shelf life MPR foods can reduce number and magnitude of
returned products, extend the distribution range of products, and will reduce the
frequency of deliveries to retail from two or three per week to one per week.

Currently, the MPR food section offers at least 300—400 items in retail display
cabinets. These items include:

Ready-to-eat fruits and vegetables

Ready-to-cook fruits and vegetables

Ready-to-cook mixed meals

Fresh ready-to-use herbs and sprouts

Fresh ready-to-eat specialty fruits and vegetables (tropical plants)
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Fig. 3.18 An alternative processing and distribution system for MPR fruits and vegetables

An alternative processing and distribution system for MPR foods is given in
Fig. 3.18. A single item or a few items may be more efficiently handled, but the
more the produce items, the more complex the problems of distribution. The MPR
foods are of low unit value and purchased frequently as convenience foods, which
are usually eaten within 2 days of purchase. An intensive distribution system seeks
maximum market penetration to increase, attract, or retain more customers.
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However, the adoption of this system reduces the incentive for a retailer. On the
other hand, an exclusive or selective distribution system may be used for some
high-priced items to push the product to retail outlets. High-image products, for
example, some tropical fruits, vegetables, or fresh herbs, may not be distributed to
every retailer who is willing to buy but only to upscale retailers and restaurants.
There may be a conflict of interest between fresh produce distribution channels and
MPR foods distribution channels in local, regional, national, or even international
markets.

3.6 Production Center Operations

Functions performed at production centers can be divided into two categories: first,
physical operations which include harvesting, cooling, sizing, ripening, cutting,
preservation, packaging, storing, and shipping and, second, related service opera-
tions which include buying, selling, financing, market finding, inspecting, and
regulating. Production center operations will vary from product to product and
from place to place. In the processing of MPR foods, two important functions may
be distinguished: (1) raw material or processed products CA/MA/air/vacuum-
packaged storage operations (storage and control) and (2) central processing and
preservation operations.

3.7 Storage and Control Operations

Fresh fruits and vegetables are stored in bulk or in prepackaged forms in conven-
tional refrigerated storage. In addition to refrigeration at certain relative humidity,
CA/MA/air/vacuum and low-pressure or hypobaric storage methods are used for
improving quality and shelf life. The latter methods involve a combination of lower-
ing the O, level from the usual 21% level in air, raising the CO, level to 20% in a gas
mixture, and controlling the level of ethylene (Wills et al. 1989, Robinson et al.
1975). Newer storage methods include the low-oxygen (LO) storage method which
reduces the O, content to 2.0-1.5% by volume and maintains the CO, content at
0.1-0.2% below the O, value. The ultra-low-oxygen (ULO) storage method reduces
O, content to the biological compatibility level of 1.2-0.8% by volume. The CO,
content should be held at a lower level than O, concentration (Anon. 1989). All of
these methods are practiced in completely airtight warehouses, in bulk containers, or
in individual consumer packages. All storage methods also involve humidity control
to prevent dehydration and maintain turgor. Stacking of unit loads must provide for
free passage of gases surrounding the product during storage. Optimum levels of O,,
CO,, % RH, and temperature must be established for each precut fruit or vegetable
variety. Because CA/MA storage leaves no undesirable residues on the products, its
use for minimally processed products will increase. Much research is needed to
establish optimum conditions for each product.
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The marketing of minimally processed fruits and vegetables requires storages for
the long and short term and for bulk or packaged products at the wholesale and retail
levels. The CA/MA storage can affect all forms of postharvest deterioration of fresh
produce directly or indirectly and, consequently, its quality and postharvest shelf
life. The composition of the gases in a closed space may be altered by increasing the
concentration of some gases while reducing the concentration of others. This can be
accomplished by scrubbing the atmosphere of CO, or O, by controlled venting and,
if only O, is lowered, by continuous evacuation of the storage space. Individual
gases can be added from pressurized cylinders or insulated tanks or by catalytic
burners that consume O, and produce CO,. Membrane air separation systems may
be employed for lowering the O, level or increasing CO, level in CA storage.
Air filtration is used in storage rooms to prevent microbial contamination.

The CA/MA storage rooms must be constructed similarly to conventional refrig-
erated storages with adequate insulation and vapor barriers and enough cooling
surface to ensure high humidities and air circulation. The most reliable method of
making a room gastight is to line the walls and ceiling with 28-gauge galvanized
steel and connect it to the floor. The metal sheets must be fastened tightly to the
walls and ceiling and the joints between sheets must be well sealed. A method of
testing for gas tightness is to build up a pressure in the room 1 inch of water (gauge)
and to observe the rate of pressure drop. If at the end of 1 h, 0.10-0.2 inch of water
(gauge) remains, the room is tight enough (Anon. 1990b).

In cold storage rooms with ceiling evaporators, the following clearances should
be respected: (1) between rows of pallets in the direction of air flow, 5-10 cm
(2—4 inches); (2) wall to evaporator, 40 cm (15.7 inches); (3) under evaporator,
30 cm (11.8 inches); and (4) side walls, 40 cm (15.7 inches). Commodities should
never be stacked higher than the lower edge of the evaporator.

Control systems are used to regulate mass, volume, temperature, pressure, time,
% RH, % O,, % CO,, % C,H, concentrations, and other controllable variables to
minimize total cost and maintain product quality. The refrigeration system should
be designed such that the thermostats work with very small switching differences if
possible. Because new storage methods require drastic reduction in the O, level, as
in the ULO process, while at the same time maintaining CO, at certain levels, highly
accurate measuring and control systems are needed to ensure efficient control and
to prevent damage to the stored products.

Microprocessor-controlled systems have been designed for the refrigeration CA/
MA system to monitor the entire cooling installation and regulate cooling, ventila-
tion, defrosting, and compressor utilization, balancing all of these different factors
for maximum efficiency, which results in significant energy savings. The levels of
C,H,, CO,, and O, are measured by special analyzers and displayed digitally. At the
same time, the stored data are compared with target set points for CO,, C,H,, and O,
levels for the relevant storeroom. Any differences between set points and actual
levels are recorded, and the system sends instructions to the CO, adsorption, O,
reduction, or ethylene removing units to make the necessary corrections. So far, no
suitable sensors have been designed for measuring the relative humidity. The data
recorded by the microcontrollers are continuously displayed on the terminal moni-
tor. Besides temperature, all analytical data pertaining to the CA/MA refrigeration
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system, total defrosting time, temperature readings, set point values, adsorbers
running times, and O, supply times are printed out automatically on the printer.
The electronic analyzer should be checked once a week with portable electronic
devices as a manual emergency control for a fully automatic system (Ryan and
Lipton 1979).

The quality of minimally processed food products is dependent on their temperature
history, from production through distribution and storage to consumption. Therefore,
time-temperature indicator labels are an integral part of the storage and packaging; they
monitor changes in food quality arising from poor temperature maintenance during
storage and distribution of MPR foods (Labuza and Breene 1989).

3.8 Central Processing Operations

The processing and preservation center at the raw material production areas will
expand or replace conventional packing house operation in the MPR food sys-
tem. Certain economic scale of operation is required for the establishment of a
central processing plant for single or multiple commodities. A minimum efficient
scale plant is the smallest sized plant at which minimum unit cost is achieved
(Marion 1986). At the processing center, MPR foods will go through the process-
ing stages of handling, cleaning, and washing and many of the following
operations:

Grading and inspection: Size, shape, and quality grading can be done mechanically
or by hand.

Pesticide residue and other contaminants are tested. Preservation operations:
Chemical preservatives, mild heat treatments, pasteurization, pH modification,
water activity reduction, ionizing radiation, or other minimal treatments (National
Food Processors Assoc. 1968).

CA/MA/vacuum packaging and storage: A few commodities, such as winter apples
and potatoes, can be stored for long periods. However, most items must be
shipped and sold as soon as possible.

3.8.1 Physical Distribution

Physical distribution refers to the portion of the total distribution system concerned
with long- or short-distance transportation of MPR products from the producer to
the consumer under the cold chain including local delivery. Knowledge of the avail-
able transportation systems and the ability to select the most appropriate mode of
transportation for each product and destination are essential to minimize cost while
optimizing quality and shelf life. Over 80% of produce is shipped by truck; the
remainder travels mostly by rail, water, or air (Imming 1985). Sanitation is a major
factor in food transportation. Inadequate cleaning of trucks or rail cars may lead to
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food spoilage and waste. Freight cars designed specifically for MPR foods need to
be used. These are called “reefer containers.” The temperature range is adjustable,
between —25 °C and +25 °C (=15 °F to +75 °F = 1 °F). This degree of temperature
control may be done by the use of platinum sensors and integrated circuits. The
microbial risks in CA/MA/vacuum-packaged products are much greater in the
absence of proper sanitation and temperature control (Jay 1992).

New multicomponent trailers and containers offer the possibility of combined,
cold (—1 °C to +4 °C), chilled (+4 °C to +13 °C), and ambient (+13 °C to +18 °C)
transportation. Radio-linked computers installed in all trucks give operators a direct
link to the stock control computer telling them which pallets are required for each
dispatch (Goad 1989).

When the transport vehicle travels over land, sea, or air at a constant speed, some
degree of vibration and sudden compression impact (shock) is always present.
Transportation shocks and vibrations are transmitted from the vehicle through the
packaging to the product inside, causing injury during long journeys from production
areas to markets. Therefore, optimum package design is essential for maximum
protection of MPR products in transportation.

3.9 Consumption Center Operations

Fresh, minimally processed products arrive at terminal market facilities which
include food distribution centers, wholesalers, retailers, and foodservices.

3.9.1 Food Distribution Center Operations

National or international food distribution centers are important for MPR foods to
extend the season and to facilitate the distribution. The typical distribution center
operations include receiving, storing, order picking, wholesale packaging, and final
shipment. The intermodal terminal food distribution centers are large facilities
designed to receive unit trains of produce or MPR food containers, truck lots, and
shipment by nearby air or water ports. The operation would require short-time
storage and standardized or containerized shipment allowing for easy and efficient
intermodal transfer for local distribution.

3.9.2 Wholesaling

The wholesaling function consists of procurement, ripening of some products, ware-
housing, repacking, and reselling smaller amounts to many different types of cus-
tomers. Local warehouses stock items close to the consumers to provide immediate
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availability. Automating warehouse operations allows for faster handling of larger
volumes of products with less labor. Repacking or some reprocessing of MPR
products in consumer units is done at all marketing levels including warehousing.

3.9.3 Retailing and Foodservice

Retail stores and foodservice establishments are the final link in the distribution of
MPR foods. A small portion (3—6%) of fresh produce are directly marketed by
farmers to consumers. Retailing is a very specialized operation involving all busi-
ness activities that are concerned with selling the MPR products to final consumers
for at-home use. In general, MPR products are priced 10% above conventional
produce at the retail level, but products are 100% useable and there is no waste
(Swientek 1991). A retail storewide computer system that uses data derived from an
automated checkout system and controls physical facilities for heating, lighting,
refrigeration, and interfaces electronically with suppliers will increase efficiency
and speed of operation. Standardization of retail packages, cases, and pallets has
been advocated (Kadoya 1990) as a means for improving efficiency in handling
products moving through the market channels by reducing the number of different
sizes and shapes, improving modularity, and making palletizing more efficient.
There is a need for a better design of the location and layout of the MPR produce
section within the retail outlets. Figure 3.19 gives an alternative layout for an MPR
produce section in the supermarkets.

Foodservice operation can be divided into commercial or noncommercial eating
places. Commercial operations consist of cafeterias, catering, fast-food outlets,
restaurants, and other places. Noncommercial places include schools, hospitals,
military establishments, and other facilities. Sales of food to eat away from home
are increasing (How 1991). Fast-food chains are good examples of mass production
and service of certain MPR products, especially salad bar technology (Fig. 3.20).
For example, McDonalds requires that its lettuce suppliers harvest a week earlier
than normal to prevent the core from becoming too crunchy. A company grows let-
tuce year-round exclusively for McDonalds. About 175 acres of lettuce is cut each
week, leaving about 25% in the field that failed to meet the quality standards.
Following harvest the lettuce is promptly cooled and then shipped to McDonalds’
ten central salad processing plants strategically located around the country. Lettuce
and other salad vegetables are processed. Processing involves chopping, washing,
drying, and packaging in 3 1/2-1b bags, each holding the equivalent of four heads.
The product is then shipped to 1500 stores, some as far as 300 miles from the
processing plant. To meet the quality standards, the lettuce must be used within
10 days. The lettuce is harvested and delivered to the processor within 5 days.
Processing takes about 1 day, so the store must sell the product within 4 days.

Delivery of complete meals to the home is a possible extension of changing
lifestyles and MPR technology. The sous-vide concept has been tried with several
variations for feeding elderly or handicapped individuals and children in special
programs (Schafheifte 1990).
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BACK ROOM PREPARATION AND STORAGE,PACKAGING AREA
SLIDING MIRROR WINDOWS AND LIGHTING MIST SPRAYING
Cold Section (Ice-slush or mechanical) Chilled section Dry-cool section
0°C to 3°C  %RH85-95 6°C to 10 °C % RH 13 °C to 18 °C % RH 55-
Fresh fruits/Vegetables,Juices Cut Pepper, Bananas
Precut Fruits and Vegetables Tomatoes Avocado
Fresh-cut fruits and vegetables Cucumbers Tropical fruits
Ready-to-cook meals Fresh herbs Subtropicals
Green salads Sweet potatoes

Seasonal ambient temperature display area

Potaoes Oranges Apples
Onions Limons Pears
Cut Pumpkins Limes Melons

Fig. 3.19 An alternative MPR foods display section layout within the store

Sous-vide processing involves vacuum packaging of prepared raw or par-cooked
meals or meal components, pasteurizing them under controlled time-temperature
conditions (closed-pack pasteurization), chilling, then storage under 3 °C until
reheating and serving.

3.10 Communication Network

Communications provide the exchange of information among the distribution channel
members. Information as accurate and up to date as possible on supply, demand,
and price is essential for anyone directly or indirectly involved in the production,
processing, and consumption of MPR foods. The ability to identify what information
is important and how to use it will be the key for success of managers.

The National Agricultural Statistics Service (NASS) gathers and disseminates
official information on the production, storage stocks, and seasonal average price of
major commodities. Government grades and international standards provide impar-
tial general information about the individual product.

MPR food prices fluctuate widely from day to day and between places due to many
factors. However, knowledge of differences in price elasticities of demand for a com-
modity in different markets may be used to raise total returns in those markets.



3 Initial Preparation, Handling, and Distribution of Minimally Processed Refrigerated... 89

Fig. 3.20 Two types of mobile mechanically cooled salad serving equipment: a mirrored back
salad bar, b two-sided salad bar (Source: Duke Manufacturing Co.; Anon. 1988c)

Information between firms needs to be exchanged for compatibility, transport
type, scheduling, unit load requirements, warehousing, product availability, package
size and type, delivery dates, and order quantity. Inventories exist as a necessary
device to coordinate supply and demand. It is information that adjusts the relation-
ship between orders, inventory, and production output (O’Shaughnessy 1988).
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Advertising and promotion provides consumers with information and an incentive
to purchase the advertised product. There are three major types of advertising pro-
grams directed specifically at buyers of MPR products. First, generic advertising is
directed at expanding the market for a commodity or group of commodities grown in
a specific area or countrywide, such as Washington State hazelnuts and the national
potato program. Second, brand advertising seeks to increase sales and prices for a
commodity or commodities sold by a specific company, such as Sunkist oranges.
Third, private label advertising is used to expand sales of product under the label or
brand of a chain retailer or foodservice wholesaler. The use of a private label does not
bind retailers to purchase branded products from any particular seller, and so they can
shop around for the best buy. The private label package does not have to support as
heavy an advertising budget as branded products and so can be sold at a lower price.

The MPR fruit and vegetable processing company deals with a host of environmental
elements that influence physical distribution planning and operations. Technological
changes can have a great effect on distribution systems. Changes can be received
through an appropriate information channel. The gross national product, population,
inflation, economic growth, changing lifestyles, competition, changes in labor rates,
and political changes all affect distribution in a variety of ways. Radio Frequency
Identification (RFID): RFID tags are an advanced form of information carrier that
can identify and trace a product. In a typical system, a reader emits a radio signal to
capture data from an RFID tag. The data is then passed to a computer for analysis.
RFID tags contain a microchip connected to a tiny antenna. This allows for the tags
to be read for a range of 100 feet(30 m) or more in more expensive tags, to 15 feet(4
m) in less expensive tags. In contrast to a barcode, RFID does not need to be in a
direct line of sight to be recognized by a scanner. Many RFID tags can be read simul-
taneously at a rapid rate. RFID tags could also store information such as temperature
and relative humidity data, nutritional information and cooking instructions. They
could be integrated with a time temperature indicator or a biosensor to carry time
temperature information or microbiological and pesticide information. RFID tech-
nology in the food system is still evolving to be used in many applications.
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Chapter 4
Enzymes in Minimally Processed Fruits
and Vegetables

Ayhan Temiz and Dilay K. Ayhan

4.1 Introduction

The term “minimally processed fruits and vegetables” is also referred to as “fresh-cut
fruits and vegetables”, “lightly processed fruits and vegetables”, “fresh-processed
fruits and vegetables”, “partially processed fruits and vegetables”, “ready-to-use
fruits and vegetables”, or “preprepared fruits and vegetables” (Yildiz 1994; Garcia
and Barrett 2004). Minimally processed fruits and vegetables is defined by the
International Fresh-Cut Produce Association (IFPA) as any fresh fruit or vegetable or
any combination thereof that has been physically altered from its original form but
remains in a fresh state (Garcia and Barrett 2004). Minimal processing of fruits and
vegetables includes all operations such as washing, peeling, slicing, shredding, trim-
ming, sorting, dicing, chopping, coring, paring, mashing, abrasion, sanitization, rins-
ing, and drying before packaging and storage at low temperature, in order to extend
shelf life and preserve nutritive and sensorial properties of the products (Brecht
1995; Paviath and Orts 2009; Dea et al. 2011; Oliveira et al. 2011; Yemenicioglu
2015). Minimal processing uses in order to prepare an original product or commodity
for consumption, without affecting the original, “fresh-like” quality of the product
(Shewfelt 1987). All these minimal processing steps have an effect on the shelf life,
nutritional value, and quality of the prepared product (Perera 2007).

Enzymes are essential in the physiology and metabolism of plants. There are
various endogenous enzymes in fruits and vegetables. There is also microbial enzy-
matic activity in the plants. Both endogenous and microbial enzymes play important
roles in the development of desired or undesired changes in the sensorial and nutritive
quality of the fruits and vegetables. Most enzymes remain active at the postharvest
stage (Terefe et al. 2014).
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Endogenous enzymes may play roles in desirable events where ripening takes
place during postharvest storage. It is well known that thousands of primary and
secondary metabolites are produced during fruit ripening, which results from many
metabolic pathways involving many endogenous enzymes (Song 2010). Different
endogenous enzymes play a vital role in the development of desired changes affect-
ing the sensorial and nutritive quality such as desired color, texture, flavor, nutritive
value, and bioactivity of edible fruits and vegetable parts.

Endogenous enzyme activities are controlled by “natural mechanisms” in whole
fruits and vegetables. The natural control mechanisms over the enzymatic reactions
are lost mainly during the various minimal processing. Minimally processed fruits
and vegetables are complex and more active systems than whole fruits and vegeta-
bles. Preparation steps remove the natural protection (peel or skin) of fruits and
vegetables and cause bruises, rendering them susceptible to desiccation and wilting.
Fresh-cut product tissues deteriorate more rapidly, and their physiology signifi-
cantly differs from that of intact fruits and vegetables (Garcia and Barrett 2002;
Yemenicioglu 2015).

Although minimal processing steps are relatively unobtrusive, nature and rate of
respiration changes immediately after most minimal processing, with the product
becoming immediately more perishable (Paviath and Orts 2009). In most cases,
minimal processing causes disruption of cell tissues and breakdown, releasing its
liquid content at the sites of wounding (Ayala-Zavala et al. 2009; Paviath and Orts
2009). Subcellular compartmentalization is disrupted at the wound surfaces, favor-
ing contact of normally separated substrates and endogenous enzymes. The contact
of substrates and enzymes initiates deteriorative reactions that normally are absent
in the whole product (Yemenicioglu 2015). Some important responses to physical
damages, i.e., wounding, in the plant tissue occur. One of the most common
responses to wounding in plant tissue is an increase in both respiration rate and
ethylene production (Dea et al. 2011). Responses to wounding also expose internal
tissues to microorganism growth and deleterious microbial enzyme activities as
well as potentially deleterious endogenous enzymes of fruits and vegetables (Garcia
and Barrett 2002). The main enzymes responsible for quality degradation may also
be of microbial origin. Whole fruits and vegetables have a characteristic natural
microflora on their surfaces. However, fresh-cut products are very sensitive to
microbial contamination, favoring increased microorganism growth and activities
in the wounds.

The undesirable enzymatic reactions due to both endogenous and microbial
enzymes then progress very rapidly, causing deteriorative changes in the sensorial
and nutritive quality attributes of fruits and vegetables such as color, flavor, texture,
and nutritional value. Discoloration, loss of texture, off-flavor formation, lipid oxi-
dation, and loss of nutritional value are the important detrimental changes in the
quality of minimally processed fruits and vegetables (Terefe et al. 2014; Yemenicioglu
2015). Respiration and ethylene production rates, color, aroma, and texture may
change as a response to physical damages produced during cutting operations as
well as to the activity of undesirable microorganisms (Montero-Calderén and
Cerdas-Araya 2010).
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Processing of vegetables induces a rapid physiological deterioration, biochemical
changes, and microbial degradation of the product even when only slight processing
operations can be used (Sonti 2003). Minimal processing such as removing the skin
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from the surface or altering the size leads to “leakage of nutrients”, “accelerated
enzymatic reactions”, “rapid microbial growth”, “color change”, “texture change”,
and “weight losses”, resulting in decreased shelf life of the product (Jiang and Joyce
2002). As a result, the activity of endogenous deteriorative enzymes together with
microbial enzymatic activities and/or other nonenzymatic reactions (usually oxida-
tive) considerably shorten the shelf life of horticultural products (Terefe et al. 2014).

Among the limitations to shelf life of fresh-cut products are enzymatic spoilage
due to natural endogenous enzymes of fruits and vegetables and microbial spoilage
due to mainly enzymes of microorganisms. The shelf life of fruits and vegetables
after harvest is strongly influenced by intrinsic factors such as respiration rate, ethylene
production and sensitivity, transpiration, surface microbial flora and compositional
changes, as well as the extrinsic factors such as microbial contaminations, packag-
ing, and storage (Arvanitoyannis and Bouletis 2012). Such deleterious changes in
the quality of fresh-cut fruits and vegetables can be diminished with several preserv-
ing technologies and techniques at suitable processing steps. Several chemical pre-
servative additives can be used in order to reduce decay rate and loss of quality of
fresh-cut fruits and vegetables. However, there may be a residue problem with them,
which could affect human health and cause environmental pollution (Ayala-Zavala
et al. 2009; Yemenicioglu 2015). Uses of controlled and modified atmosphere pack-
aging and edible films are other important physical and chemical treatments to
increase quality and safety of these fresh products. Many other techniques have
been studied in order to overcome the quality problems and extend the shelf life of
fresh produce, for example, ionizing radiation, high-pressure processing, and the
use of biopreservative cultures and/or their metabolites (Garcia and Barrett 2002;
Dea et al. 2011; Oliveira et al. 2011).

This chapter is a review of the occurrence, distribution, function, and properties
of some endogenous and microbial enzymes of minimally processed fruits and veg-
etables. These naturally occurring enzymes could significantly affect the sensorial
and nutritional quality of minimally processed fruits and vegetable products. Major
endogenous enzymes related to desired and deteriorative changes in the texture,
flavor, color, and nutritive value of the fresh products and major microbial enzymes
involved into the microbiological spoilages will be discussed in this chapter.

4.2 Endogenous Enzymes in Fruits and Vegetables

Enzymes are biocatalysts that are essential in the physiology and metabolism of
plants. All physiological changes and catabolic and anabolic reactions of plants are
performed by the catalytic action of enzymes.

There are two types of enzyme activity in plant tissues, endogenous enzyme
activity and microbial enzyme activity. Endogenous enzymes are naturally occurring
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enzymes in fruits and vegetable tissue. There is also the existence of microbial
enzymes in fruits and vegetables. Endogenous and microbial enzymes may affect
the quality of fruits and vegetables and minimally processed fruits and vegetables.

Endogenous enzymes in fruits and vegetables play a vital role in the develop-
ment of desired color, texture, flavor, nutritive value, and bioactivity of edible veg-
etable parts, that is, leafs, seeds, stems, roots, flowers, and fruits (Yemenicioglu
2015). On the contrary, some endogenous enzymes and microbial enzymes may
cause deteriorative changes in fruits and vegetables and especially in minimally
processed fruits and vegetables at the postharvest stage. Endogenous deteriorative
enzymes may cause several enzymatic spoilages in minimally processed fruits and
vegetables, resulting in short shelf life of products.

At postharvest stage, fruits and vegetables remain biologically and physiologically
active, in that the plant tissues are living and respiring (Dea et al. 2011; Terefe et al.
2014). However, endogenous enzyme activities are controlled by “natural mecha-
nisms” in whole fruits and vegetables unless the plant is exposed to an unusual stress
originating from different factors such as diseases, infection, drought, and wrong agri-
cultural practices (Yemenicioglu 2015). “Compartmentation”, “latency”, “solubility
control”, and “inhibition by endogenous enzyme inhibitors” are some examples for
the important natural mechanisms responsible for the control of enzyme-substrate
interaction and enzyme activity (Whitaker 1996). The compartmentation is an effec-
tive mechanism that maintains enzymes and their substrates in different organelles or
locations in the cell, while latency works by preventing the synthesized proenzyme’s
full transformation into a final active form, and solubility control works by regulating
release or binding of enzymes and/or their substrates on cell walls, membranes, or
organelles (Simsek and Yemenicioglu 2010).

A plant cell contains many compounds that are kept in separate compartments by
semipermeable membranes. Enzymes and substrates are normally located in differ-
ent cellular compartments, and their transfer is actively regulated. The cell mem-
brane that surrounds the living cytoplasm of the cell establishes a boundary between
it and its external environment. The membrane surrounding the largest compartment
of a mature cell, the vacuole, separates the cytoplasm, with its many enzymes, from
stored various substrates such as organic acids and phenolic compounds (Lamikanra
2002; Saltveit 2002).

Transportation, cold storage, and processing of fruits and vegetables may cause
some severe changes in the natural mechanisms at postharvest stage. The natural
control mechanisms over the enzymatic reactions are lost mainly during the various
minimal processing. Minimally processed fruits and vegetables are complex and
more active systems than whole fruits and vegetables. Minimal processing such as
peeling, slicing, dicing, and shredding removes the natural protection of the epider-
mis and destroys the internal compartmentalization that separates enzymes from sub-
strates. Biochemical and physiological consequences of fresh-cut processing are
related to the wounding of tissue that occurs (Lamikanra 2002; Dea et al. 2011;
Yemenicioglu 2015). Wounding not only physically damages the membranes in the
injured cells but also disrupts membrane function in adjacent cells, so that incompatible
compounds mix and produce unwanted and uncontrolled reactions (Saltveit 2002).
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Subcellular compartmentation is disrupted at the wound surfaces, favoring contact
and interaction of normally separated endogenous enzymes with their substrates.
Tissue disruption increases permeability and mixing of enzymes and substrates that
are otherwise sequestered within vacuoles (Lamikanra 2002). Moreover, minimal
processing results in a stress response by the produce characterized by an increased
respiration rate (wound respiration) and ethylene production, leading to faster meta-
bolic rates (Ragaert et al. 2010). The contact of solubilized, released, or activated
endogenous enzymes with their substrates initiates deteriorative reactions that do not
normally occur in the intact fruit or vegetable. The consequent increase in enzymatic
activity may cause sensory deteriorations such as off-flavor, discoloration, and loss
of firmness. Therefore, minimal processing increases the degree of perishability of
the processed materials (Lamikanra 2002; Dea et al. 2011; Yemenicioglu 2015).
Enzymatic browning due to enzymatic oxidation of phenolic compounds and cell
wall degradation due to enzymatic hydrolysis of the cell wall pectin substances are
two examples for the undesirable enzyme-catalyzed changes in minimally processed
fruits and vegetables.

Major endogenous enzymes affecting the quality of fruits and vegetables and
minimally processed fruits and vegetables are summarized in Table 4.1.

4.2.1 Endogenous Enzymes Related to Physiology
of Minimally Processed Fruits and Vegetables

Physiology of minimally processed fruits and vegetables products differs from that
of intact fruits and vegetables. Minimally processed fruits and vegetables products
are essentially wounded tissues that are susceptible to rapid deterioration (Dea et al.
2011). The physiology of minimally processed fruits and vegetables is the physiol-
ogy of wounded tissue. The behavior of the minimally processed fruits and vegeta-
bles tissue is generally typical of that observed in plant tissues that have been
wounded or exposed to stress conditions. Minimal processing as well as physical
damages may cause a wound formation in the cut surfaces of fruits and vegetables.
The physical damage and injury associated with the minimal processing of fruits
and vegetables induce some of the naturally occurring stresses. In minimally pro-
cessed fruits and vegetables, these responses are usually detrimental to the overall
quality of the product. In some cases, there is induction of wound healing processes
(Brecht 1995; Saltveit 2002).

4.2.1.1 Physiological Changes as Responses to Wounding

Biochemical and physiological consequences of fresh-cut processing are related to
the wounding of tissue that occurs (Lamikanra 2002). Loss of cell integrity and
destroying of subcellular compartmentation, leading to the reactions between endog-
enous enzymes and their substrates, are the main physiological changes in the
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wounding tissues of minimally processed fruits and vegetables products. There are
some important physiological changes as responses to wounding in the plant tissue.

One of the most common responses to wounding in plant tissue is an increase in
both respiration rate and wound-induced ethylene production. Other consequences
of wounding in plant tissue are chemical or physical changes in nature, such as
increased ion leakage, loss of components, alteration in flux potential, and loss of
turgor. It is indicated that these physiological changes are also accompanied by loss
of firmness and loss of flavor, discoloration of cut surfaces, possible decrease in
vitamins, and increase in water activity at the cut surface which accelerates water
loss. In addition to these, cut fruit surfaces provide a favorable environment for
microbial growth, due to increased moisture, sugars, and analytes leaking from
open cells (Brecht 1995; Dea et al. 2011). All chemical reactions during these physi-
ological changes are carried out by the catalytic action of the specific endogenous
enzymes in fruits and vegetables.

The wound response in fresh-cut tissue is influenced by the factors of species and
variety, cultural practices, physiological maturity, postharvest handling, severity
and extend of wounding, ripeness stage, storage conditions (i.e., temperature,
humidity, and atmosphere) and storage duration, and various inhibitors (Brecht
1995; Dea et al. 2011).

Endogenous Enzymes Related to Membrane Lipid Degradation

Wounding plant tissues in the course of preparation of minimally processed fruits
and vegetables may cause membrane lipid degradation (Rolle and Chism 1987).
Extensive enzymatic degradation occurs in damaged membrane systems, causing
loss of lipid components and loss of compartmentalization of enzymes and sub-
strates. The ethylene produced upon wounding may play a role in this process by
increasing the permeability of membranes and reducing phospholipid biosynthesis
(Watada et al. 1990).

The enzymatic reactions catalyzed by lipid acyl hydrolases and phospholipase D
produce free fatty acids from the membrane lipids. These free fatty acids are toxic to
many cellular processes and are capable of causing organelle lysis and binding to and
inactivating proteins. Fatty acids are the substrates of the endogenous enzyme lipoxy-
genase (LOX). Free radicals generated by LOX activity from fatty acids can attack intact
membranes and thus cause further membrane disruption (Brecht 1995). Hexenal pro-
duced by Lipoxygenase (LOX) activity is then isomerized into the more stable
12-oxotrans -10-dodecenoic acid, also known as Traumatin or as “wound hormone”.
Traumatin is known to mimic some physiological effects associated with wounding in
plant tissues, inducing cell division and subsequent callus formation. It can also be con-
verted to the acid derivative by a nonenzymatic oxidation of the aldehyde moiety.
Traumatic acid also appears to be involved in plant responses to wounding (Lamikanra
2002). The protective mechanism implicated is the further catabolism of oxidation
products to jasmonic acid and methyl jasmonate. They trigger gene activation during
wound response in plants (Lamikanra 2002; Baysal and Demirdéven 2007).
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Cell wall metabolism in wounded tissues differs in some aspects from that of
whole fruit. For example, the activity of pectic enzymes in minimally processed
fruits is altered in relation to their normal levels in whole fruit. It is indicated in the
literature that the levels of polygalacturonases (PG) and p-galactosidase (f-gal) in
papaya are increased after cutting and remain higher than intact fruit for the remain-
ing storage period (Goulao et al. 2010). Wounded tissues undergo accelerated dete-
rioration and senescence (Brecht 1995). Minimal processing leads to “accelerated

ELINNY3

enzymatic reactions” as well as “leakage of nutrients”, “rapid microbial growth”,
“color change”, “texture change”, and “weight losses”, resulting in decreased shelf life
of the product (Jiang and Joyce 2002; Terefe et al. 2014). Minimizing the negative
consequences of wounding in minimally processed fruits and vegetables will result
in increased shelf life and greater maintenance of nutritional, appearance, and flavor

quality in these products (Brecht 1995).

Endogenous Enzymes Related to Secondary Metabolites

In response to wounding, plants synthesize an array of secondary compounds, many
of which appear to be related to “wound healing” or “defense against attack by
microorganisms and insects”. Stress due to wounding or infection often induces
plant tissues to accumulate unusual metabolites, such as phenylpropanoid phenolic
compounds, polyketide phenolic compounds, flavonoids, terpenoids, glycoalka-
loids, tannins, glucosinolates, and long-chain fatty acids and alcohols (Brecht 1995;
Deaetal. 2011). The term “wound healing” generally is used to refer to suberin and
lignin production and deposition in cell walls at the wound site, possibly followed
by cell division beneath the suberized layer to form a wound periderm. In certain
cases, these compounds may affect the aroma, flavor, appearance, nutritive value, or
safety of minimally processed fruits and vegetables. Some aroma and flavor com-
pounds may be evanescent, resulting in poor flavor after a short storage period com-
pared to freshly prepared items, while some off-odors and off-flavors may be
persistent. The specific complement of secondary compounds formed depends on
the plant species and tissue involved (Brecht 1995).

4.2.1.2 Ethylene Production and Respiration

Wounding plant tissues induces increased ethylene production rates, usually within
1 h, with peak rates achieved usually within 6-12 h. It is indicated that it may be
performed sometimes within a few minutes. In the wound-induced ethylene produc-
tion, firstly the increased amount of 1-aminocyclopropane- 1-carboxylic acid (ACC)
is formed. ACC is subsequently converted into ethylene by an endogenous enzyme
named as ACC synthase. The increased formation of ACC causes increased ethylene
production (Brecht 1995; Dea et al. 2011).

Ethylene level increases in proportion to the amount of wounding in several
fruits and vegetables. It is indicated in the literature that levels of ACC and ACC
synthase activity increase along with ethylene in wounded tomato, winter squash,
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and cantaloupe muskmelon (Brecht 1995). Wound ethylene may accelerate deterio-
ration and senescence in vegetative tissues and promote ripening of climacteric
fruit. Some specific examples include accumulation of phenolic compounds in car-
rots, sprouting in potatoes, lignification in asparagus, brown spot (russet spotting) in
lettuce, and general softening (Reid 1992). Wounding climacteric fruits may cause
increased ethylene production, which can speed up the onset of the climacteric,
resulting in a difference in physiological age between intact and sliced tissue
(Watada et al. 1990). Slicing breaker-stage tomato fruit increased ethylene produc-
tion three- to fourfold and increased ripening compared to whole fruit (Mencarelli
et al. 1989).

The increased rate of ethylene production induces certain physiological changes
such as “increased cell permeability”, “loss of compartmentation”, “increased senes-
cence and respiratory activity”, and “increased activity of endogenous enzymes”
(Hyodo et al. 1983). During respiration, plant cells use atmospheric oxygen (O,) and
nutrients in the plant cell cytoplasm in order to make catabolic reactions. Energy and
CO, as well as certain catabolic by-products are produced by various catabolic path-
ways such as glycolysis, Krebs cycle, and pentose phosphate. If the O, concentration
within the tissue falls below about 2% or if the CO, concentration rises about 5%, the
predominant respiratory reactions within the tissue could change from aerobic to
anaerobic (Saltveit 2002). Then, various types of fermentations are carried out in the
cells of the plant tissue with the production of fermentation compounds. These fer-
mentation compounds may give the plant product undesirable flavor and aroma. All
these catabolic reactions including respiration and fermentations are carried out by the
catalytic action of endogenous catabolic enzymes of plant cells.

The increased rate of ethylene production varies depending on the type of
“commodity”, “cultivar”, “ripeness stage”, and “storage temperature”. Storage
temperature has a significant effect on wound-induced ethylene production as well
(Dea et al. 2011).

4.2.1.3 Senescence and Ripening

Generally, the activity of lipolytic enzymes, including phospholipase and lipoxy-
genase (LOX), increases during senescence, and they have been implicated as one of
the major causes of tissue breakdown in a number of vegetables (Dea et al. 2011).
LOX catalyzes the oxidation of polyunsaturated fatty acids into the corresponding
hydroperoxides in the presence of molecular oxygen. The metabolites of unsaturated
fatty acids by the catalytic action of LOX have been implicated in plant senescence.
An increase in LOX activity is a common feature in senescent plant tissues.
The catalysis of cis, cis-1,4-pentadiene structures is related to the critical role of LOX
in plant tissue senescence (Ludikhuyze et al. 2003). Peroxidases (POD) are consid-
ered to have important effects on ripening and senescence. An important function of
POD is related to its role in indole acetic acid (IAA) oxidation action. POD partici-
pates in growth regulation by this action. There are various POD isoenzymes related
to the ripening and senescence. Changes in the activity of three POD isozymes
appear to be related to the ripening process (Lamikanra 2002).
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4.2.1.4 Defense Responses Against Pathogens and Insects

There are various endogenous enzymes involved in plant defense mechanism
against pathogenic microorganisms and insects. Some of them are discussed in the
following sections.

Shikimate Intermediate Pathway Enzymes

Peroxidase (POD)

Peroxidase (POD; EC 1.11.1.7) is a group of iron-porphyrin-containing haloen-
zymes. The PODs are the members of major enzyme class “oxidoreductases”
(Lamikanra 2002; Yemenicioglu 2015).

POD is thought to be important in a variety of plant defense responses against
pathogens. The involvement in POD plant defense mechanism is related to its role in
the “shikimate intermediate pathway” in the synthesis of aromatic amino acids, indole
acetic acid (auxins), cinnamic acids (precursors of phenylpropanoid phytoalexins),
coumarins, and lignins (Biles and Martyn 1993). Pathogen- and wound-induced POD
activities have been demonstrated in fruits and vegetables (Lamikanra 2002).

Polyphenol Oxidase (PPO)
Polyphenol oxidase (PPO; EC 1.14.18.1) is a group of copper-containing haloen-
zymes. PPO enzymes are the members of major enzyme class “oxidoreductases”.
Active PPO appears to be present in all photosynthetic organisms. PPO performs
some essential functions in plants, including deterrence of insects and fungal patho-
gens. There are evidences of PPO involvement in the restriction of pathogens in
various fruits and vegetables (Lamikanra 2002). The antisense downregulation of
constitutive and induced PPO expression results in hypersusceptibility to pathogens
in tomato, suggesting a critical role for PPO-mediated phenolic oxidation in plant
defense (Thipyapong and Steffens 1997).

Lipoxygenase (LOX)

Lipoxygenase (LOX) in vegetative tissues provide hydroperoxide substrates that
can be metabolized to compounds that play important roles in plant defense (Baysal
and Demirdoven 2007).

Other Enzymes Involved in the Shikimate Pathway

Phenylalanine ammonia lyase (PAL), chalcone isomerase, and shikimate dehydro-
genase are the other enzymes involved in the shikimate pathway. These enzymes are
also associated with plant defense mechanisms or senescence (Lamikanra 2002).

p-Glucosidases

P-Glucosidases (f-glucosidase glucohydrolase, EC 3.2.1.21) catalyze the hydrolysis
of aryl and alkyl p-D-glucosides releasing p-D-glucose. These enzymes have a
broad specificity for p-D-glucosides. f-Glucosidases are mainly involved in the
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activation of plant defense chemicals (phytoanticipins) and conjugates of plant
growth regulators by hydrolyzing f-glycosidic bonds.

They also play a significant role in the release of many volatile compounds from
their glycosidic precursors in fruits and vegetables (Terefe et al. 2014).

4.2.2 Endogenous Enzymes Related to Quality of Minimally
Processed Fruits and Vegetables Products

Endogenous enzymes in minimally processed fruits and vegetables may cause
desired and deteriorative changes in fruit and vegetable quality. However, endoge-
nous enzymes are usually responsible for a specific quality loss in minimally pro-
cessed fruits and vegetables. Polyphenol oxidases (PPO), lipoxygenases (LOX),
pectinases, and peroxidases (POD) are the major enzymes involved in fruit and
vegetable quality. The enzymes lipase, cellulase and hemicellulose, chlorophyllase,
ascorbic acid oxidase, and thiaminase are also capable of catalyzing complex reac-
tions related to fruit and vegetable quality.

PPOs are involved mainly in enzymatic browning. LOX is involved in flavor and
off-flavor formation and discoloration of plant pigments, and pectinases are involved in
textural changes like softening and firming. POD is capable of catalyzing complex
reactions related to browning, off-flavor formation, textural degradation, and pigment
bleaching (Yemenicioglu 2015). It is known that PPO, chlorophyllase, POD, LOX, and
lipases may be responsible for color and flavor changes. Pectinases, cellulase, and
hemicellulase may cause textural degradation. LOX, ascorbic acid oxidase, PPO, POD,
and thiaminase may cause loss of nutritional value (Terefe et al. 2014).

The key enzyme responsible for a specific quality loss in minimally processed fruits
and vegetables may vary from one product to another. For instance, LOX is the key
enzyme in the development of off-flavor in green peas, green beans, and corn, while
cystine lyase is the key enzyme responsible for the development of off-flavor in broc-
coli (with some contribution from lipase) and cauliflower (Whitaker 1991).

4.2.2.1 Endogenous Enzymes Related to Textural Degradation
and Softening

Texture and Consistency of Fruits and Vegetables

Texture is an important and complex quality attribute of fruits and vegetables.
The structural integrity and texture of fruits and vegetables can be attributed mainly
to the primary cell wall, the middle lamella, and the turgor generated within cells by
osmosis (Jackman and Stanley 1995). Plant cell walls consist of a complex and
highly variable combination of cellulose, pectins, and structural proteins. The undis-
rupted surface of a fruit or vegetable is covered with a protective layer called cuticle
consisting of cutins. The middle lamella that is primarily pectin holds plant cells
together. Inside a cell wall, cell membrane consists of phospholipids and proteins
(Chen 2002; Goulao et al. 2010).
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The basic structure of the primary plant cell wall consists of a cellulose-hemicellulose
network with pectin polymers. Structural glycoproteins, phenolic esters, minerals,
and enzymes are also present in the plant cell wall (Lamikanra 2002; Goulao et al.
2010). It is indicated in the literature that the plant cell wall of dicotyledonous spe-
cies is composed of approximately 90% polysaccharides. The polysaccharides of
plant cell wall can be classified into three main groups: cellulose, hemicellulose,
and pectin, representing, respectively, 35%, 15%, and 40% of the cell wall mass of
fruits and vegetables (Goulao et al. 2010). Pectic substances are one of the most
abundant polysaccharides in cell walls of higher plants, particularly in young and
fruit tissues (Lamikanra 2002). Pectin is the main constituent of the middle lamella
of the cell wall. Pectins serve as cementing material between cellulose and
hemicellulose fibers. Pectin cements cell walls and gives firmness and elasticity to
tissues (Lamikanra 2002; Warriner and Zivanovic 2005). The firmness generated by
the cellulose—hemicellulose domain of plant cell wall is not significantly affected by
processing or storage. However, the pectin component is affected by both enzymatic
and nonenzymatic reactions (Terefe et al. 2014).

Pectic Substances

The important pectic substances are pectin and pectic acid. Pectin, one of a group of
colloidal carbohydrates, consists of a chain of D-galacturonic acid units linked
together by a-(1-4) glycosidic bonds, in which around two-thirds of the carboxylic
acid groups are esterified by methyl group. Therefore, the units of pectin are galact-
uronic acid and methyl-esterified galacturonic acid. Pectins are high-molecular-
weight molecule with numerous branches (Lamikanra 2002; Warriner and Zivanovic
2005). Branching of the galacturonan typically occurs more in the cell walls than in
the middle lamella. Free carboxylic acids in galacturonic acid are involved in intermo-
lecular linkages that act as cross-bridges that influence cell wall strength. Calcium
appears to be involved in forming intermolecular bridges by interaction with free car-
boxyl groups of pectic acid polymers to form insoluble salts that form ionic linkages
between pectin molecules. Pectin molecules are involved in cross-linking other poly-
saccharides and proteins in the cell wall (Lamikanra 2002). Pectic acid contains
galacturonic acid units linked together by a-1,4-glycosidic bonds. The units of pectic
acid are galacturonic acid only. Pectic substances, mainly pectins, form the middle
lamella in plant tissues, which keeps cells together (Warriner and Zivanovic 2005).

Changes in Cell Wall Structure and Composition

Changes in the structure of the cell wall are associated with dissolution of the middle
lamella and modifications of the primary cell wall. Modifications in pectin, hemi-
cellulose, and cellulose together are assumed to be responsible for the alteration of
cell wall structure during ripening-related loss of firmness (Goulao et al. 2010).
Many of the textural changes occurring on fruits and vegetables are a continuation
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of the normal ripening events that lead to softening. In whole fruit, cell walls
undergo a natural degradation during fruit ripening, reducing cell wall firmness and
intercellular adhesion. Structural changes common to all fleshy fruit involve loosen-
ing of the primary cell walls and loss of cell cohesion, which can be or not accompa-
nied by actual cell wall degradation (Goulao et al. 2010; Dea et al. 2011).

Softening

Softening is mainly attributed to changes in turgor pressure and in the structure and
composition of cell walls (Dea et al. 2011). Calcium ions and pectic enzymes play
important roles in the softening process. One of the most obvious changes that occurs
during the softening of fruits and vegetables is the progressive solubilization and
depolymerization of pectic substances. Pectin degradation results in liquefaction of
the pectic substances leading to tissue maceration or softening (Chen 2002). Although
biochemical changes in the cell wall polysaccharides are a major mechanism underly-
ing textural changes in fleshy fruit, turgor pressure also accounts for texture of plant
organs, especially when texture is accessed as resistance to compression. In addition,
softening may be attributable to the accumulation of osmotic solutes in the intercel-
lular space and partly to postharvest water loss from ripening fruit. The loss of textural
quality is related to aging processes and senescence, water loss, reduced turgor, and
wounding effects, including the leakage of osmotic solutes. Wilting is the major cause
of loss of visual appearance and texture in delicate leafy produce such as lettuce and
spinach. Ripening-related changes in texture are not alike in the various species
(Goulao et al. 2010; Dea et al. 2011). The texture of fruits and vegetables can also be
affected by starch degradation. Starch degradation is carried out by amylases.

Enzymes Related to Texture and Consistency

No single enzyme is responsible for the textural changes in fruit ripening and fruit
softening. Three enzymes are generally believed to be involved in evolution of the
textural properties of plant materials, namely, pectin methylesterase (PME), polyga-
lacturonases (PG), and peroxidases (POD). Amylases and polyphenol oxidases
(PPO) may also affect the texture of fruits and vegetables.

Major endogenous enzyme examples attributed to texture and consistency of
minimally processed fruits and vegetables are discussed in the following sections.

Pectic Enzymes (Pectinases)

Pectin-degrading enzymes are widespread in nature. Pectic enzymes have received
considerable attention regarding their involvement in ripening and softening of cell
wall components. Firmness retention is an important quality parameter in fresh-cut
fruit and vegetable products. Endogenous plant pectinases have an important role in
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fruit growth and ripening (Lamikanra 2002; Warriner and Zivanovic 2005).
Depending on the reaction they catalyze, pectin-degrading enzymes (pectinases) are
categorized as hydrolyses (e.g., polygalacturonase, polygalacturonosidase), lyases
(e.g., pectin lyase, pectate lyase), and esterases (e.g., pectin methylesterase, pectin
acetylesterase). Hydrolyses and lyases are also called as depolymerases. Hydrolases
require water as a reactant.

Pectin Methylesterase (PME)

Pectin methylesterase (PME; EC 3.1.1.11) is a deesterification enzyme. PME catalyzes
the hydrolysis of methyl ester bonds in pectin molecules, liberating pectic acid and a
lower degree of methanol. This is an enzymatic deesterification (demethylation) pro-
cess of pectin to pectic acid and methanol. PME removes short branches of the pectin
chains. These enzymes have no effect on the overall chain length, but they may alter the
solubility of the pectins (Chen 2002; Warriner and Zivanovic 2005).

All higher plants can produce PME. PME is also produced by numerous phyto-
pathogenic fungi and bacteria. The physiological role of PME is well established.
PME is involved in fruit ripening as well as cell wall extension during cell growth.
Activity of PME found in the different plants varies considerably with species and
variety, part of the plant or fruit, and stage of growth and season. PMEs from differ-
ent sources exist in several isoforms, which may be distinguished from one another
by their molecular weight, isoelectric point, biochemical activity, and/or stability. It
is well known that many enzymes are found in the same tissue in different molecu-
lar forms and concentrations (Ludikhuyze et al. 2003; Terefe et al. 2014).

The activity of PME affects pectin and the firmness of plant tissue in different
ways. PME plays a crucial role in the degradation of cell walls in higher plants. The
synergistic activity of PME and polygalacturonase (PG) results in pectin modification
and subsequent change in texture (Warriner and Zivanovic 2005). The texture of fruit
and vegetable products is modified by the activity of PME. PME hydrolyses highly
polymerized pectin into demethoxylated pectin which is susceptible to further degra-
dation by PG (Lamikanra 2002; Ludikhuyze et al. 2003; Terefe et al. 2014). PG
attacks the glycosidic linkages between adjacent demethoxylated galacturonic acid
units of pectin resulting in pectin degradation and consequent decrease in firmness.
Plant PME demethoxylates pectin blockwise, which increases the probability that two
adjacent polygalacturonic polymer chains form an “egg box” structure in the presence
of divalent cations such as calcium leading to an apparent increase in firmness.
The synergistic action of PME and PG results in the modification of pectin leading to
degradation of textural quality of plant materials. A similar phenomenon is responsi-
ble for the softening of plant tissues during ripening and senescence (Terefe et al.
2014). PME can also prepare a substrate for pectate lyase activity. Demethoxylated
pectin resists f-eliminative degradation. Pectate lyase is specific for polygalact-
uronide esters and will not hydrolyze nongalacturonide methyl esters or those in
short-chain galacturonans to a large extent (Lamikanra 2002).

In intact plant tissues, PME is inactive, but it becomes active when the tissue is
damaged (by heating to 50-80 °C, bruising, or freezing) and the cation concentra-
tion is increased (Van Buren et al. 1962).
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Food industry can also benefit from a controlled activation of PME in the context
of texture improvement of fruits and vegetables. It is assumed that deesterification
of the pectin substances in the cell wall promotes firming. After attaining the desired
degree of deesterification, PME should be inactivated to avoid the production of
uncookable products (Ludikhuyze et al. 2003). For root vegetables like potatoes, the
increased firmness originating from cross-linked pectate formation is highly desirable
when potatoes are processed into French fries. In contrast, the hardening of the pre-
peeled cold-stored potatoes due to Ca- and Mg-cross-linked pectate formation is an
important industrial problem since these minimally processed products are mostly
designed for cooking. Thus, it is clear that the PME is a key enzyme that affects not
only vegetable softening but also vegetable firmness (Yemenicioglu 2015).

Polygalacturonase (PG)

There are two subgroups of polygalacturonase (PG): endo-PG (EC 3.2.1.15; poly(1,4)-
a-D-galacturonide glycanohydrolase) and exo-PG (EC 3.2.1.67; poly(1,4)-a-D-
galacturonide galacturonohydrolase). Endo-PG catalyzes the cleavage of a-(1-4)
glycosidic bonds between two galacturonic acid residues within the pectin molecule
resulting in pectin depolymerization. The preferred substrate for the action of PG is
pectic acid, i.e., demethoxylated pectin, produced by the action of PME (Terefe et al.
2014). The rate and extent of hydrolysis are dependent on the degree of pectin esteri-
fication (Lamikanra 2002). Exo-PG catalyzes stepwise hydrolysis of galacturonic
acid from the nonreducing end of the chain, liberating one galacturonic acid molecule
at a time (Lamikanra 2002; Warriner and Zivanovic 2005).

PG is a cell wall-bound enzyme, which is present in many fruits and vegetables.
It is also produced by pathogenic fungi and bacteria and plays a major role in plant
pathogenesis (Terefe et al. 2014). Endo-PGs occur in fruit and filamentous fungi but
not in yeast or bacteria. Exo-PGs occur in fungi, bacteria, and plants. In general,
endo-PGs account for most of the polygalacturonase activity in ripe fruit, although
both endo- and exo-PGs are active in some ripening fruits (Lamikanra 2002). There
are many PG isoforms with variable substrate preference, specific activity, optimal
pH, and stability. For example, PG in tomato juice exists as a mixture of two isoen-
zymes: PG1 and PG2 (Terefe et al. 2014). Endo-PGs appear to catalyze solubilization
of pectins within the cells followed by further hydrolysis by exo-PGs. Some fruits
such as pears and freestone peaches that soften markedly during ripening contain not
only endo-PG but also exo-PG. Other fruits (e.g., apples and clingstone peaches)
contain only exo-PG, consistent with slow softening characteristics. Low levels of
exo-PG are found in many vegetative and storage tissues (Lamikanra 2002).

Most of the studies on the activity of PG are focused on the role of PG in ripening,
postharvest senescence, and pathogenesis. PG is abundantly present in tomatoes.
The majority of studies with respect to the effect of processing in general and
emerging technologies in particular are on tomato PG, probably due to its commer-
cial significance and the substantial impact of PG on the rheological characteristics
of tomato-based products. The consistency of tomato products is highly dependent
on pectic substances, which form a matrix in which other particles are suspended.
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Following tomato crushing during processing, degradation of pectin by the synergistic
action of PME and PG ensues, resulting in large decrease in viscosity over a short
period of time (Terefe et al. 2014). PG activity results in a dramatic decrease of
consistency of tomato products. To prevent these quality defects, PME and PG can
be inactivated (Ludikhuyze et al. 2003). Early ripening tomato varieties also show
higher PG and PME activity at all the stages, as compared to the late ripening variet-
ies, where PG and PME activity increases during ripening. Unlike PG, PME is more
commonly present in large amounts in unripe fruit (Lamikanra 2002).

Pectin Lyases and Pectate Lyases

There are two types of lyases: pectin lyase and pectate lyase. Pectin lyase (trans-
eliminases) (EC 4.2.2.10) and pectate lyase (EC 4.2.2.2) cleave a-(1-4) glycosidic
bonds in pectin and pectic acid, respectively. Both of them cleave a-(1—4) glycosidic
bonds in pectin or pectic acid molecules, non-hydrolytically. This cleavage is carried
out by trans elimination of hydrogen on fifth C of the galacturonic acid with the oxy-
gen on the glycosidic bond. An unsaturated C=C bond is created between the 4- and
5-positions of the galacturonic acid residue at the nonreducing end of the fragment
released. Pectin lyase depolymerizes highly esterified carboxyl pectin by splitting gly-
cosidic linkages next to methyl-esterified carboxyl groups by f-elimination, while
pectate lyase attacks glycosidic linkages next to a free carboxyl group (Lamikanra
2002). Pectin lyases act as endoenzymes, preferentially splitting highly esterified pec-
tin, while pectate lyases act on nonesterified or low esterified pectate and exist in both
endo and exo forms (Warriner and Zivanovic 2005). Lyases produce unsaturated
monomers that rearrange to the 2-keto-uronic acid (Lamikanra 2002).

Lyases are almost exclusively from microorganisms (Lamikanra 2002). In general,
these enzymes have not been found in plants. However, it is indicated in the litera-
ture that there are indications of their natural occurrence in some fruits (Lamikanra
2002; Warriner and Zivanovic 2005).

Peroxidases (POD)

Peroxidases (POD) catalyze the oxidation of cinnamic acids and tyrosine-containing
cell wall proteins, which are involved in the oxidative cross-linking of cell wall
polysaccharides (Terefe et al. 2014).

Amylases

The texture of fruits and vegetables can also be affected by starch degradation.
Starch degradation is carried out by amylases. Starch is a storage polymer with no
structural function. However, starch is accumulated in certain plant organs with
high levels. Soluble sugars are accumulated as a result of starch hydrolysis, and
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soluble sugars increase the osmotic pressure within the cells, therefore contributing
to the turgor pressure. Most fruits such as banana, kiwifruit, and apple can accumu-
late significant levels of starch during development and undergo extensive starch
hydrolysis during ripening. In contrast, starch levels in starchy vegetables such as
potato remain high during postharvest storage although starch reserves undergo
mobilization (Goulao et al. 2010).

Amylases are the starch degradation enzymes. They are the members of major
enzyme class “hydrolases”. Most of the plants produce amylases endogenously.
There are four types of amylases which hydrolyze starch in different manner:
a-amylase, f-amylase, glucoamylase, and pullulanase. a-Amylase and pullulanase
are endoenzymes, while f-amylase and glucoamylase are exoenzymes. Generally,
endoenzymes cause rapid loss in viscosity, while exoenzymes do not affect viscosity
but increase sweetness (Warriner and Zivanovic 2005). a-Amylase is often referred
to as “liquefying enzyme” due to the rapid loss in viscosity. As a result, a-amylase
may participate in softening of fruits and vegetables in a way. Amylases may also
cause desired changes in plants. For example, amylases in sweet potatoes assist in
curing to give desirable texture and flavor (Underkofler 1975).

Polyphenol Oxidases (PPO)

Polyphenol oxidases (PPO) cause mainly enzymatic browning in fruits and vegeta-
bles in the presence of oxygen. Apart from color deterioration, browning reactions
by PPO activity may bring along a slight softening of the plant tissue (Ludikhuyze
et al. 2003).

4.2.2.2 Endogenous Enzymes Related to Flavor Changes

Flavor is an important quality parameter that determines the suitability of a food
product for consumption. It is usually difficult to characterize the critical combination
of compounds that contribute to the characteristic flavor and aroma of food products
and identify the enzymes responsible for the biosynthesis of flavor compounds
and off-flavor development (Whitaker 1996). Cut fruit and vegetable products
rapidly lose their typical flavor, even when stored under refrigerated conditions
(Dea et al. 2011).

Aroma Volatile Compounds in Fruits and Vegetables

Volatile compounds of fruits and vegetables are comprised of diverse classes of
chemicals, including esters, alcohols, aldehydes, ketones, and terpenes. Some volatile
compounds are only produced in certain fruit. It is indicated in the literature that
more than 80% of the volatiles produced by ripe apple, strawberry, banana, and
melon are esters. Most esters have sweet and fruity odors and relative low aroma
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thresholds. Presently it is believed that the metabolism of fatty acids and branched
amino acids may serve as precursors for the biosynthesis of aroma volatiles in most
fruit. In contrast to most fruits, vegetables contain a large group of terpenes; these are
important volatile compounds that play an important role in influencing the sensory
qualities that are measured as taste and flavor. Production of flavor volatile com-
pounds in fruits and vegetables is the result of complex metabolic networks
involving many pathways and control mechanisms. The metabolomic diversity is
also caused by low enzyme specificity and is directly related to the availability of
substrates (Song 2010).

Major enzymes of flavor volatile production and off-flavor development in fresh
fruits and vegetables are discussed in the following sections.

Lipoxygenase (LOX) and Hydroperoxide Lyase (HPL)

Activity of lipoxygenase (LOX) and hydroperoxide lyase (HPL) in fruits and veg-
etables is the most important feature in the development of flavor and off-flavor.
LOX and HPL are involved in the “LOX pathway”. Both of them are the key
enzymes in this pathway. LOX pathway is a serial reaction including mainly LOX
and HPL catalytic actions (Terefe et al. 2014).

Lipoxygenase (linoleate: oxygen reductase, E.C. 1.13.11.12) catalyzes the oxi-
dation of polyunsaturated fatty acids into the corresponding hydroperoxides in the
presence of molecular oxygen (Baysal and Demirdéven 2007; Song 2010). LOX
catalyzes the addition of molecular oxygen at either the C9 or C13 residue of unsat-
urated fatty acids with a 1,4-pentadiene structure. Linoleic acid and linolenic acid
are the most abundant fatty acids in the lipid fraction of plant membranes and are
the major substrates for LOX to form fatty acid hydroperoxides (Lamikanra 2002;
Baysal and Demirdoven 2007; Song 2010). Fatty acids are quantitatively the
major precursors of volatile compounds responsible for the aroma of plant products.
The phospholipase activity releases unsaturated fatty acids from the membrane
that can serve as substrates for LOX. The fate of fatty acids in this enzyme system
(LOX pathway) is determined by the substrates and specificity of LOX and HPL
(Song 2010).

HPL catalyzes the cleavage of 13-hydroperoxy lipids into six carbon aldehydes.
The 13-hydroperoxides of linoleic and linolenic acids selectively cleavage by HPL
lyase to the formation of hexanal and hexenel, respectively. These C6 and C9
carbon aldehydes are considered to be the major volatile compounds in many fruits
and vegetables when tissues are mechanically damaged, homogenized, or chewed.
They contribute to the “green” and “fresh” flavor of fruits and vegetables. In many
fruit tissues, however, those C6 and C9 volatiles cannot be detected in intact tissues,
and they become the substrates for further flavor metabolism. Therefore, LOX can
be seen as an enzyme responsible for secondary volatile generation that directly
influences human flavor perception (Song 2010; Terefe et al. 2014).

LOX, an iron-containing dioxygenase, is found in a wide variety of plant and animal
tissues (Ludikhuyze et al. 2003; Baysal and Demirddven 2007). Highest activity is
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found in leguminosae family plants such as soybean, peas, and green beans. Lower
activities are observed in solanaceae (e.g., tomato, potato), cruciferae (e.g., cauli-
flower), and compositae (e.g., artichoke) (Pinsky et al. 1971). There are many iso-
enzymes of LOXs in plant tissue with different pH optimum, isoelectric point, and
other properties (Terefe et al. 2014). LOX I converts linoleic acid preferentially to
13-hydroperoxide derivatives, and LOX 2 forms 9-hydroperoxide compounds, while
LOX III yields a mixture of hydroperoxides. It is indicated in the literature that
LOX types II and III, in the presence of fatty acids and dissolved oxygen, co-oxidize
carotenoids and chlorophyll. Appearance of new LOX isoenzymes (LOX IV, V, and
VI) in germinated soybean cotyledons was also reported (Lamikanra 2002).

HPL is a membrane-based/membrane-bound enzyme present in small amounts
in plant tissue. HPL has been classified into three types on the basis of substrate
specificity: 9-HPL, 13-HPL, and nonspecific HPL. The substrate specificity deter-
mines aroma composition of many plant products, despite the specific action of
LOX (Lamikanra 2002).

Physiological Role of LOX Pathway (LOX and HPL Activities)

LOX pathway is one of the most studied enzyme system in fruits and vegetables.
The physiological role of LOX pathway is not sufficiently understood although
metabolites of unsaturated fatty acids have been implicated in growth and develop-
ment, plant senescence, and responses to disease and wounding (Terefe et al. 2014).

Desirable Effects of LOX Pathway on the Quality of Fruits and Vegetables

It is well known that thousands of primary and secondary metabolites are produced
during fruit ripening, which results from many metabolic pathways involving many
enzymes. There are many enzymatic flavor changes occurring during ripening,
senescence, and postharvest handling. LOX plays a major role in the formation of
aromatic volatile flavor compounds in fruits and vegetables responsible for the
“fresh” and “green” sensorial characteristic. Different fruits and vegetables have
different volatile profiles resulting from the LOX pathway (Ludikhuyze et al. 2003;
Song 2010; Terefe et al. 2014).

Detrimental Effects of LOX Pathway on the Quality of Fruits and Vegetables

Besides their contribution to the formation of many desirable fresh fruit and vegeta-
ble flavors, LOX pathway may cause some detrimental effects on minimally pro-
cessed fruit and vegetable products especially during storage. Development of
off-flavor, loss of nutritional quality, and loss of color are three important detrimen-
tal effects of LOX pathway activity.
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Off-Flavor Development

Hydroperoxides produced by LOX activity may undergo further degradation to
produce undesirable and odorous carbonyl compounds (Yemenicioglu 2015).
Vegetables such as green beans, green peas, corn, broccoli, and caulifiower develop
off-flavor during frozen storage if they are not properly blanched. LOX is the main
enzyme responsible for off-flavor development in green beans, green peas, and corn.
Development of off-flavor often characterized as hay-like, which is due to further deg-
radation of the hydroperoxides into volatile compounds such as aldehydes, ketones,
and alcohols (Terefe et al. 2014). Such changes are mainly due to the loss of the prin-
cipal flavor-related volatiles and the synthesis of stress-related off-flavor volatiles such
as ethanol grassy, hay, painty, stale, and oxidized flavors have been detected as off-
flavor due to LOX action (Ludikhuyze et al. 2003; Dea et al. 2011). Though the flavor
compounds produced through the LOX pathway are essential, their concentration
above the normal level results in off-flavor development (Terefe et al. 2014).

Peroxidase (POD)

As discussed in the previous sections, peroxidase (POD) activity may cause detrimen-
tal and desired effects on fruit and vegetable quality. The main detrimental effect of
POD in fruit and vegetable quality is contribution to off-flavor formation, browning,
and pigment bleaching. Most flavor changes in raw and unblanched fruits and vegeta-
bles could be correlated to POD activity, and there is an empirical relationship between
residual peroxidase activity, off-flavors, and off-odors in foods. Changes that occur in
POD activity in wounded and fresh-cut fruits and vegetables significantly contribute
to their product quality (Lamikanra 2002; Yemenicioglu 2015).

Alcohol Dehydrogenase (ADH)

Alcohol dehydrogenase (ADH; EC 1.1.1.1) is responsible for formation of alde-
hydes and alcohols (Song 2010).

As it is previously discussed, LOX produces C6 and C9 carbon aldehydes in fruit
volatile production systems. These aldehyde volatiles are converted into their cor-
responding alcohols through the action of ADH (Terefe et al. 2014). It is well known
that ADH converts aldehydes and alcohols back and forth depending on the condi-
tion of the tissue. The predominant role that ADH plays in the production of alde-
hydes and ethanol has been studied in fruits and vegetables under stress conditions
such as high CO, or low oxygen (Song 2010).

Pyruvate Decarboxylase (PDC)
Pyruvate decarboxylase (PDC; EC 4.1.1.1) catalyzes the decarboxylation of pyru-

vic acid to acetaldehyde. It is one of the enzymes specially required for ethanol
formation through fermentation (Song 2010).
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It has been reported that acetaldehyde in fruit can be formed from pyruvic acid
through the action of PDC, from fatty acids via the LOX pathway, or from ethanol
through enzyme oxidation by ADH. Observation of volatile production and enzyme
activity of LOX, PDC, and ADH from apple fruit maturing on the tree indicated that
both LOX and HPL may act together to control emission of volatile compounds.
The decrease of ethanol production throughout maturation was believed to be due to
the diversion to acetaldehyde rather than ethyl acetate. It was reported that ADH
activity increased at the beginning of fruit ripening and then decreased gradually in
peel tissue and remained constant in flesh tissue. High concentrations of acetalde-
hyde found in fruit of advanced maturation was found to be related to ADH rather
than PDC. Preliminary sensory evaluations indicated that fruit with elevated ADH
activity and higher levels of alcohols were found to have a more intense “ripe fruit”
flavor (Song 2010).

Alcohol Acetyl Transferase (AAT)

Acyl-CoA alcohol transferase (AAT; EC 2.3.1.84) catalyzes the combining of alco-
hols and acyl-CoAs to form esters. This enzyme is responsible for the final step of
ester formation. AAT is a common endogenous enzyme existing in many fruits.
Plants contain a large number of acyl transferases with approximately 88 found in
Arabidopsis (a plant genus in Brassicaceae family) and more than 40 in rice.
Physiology and biochemistry studies revealed that AAT is under control of fruit
development and is regulated during fruit ripening. Other enzymes such as LOX,
ADH, and PDC are believed to be involved in the pathways to provide aldehydes
and alcohols for ester synthesis. However, the source of alcohols and aldehydes for
ester synthesis in fruit is not fully understood (Song 2010).

Cystine Lyase and Alliinase

Cystine lyase and alliinase are included in the group of enzymes collectively called
“C-S lyases”. C-S lyases cleave alkylcysteines and alkyl-cysteine sulfoxides, which
are the major constituents of the free amino acid pool of many vegetables of the
family Cruciferae, Leguminosae, and Liliaceae. Cystine lyase (cystathionine
L-homocysteine-lyase; EC 4.4.1.8) catalyzes the cleavage of L-cystine producing
thiocysteine (cysteine persulfide), pyruvate, and ammonia through f-elimination
reaction. Alliinase (cysteine sulfoxide lyase; C-S lyase, EC 4.4.1.4) hydrolyzes the
nonprotein amino acid S-allyl-L-cysteine sulfoxide (alliin) into pyruvate, ammonia,
and diallyl thiosulphinate (allicin) (Terefe et al. 2014).

Cystine lyase has been identified in several members of the Brassica genus veg-
etables such as cabbage, cauliflower, kale, mustard, turnip, and rutabaga (Ramirez
and Whitaker 1999). This enzyme has been determined to be the principal causative
agent for development of off-flavor in broccoli and caulifiower (Whitaker 1991).
The activities of cystine lyase and C-S lyases were also reported to be responsible
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for the formation of undesirable sulfur compounds such as methanethiol, dimethyl
disulfide, and dimethyl trisulfide in disrupted tissues of Brassica genus vegetables
such as cabbage and broccoli (Terefe et al. 2014).

Allicin, a product of alliinase activity, is the most important beneficial compound
in garlic, which is responsible for its characteristic pungent flavor and its therapeutic
and antimicrobial effects. Alliinase also catalyzes the hydrolysis of S-(1-propenyl)-
L-cysteine sulfoxide (isoalliin) into di(1-propenyl) thiosulfinate, which gives onion
its flavor (Terefe et al. 2014).

Myrosinase

Myrosinase (thioglucoside glucohydrolase, EC 3.2.3.1) catalyzes the hydrolysis of
glucosinolates into f-glucose, sulfate, and a series of aglycons, which are further
nonenzymatically degraded into nitrogen- or sulfur-containing compounds such as
isothiocyanates, nitriles, and thiocyanates. Although the exact reaction mechanism
has not yet been elucidated, the hydrolysis is suggested to occur due to cleavage of
a f-thioglucosidic bond (Terefe et al. 2014).

Myrosinase is found in all glucosinolate-containing plants including cabbage,
brussels sprout, radish, turnip, watercress, and mustard. They are important in
human diets as vegetables or condiments. Several isozymes of myrosinases have
been observed. Myrosinase has also been found in bacteria, fungi, insects, and
mammals. However, less information is available regarding these non-plant myrosi-
nase (Ludikhuyze et al. 2003; Terefe et al. 2014).

The secondary degradation products (isothiocyanates, thiocyanates, nitriles, thi-
ones) of the glucosinolate hydrolysis reaction can contribute either positively or
negatively to the characteristic properties of many plant species, especially crucife-
rae (Ludikhuyze et al. 2003). For example, the characteristic flavor of Brassica
genus vegetables is due, in part, to the presence of volatile. Depending on the pH,
the presence of ferrous ions, double bond in the side chains, and proteins such as
epithiospecifier protein, further conversion of isothiocyanates and indoles into
epthionitriles, nitriles, thiocyanates, and other compounds occur. On the other hand,
high concentrations of these secondary degradation products can give rise to unde-
sirable bitterness and too strong taste and flavor. Moreover, high intake levels of
certain glucosinolate hydrolysis products are associated with toxic or goitrogenic
effects (Ludikhuyze et al. 2003; Terefe et al. 2014).

Polyphenol Oxidases (PPO)

Polyphenol oxidase (PPO) activity cause mainly browning reactions in fruits and
vegetables in the presence of oxygen. Apart from color deterioration, browning
reactions by PPO activity may bring along unpleasant flavors and/or taste (Vamos-
Vigyaz6 1981; Martinez and Whitaker 1995).
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p-Glucosidases

These enzymes are mainly involved in the activation of plant defense chemicals
(phytoanticipins) and conjugates of plant growth regulators by hydrolyzing
p-glycosidic bonds.

They also play a significant role in the release of many volatile compounds from
their glycosidic precursors in fruits and vegetables. Therefore, they are also increas-
ingly found in various food processing applications (Terefe et al. 2014).

Other Enzymes Related to Flavor

In addition to AAT, LOX, ADH, and PDC, there are some other enzymes with substrate
specificity in various metabolic pathways, which are involved in fruit and vegetable
volatile compound production. For example, various enzymes in the biosynthesis
pathways of fatty acid, branched amino acid (isoleucine), sesquiterpene, and phen-
ylpropanoid are responsible for ethylene-induced aroma volatile production.
Deaminases, decarboxylases, transferases, dehydrogenases, oxidases, hydratases,
thiolases, synthases, and acyl carrier proteins with different substrates are important
enzyme groups involved in these biosynthesis pathways (Song 2010).

4.2.2.3 Endogenous Enzymes Related to Color Changes

Color is one of the main physical attributes of food products. It plays perhaps a more
important role than any other quality parameter in consumer decision of initial
purchase. Carotenes and carotenoids, anthocyanins, chlorophylls, and phenolic com-
pounds are the main groups of pigments that are responsible for the characteristic
colors of fruits and vegetables. In addition to imparting color to horticultural products,
carotenoids, anthocyanins, and other phenolic compounds are potent antioxidants,
which are thought to be beneficial to health (Terefe et al. 2014).

The main enzymes that are involved in biochemical degradation of plant pigments
are polyphenol oxidase (PPO), chlorophyllase, peroxidase (POD), lipoxygenase
(LOX), anthocyanase (anthocyanin-f-glucosidase), and alliinase. These enzymes can
cause color change problems in minimally processed fruit and vegetable products.
Especially, oxidative browning at the cut surface is the limiting factor in storage of
many minimally processed fruits and vegetables (Brecht 1995; Terefe et al. 2014).

PPO, POD, anthocyanase, LOX, chlorophyllase, and alliinase are discussed in
this section.

Polyphenol Oxidase (PPO)

Polyphenol oxidase (PPO; EC 1.14.18.1) is a group of copper-containing haloen-
zymes. PPO enzymes are the members of major enzyme class “oxidoreductases”.
PPO catalyzes the oxidation of phenolic compounds into brown pigments at cut or
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damaged surfaces of fruits and vegetables. PPO mainly causes the enzymatic
browning of fruits and vegetables (Lamikanra 2002; Ludikhuyze et al. 2003).

These enzymes are found in many plants, animals including arthropods and
mammals, fungi, and bacteria. Plant PPO is localized intracellularly as an active
soluble form or inactive membrane-bound form. Soluble and active PPO fraction
exists in the majority of the fruits and vegetables (Ludikhuyze et al. 2003; Terefe
et al. 2014; Yemenicioglu 2015). However, some products like mushroom, carrot,
broad bean, pepper, spinach, and iceberg lettuce might contain also a considerable
fraction of inactive latent form. This inactive PPO is located on the thylakoid mem-
brane of chloroplasts as a membrane-bound protein, which could be activated by
specific proteases or activators (Yemenicioglu 2015).

It is indicated in the literature that the distribution of PPO in different parts of
fruits and vegetables and ratios of particle-bound and soluble enzymes with matu-
rity vary considerably. During ripening, the concentration of particulate enzymes
decreased with the concurrent appearance of a soluble fraction. In cells of immature
fruits and tissue culture, PPO was detected in organelles other than the vacuoles,
presumably in plastids. In green leaves, PPO is predominantly located in the chlo-
roplasts (Lamikanra 2002). Discoloration occurs at the cut surface of fruits and
vegetables as a result of the disruption of compartmentation that occurs when cells
are broken, allowing substrates and oxidases to come in contact. Wounding also
induces synthesis of some enzymes involved in browning reactions or substrate
biosynthesis (Brecht 1995).

There are various PPOs known by different names including tyrosinase, creso-
lase, catecholase or catechol oxidase, diphenolase, laccase, phloroglucinoloxidase,
p-diphenol oxygen oxidoreductase (EC 1.10.3.1), diphenol oxygen oxidoreductase
(EC 1.10.3.2), and phenolase (Lamikanra 2002; Terefe et al. 2014). The substrate of
PPO may be monophenol or o-dihydroxyphenol derivatives such as tyrosine, cresol,
catechol, caffeic acid, hydroxygallic acid, and protocatechuic acid. PPO acts on
phenols in the presence of molecular oxygen. Enzymatic browning is a complex
process that can be subdivided in two parts. The first part is mediated by PPO. After
the enzymatic oxidation of phenolic compounds by PPO, o-quinones are produced.
The o-quinones, which are yellow in color, are highly unstable and undergo nonen-
zymatic polymerization reactions in the second part. This nonenzymatic polymer-
ization results in the formation of heterogeneous brown pigments or reddish-brown,
blue-gray, and even black pigments commonly called melanins (Dea et al. 2011;
Terefe et al. 2014; Yemenicioglu 2015).

This reaction initiated by PPO is called enzymatic browning. Enzymatic brown-
ing causes loss of quality during processing of vegetables, fruits, mushrooms, and
some crustacean species (Simsek and Yemenicioglu 2007). An example for enzy-
matic browning is illustrated in Fig. 4.1.

PPO catalyzes two quite different types of reactions involving phenolic compounds
and molecular oxygen. Some PPOs such as cresolase and tyrosinase (EC 1.14.18.1)
have monophenolase activity (monophenol monooxygenase). Some others such as
catechol oxidase or diphenol oxygen oxidoreductase have diphenolase activity
(diphenol oxidase). Monophenolase activity is the hydroxylation of monophenols to
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Fig. 4.1 Enzymatic browning of cut apple surface by PPO. (a) Initial time of storage at
25 °C. (b) After 1 h of storage at 25 °C. (¢) After 1 day of storage at 25 °C. (d) After 2 days of
storage at 25 °C. (e) Initial time of storage at 4 °C. (f) After 1 h of storage at 4 °C. (g) After
1 day of storage at 4 °C. (h) After 2 days of storage at 4 °C photographed by Ayhan Temiz and
Dilay K. Ayhan in 2016

o-diphenols (Ludikhuyze et al. 2003; Terefe et al. 2014). Diphenolase activity is the
oxidation of o-diphenols to o-quinones. Tyrosinase catalyzes hydroxylation of
monophenols to o-diphenols (monophenolase activity) and oxidation of o-diphenols
to o-quinones (diphenolase activity). Tyrosinase exhibits diphenolase activity as
well as monophenolase activity. Cresolase, a monophenolase, catalyzes hydroxyl-
ation of monophenol to o-diphenols. This monophenolase activity is followed by
catecholase activity. Catecholase, a diphenolase, catalyzes oxidation of o-phenols to
o-quinones (Lamikanra 2002; Yemenicioglu 2015). Laccase catalyzes oxidation
of both o-diphenols and p-diphenols to corresponding quinones. Phloroglucinol
oxidase catalyzes the oxidation of three hydroxyl phenols but does not act on diphenols
(Yemenicioglu 2015).

The PPO in vegetables is frequently a catechol oxidase. Tyrosinase is also found
in some important vegetables. For example, the PPO in mushrooms and potatoes
acts as a tyrosinase and shows both cresolase and catecholase activities. It is indi-
cated in the literature that the PPO in some vegetables such as lettuce, artichoke,
eggplant, green bean, and broccoli florets shows mainly catecholase activity and
acts as a catechol oxidase. The vegetables might sometimes contain a labile bound
fraction of PPO with cresolase activity. Laccase and phloroglucinol oxidase are not
abundant in vegetables. However, it is indicated in the literature that the PPO from
cauliflower was identified mainly as a phloroglucinol oxidase and laccase activity is
detected in some mushrooms and tomatoes (Yemenicioglu 2015).

Other Effects of Browning Reactions over Discoloration

Enzymatic browning is one of the most limiting factors on the shelf life of fresh-cut
products. However, consequences of enzymatic browning are not restricted to discol-
oration. In addition to color deterioration, enzymatic browning may also cause unde-
sirable flavors and nutrient loss in minimally processed fruit and vegetable products.
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PPO action usually results in the formation of highly reactive quinones that can then
react with amino and sulfhydryl groups of proteins and enzymes as well as with
other substrates, such as chlorogenic acid derivatives and flavonoids (catechins,
anthocyanins, leucoanthocyanidins, flavonols, and cinnamic acid derivatives).
These secondary reactions may bring about changes in physical, chemical, and
nutritional characteristics and may also affect the sensory properties of fruits and
vegetables (Lamikanra 2002). Apart from color deterioration, the browning reaction
may bring along unpleasant flavors and/or taste and a slight softening of the tissue
(Vamos-Vigyazé 1981; Martinez and Whitaker 1995).

Desirable Changes of Enzymatic Browning

Enzymatic browning is not always deleterious to foods. In fact, enzymatic browning
may be desirable for some fruits and vegetables. In some cases, such as the manufac-
ture of tea and cocoa, enzymatic browning contributes to desirable color, flavor, and/
or taste and forms an essential step in the production process (Ludikhuyze et al. 2003).
In tea processing, the activity of oxidative enzymes is desired for enhancing a brown-
black color by increasing the formation of theaflavin and thearubigin compounds and
sometimes the processing of dried fruits such as dates and raisins. The activity of PPO
also has an impact on the flavor and aroma of horticultural products, since phenolic
compounds play a role in bitter, sweet, pungent, or astringent taste of products such as
apple, grape, olives, paprika, ginger, and turmeric (Terefe et al. 2014).

Lipoxygenase (LOX)

LOX activity may be responsible for discoloration of plant pigments indirectly. The
hydroperoxides and the free radicals are formed by LOX reactions. These radicals,
intermediately formed in the LOX reaction, can damage pigments (e.g., chlorophyll,
carotene and xanthophyll) or vitamins, resulting, respectively, in color changes and
decreased nutritional value (Ludikhuyze et al. 2003; Terefe et al. 2014; Yemenicioglu
2015). It is indicated that bleaching of plant pigments and loss of f-carotene and chlo-
rophyll a have been shown to occur during LOX-mediated reactions (Dea et al. 2011).

Carotenoids are generally stable in their natural environment. Enzymes such as
LOX cause the co-oxidation of carotenoids in the presence of free fatty acids
through a free radical-mediated mechanism, which significantly affects the color
intensity of foodstuffs. Besides LOX, PPO is also thought to be involved in the co-
oxidation of carotenoids in the presence of polyphenols through a similar mecha-
nism. It is indicated that these two reactions lead to the formation of different aroma
compounds including ionones, which are found in many fruit flavors including
blackberry, peach, and apricots (Terefe et al. 2014).

Peroxidase (POD)

In addition to off-flavor formation, POD is believed to be involved in browning and
pigment bleaching of horticultural products (Terefe et al. 2014; Yemenicioglu 2015).
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Peroxidase (POD; EC 1.11.1.7) catalyzes the oxidation (single-electron oxidation)
of phenolic compounds in the presence of hydrogen peroxide leading to the formation
of brown degradation products. Hydrogen peroxide is essential in POD-catalyzed
reactions. The low internal concentration of hydrogen peroxide in plants limits POD
activity. Hydrogen peroxide is generated during the PPO-catalyzed oxidation of
phenolic compounds. Therefore, the possible role of PPO as a promoter of POD
activity is suggested (Terefe et al. 2014). The POD has a very low substrate specific-
ity, and it can catalyze the oxidation of a wide range of organic compounds includ-
ing fatty acids and phenolic compounds in the presence of hydrogen peroxide
(Yemenicioglu 2015).

PODs are widespread enzymes found in plants, animals, and microorganisms.
The principal physiological function of POD is to control the level of peroxides
to avoid excessive formation of radicals that are harmful to all living organisms.
Therefore, POD is found in almost all living organisms. They are widely distrib-
uted in plants and seem to be normal components of most plant cells. Plant PODs
contain ferriprotoporphyrin III (hematin) as the prosthetic group. Plant POD
consists of a complex spectrum of isoenzymes occurring in both soluble and
bound forms in fruits and vegetables (Lamikanra 2002; Terefe et al. 2014;
Yemenicioglu 2015).

Peroxidase-Catalyzed Browning

Although the PPO is the primary enzyme responsible from the enzymatic browning
in fruits and vegetables, the roles of POD in enzymatic browning are still questioned.
The ability of POD to contribute to enzymatic browning is related to its affinity to
accept a wide range of hydrogen donors, such as polyphenols. Two possible mecha-
nisms are proposed for POD-catalyzed browning reactions. One involves the genera-
tion of H,O, during the oxidation of some phenolic compounds that is used as in a
normal peroxidatic action to further oxidize the phenol, while the second involves the
use of quinonic forms as substrate by POD. Both mechanisms indicate that the pres-
ence of polyphenol oxidase enzyme would enhance POD-mediated browning reac-
tions (Lamikanra 2002; Yemenicioglu 2015).

Phenylalanine Ammonia-Lyase (PAL) and Its Importance for PPO and POD
Activities

Phenylalanine ammonia lyase (PAL) activity may be important for PPO and POD
activities. Some metabolic products including various phenolic compounds and
possibly other substrates (e.g., anthocyanins) are obtained by “phenylpropanoid
metabolism”. PAL catalyzes the rate-limiting step in phenylpropanoid metabolism
that produces phenolase-catalyzed oxidizable substrates. Wounding apparently first
induces an increase in PAL activity and, consequently, an increase in oxidizable sub-
strates. Both wounding and ethylene production induce PAL activity in many plant
tissues. Browning occurs when the phenolics are oxidized in the reactions catalyzed
by PPO and peroxidases POD (Brecht 1995; Lamikanra 2002). The phenolics can
be oxidized by PPO and POD to quinones that ultimately polymerize to produce the
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browning appearance common to wounded lettuce. Such increase in enzymatic
activity as a result of the fresh-cutting process has been reported for several vegetables
(Dea et al. 2011).

Anthocyanase (Anthocyanin-f-Glucosidase)

The enzyme anthocyanase (anthocyanin-f-glucosidase) is a specific f-glucosidase.
Anthocyanase catalyzes the hydrolysis of sugar moieties from anthocyanins yield-
ing highly unstable anthocyanidins. Anthocyanidins are further oxidized by PPO
and POD or react with o-quinones, the highly reactive PPO oxidation products, to
form melanins. Anthocyanins are not good substrates of PPO due to their structure.
The sugar moiety of anthocyanins is thought to be a steric hindrance against PPO
attack. The main agent responsible for enzymatic browning in fruits and vegetables is
PPO. However, it is indicated that a possible synergistic effect between PPO and POD
cannot be excluded. The studies on enzymatic browning showed that there is a high
correlation between anthocyanin degradation and browning discoloration during
postharvest storage with increased POD activity. The activity of anthocyanase needs
to be controlled during postharvest storage and processing of anthocyanin-rich
products such as berry fruits (Terefe et al. 2014).

Chlorophyllase

Chlorophyllase (Chlase, E.C. 3.1.1.14) catalyzes the hydrolysis of chlorophyll into
chlorophyllide and phytol, which is the first step in the biochemical degradation of
chlorophyll. Chlorophyllase is a glycoprotein, which is located in the plastid enve-
lope of green plants. Chlorophyllase has been found to be the rate-limiting enzyme
in chlorophyll catabolism during ripening, senescence, seasonal changes, as well as
natural turnover. Chlorophyll degradation during processing and postharvest stor-
age of fruits and vegetables causes a change in color from brilliant green to olive
brown in processed foods and to yellow, brown, or colorless in senescent tissue
(Terefe et al. 2014).

In green vegetables, the senescence process usually leads to a yellow coloration
of the tissues, normally considered the major consequence of chlorophyll degrada-
tion. Pheophytin is an olive-colored pigment in vegetables. In some minimally pro-
cessed green vegetables, the synthesis of pheophytin appears when the chlorophyll
loses its bond with the magnesium atom and substitutes it with a hydrogen atom
(Dea et al. 2011).

The biochemical pathway for the degradation of chlorophyll and loss of green
color has not been well characterized. Up to 20 enzymes including chlorophyllase
are thought to be involved in the series of reactions that transforms chlorophyll into
a number of colorless catabolites. In general, the degradation pathway of chloro-
phyll depends on the type of products with intrinsic and extrinsic factors playing a
role as well as the activities of chlorophyll-degrading enzymes (Terefe et al. 2014).
For example, chlorophyll degradation in broccoli has been partly attributed to the
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activities of chlorophyll degrading POD and chlorophyll oxidase as well as chloro-
phyllase. Increased POD activity has been correlated with chlorophyll degradation
in broccoli (Funamoto et al. 2002; Funamoto et al. 2003).

Alliinase

As it is previously mentioned, allicin is a product of alliinase activity. Allicin is the
most important beneficial flavor compound in garlic. Similarly, di(1-propenyl) thio-
sulfinate, a hydrolysis product of alliinase activity, gives onion its flavor. It is
believed that this enzyme is also involved in the green color discoloration of pro-
cessed garlic products as well as pink discoloration of onion. The relative effect of
each enzyme depends on the product. There are two steps in both discoloration
cases. In the first step, alliinase acts on alk(en)yl-L-cysteine sulfoxides to produce
soluble organosulfur compounds called “color developers”. Color developers then
react nonenzymatically with amino acids and carbonyl compounds to form pigments
(Terefe et al. 2014).

4.2.2.4 Endogenous Enzymes Related to Nutritional Quality

The initial nutritional value of a fresh-cut product can only be as good as its whole
counterpart. Antioxidants such as ascorbic acid, lycopene, f-carotene, and pheno-
lics as well as essential amino acids and fatty acids and some vitamins are of great
interest regarding the nutritional quality of fruits and vegetables (Dea et al. 2011).

The amount of these nutritionally important compounds in minimally processed
fruits and vegetables may change during storage period. Unfavorable environmental
factors such as pH, temperature, UV lights, or oxygen as well as various endogenous
and microbial enzymes may cause decrease in the amounts of essential nutrient of
minimally processed fruits and vegetables, resulting in nutritional quality loss in
minimally processed fruits and vegetables. For example, the compound ascorbic
acid is easily oxidized during minimal processing. Ascorbic acid content in fresh-
cut products may decrease or increase.

Certain enzymatic spoilage product(s) in minimally processed fruits and vegetables
may also cause nutritional quality loss in minimally processed fruits and vegetables.
For example, the activity of PPO, POD, and anthocyanase cause degradation of poly-
phenols including anthocyanins that are important phytochemicals. Enzymatic brown-
ing caused by mainly PPO as well as POD and anthocyanase results in the decrease of
the available lysine content of proteins (Terefe et al. 2014).

Some nutritional loss is expected during the shelf life of fresh-cut products.
However, it was indicated that the visual quality of several fresh-cut fruits (i.e.,
strawberry, persimmon, peach, papaya, mango, strawberry, pineapple, kiwifruit,
cantaloupe, and watermelon) could be appreciably reduced before any significant
nutrient decrease has occurred (Dea et al. 2011).

On the other hand, vitamin, mineral, and enzyme content of the raw ripened fruits
and vegetables is adequate and desirable from a nutritional point of view. It is believed
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that digestive enzymes in whole and minimally processed fruits and vegetables
support the digestion of proteins, starch, and lipids in the human body. All raw,
uncooked foods contain the exact types and amounts of enzymes necessary for the
digestion (breakdown) of polysaccharides, proteins, and lipids. Amylases, cellulases,
lipases, and proteases are the important digestive enzymes in raw fruits and vegeta-
bles. All the above, except cellulases, are produced in the human body. Digestive
enzymes have only three main functions in the human body. Proteases are enzymes
that digest proteins, amylases digest polysaccharides, and lipases digest lipids.
Undigested food cannot adequately nourish cells. Digestive enzymes from raw food
start food digestion in the stomach so that contents reaching the duodenum are easily
broken down further, assimilated, and absorbed. As a result, the nutrients from food
will be better digested, transported, and utilized, and waste will be more easily elimi-
nated. When food is more completely digested, the body gets the nutrients rather than
the pathogenic organisms (Howell 1985; Rojek 2003, 2004).

Relatively little information is available on the enzymes that affect the nutritional
quality of horticultural products. Major enzymes responsible for changes in nutri-
tional quality are discussed in the following paragraphs.

Polyphenol Oxidases (PPO)

Nutritional quality of fruits and vegetables may be impaired in several ways by the
activity of polyphenol oxidases (PPO). PPO action usually results in the formation
of highly reactive quinones. These enzymatically generated quinones can react with
amino acids, peptides, and proteins or mediate oxidation of amino acids cysteine,
methionine, and tryptophan. A reduction of only a small amount of essential amino
acids may result in a marked reduction of nutritional value (Lamikanra 2002;
Ludikhuyze et al. 2003). PPO-caused browning decreases the available lysine con-
tent of proteins (Terefe et al. 2014). The o-benzoquinone, the product of enzymatic
browning reactions, may combine with the e-amino groups of lysine residue in the
plant proteins. Lysine in this combination is nutritionally unavailable. It is thought
that blocking of free e-amino group of lysine may cause decrease in biological value
(ratio of retained and resorbed nitrogen) and in digestibility of proteins (Horigome
and Kandatsu 1968). In addition to its negative effect on phenolic antioxidants, PPO
is also believed to be involved in the oxidative degradation of ascorbic acid. The
nutritional value can be impaired by quinone-mediated coupled oxidation of ascor-
bic acid (Ludikhuyze et al. 2003; Terefe et al. 2014).

Anthocyanase (Anthocyanin-f-Glucosidase)

As it is previously indicated, the activity of PPO, POD, and anthocyanase cause deg-
radation of polyphenols including anthocyanins that are important phytochemicals.
Enzymatic browning caused by mainly PPO as well as POD and anthocyanase results
in the decrease of the available lysine content of proteins (Terefe et al. 2014).
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Lipoxygenase (LOX)

As discussed previously, the hydroperoxides and the free radicals are formed by
LOX reactions. The LOX-catalyzed oxidation of unsaturated fatty acids, which
involves the formation of free radical intermediates, may have detrimental effects
on nutritional quality of minimally processed fruits and vegetables.

The free radicals formed during LOX-catalyzed oxidation of polyunsaturated fatty
acids can damage vitamins. The free radicals cause oxidation of carotenoids (vitamin
A precursors as well as potent antioxidants), tocopherols (vitamin E), ascorbic acid,
and folate. The free radicals can also damage cysteine, tyrosine, tryptophan, and
histidine residues of proteins. Interaction with essential amino acids lowers the pro-
tein quality and functionality. Besides, the activity of LOX causes decrease in the
amounts of essential fatty acids (linoleic acid and linolenic acid) or arachidonic acid,
a conditionally essential fatty acid (Ludikhuyze et al. 2003; Terefe et al. 2014).

Ascorbic Acid Oxidase

Ascorbic acid oxidase causes degradation of ascorbic acid in vegetables and fruits.
Ascorbic acid oxidase catalyzes the transformation of ascorbic acid into dehydro-
ascorbic acid. Dehydroascorbic acid has the same physiological efficiency as ascor-
bic acid. Further degradation of dehydroascorbic acid into diketogluconic acid,
oxalic acid, and other nutritionally inactive compounds may occur. However, this
was reported to occur only at high temperature (Terefe et al. 2014).

Myrosinase

As it is previously discussed, the secondary degradation products (isothiocyanates,
thiocyanates, nitriles, thiones) of the glucosinolate hydrolysis reaction of myrosinase
can contribute either positively or negatively to the characteristic properties of many
plant species, especially cruciferae. Myrosinase also enhances the nutritional quality
of Brassica genus vegetables as it converts glucosinolates into the biologically active
forms such as thiocyanates and isothiocyanates. Besides, myrosinase has positive
effect on human health. It has been found recently that hydrolysis products of indole
glucosinolates can induce anticarcinogenic properties, i.e., a reduced risk on tumor
formation and proliferation (Ludikhuyze et al. 2003; Terefe et al. 2014).

Thiaminase

Thiaminase causes the degradation of thiamine. This enzyme catalyzes the replacement
of the thiazole moiety of thiamine with a variety of nucleophiles. Thiamine is an
essential cofactor in amino acid metabolism. The activity of this enzyme has been
observed in marine organisms, silk worm, bacteria, and plants. Ingestion of a
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significant quantity of thiaminase may lead to a serious thiamine deficiency even
when there is sufficient amount of thiamine in the diet. However, the occurrence of
the enzyme is limited to certain plants that are not normally consumed by humans
except a few like Marsilea drummondii that is consumed cooked by Australian
Aborigines and fishes that are commonly eaten after cooking and the enzyme is
inactivated (Terefe et al. 2014).

4.3 Microbial Enzymes

Minimally processed fruits and vegetables retain much of their indigenous microflora
after minimal processing. Mechanical damages, such as cutting, may increase
susceptibility to decay and growth of microorganisms. Some operations such as
washing can reduce the microbial load; however, they may also help to distribute
spoilage microorganisms and moisten surfaces enough to permit growth of micro-
organisms during holding periods (Frazier and Westhoff 1978).

Microorganisms in minimally processed fruits and vegetables may affect food
quality and human health. Pathogenic microorganisms and saprophytic ones may
form part of this flora, possessing a potential safety problem and food quality prob-
lem. Saprophytic microorganisms may cause various spoilages in minimally pro-
cessed fruits and vegetables. Microorganisms may degrade the sensory quality by
affecting the appearance, cause off-odor/off-flavor, and, to a lesser extent, cause
texture loss and nutritive value loss. Pathogenic or toxigenic microorganisms may
cause infectious diseases or intoxications in man, and therefore they may produce
some important health problems. When product is consumed raw, as is the case with
fresh cuts, harmful microorganisms and/or their harmful products such as toxins
may be present and ingested (Francis et al. 1999; Martinez et al. 2000; Rajkowski
and Baldwin 2003; Dea et al. 2011).

The main enzymes responsible for quality degradation may also be of microbial
origin. The types and numbers of microorganisms and their enzymes are important
for the quality of minimally processed fruits and vegetables and human health.

4.3.1 Suitability of Minimally Processed Fruits and Vegetables
Products for Microorganisms

Minimally processed fruits and vegetables deteriorate faster than its intact counter-
part. Processing operations such as cutting, shredding, and slicing not only provide
opportunities for contamination but also cause damage to fruit and vegetable tissues
and cellular structure, leading to leakage of nutrients and cellular fluids (Heard 2002;
Rajkowski and Baldwin 2003). In most cases, cut surfaces of any processed V and F
are ideal for the growth of microorganisms, including human pathogens. Cutting
destroys the internal cell compartment and creates wounds on the plant organs.
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The wounded tissue releases plant juice or cell contents that serve as nutrients for
microorganisms. A larger food source for microorganisms is plant biopolymers. Some
of the microorganisms produce pectinolytic enzymes degrading texture and as such
provide more nutrients for microbiological activity (Chen 2002; Ragaert et al. 2010).

Minimally processed fruits and vegetables are very susceptible to microbial
spoilage due to their high water activity, the presence of nutrients at the cut surface,
and the absence of preservative processes known to delay undesirable biological and
biochemical changes, such as bleaching, freezing, or sterilization (Dea et al. 2011).

On the basis of nutrient content, fruits and vegetables can be a good source of
nutrients for bacteria, yeast, and mold growth (Ayala-Zavala and Gonzélez-Aguilar
2010). However, in general, less contamination is reported on fruits than on vegetables.
This may be due partly to the lower pH of most fruits in comparison to vegetables
(Leverentz et al. 2002). For most fruits (e.g., strawberries, raspberries, and nectar-
ines), due to their low pH, the natural microflora is restricted to acid-tolerant micro-
organisms, such as fungi and lactic acid bacteria. The most significant spoilage
microorganisms of fruits are fungi, mainly molds. On the contrary, since pH of
vegetables is near neutrality, bacteria cause deterioration. Bacterial growth can be
detected on the more pH-neutral vegetables (Ragaert et al. 2010). Because tomatoes
have a lower pH, spoilage is similar to that of fruits, although bacterial spoilage also
occurs (Banwart 1989). Fresh vegetables are all subject to bacterial soft rots. The
rotting process could be as short as 3-5 days under favorable conditions. Through
wounds, the soft rot bacteria enter plants and multiply quickly in the intercellular
spaces. They produce a set of enzymes such as pectinases, cellulases, and proteases,
dissolve the middle lamella, and separate the cells. This causes maceration and soft-
ening of the affected tissues (Chen 2002). The delicate balance of flavors in fruits
could be more severely affected by the growth of lactic acid bacteria than vegeta-
bles, and this might contribute to the relatively rapid flavor loss in minimally pro-
cessed fruits (Lamikanra et al. 2000). Typically, under conditions that do not favor
bacterial growth (e.g., high acidity), fungi can proliferate with visible deleterious
effects (Warriner and Zivanovic 2005).

4.3.2 Contamination Sources and Microbial Flora

Microbial contamination of agricultural products occurs at every stage of the
production chain, from cultivation to processing. Raw fruits and vegetables have a
naturally occurring microflora. Natural microflora of fruit and vegetable may be
originated from the growing environment. During growth, the fruit or vegetable can
become contaminated from different sources such as soil, water, air, animals, birds,
and insects (Chen 2002; Rajkowski and Baldwin 2003; Dea et al. 2011). The micro-
bial flora and load can further be enhanced by the different processing methods,
such as handling, transporting, washing, peeling, cutting, shredding, slicing, grating,
packaging, shipping, storage, and marketing. Poor sanitation of the processing facil-
ities, dirty equipment, work surfaces, wash water and reuse of wash water or ice,
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workers and inadequate personal hygiene among employees, packing materials,
process equipment, and transportation vehicles are also potential sources of contami-
nation (Oliveira et al. 2015a). During distribution and storage, temperature fluctua-
tions and the high humidity present in packages provide a favorable environment and
incubation time for proliferation of spoilage microorganisms and microorganisms of
public health significance (Rajkowski and Baldwin 2003; Dea et al. 2011).

4.3.3 Counts of Microorganisms

Microbial spoilage appears to be one of the major causes of quality loss of fresh-cut
products by formation of off-flavor, fermented aroma, and tissue decay. The shelf life
of many food products may be accurately predicted by quantifying the population of
microorganisms present on the food product (Zhuang et al. 2002). As it is known,
initial microbial load dramatically influence the rate of the deteriorative effects of
microorganisms and their enzyme activities on the products. The presence of high
microbial populations leads to shortened shelf life. The lower initial microbial counts
on the products generally do not produce big problems in product quality and its shelf
life. Microbiological spoilage symptoms appear as microbial numbers increase, and
as a result, quality is reduced and shelf life shortened. However, the degree of spoilage
does not always correlate with high microbial populations (Heard 2002).

In general, total microorganism plate counts on minimally processed fruits and
vegetables can range from 2 to 9 log colony forming units per gram (CFU g7!),
depending on the produce variety and time of year and geographic location It is
indicated that fresh-cut vegetables harbor large and diverse populations of microor-
ganisms, and counts of 10°~107 CFU g~ are frequently present (Francis et al. 1999;
Leverentz et al. 2002). In minimally processed fruit and vegetable products, mini-
mum detection levels of microorganism based on visual observation of spoilage
may vary depending on the microorganism and type of product (Dea et al. 2011).
The detection of off-odors or obvious visual defects on fresh-cut vegetables is often
accompanied by a bacterial count exceeding 8 log CFU g~! or a yeast count exceed-
ing 5 log CFU g™! (Ragaert et al. 2007). Production of organic acids on shredded
mixed bell peppers and grated celeriac was detected when the psychrotrophic count
exceeded 8 log CFU g~!, dominated by lactic acid bacteria with the counts of 7-8
log CFU g! (Ragaert et al. 2010).

4.3.4 Common Microorganisms Found in Minimally
Processed Fruits and Vegetables

The normal microflora found on the surface of products consists of large and diverse
populations of microorganisms, including bacteria, yeasts, and molds (Leverentz
et al. 2002; Garcia and Barrett 2004). Bacteria are predominant microorganisms on
fruits and vegetables. Of these, 80-90% of bacteria are Gram-negative rods,



4 Enzymes in Minimally Processed Fruits and Vegetables 131

predominantly Pseudomonas, Enterobacter, or Erwinia species (Leverentz et al.
2002). The commonly encountered microflora of fruits and vegetables are
Pseudomonas spp. (especially P. fluorescens) and Erwinia spp. (E. herbicola,
E. carotovora and E. agglomerans), some species of lactic acid bacteria belonging
to the genera of Leuconostoc (especially Leuconostoc mesenteroides) and
Lactobacillus, and several species of yeast and molds (Heard 2002; Ayala-Zavala
et al. 2009; Ayala-Zavala and Gonzalez-Aguilar 2010; Ragaert et al. 2010; Dea et al.
2011). Molds and yeasts are often present on raw fruits and vegetables but in rela-
tively lower numbers than those of bacteria. Yeasts and lactic acid bacteria are com-
mon microflora on fruits (Ahvenainen 1996; Martinez et al. 2000; Chen 2002).

In the case of fresh-cut fruits, intrinsic properties favor growth of yeasts, molds,
and, in some cases, lactic acid bacteria mainly due to the lower pH value compared
to vegetables (Ragaert et al. 2010). Among the deteriorative microflora, fungi are
the most important microorganisms causing wastage of fresh-cut fruit, where the
relatively acid conditions tend to suppress bacterial growth (Frazier and Westhoff
1978). On the contrary, bacterial infections are more common in vegetables due to
their high pH. The major microbial concerns related to minimally processed fruit
and vegetable products are mesophilic and psychrotrophic microorganisms affecting
product shelf life and human health (Ayala-Zavala et al. 2009; Dea et al. 2011).
Epidemiological surveys indicated that fresh-cut fruits and vegetables could also
harbor pathogenic bacteria such as Listeria monocytogenes, Salmonella spp., and
Escherichia coli O157:H7 (Oliveira et al. 2015a, b).

The most commonly isolated mold genera from vegetables are Aureobasidium,
Fusarium, Mucor, Phoma, Rhizopus, Botrytis, Cladosporium, Penicillium, Alternaria,
and Aspergillus (Banwart 1989; Jay et al. 2005). A wide range of mold species can be
present on fruits. Molds reported on berries are Botrytis cinerea, Rhizopus stolonifer,
Mucor piriformis, Rhizoctonia solani, and Phytophtora cactorum. Overripe or dam-
aged berries can be invaded by Penicillium and Cladosporium species. However, on
intact strawberry and raspberry fruit, bacterial survival is possible and even growth on
the calyx of strawberries (Ragaert et al. 2010). Yeasts which are commonly isolated
from fresh-cut vegetables include Candida spp., Cryptococcus spp. (particularly
Cryptococcus laurentii), Rhodotorula spp., Trichosporon spp., Pichia spp., and
Torulaspora spp. Yeasts which are commonly isolated from fruits include Pichia
spp., Rhodotorula spp., Candida spp. (such as Candida pulcherrima, C. lambica,
and C. sake), and Debaryomyces polymorphus. The more fermentative species,
Saccharomyces exiguus, S. cerevisiae, and S. dairensis, occur mainly in salads dressed
with mayonnaise (Heard 2002; Ragaert et al. 2010).

4.3.5 Microbial Spoilage and Safety of Minimally Processed
Fruits and Vegetables

Microbial growth and activities can seriously limit the shelf life and safety of minimally
processed fruits and vegetables. Microorganisms can cause quality loss of minimally
processed fruit and vegetable products by formation of off-odors and off-flavor,
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brown discoloration, fermented aroma, and loss of texture, deteriorated/rotten and
moldy appearance, and loss or decrease of nutritive value.

Formation of off-odors and off-flavors is mainly caused by the activity of lipolytic
and proteolytic enzymes and fermentation reactions. Loss of texture and soft rot is
mainly caused by enzymatic degradation of the plant cell wall by pectinolytic
enzymes. Brown discoloration is mainly caused by polyphenol oxidase (POD)
activity of the microflora. Fermentative spoilage is caused by fermentation of carbo-
hydrates to produce mainly acids, gases, and alcohols (Heard 2002). For example,
lactic acid bacteria (LAB) are normal flora of fruits and vegetables and associated
with spoilage organisms, causing unpleasant odors (Fleet 1992). Fruit products
undergo fermentative spoilage by LAB or yeasts, resulting in the production of
organic acids such as lactic acid and acetic acid, ethanol and CO,, and volatile
esters. However, pseudomonads may spoil less acidic fruits such as cantaloupe.
Lipase activity and utilization of amino acids can alter the flavor of fruits, resulting
in a loss of quality (Heard 2002; Arvanitoyannis and Bouletis 2012). Yeasts and
molds are present in smaller numbers than bacteria but, when present in high numbers,
can contribute to spoilage of fermented products and the development of soft rot
(Fleet 1992).

Environmental factors, the types of fruits or vegetables, and the types of organ-
isms present determine what type of spoilage occurs and how quickly the quality of
the product deteriorates. Composition of fruits and vegetables can also determine
the type of spoilage. Yeasts and lactic acid bacteria often use simple sugars.
Therefore, the growth of yeasts and lactic acid bacteria is favored in sugar-rich fruits
and vegetables such as carrots, bell peppers, and most of the fresh-cut fruits.
Fermentative spoilage usually as off-odors occurs due to the microbial proliferation
and the production of organic acids such as lactic acid, acetic acid, malic acid, suc-
cinic acid, and pyruvic acid as well as alcohol and CO, (Chen 2002; Heard 2002;
Ragaert et al. 2010). On the cut surface of fresh-cut products, yeasts and lactic acid
bacteria grow faster and often precede molds in the spoilage process (Chen 2002).

4.3.6 Role and Function of Microbial Enzymes
in Microbial Spoilages

Microbial spoilages in minimally processed fruits and vegetables generally occur
from microbial proliferation and enzyme activities. Enzyme activities are the major
agent in the case of microbial spoilages. Each microorganism has a characteristic
enzyme diversity determined by its genetics. Some microbial metabolites, which
are derived from secondary metabolism, may also have negative effects on sensory
quality of products. Common examples of secondary metabolism include volatiles,
antibiotics, toxins, and siderophores (Warriner and Zivanovic 2005).

The enzymatic activity of microorganisms may have adverse effects on visual
appearance and sensory properties of vegetables or fruits. However, it must be noted
that many of the spoilage enzymes of microorganisms are also endogenous to plants.
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A wide range of enzymes such as pectinases, cellulases, amylases, lipases, and
proteases are known to be involved in the degradation of plant cell polymers. These
enzymes are found in the plants endogenously, and they may be microbial in origin.
For example, pectic enzymes and cellulase degrade pectic substances resulting in
softening in fruits and vegetables. Most of the isolated microorganisms from mini-
mally processed fruit and vegetable products are pectinolytic. These microorgan-
isms can cause mainly soft rots of fruits and vegetables by their pectic enzymes.
Polymeric substances of plants such as starch and pectin are firstly degraded into
transportable units in order to be metabolized by the microbial cell. Many microor-
ganisms isolated from products are known to produce extracellular enzymes.
Microorganisms release extracellular enzymes to attack the plant cell walls, and
some other cell organelles. With this background activity, it can be difficult to assess
the significance of microbial enzymes in degradation reactions. However, microbial
enzymes do play a key role in surmounting plant defenses and/or gaining access to
nutrients (Chen 2002; Warriner and Zivanovic 2005).

Wounds on the plant host are required for penetration of the soft rot microorgan-
isms. The plant pathogenic microorganisms feed and multiply on the plant juice
from the wound surface. The production of large amounts of pectinolytic enzymes
leads to further maceration of the tissues. Microorganisms continue to multiply and
advance in the intercellular spaces, while the surrounding plant cells plasmolyze,
collapse, and die. The invaded tissues soon become soft with the appearance of a
slimy mass consisting of innumerable microorganisms swimming about in the liquefied
substances (Chen 2002).

Major microbial enzymes and their importance for fruits and vegetables quality
are summarized in Table 4.2.

4.3.6.1 Pectinases

Microorganisms do not contain pectins in their cell walls regardless of the species.
However, in the absence of other carbon sources, microorganisms, both saprophytes
and parasites, may hydrolyze pectins and utilize them as nutrients. Furthermore,
enzymatic degradation of plant cell walls is the main pathway of attack by plant
pathogens (Warriner and Zivanovic 2005).

Production of pectinolytic enzymes by microorganisms is known to be both
constitutive and inductive. For plant pathogenic bacteria, the extracellular pectin-
ases are regulated by the availability of the pectin polymer and the release of galac-
turonan units (Chen 2002).

Pectin methylesterase (PME) is a common enzyme in plants and microorganisms.
However, plant PMEs remove methyl groups in blocks, leaving “pouches” of
deesterified galacturonic acid residues, while fungal PMEs cause random deesteri-
fication, resulting in random distribution of unmethylated galacturonic acids along
the pectin chain. Plant (endogenous) endo-polygalacturonases (endo-PGs) are
responsible for softening during fruit maturation, while fungal growth on fruits and
vegetables results in localized softening and spoilage due to rapid mercerization and
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liquefaction of the product. Exo-polygalacturonase (exo-PG) occurs in various
fruits and vegetables. However, it has only been detected in a few fungi and bacteria
such as Clostridium thermosaccharolyticum, Erwinia chrysanthemi, and Ralstonia
solanacearum. Pectin and pectate lyases are common in microorganisms. Among
all of cell wall-degrading enzymes, pectate lyases have a predominant role in plant
tissue maceration. Pectin lyases are predominantly of fungal (e.g., Aspergillus spp.)
and pectate lyases of bacterial (e.g., Bacillus and Erwinia spp.) origin. Since both
polygalacturonases and lyases result in softening of fruits and vegetables or
decreased viscosity of pectin-rich products, determination of the 4,5 unsaturated
end products of f-elimination indicates microbiological sources of the enzyme.
Microbial protopectinases, isolated from yeast and fungal species, mainly
Aspergillus, Geotrichum, and Trichosporon, exhibit two forms of action.
Protopectinase A type acts as an endoenzyme, splitting glycosidic bonds within the
polygalacturonic region, while B-type protopectinase hydrolyzes side chains and
cleaves the link between protopectin molecule and other constituents in the wall
(Warriner and Zivanovic 2005).

Bacteria Produce Pectic Enzymes

Several species in the bacterial genera of Erwinia, Pseudomonas, Bacillus, and
Clostridium are primary rotting pathogens of vegetables. The most frequently isolated
pectinolytic bacteria regarding fresh-cut vegetables are species of Erwinia and
Pseudomonas (Ragaert et al. 2010). Erwinia carotovora subsp. carotovora, E. carotov-
ora subsp. atroseptica, and E. chrysanthemi are three extensively studied soft rot
erwinias (Fig. 4.2). The main characteristic distinguishing soft rot erwinias from other
Erwinia species is the ability to produce large quantities of pectic lyases. The enzyme
macerates parenchymatous tissue of a wide range of plant species (Chen 2002).

During the spoilage of fruits and vegetables, pseudomonads produce pectic
enzymes to degrade the cell walls of the host tissue. This results in maceration of the
tissue (Heard 2002). During cold storage of minimally processed leafy vegetables,
pectinolytic strains of psychrotrophic Pseudomonas are responsible for bacterial soft
rot (Ahvenainen 1996). Psychrotrophic pseudomonads are also capable of producing
pectic enzymes that would have been expected to degrade the fruit tissue. Pseudomonas
cepacia, P. caryophylli, and P. gladioli are three important pectic nonfluorescent
Pseudomonas species. It is also well known that P. marginalis, a fluorescent species,
causes soft rots of various vegetables. Endo-PG was reported to be the principal
enzyme produced during infection of P. cepacia. P. cepacia also produces a pectate
lyase. This bacterium is currently under the name of Burkholderia cepacia (Chen
2002). Strains of P. fluorescens B were predominantly pectinolytic, producing pectate
lyase and polygalacturonase (Heard 2002). The role of Xanthomonas in the soft rots
of fruits and vegetables was also discussed. It was reported that lactic acid bacteria can
also produce polygalacturonases and pectin esterases. Lactic acid bacteria are not
necessarily destructive to plant tissue. It is generally believed that lactic acid bacteria
do not directly attack plant cell wall polymers (Chen 2002).
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Fig. 4.2 Bacterial soft rot of various vegetables by pectic enzymes. (a) Bacterial soft rot on pod
of green sweet pepper (McColloch et al. 1968). (b) Bacterial soft rot of eggplant (McColloch et al.
1968). (¢) Bacterial soft rot on leaf of spinach (Ramsey et al. 1967)

On the other hand, the pectic enzymes from foodborne human pathogenic bacteria
are becoming the focus of some researchers. The pectic enzymes from these bacte-
ria are not extracellular. Knowledge about pectic enzymes from these saprophytic
but human pathogenic bacteria becomes more relevant with the growth of the fresh-
cut produce industry. These bacteria can utilize the readily available pectic substrates
of plant produce for growth and survival purposes. In strains of Y. enterocolitica
and Y. pseudotuberculosis, pectate lyase is a periplasmic and cytoplasmic enzyme
(Chen 2002).

Molds Produce Pectic Enzymes

Many molds (filamentous fungi) such as Aspergillus, Cercospora, Fusarium,
Penicillium, Rhizoctonia, Trichoderma, Rhizopus, and Byssochlamys are known to
produce large amounts of extracellular pectic enzymes (Fig. 4.3). Aspergillus oryzae,
Penicillium frequentans, Botrytis cinerea, Byssochlamys fulva, and Aspergillus niger
are the common pectinolytic mold species examples (Banwart 1989; Chen 2002).

In contrast to the widespread occurrence of endopectate lyase in bacteria, fungi
mostly produce polygalacturonases and pectin esterases. Most fungal polygalactu-
ronases are endoenzymes. However, some fungi also produce exoenzymes. The
synthesized pectinases are generally secreted from intact cells into the surrounding
tissue. However, some enzymes might remain inside the cell, obviously for their
catabolic function. Botrytis cinerea is an important pre- and postharvest pathogen of
many fruits. B. cinerea produces a set of endopolygalacturonase isozymes. Pectin
lyase and pectin methylesterase activities of B. cinerea were also noted. Aspergillus
niger produces several polygalacturonase isoenzymes as well as pectin methylesterase.
Similar to the bacterial counterpart, pectic enzymes in fungi are produced both
inductively and constitutively (Chen 2002).
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Fig. 4.3 Mold rot of various fruits by pectic enzymes. (a) Blue mold soft rot of cherry. (b)
Rhizopus rot of apricot (early stage). (¢) Rhizopus rot of apricot (late stage). (d) Blue mold rot of
peach (early stage). (e) Blue mold rot of peach (advanced stage) (Harvey et al. 1972)

Yeasts Produce Pectic Enzymes

Pectic enzymes have been reported in several yeasts, belonging to the genera
Candida, Cryptococcus, Fabospora, Kluyveromyces, Pichia, Saccharomyces, and
Zygosaccharomyces. Pectic enzymes from yeasts are mainly endo-PGs, which
could be important to consider during storage of fresh-cut fruits. The end products
of endo-PGs reactions are always oligosaccharides with a varying number of
galacturonic residues. Moreover, all of these enzymes preferentially attack pec-
tate over pectin, and their activities decrease as the degree of methylation increases
(Chen 2002; Ragaert et al. 2010).

4.3.6.2 Cellulases and Hemicellulases

Cellulose is a major structural component in plant cell walls. It is a linear polysac-
charide chain of glucose linked by f-1,4 glycosidic bonds. Cellulose is a large poly-
saccharide build up to several thousand glucose monomers. Cellulose is insoluble in
water. In general, enzymatic degradation of cellulose is a slow process. The major
limiting factor in the hydrolysis of such materials is probably the sequestration of
single molecules of substrate by the enzymes involved. In plant cell walls, the
cellulose fibers are embedded in an amorphous complex of branched and linear
mannans, Xylans, arabans, and galactans, called hemicellulose, which provide support
for the structural network (Chen 2002; Warriner and Zivanovic 2005).
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A group of enzymes that degrade cellulose are referred to as cellulases, and
enzymes that hydrolyze hemicellulose are called hemicellulases. The three major
types of hydrolytic cellulases participate in the degradation of cellulose to glucose.
These are numerous endoglucanases and exoglucanases. However, none of them
can individually degrade crystalline cellulose fibers. Exoglucanase (exo-1,4-f-D--
glucan 4-cellobiohydrolase, EC 3.2.1.91) releases either cellobiose or glucose from
the nonreducing end of soluble cellulose. Endoglucanases (endo-1,4-3-D--
glucanohydrolase, EC 3.2.1.4) randomly attack the cellulose chain and split the
p-1,4-glucosidic bond. f-Glucosidase or cellobiase (3-1,4 oligoglucan glucohydro-
lase, EC 3.2.1.21) hydrolyzes cellobiose and other water-soluble cellodextrins to
glucose (Chen 2002; Warriner and Zivanovic 2005).

Endogenous cellulases occur in numerous higher plants, and their activities
increase during fruit ripening. Endogenous cellulases are not considered to be a
significant factor in tissue softening and degradation, especially compared to pectin-
ases. However, plant pathogens secrete high levels of cellulases along with pectic
and hemicellulolytic enzymes. This combination of enzymatic activity plays a role
in the softening and disintegration of cell wall material. Cellulolytic enzymes may
further participate indirectly in spoilage by releasing soluble sugars from cellulose
chains. These soluble sugars can serve as food for the plant pathogen. Nonpathogenic
microorganisms may also participate in cellulolysis for food resources (Chen 2002;
Warriner and Zivanovic 2005).

Various aerobic and anaerobic microorganisms can produce cellulolytic enzymes.
Bacteria such as Bacillus and Pseudomonas secrete mainly endoglucanases that
randomly cleave cellulose. Cellulases have been identified in Erwinia chrysanthemi.
On the other hand, only a few pseudomonads have been identified to produce
cellulases. Some fungi such as A. niger and B. cinerea can produce cellulase that
degrade plant polymers. While fungi produce all of the three types of cellulases, all
cellulolytic bacteria secrete a variety of endoglucanases (Chen 2002). Bacteria are
not considered to be as efficient cellulose decomposers as fungi. However, there are
some exceptions such as Clostridium thermocellum. This bacterium has several
very efficient endocelluloses, exocelluloses, and hemicellulases. However, it can
grow only on cellobiose and cannot utilize xylose, arabinose, mannose, and other
sugars derived from hemicellulose. Microbial cellulases are inducible enzymes.
They will be produced when cellulose is present in the medium (Warriner and
Zivanovic 2005).

Hemicellulases are a diverse group of hydrolysis enzymes, including xylanases,
p-mannanases, a-L-arabinofuranosidases, and a-L-arabinanases, among others.
Similar to degradation of cellulose, hydrolysis of hemicellulose is carried out by
microorganisms that can be found either freely in nature, mainly plant pathogens, or
as a part of the digestive tract of ruminant animals. Although cellulose- and
hemicellulose-degrading enzymes are mainly produced by microorganisms that
grow and cause spoilage of fruits and vegetables, their optimum pH is generally
between 4.5 and 6.5 (Warriner and Zivanovic 2005).
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4.3.6.3 Proteases

In addition to its enzymatic function, proteins are constituents of cell membranes
and structural components of plant cell walls. Proteases catalyze the hydrolysis of
peptide bonds in proteins or peptides (Chen 2002). Proteases convert the proteins
into diffusible polypeptides, oligopeptides, and amino acids, which can enter the
microbial cells. The main reactions of microorganisms on amino acids are decar-
boxylation, deamination, and transamination. By the catabolic reactions of amino
acids, many diverse products, such as various type of amines and organic acids,
alcohols, ammonia, hydrogen sulfide, mercaptans, and carbon dioxide may be pro-
duced (Banwart 1989).

Proteases produced by bacteria and fungi are predominantly extracellular.
Degradation of host proteins by proteinase secreted by microorganisms can
profoundly affect the organization and function of the host cells. Proteases can be
classified into four groups based on the essential catalytic residue at their active site.
They include serine proteases (EC 3.4.21), cysteine proteases (also called thiol
proteases) (EC 3.4.22), aspartate proteases (EC 3.4.23), and the metalloproteases
(EC 3.4.24) (Chen 2002).

Activity of proteolytic enzymes and amino acid catabolism enzymes can cause
formation of off-odors and off-flavors, as well as cell wall degradation (Heard 2002).
It has been documented that Erwinia spp. produces and secretes several proteases
that have been associated with virulence in plants. For example, three closely related
metalloproteases (-A, -B, and -C) were noted for E. chrysanthemi. On the other
hand, it was reported that an apple strain of B. cinerea produced extracellular acid
proteases, aspartic proteinase, and carboxypeptidase. Isolated aspartic proteinase
hydrolyzed proteins in the preparations of apple cell walls, and the excretion of aspartic
proteinase preceded that of carboxypeptidase. Some fungi such as A. niger can produce
protease with the other plant cell wall degradation enzymes (Chen 2002).

4.3.6.4 Lipolytic Enzymes

All lipids contain saturated or unsaturated fatty acids in their molecule structure.
Lipids are found in many cells as energy storage compounds. Wax lipids are com-
mon on aerial epidermal cells. Phospholipids and glycolipids, along with proteins,
are the main constituents of all plant cell membranes (Chen 2002).

Lipids are susceptible to hydrolysis, oxidation, and other chemical processes
resulting in the production of various compounds. Desirable and undesirable flavor
changes in foods may be associated with these compounds (Frazier and Westhoff
1978). Lipolytic enzymes or lipases hydrolyze lipids and liberate fatty acids. Fatty
acids are presumably utilized by oxidation (Chen 2002). Oxidation of the unsatu-
rated fatty acids yields aldehydes, ketones, and acids and results in off-odors and
off-flavors (Frazier and Westhoff 1978; Heard 2002). Activity of lipolytic enzymes
and oxidative enzymes can cause formation of off-odors and off-flavors, as well as
cell wall degradation.
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Many of the aerobic, actively growing proteolytic bacteria are also lipolytic.
Lipolytic activity was usually noted for pseudomonad isolates. Pseudomonas fluo-
rescens, for example, is strongly lipolytic. Some Erwinia spp. contain a phospholi-
pase activity (Frazier and Westhoff 1978; Chen 2002). The ability of lactic acid
bacteria to alter food flavor is, however, well known. A possible pathway of fruit
flavor deterioration by lactic acid bacteria is by way of an increased lipase produc-
tion (Chen 2002). Some mold genera such as Geotrichum, Penicillium, Aspergillus,
Cladosporium, and Monilia can also produce lipases (Frazier and Westhoff 1978;
Chen 2002).

4.3.6.5 Cutinases

The structural component of plant cuticle, called cutin, is an insoluble aliphatic
biopolymer composed of hydroxy and hydroxyepoxy fatty acids. The natural plant
surface of leaves, flowers, fruits, and young stems are covered by cuticle layer. This
is a barrier protecting plants from invasion of pathogenic microorganisms. However,
many fungi and a few bacteria are able to produce cutinases. Many fungal patho-
gens can penetrate the intact barriers of the plants. With the production of cutinase,
some fungi could grow on cutin as the sole source of carbon (Chen 2002).

4.3.6.6 Enzymes Related to Ethyl Alcohol Fermentation of Yeasts

Yeasts are highly efficient in metabolizing simple sugars in fruits. Pectic enzymes
of yeasts could be involved in substrate colonization on fruits, causing the break-
down of plant tissues with a concomitant release of sugars from plant cells. When
the cell content is released, yeasts can multiply quickly in fruit juice by the fermen-
tation of simple sugars. Therefore, yeasts play an important role in fruit spoilage
under favorable conditions (Chen 2002).

A common characteristic of yeasts is the production of ethyl alcohol and CO, by
ethyl alcohol fermentation. Fruit products can undergo fermentative spoilage by ethyl
alcohol fermentation of yeasts (Arvanitoyannis and Bouletis 2012; Oliveira et al.
2015a). Fermentation reactions of yeasts can cause formation of off-odors and off-
flavors in various fruits and fruits products (Chen 2002; Ragaert et al. 2010). The species
of various yeast genera such as Saccharomyces, Candida, Hanseniaspora, Hansenula,
Pichia, Kloeckera, Debaryomyces, and Torulopsis can cause fermentative spoilage on
fruits. Saccharomyces, Candida, Hanseniaspora, Pichia, Kloeckera, and Debaryomyces
can cause fermentative spoilage on tomatoes. Alcohol dehydrogenase is the principal
enzyme of ethyl alcohol fermentation of yeasts (Banwart 1989).

Many molds are capable of utilizing alcohols as sources of energy, which are
produced by ethyl alcohol fermentations of yeasts in fruits tissues. When these and
other simple compounds have been depleted, these molds proceed to destroy
structural polysaccharides and other remaining parts of fruits (Jay et al. 2005).
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4.3.6.7 Enzymes Related to Lactic Acid Fermentations

Lactic acid bacteria (LAB) can use simple sugars especially hexoses and pentoses.
The activity of cell wall degrading enzymes of certain microorganisms can cause
concomitant release of sugars from plant cells by degradation of structural polysac-
charides in plant cell wall. When the cell content is released, LAB can multiply
quickly in fruit juice by the fermentation of simple sugars. Therefore, LAB can play
an important role in vegetable or fruit spoilage under favorable conditions.

A common characteristic of LAB is the production of lactic acid by lactic acid
fermentations. Lactic acid is produced by LAB by two types of lactic acid fermenta-
tions, “homofermentative lactic acid fermentation” and “heterofermentative lactic
acid fermentation”. Lactic acid only is produced by homofermentative lactic acid
fermentation, while lactic acid and ethanol and/or acetate and CO, are produced by
heterofermentative lactic acid fermentation.

Fruit products can undergo fermentative spoilage by lactic acid fermentations of
LAB. (Arvanitoyannis and Bouletis 2012; Oliveira et al. 2015a). Fermentation prod-
ucts and volatile compounds (such as ammonia, volatile acids, and the like) produced
by LAB can cause formation of off-odors and off-flavors in various fruits and fruits
products (Banwart 1989; Chen 2002; Jay et al. 2005; Ragaert et al. 2010).

The common genera of lactic acid bacteria are Lactobacillus, Lactococcus,
Streptococcus, Leuconostoc, Pediococcus, Enterococcus, Carnobacterium,
Oenococcus, Tetragenococcus, Vagococcus, and Weissella (Chen 2002; Jay et al.
2005). Aldolase, hexose isomerase, and lactate dehydrogenase are the principal
enzymes of homofermentative LAB, while phosphoketolase, alcohol dehydroge-
nase, and lactate dehydrogenase are the principal enzymes of heterofermentative
LAB. On the other hand, some LAB such as N group of lactococci and Leuconostoc
spp. can also make citrate metabolism. By this metabolic pathway, flavor com-
pounds such as acetoin and diacetyl are produced from citrate (Jay et al. 2005).

4.3.6.8 Enzymes Related to Starch Hydrolysis

Starch is the main reserve polysaccharide in plants and the main carbon source for
animals, plants, and microorganisms. Starch contains two kinds of glucose polymer:
a-amylose and amylopectin. The former consists of long, unbranched chains of
D-glucose in a unit connected by a-1,4 glycosidic bonds. The glycosidic linkage of
an amylopectin chain is a-1,4, but the branch points are a-1,6 glycosidic bonds
(Chen 2002; Warriner and Zivanovic 2005).

Starch hydrolysis enzymes can be classified as endo- or exoenzymes depending
on their activity on starch molecules. Endoenzymes, such as a-amylase (EC 3.2.1.1;
a-1,4-D-glucan glucanohydrolase) or pullulanase (EC 3.2.1.41; a-dextrin-6-glucono
hydrolase), hydrolyze glycosidic bonds randomly within the starch molecule, while
exoenzymes, such as f-amylase (EC 3.2.1.2; a-1,4-glucan maltohydrolase) or
glucoamylase (EC 3.2.1.3; a-1,4-D-glucan glucohydrolase; amyloglucosidase),
release molecule of maltose or glucose one by one from the nonreducing end of the
polysaccharide. Generally, endoenzymes cause rapid loss in viscosity, while exoenzymes
do not affect viscosity but increase sweetness (Warriner and Zivanovic 2005).
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Most of the bacterial and fungal species produce a-amylase. However, Bacillus
cereus, B. subtilis, B. stearothermophilus, Lactobacillus cellobiosus, Streptococcus
spp., Clostridium butiricum, CI. thermosaccharolyticum, Aspergillus niger, A. ory-
zae, Fusarium oxysporum, Candida japonica, and Pichia polymorpha produce this
enzyme in significant amounts. f-amylase is commonly found in plants and some
bacteria, but it is relatively rare in fungi. Bacillus spp. and CL thermosulfurogenes
are good bacterial producers of f-amylase. Glucoamylase is often detected in fungi,
especially in Aspergillus spp., and yeast such as Pichia, Candida, and Saccharomyces.
Glucoamylase is rare in bacteria but has been detected in B. stearothermophilus and
Cl. thermosaccharolyticum. Similarly, a-glucosidase (EC 3.2.1.20; a-D-glucoside
glucohydrolase; maltase) releases one glucose molecule from the nonreducing end,
with a higher affinity toward oligosaccharides than toward high-molecular-weight
molecules. Contrary to glucoamylase, a-glucosidase is widely distributed not only
in fungi and yeasts but also in bacteria. Pullulanase has been detected in bacteria
and plants. Bacillus acidopullulyticus has a characteristically high pullulanase
activity (Warriner and Zivanovic 2005).

a-Amylase is often referred to as “liquefying enzyme” due to the rapid loss in
viscosity. As a result, a-amylase may participate in softening of fruits and vegetables
in a way. When there are no other, preferable, carbon sources available in the sur-
rounding media, microorganisms begin to produce extracellular starch-degrading
enzymes to provide necessary nutrients. Then, the simple sugars can be readily
metabolized according to the microorganism’s enzyme producing nature. The metab-
olites which are produced by microbial enzyme activities can cause off-flavors in
fruits and vegetables.

4.3.6.9 Enzymes Related to Loss Nutritional Quality

Riboflavin Hydrolase

Riboflavin hydrolase causes degradation of riboflavin. However, this enzyme is only
found in some microorganisms (Whitaker 1996). Devosia riboflavina, formerly

called as Pseudomonas riboflavina, is a riboflavin hydrolase-producing bacterium
(Nakagawa et al. 1996).

4.3.7 Microbial Metabolites Affecting Fruit and Vegetable
Quality

4.3.7.1 Microbial Flavor Metabolites Enhancing Product Quality
Many microbial metabolites can be considered detrimental to the quality of fruits and

vegetables. However, some microbial metabolites may have positive effects on the
quality of fruits and vegetables. For example methylotrophs (e.g., Methylobacterium spp.)
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have specifically been identified as enhancing the flavor volatiles in fruit. Some
Methylobacterium spp. strains can produce plant regulators such as cytokinins,
pyrroloquinoline quinone, urease, and polyhydroxybutyrate that stimulate plant devel-
opment. A diverse range of fungi can produce the odorous secondary metabolites such
as esters, terpens, alkanes, and fatty acids. Most of them provide fruity odors that are
perceived as beneficial for fruit fermentation. For example, Saccharomyces cerevisiae
and Kluyveromyces marxianus both produce low levels of 2-phenylethanol and ter-
penes that enhance fruity odors during fermentation (Warriner and Zivanovic 2005).

4.3.7.2 Microbial Metabolites Causing Vegetable and Fruit Spoilage

Some microbial metabolites may be responsible for the certain type of spoilages
of fruits and vegetables. For example, vegetables stored under aerobic conditions
are spoiled by the action of Erwinia and Pseudomonas spp., Gram-negative obli-
gate aerobes. Spoilage by Pseudomonas spp. is often caused before significant
visual damage has occurred due the accumulation of volatile substances (off-
odors) such as ammonia and hydrogen cyanide. The common spoilage bacteria
associated with potato rot are the aerobes Erwinia carotovora and E. chrysan-
themi. Under anaerobic conditions, Clostridium scatologenes can grow and pro-
duce significant amounts of skatole, indole, and p-cresol. The contamination of
potatoes typically occurs in the field, augmented by tissue damage and plant stress
(Warriner and Zivanovic 2005).

Pseudomonads may contribute to the yellowing of vegetable products during
storage, through the production of the ripening hormone ethylene. Ethylene produc-
tion was observed by Pseudomonas syringae strains, and various strains of P. fluo-
rescens A and G from broccoli origin (Heard 2002).

Molds such as Penicillium italicum and P. digitatum cause pigmented rot spoil-
age of fruits. These molds can also cause spoilage of fruits via the production of the
volatiles such as 4-vinylguaiacol. Methyl esters of acids such as butanoic acid also
lead to sulfurous and rancid odors due to a combination of mold and fruit autolytic
pathways. Apples are frequently spoiled by Penicillium expansum, which causes
discoloration and a strong aroma due to the formation of geosmin (Warriner and
Zivanovic 2005).

Acid-tolerant lactic acid bacteria can take part in fruit spoilage by the production
of volatile flavor compounds in products such as citrus juice. Another example is
haloperoxidase. Haloperoxidase is widely distributed in plants. However, the acido-
phile spore-forming bacterium Alicyclobacillus acidoterrestris also contain this
enzyme. The key difference of the bacterial enzyme is that it does not require cofac-
tors or halide ions for activity. There is debate on the significance of the halophe-
nols formed by this bacterium due to the presence of the reaction pathway in fruits.
Nevertheless, it has been demonstrated that fruit juice inoculated with Ali. acidoter-
restris accumulates 2,6-dibromophenol and 2,6-dichlorophenol, confirming its
potential role in spoilage (Warriner and Zivanovic 2005).



4 Enzymes in Minimally Processed Fruits and Vegetables 147
4.4 Increase Shelf Life of Minimally Processed Products

Fruits and vegetables are generally consumed fresh, minimally processed, pasteurized,
or cooked by boiling in water or microwaving. Fresh and minimally processed prod-
ucts are characterized by a short shelf life due to activities of deteriorative enzymes
together with microbial growth (with associated enzymatic activity) and/or other
nonenzymatic (usually oxidative) reactions.

The classical strategy to control enzyme activities is the rapid and complete inacti-
vation of the enzymes by using effective methods like heat inactivation and chemical
inhibition. Thermal treatment is the most common method of microbial and enzyme
inactivation used by the food industry. Thermal treatment is generally effective in
microbial and enzyme inactivation. However, it may cause undesirable changes in
sensorial quality and nutritional quality of minimally processed products (Terefe et al.
2014). Refrigeration, controlled atmosphere packaging, and modified atmosphere
packaging are the most common strategies to suppress and minimize deleterious
effects of minimal processing and extend the shelf life of fresh products. Among the
known pretreatments for extending storage life of minimally processed products
include using edible coating, dipping in organic acid solutions (e.g., lactic acid, citric
acid, acetic acid, tartaric acid) or in calcium salt solutions, using reducing agents to
reduce or eliminate cut surface discoloration, sanitation and sanitizers, osmotic-dehy-
dration, using of biocontrol methods (protective cultures such as lactic acid bacteria),
control of relative humidity to help minimize the rate of water loss, using of ionizing
irradiation and ultraviolet light (UV), using of high-pressure processing, using of cer-
tain cultivars and maturity levels, induction of other metabolic pathways that are natu-
rally antagonistic to wound responses, tissue vacuum impregnation with glucose and
hot water dipping, using cold plasma, and using of essential oils and their constituents
(Zhuang et al. 2002; Paviath and Orts 2009; Ayala-Zavala and Gonzailez-Aguilar
2010; Ragaert et al. 2010; Valencia-Chamorro et al. 2011; Oliveira et al. 2015a;
Ramazzina et al. 2015; Siroli et al. 2015). If processing of fruits and vegetables is
minimal and damages to cell integrity are local (at surface, stem, etc.), alternative
methods like removal of oxygen, surface coating with edible films, application of
chemical finning agents, and low-temperature heating procedures to increase cellular
integrity might be applied to suppress and minimize activities of enzymes
(Yemenicioglu 2015). These types of treatments should be kept to a minimum, since
they add cost and complexity to an already complex system. Temperature control and
reduction of mechanical injuries of the intact produce before processing are key fac-
tors in maintaining their quality and suitability for processing.

4.5 Conclusions

Consumers are increasingly demanding convenient and ready-to-eat fruits and
vegetables with fresh-like quality. However, endogenous enzymes and/or microbial
enzymes may cause various quality defects in minimally processed fruits and
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vegetables. Numerous preservation technologies such as refrigeration, controlled
atmosphere packaging and modified atmosphere packaging, high-pressure process-
ing, and edible coating are being performed to inactivate or control the enzymes
with deteriorative action. These preservation technologies use minimal heat and
preservatives with the aim of obtaining safe and fresh-like products of superior
nutritional quality and acceptable shelf life. However, each technology has some
advantages and disadvantages, with the latter predominating. In recent years,
increased awareness of consumers on the relationship between diet and health has
created a greater impetus and effort for the investigation of alternative food process-
ing technologies. The maintenance of the quality of fresh products is still a major
challenge for the food industry (Sonti 2003). In this regard, novel technologies such
as pulsed electric field, ultrasonication, UV irradiation, and alternative thermal pro-
cessing technologies such as microwave, radio frequency, and ohmic heating are
being investigated (Terefe et al. 2014).
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Chapter 5

Biological and Biochemical Changes

in Minimally Processed Refrigerated Fruits
and Vegetables

Patrick Varoquaux and Robert C. Wiley

5.1 Introduction

In recent years, there has been a rapid expansion in the sale of prepacked/precut
fresh fruits and vegetables in North America and in Europe. Because the tissue
integrity of these products has been altered, during processing, they are more per-
ishable than the original raw materials (Rolle and Chism 1987; Shewfelt 1986).
Like whole fruits and vegetables, minimally processed refrigerated (MPR) produce
deteriorates after harvesting due to physiological aging and microbial spoilage.
Injury stresses (Figs. 5.1 and 5.2) caused by processing also result in cellular decom-
partmentalization or delocalization of enzymes and substrates which leads to vari-
ous biochemical deteriorations such as browning, off-flavors, and texture breakdown
(Varoquaux 1987). Moreover, peeling and cutting facilitate primary infection of the
plant tissues by epiphytic and phytopathogenic microorganisms.

Ready-to-use fruits and vegetables were developed about 50 years ago in the
United States (Garrott and Mercker 1954). Recent investigations in the United
States, Japan, and Europe have sought to improve the like-fresh characteristics of
these products and to extend their shelf-life, thus allowing distribution within an
adequate area (Huxsoll and Bolin 1989). Achievement of this aim is possible
through optimization of all unit operations during processing, preservation, and
marketing.
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The first part of this chapter is devoted to a review of the physiological,
biochemical, and microbial degradation mechanisms of MPR fruits and vegetables.
The second part deals with the effects of processing and distribution techniques on
the mechanisms of quality deterioration.

Some minimal treatments use chemical compounds applied by spraying or dip-
ping. Chemical preservative treatments may result in a change in taste or smell.
Unfortunately, some very efficient chemicals such as sorbic and benzoic acids or
sulfiting agents have been found to be potentially harmful to some segments of the
population. These treatments, applied to MPR fruits and vegetables, are being more
carefully scrutinized by government regulators in most countries. Moreover, all
additives, whether natural or useful nutrients, are increasingly rejected by individual
consumers of ready-to-use fresh fruits and vegetables. Safe additives, such as critic
and ascorbic acids or their combinations, are not effective enough in controlling
browning of shredded lettuce (Bolin et al. 1977), and their beneficial effects are
short term for pear (Rosen and Kader 1989) and apple slices (Varoquaux and
Varoquaux 1990). Chemical preservatives are covered in Chap. 6.

There are many postharvest physiology reviews of intact plant tissues, including
Wills et al. (1989) and Kays (1991). This chapter attempts to cover additional infor-
mation that relates primarily to biological and biochemical changes that may occur
in MPR fruits and vegetables. These are physiological, biochemical, and microbio-
logical in nature.

5.2 Mechanisms of Quality Deterioration

The effects of processing, packaging, and storage on the maintenance of the quality
of minimally processed fruits and vegetables are analyzed in the following sections.

5.2.1 Physiological Disorders (Primarily Injury Stress)

Desiccation, chilling injury, and CO, injury, which are widely known disorders in
stored intact fruits and vegetables, are well covered in Wills et al. (1989) and Kays
(1991). Wounding stress results in metabolic activation. The main physiological
manifestations of this phenomenon include increased respiration rate (Fig. 5.1) and,
in some cases, ethylene production (Rosen and Kader 1989). The response depends
on the magnitude of the stress.

The O, consumption rate of shredded endive is only 1.2 times that of intact endive
(Chambroy 1989). This ratio increases to 1.4 for broccoli (Ballantyne 1987) and to 2
for shredded lettuce (Ballantyne 1986). For more damaged plant tissue, respiration
averages three to seven times that of the intact tissue, for example, four to seven for
grated carrots (Carlin 1989; MacLachlan and Stark 1985). This increase in the metab-
olism of minimally processed fruits and vegetables results in rapid consumption of
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oxygen in the packaging. Bolin and Huxsoll (1991) found about four times the oxy-
gen concentration in an intact head of lettuce compared with shredded lettuce after
about 16 days of modified atmosphere packaging (MAP) storage at 2°C.

Many examples of wound-induced ethylene production in fruit and vegetable
tissues have been extensively reviewed. Because ethylene contributes to the neosyn-
thesis of enzymes involved in fruit maturation (Yang and Hoffman 1984), it may
play a part in physiological disorders of sliced fruits.

The stimulation of ethylene production by stress typically occurs after a time lag
of 10-30 min and subsides later after reaching a peak within several hours (Yang
and Pratt 1978). When tomato is cut into small disks, ethylene production increases
to about 20-fold that of the whole fruit (Watada et al. 1990).

Immediately after slicing, and for 2 h at 20 °C, the ethylene production rate of
kiwifruit decreases. Then, 2—4 h later, it increases sharply, peaks at seven times that
of intact fruit, and decreases slightly or remains constant after about 10 h (Varoquaux
et al. 1990). This confirms the results of Watada et al. (1990), who found ethylene
production rates 16-fold higher in sliced kiwifruit than in intact fruits. These authors
suggested that the continual increase in rate was probably due to stimulation of eth-
ylene production by endogenous ethylene as well as slicing. The ethylene production
rate was found to be proportional to the injured surface area and hence to the inten-
sity of the stress. Ethylene production by sound, unstressed kiwifruit tissues is neg-
ligible, compared to uninjured tissue, whatever the maturity of the fruit (Vial 1991).

Rosen and Kader (1989) found an increase in ethylene production in sliced
strawberry but not in sliced pear. Injury stress may also enhance the susceptibility
of plant tissue to ethylene (Lafuente et al. 1989).

5.2.2 Biochemical Reactions

Enzymes and substrates are normally located in different cellular compartments,
and their transfer is actively regulated. Processing results in destruction of surface
cells and injury stress of underlying tissues. Enzymatic reactions cause sensory
deteriorations such as off- flavor, discoloration, and loss of firmness.

5.2.3 Off-Flavor

Enzymatic peroxidation of unsaturated fatty acids is the most dramatic example of
the biochemical modifications of natural aromas of vegetables that have been mini-
mally processed. This peroxidation is catalyzed by lipoxidase and leads to the for-
mation of numerous aldehydes and ketones (Hildebrand 1989).

It has been shown that the concentration of n-hexanal, a by-product of hydroper-
oxide degradation, is well correlated with postharvest development of off-flavor in
peas (Bengtsson et al. 1967). Gowen (1928) reports that vine-shelled peas develop
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a strong off-flavor within 4-6 h at room temperature. Bruising of peas has been
shown to be an important factor in the development of delayed off-flavor. Hand-
shelled peas do not deteriorate in flavor as rapidly as vine-shelled peas. This oxida-
tive reaction also occurs, to a lesser extent, in French beans and potatoes, both of
which are currently minimally processed. The hydroperoxides are unstable, may be
cytotoxic, and particularly affect proteins and membranes (Watada et al. 1990).
Damage to the membrane can result in disruption of the diffusion barrier and thus
generation of physiological disorders.

5.2.4 Discoloration

The main color deterioration that occurs in bruised plant tissues is enzymatic brown-
ing (Mayer 1987). The enzymatic reactions involved in the brown discoloration are
still under investigation (Fig. 5.2). The enzymatic activities markedly depend on
pH; a 0.5 reduction in the natural pH of apple results in a 50% decrease in chloro-
plast polyphenoloxidase (PPO) activity (Harel et al. 1964).

Ortho-benzoquinones are very reactive and unstable in aqueous solutions.
They are converted into phenolics by a reducing agent such as ascorbic acid and
also undergo polymerization into melanins (Bu’Loch 1960; Whitaker 1972).

Other reactions can alter the natural color of fresh fruits and vegetables but
color changes are not specifically caused by minimal processing. Conversion of
chlorophylls into pheophytins, for example, may be caused by acidification of cel-
lular cytoplasm, a reaction that is responsible for the degreening of broccoli
(Ballantyne et al. 1988b).

Destruction of chlorophyll by ethylene has been reported to be due to increased
chlorophyllase activity (Amir-Shapira et al. 1987). The chlorophyll change may
also result from the loss of membrane integrity that occurs with senescence has-
tened by ethylene (Rolle and Chism 1987). Other degradative enzymes have been
reported, such as chlorophyll oxidase, chlorophyllase, lipolytic acid hydrolase, and
peroxidase-hydrogen peroxide systems. The results reported by Watada et al. (1990)
indicate that the chlorophyll degradation pathway probably differs among plant spe-
cies, and it is unknown if ethylene activates other pathways. It seems that chloro-
phyll degradation constitutes a good marker of the physiological condition of green
plant tissues (Yamauchi and Watada 1991). Coupled oxidation of carotenoids with
lipoxidase-catalyzed hydroperoxides may result in discoloration of grated carrots.

5.2.5 Loss of Firmness

Slicing plant tissue generally results in loss of firmness, as observed with apple
slices by Ponting et al. (1972). There have been many reviews on loss of firmness in
intact plant tissues (Doesburg 1965; Kertesz 1951)
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Kiwifruit slices lose 50% of their initial firmness in <2 days at 2 °C; Varoquaux
et al. (1990) suggested that textural breakdown of kiwifruit slices during storage is
due to enzymatic hydrolysis of cell wall components. Pectinolytic and proteolytic
enzymes liberated from cells damaged by slicing could diffuse into inner tissues.
The migration rate of macromolecules through kiwifruit tissue, determined with
labeled enzymes, is unexpectedly high, because the radioactive front progresses at
about 1 mm/h (Cuq and Vial 1989). The mechanisms of hydrolysis of cell wall
component after slicing differ from those involved in the normal maturation of
kiwifruit in which solubilization of protopectins is predominant. Watada et al.
(1990) emphasized the role of ethylene in the loss of firmness of sliced kiwifruit
packed together with banana sections. The average firmness of 1 cm thick slices
decreased by about 25% after 24 h and by 40% after 48 h at 20 °C. Exposure of
slices to 2 or 20 ppm ethylene accelerated the loss of firmness. But, as stated by
Varoquaux et al. (1990), the loss of firmness of sliced kiwifruit begins immedi-
ately after cutting at the same softening rate as that after 6 or 12 h. Therefore, the
texture breakdown is not primarily provoked by the neosynthesis of enzymes initi-
ated by ethylene. Nevertheless, Watada et al. (1990) suggested that “wound ethyl-
ene” can increase the permeability of membranes and perhaps reduce phospholipid
biosynthesis, which can upset the dynamic processes of cellular structure and
membrane integrity.

5.2.6 Microbial Spoilage

Microflora responsible for spoilage of MPR fruits and vegetables include a large
number of fungi and bacterial species. These are reviewed in Chap. 19. Among
gram-negative bacteria, Pseudomonadaceae and Enterobacteriaceae prevail. Gram-
positive microorganisms, mainly represented by lactic acid bacteria and numerous
yeast species, have so far been detected in mixed salads and grated carrots (Denis
and Picoche 1986). Only phytopathogenic or epiphytic bacteria able to induce sen-
sory deteriorations affected by processing and packaging conditions are considered
in this chapter.

Pectinolytic bacteria such as Erwinia carotovora (Brocklehust et al. 1987),
Pseudomonas marginalis (Nguyen-The and Prunier 1989), and Pseudomonas
viridiflava (Carlin et al. 1989) were identified in minimally processed and fresh
vegetables (Manvell and Ackland 1986) and in vacuum-packed sliced carrots
(Buick and Damoglou 1987). These microorganisms were identified in both raw
and processed vegetables (Lund 1988; Mundt and Hammer 1968).All spoilage
mechanisms are interdependent and contribute to disorders in MPR fruits and
vegetables. The plant response to these stresses is cellular derealization, which
results in biochemical reactions alone or may be superimposed on other spoilage
manifestations (viz., alcoholic or lactic acid fermentations).
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5.3 Effects of Processing and Marketing Techniques on Quality

5.3.1 Processing

The successive operations in the processing of MPR vegetables are summarized in
Fig. 5.3 (Anon 1989). (Also see Fig. 1.1). Each step may play a role in the spoilage
mechanisms. Bruises in minimally processed fruit and vegetables lead to further
deterioration, with loss of quality and shelf-life. Damage that occurs to cells next to

RAW MATERIAL
(generally already trimmed and washed)

QUALITY CONTROL
COLD STORAGE
WASHING MANUAL TRIMMING
l INSPECTION
PEELING
INSPECTION SHREDDING
DISINFECTION GRATING DISINFECTION
WASHING or SLICING WASHING
GRATING DISINFECTION RINSING
or SLICING WASHING
RINSING SPIN DRYING
DRAINING
CENTRIFUGF PACKAGING
STORAGE
roots and tubers leaf vegetables

Fig. 5.3 Minimally processed vegetables. Flow diagram of processing lines
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the cut surfaces will also be very detrimental (Bolin and Huxsoll 1991; Huxsoll and
Bolin 1989). The most damaging unit operations are those that alter tissue integrity.

MPR fruit and vegetable production plants must follow the scientific rules which
are given below:

(a) Entering raw materials must always move in forward direction.

(b) Trimming room, the washing room, and the packing rooms must be separated
in order to prevent cross-contamination.

(c) Temperature in trimming room, washing room, and packing rooms must be
controlled, but never exceed 10 °C.

(d) Before processing and after packaging, the products must be kept at 0-2 °C
temperatures.

(e) Waste evacuation conveyors and product moving conveyors must be in the
opposite directions to prevent cross-contamination.

(f) Airflow and ventilation and pressures must be from inside of the processing
room to outside with a positive pressure in the rooms (Varoquaux and Mazollier
2002).

Bolin et al. (1977) showed that compared to chopping, slicing improved the
shelf-life of shredded iceberg lettuces and that the cutting blades should be as sharp
as possible (Fig. 5.4). Later work has shown that tearing by hand was more benefi-
cial to lettuce than shredding by machine (Bolin and Huxsoll 1991). In general,
shelf-life for most commodities is enhanced by reducing machine-to-product and
product-to-product impacts.

Bolin et al. (1977) also claimed that total microbiological pollution of shredded
lettuces was closely correlated to quality deterioration (Fig. 5.5). To reduce micro-
bial pollution, it is necessary to remove all the heavily contaminated external parts
of the raw material, especially those in contact with soil. For example, roots and
tubers should be carefully peeled and green salads severely trimmed. After cutting,

Fig. 5.4 Effect of cutting 9
method on storage life of
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Bolin et al. 1977)
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Fig. 5.5 Effect of initial microbial count on storage stability of shredded lettuce (From Bolin
et al. 1977)

the plant fragments should be thoroughly washed, although this operation may be
very detrimental to the taste and flavor of grated roots or tubers and, to a lesser
extent, shredded foodstuffs, because of the possibility of leaching flavor compounds.
Disinfection can be performed using chlorinated water (Adams et al. 1989). Chlorine
in the disinfection bath reduces the count of mesophilic aerobic bacteria according
to an apparent first-order reaction (Fig. 5.6).

An optimal concentration of 120 ppm active chlorine on shredded salads
was suggested by Mazollier (1988). It is noteworthy that chlorine only delays
microbial spoilage and does not show any beneficial effects on biochemical or phys-
iological disorders (Bolin et al. 1977). Washing with clean water removes the free
cellular contents that are released by cutting. Cellular fluids contain active PPO and
phenolic compounds responsible for rapid brown discoloration (Bolin et al. 1977).

Draining should be efficient because water droplets on the product surface result
in microbial proliferation. Herner and Krahn (1973) indicated the importance of
keeping cut lettuce dry, even advocating not rinsing at all before storage.

Conversely, excessively efficient draining, using a centrifuge, bruises plant tissue
and is responsible for rapid biochemical deteriorations, although the shelf-life of let-
tuce was extended by centrifugation (Bolin and Huxsoll 1991). According to Ryall and
Lipton (1972), a detectable texture breakdown is noted if moisture loss exceeds 5%.

After draining, the minimally processed product must be packed for retail sale.
Proper packaging should protect the fresh product from physical damage and
surface abrasion caused by handling. It should also prevent microbial cross-
contamination during distribution.
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Fig. 5.6 Effect of chlorine concentration on the count of mesophilic aerobic bacteria on washed
lettuce leaves. pH increased from 7.3 for unchlorinated water to 9.4 for 300 mg/1 of free chlorine
indicates ranges in replicate experiments (From Adams et al. 1989)

Polymeric membranes generally exhibit a high resistance to the diffusion of
water vapor (see Chaps. 6 and 7). Maintenance of high relative humidity is essential
to the development of defense mechanisms. Below 75% relative humidity (RH),
cells surrounding an injury are damaged by desiccation and are incapable of lignin
synthesis (Ben-Yehoshua 1987).

High RH maintains the turgor of fruit and vegetable tissues, but it may cause
condensation on the commodity, creating conditions favorable for the growth of
phytopathogenic and epiphytic flora (Zagory and Kader 1988). Excessive RH may
also result in the exudation of cellular sap which causes proliferation of saprophytes
(Tomkins 1962).

Among other possible functions of packaging reviewed by Smith et al. (1989),
pouches or overwrapping films should create an optimal modified atmosphere to
keep the product under optimal physiological conditions.

The effects of MAP on MPR fruits and vegetables are reviewed in this chapter
and in Chap. 2

5.3.2 Temperature

The chill chain used with MPR fruits and vegetables should begin as soon as pos-
sible after harvesting. Early precooling of raw material dramatically extends the
shelf-life of minimally processed products.
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A substantial proportion of French salads grown for minimal processing are
vacuum-cooled less than 4 h after harvesting. High-humidity air precooling is also
workable for leafy vegetables. As stated by Bolin et al. (1977), temperature has one
of the most pronounced effects on the storage life of shredded lettuce (and of any
MPR fruits or vegetables).

French regulations imposed 8 °C as a maximum temperature for MPR fruits and
vegetables in 1987. This limit was lowered to 4 °C in 1988 (Scandeila 1988), but
minimally processed commodities are often stored or distributed at higher tempera-
tures (Anon 1988; Scandeila 1989; Scandeila et al. 1990). The temperature chosen
for investigations should range from 8 °C to 10 °C. The English Guidelines for
Handling Chilled Food recommend a storage temperature range of 0-8 °C for salad
vegetables, noting that some vegetables may suffer damage if kept at the lower end
of this temperature range

The quality of raw ingredients and the suitable control throughout the food chain
are the most significant factors that will normally predetermine the shelf-life of MPR
fruits and vegetables before they even enter the distribution system (Lioutas 1988).

5.4 Effect of Temperature on Physiological Activity

Lowering the temperature reduces respiration and delays senescence. There is a
linear relation between the logarithm of the O, consumption rate and temperature.
The respiration rate of shredded endive as a function of temperature is shown in
Fig. 5.7; also included is the equation for endive. The effect of a 10 °C increase in
temperature on the respiration rate, Q,,, averages at 2 for most fruits and vegetables
but may range from 1 to 5.

% Gas oo O,
1= 2°C
35 ——- CO, 2- 5°C
3=10°C
/5 5=20°C

TIME (Days)

Fig. 5.7 Effect of temperature on O, consumption rate of shredded endives in air (From Chambroy
et al. 1990)
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Fig. 5.8 Effect of temperature on atmosphere change within propylene packs of shredded endives
versus duration of storage (From Chambroy 1989)

Maintenance of a stable, low temperature is the key to success for packed MPR
fruits and vegetables. When the storage temperature is increased to 10 °C, the steady
state is reached sooner (Ryall and Lipton 1972) and the gas composition within the
pouches during at temperatures higher than 10 °C, CO, concentration increases
sharply due to enhanced metabolism and microbial proliferation. The chill chain
temperature must therefore be taken into account for modified atmosphere packag-
ing developments (Fig. 5.8).

5.4.1 Effect of Temperature on Biochemical Reactions

Because biochemical reactions are catalyzed by enzymes, biochemical change in
MPR fruits and vegetables is, in part, the consequence of the effect of temperature
on enzyme activities (Arrhenius’ law).

The kinetics of loss of firmness of kiwifruit slices, as a function of temperature,
are shown in Fig. 5.9. All other enzymatic reactions are temperature dependent. For
example, difference in flavor is not readily apparent in peas held at 4 °C for up to
4 h. At 25 °C, flavor differences are noticeable within 2 h, and at 37 °C, off-flavor is
inhibitory after only 1 h (Weckel et al. 1964).

Decreasing temperature also alleviates degradative change in color of injured
plant tissues, thereby reducing tyrosinase and o-diphenoloxidase activities. As
shredded lettuces darken during storage, discoloration is accompanied by a loss in
visual green pigmentation (Bolin et al. 1977; Bolin and Huxsoll 1991), likely due to
coupled oxidations. Loss in green color, measured as reflectance (a) versus storage
duration at several temperatures, is shown in Fig. 5.10. In bruised fruits and vegeta-
bles, the effect of temperature on enzymatic activities responsible for biochemical
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Fig. 5.9 Logarithm of loss % Residual firmness
of firmness in kiwifruit
slices as a function of
storage time in sealed
“clarylene” pouches (From
Varoquaux et al. 1990)
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Fig. 5.10 Effect of storage temperature on green color loss in shredded lettuce (From Bolin et al. 1977)

damage is indissociable from its effect on normal postharvest changes. Thus when
plant tissues are stored at temperatures inducing chill injuries (Marcellin 1982), the
inner structures of cells disintegrate, and biochemical change occurs more inten-
sively than in controls kept at higher temperatures Hence, the optimal temperature
minimizes tissue senescence and thus delays cell delocalization.
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5.4.2 Effect of Temperature on Microorganism Growth

Lowering temperature also reduces microbial proliferation on MPR fruits and veg-
etables. In the properly controlled chill chain, cold-tolerant microorganisms would
grow slowly and eventually cause spoilage with consequent reduction in the shelf-
life of the commodity (Manvell and Ackland 1986).

Lactic acid bacteria grow above 2 °C in shredded endive packed in polypropylene
(40 um), and at 6 and 10 °C, they develop faster than total flora, as shown in Fig. 5.11.

In salad trays overwrapped with a cling film held at 7 °C, lactic acid bacteria
formed a low proportion of the total population, whereas at 30 °C lactic acid bacte-
ria formed a dominant population. These differences between population types led

TOTAL MESOPHILIC ON L.P.G.A

gl log (bact.g™) g L 8

7 = 7 = 7 —

6 — 6 — 6

5 5 ¢ 5

4l 2°C 4l 6°C 4L 10°C
| | | | | | | |
6 9 14 6 9 14 6 9

-1
7 log (bact.g™)
5
3 —
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Fig. 5.11 Changes in total flora and lactic acid bacteria in shredded endive packed in polypropyl-
ene pouches under air (O—O) or air +20% CO, (®—®) as a function of storage duration at 2, 6,
and 10 °C (From NGuyen-The and Carlin 1988)
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to the development of tests indicating shelf-life expiration or temperature abuse
(Manvell and Ackland 1986) (see temperature-time indicator [TO], Chap. 7).

Enrichment of the storage atmosphere with CO, results in a slower development
of mesophilic flora compared to the air control and in more rapid growth of lactic
acid bacteria at 6 and 10 °C (Nguyen-The and Carlin 1988).

5.5 Modified Atmosphere Packaging

Retail sale demands that ready-to-use commodities be packaged, and as a conse-
quence the atmosphere composition within the pack changes due to the respiration
of living tissues. This change can be detrimental or beneficial to the overall quality
of the commodity; it can also produce contradictory effects on the different spoilage
mechanisms. Controlled atmosphere (CA) and MAP have become the subject of a
tremendous number of research projects over the last decade. This research has
provided a good, basic understanding of CA/MAP which is useful in developing
MAP applications for minimally processed fruits and vegetables (Brecht 1980;
Isenberg 1979; Kader 1986; Marcellin 1977; Smock 1979; Wolfe 1980).

Several studies have examined the potential for the use of sealed polymeric films
to generate a favorable modified atmosphere within the package environment
(Cameron et al. 1989; Daun and Gilbert 1974; Geeson et al. 1985; Zagory and
Kader 1988).

Modified atmosphere (MA) can reduce the incidence of physiological disorder,
microbiological spoilage, and biochemical deterioration, each of which alone or in
conjunction results in changes in color, texture, flavor, and, as a consequence, in the
commercial value of the commodity (see also Chap. 6).

5.5.1 Effects of MA on the Physiology of MPR Fruits
and Vegetables

Respiration in plants is the oxidative metabolism of sugars and organic acids to end
products CO, and H,O with concurrent production of energy. MAP may lower the
metabolism and decrease both O, consumption and CO, production (Laties 1978).
The effects of low O, and high CO, on respiration are additive. The optimal con-
centrations of both gases in combination are difficult to predict without actual mea-
surements in a variety of atmospheres. However, the potential respiration rate of
most roots or bulbs is stimulated when stored under elevated CO, concentrations.
This phenomenon has been shown for celeriac (Weichmann 1977a), carrots
(Weichmann 1977b), and onions (Adamicki 1977). If 0, is reduced or CO, elevated
beyond the tolerance levels of the commodity, respiration is then associated with
anaerobic metabolism.
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It is established that high CO, concentrations inhibit several enzymes of the
Krebs cycle including succinate dehydrogenase (Ranson et al. 1957). This would
inhibit the aerobic pathway and result in accumulation of succinic acid, which is
toxic to plant tissue (Bendall et al. 1960).

The difference between external and internal O, concentrations is determined by
the resistance of the plant tissue to gas diffusion which depends on the species and
stage of maturity. Water condensation on the commodity reduces diffusion, whereas
temperature has little effect (Cameron and Reid 1982). The anaerobic metabolism
pathway is responsible for the production of CO,, ethanol, aldehydes, and other
chemical compounds that produce off-flavors, off-odors, and discoloration. In the-
ory, the O, level within the cell which induces anaerobic metabolism is as low as
0.2%, and that outside the product 1-3% (Burton 1974).

The ratio of CO, production to O, consumption, known as the respiratory quo-
tient (RQ), is, theoretically, 1 in true aerobic metabolism. In actual measurements,
it ranges from 0.7 to 1.3 (Forcier et al. 1987). CO, levels as low as 5% may induce
physiological disorders in common mushroom (Lopez-Briones 1991), and aspara-
gus exhibits surface pitting when stored in >10% CO, (Lipton 1977). The average
CO, toxicity threshold ranges from 10% to 30% depending on plant and storage
factors. Crisp head lettuce in storage with elevated CO, is strongly affected by O,
concentration (Stewart and Uota 1972); however, this is not the case for romaine
lettuce (Lipton 1987). Cultivation conditions such as irrigation, climate, and fertil-
ization can modify plant tissue susceptibility to CO, injury. Krahn (1977) found
that the outer leaves of crisp head lettuce are not injured by 2% CO,, but the inner
leaves and midribs show damage. Also, shredded head lettuce seems to tolerate
higher levels of CO..

The effect of CO, on cell ultra-structures (Frenkel and Patterson 1974) and mem-
branes (Sears and Eisenberg 1961) could account for its toxicity. It can be postu-
lated that CO, dissolution, which enhances acidity in the cell medium, may
participate in the physiological disorder. Optimum concentrations of O, and CO,
should minimize the respiration rate without danger of anaerobic metabolism.
Commodities vary widely in their tolerance of different atmospheres (Lougheed
1987). A classification of fresh fruits and vegetables according to their tolerance to
reduced O, and elevated CO, has been presented by Kader et al. (1989). Yet little is
known about the atmosphere requirements of minimally processed commodities.

Although many polymeric films are available for packaging purposes, relatively
few have been used to wrap or pack fresh fruits and vegetables. Until recently none
exhibited suitable permeabilities for commodities with high 0, requirements. Proper
permeabilities to both O, and CO, should range for the most susceptible plant tis-
sues from 6000 to 150,000 ml m~2.atm~'.day~! and up.

The extent to which the MA differs from the external atmosphere is determined
primarily by the permeability of the polymeric film, the ratio of its area of gas diffu-
sion to the mass of the plant tissue, the respiration rate of the enclosed product, and
the package headspace. The gas diffusion rate through the polymeric film is propor-
tional to the difference in partial pressures between the internal and external media.



5 Biological and Biochemical Changes in Minimally Processed Refrigerated Fruits... 169

Table 5.1 Effect of film permeability on fresh minimally processed grated carrots stored for
2 days at 10 °C

Films D950 A B C D
Thickness (pm) 40 30 30 30 30
Permeability® to O, 6060 6000 9000 | 11,000 |22,000
Permeability® to CO, 18,000 | 6000 | 9000 11,000 22,000
Gaseous composition at steady state (n =5)

CO, (%) 19.6 21.6 19.7 27.0 16.5

0, (%) 1.5 1.6 2.2 1.6 5.1
Respiration rate in air (mol/kg h) 2.2 2.3 2.1 2.6 1.8
Confidence interval at 5% level (n = 5) +0.04 +0.10 | £0.11 | =+0.19 +0.11
(RRp/RRa) x 100 3 11 33 27 61
Respiratory quotient inside the pack 17 6.2 1.5 2.2 1.2

From Carlin et al. (1990b)

RRp respiration rate pouch, RRa respiration rate air

Supplier D950: Grace-Cryovac, Epernon, France

Supplier A, B, C, and D: Courtaulds Packaging, Avignon, France. “Permeability to gas in ml.m=2.
day~'.atm™' — Atari, at 25 °C

This gas flow tends to compensate respiratory exchanges. Mathematically, the two
phenomena should generate within the package a steady-state MA. As shown in
Table 5.1, the respiration rates of grated carrots after 2 days at 10 °C in pouches in
the least permeable films, D 950 and A, are the most reduced, respectively, to 3 and
11% of that of the control that is placed in air. The respiratory quotient with these
films reached a value above 6, indicating a shift to anaerobic metabolism. In B, C,
and D films, the RQ was similar to the RQ of control in air that is about 1.5.

Gas exchanges might also be affected by the metabolism of microorganisms
present on grated carrots. Because the respiration of grated carrots does not mark-
edly increase during 2-day storage at 10° C and the number of mesophilic aerobic
bacteria increases from 10° to 10° per gram, the contribution of microorganisms to
gas exchange is small in pouches stored for only 2 days (Carlin 1989)

The relationship between MA composition and respiration rate is unclear. For
example, the CO,-O, concentrations were similar in A and D 950 films (Table 5.1),
whereas the respiration rate (RR) was 10 times higher in film A. The O, and CO,
concentrations within packs cannot fully account for the actual turnover of these
gases. Conversely, there is a good relation between the respiratory quotient of the
commodity and the gas turnover within the package.

This is in accordance with the results of Tomkins (1967), who assumed that MA
conditions can alter the RQ which in turn affects the atmosphere created by the
respiration of the commodity within the package (Carlin et al. 1990a).

Passively modified atmospheres develop very slowly in pouches of vegetables
whose O, consumption rate is low, such as lettuce or endive. Biochemical reactions
may cause deterioration long before an efficient equilibrated MA can be established
and shelf-life is only slightly extended.
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Fig. 5.12 Effect of initial atmosphere composition on gas concentration changes within polypro-
pylene packs of shredded endives versus duration of storage at 10 °C (From Chambroy 1989)

The atmosphere may be modified initially just before sealing. This can be done
by pulling a slight vacuum and injecting a controlled gas mixture or by flushing with
the same gas mixture. Flushing is less efficient than compensated vacuum, but it is
compatible with high-speed filling machines, and for fragile plant organs, it is less
detrimental to tissue integrity.

Figure 5.12 shows the gas composition changes in shredded endives packed in
polypropylene (40 pm) at 10 °C as a function of time and percentage of CO, in the
mixture injected at sealing. In this example, O, consumption rates are not markedly
affected by additional CO,, but for elevated CO, concentrations, diffusion rates
exceed CO, production through respiration, and therefore the CO, concentration
decreases. In endives, anaerobic metabolism seems difficult to trigger because
injection of pure N, in the bags results in a decrease in CO, production rate com-
pared to other samples (Chambroy 1989).

Several workers have attempted to model the interaction between foodstuff res-
piration and package atmosphere in an effort to provide an analytical basis for MAP
design (Kader et al. 1989). As stated by Zagory and Kader (1988), prediction of the
equilibrium gas composition and the time taken to reach equilibrium should take
into account at least:

1. The effect of changing O, and CO, concentrations on respiration rate

2. The effect of switching, even partially, to anaerobic metabolism

3. The permeability of the film to O, and CO, (and the effect of moisture on the gas
diffusion coefficients)

4. The effect of temperature on film permeability to both O, and CO, and on the
respiration rate
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5. The surface area and headspace of the package

. The resistance of the commodity to gas diffusion through its tissue

7. The optimal atmosphere for the commodity of interest, including biochemical
reaction and microorganism growth

[*))

No model to date has integrated all of these variables.

Mathematical equations that fit gas composition changes in packaged plant
organs have been developed recently (Cameron et al. 1989; Yang and Chinnan 1988).
All models are based on two ordinary first-order differential equations representing
first the gas exchange through polymeric films and second the plant tissue respira-
tion; the gas exchange through the film or through perforations placed between two
volumes obeys Fick’s law (Emond et al. 1991). The respiration rate of living tissues
is affected by the atmospheric composition. But Henig and Gilbert (1975) found
with packaged tomatoes that the O, consumption rate with complete absorption of
CO, was constant in the range of 11-21% O,; below this value, O, consumption rate
decreased linearly with O, concentration. Henig and Gilbert (1975) also claimed that
when CO, accumulation occurred concomitantly with O, reduction, there was a sig-
nificant but surprisingly low reduction in the O, consumption rate. They therefore
suggested that two straight lines could be used to approximate the relation between
O, consumption rate and O, concentration (Also see Chap. 2.)

This model was dismissed by Cameron et al. (1989) as approximate and not
based directly on O, measurements. Nevertheless, their own model is valid for sci-
entific purposes but is of little use for optimizing parameters for MAP.

By using the Henig and Gilbert (1975) approach, it becomes possible to solve the
two differential equations:

K —(KS+am)t
X(OZ): Sx, N omx, ¢ 7 5.1)
KS+am KS+am

whent—oo0  X0,—0,(EMA)

1 __oam 1 (5.2)
O,(EMA) KSx, x,

where

X = concentration O, (%) at time t

X, = initial concentration of O,

K = O, diffusivity through the film

S = surface area of the film

V = headspace

m = weight of plant tissue

t = storage time

a = proportionality between respiration intensity and O, concentration

The approximate Eq. (5.1) is not useful in practice, but as time passes, the O,
concentration tends toward the steady-state concentration (equilibrated modified
atmosphere, EMA).
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Equation (5.2) shows that the reciprocal of O, at steady state is directly proportional
to the reciprocal of the film permeability. This model was validated with experimental
data concerning apricots stored under MA (Chambroy et al. 1990) and common mush-
room (Lopez-Briones 1991). Figure 5.13 shows that experimental data on MAP mush-
rooms fit the model reasonably well over a very large range of film permeability.
However, there are great differences between mathematical and experimental data for
CO, content within the pouches as already stated by Hayakawa et al. (1975).

It has been recently demonstrated that the approximate model is not valid for MA
containing less than 3% O, or over 15% CO,. The proportionality between respira-
tion rate and O, concentration cannot be extrapolated to anoxic conditions.

It may be assumed that apricot and mushroom metabolisms rapidly switch to
partial anaerobic metabolism under MA storage. The metabolism switch has little
effect on O, concentration but markedly affects CO, production. These models per-
mit good predictive estimations of generated MA as a function of simple physical
parameters such as surface area, thickness of the film, and weight of tissue. This
approach may prove useful once the optimal film permeability has been determined
by CA and experimental testing.

As described above in the review of physiological disorders, slicing plant tissue
may increase ethylene production, especially in pre-climacteric fruit. High CO, levels
inhibit the action of ethylene so that plant tissues do not respond to the presence of
this compound (Burg and Burg 1969) and reduce ethylene synthesis (Buescher 1979).

Conversion of 1-aminocyclopropane-carboxylic acid to ethylene catalyzed by
ethylene-forming enzyme is an oxidative reaction and is therefore reduced at low
oxygen partial pressure (Kader 1980) and inhibited under anaerobic conditions
(Yang 1985). Curiously CO, inhibits ethylene production during tomato ripening
but has little or no effect on wound-induced ethylene production by tomato (Buescher
1979). A similar result was found by Rosen and Kader (1989) with sliced pear.

The effects of ethylene neoformation on physiological and biochemical changes
in MPR fruits have yet to be investigated
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5.5.2 Effects of MA on Biochemical Reactions
in MPR Fruits and Vegetables

MAs may inhibit enzymatic systems responsible for deterioration in quality during
storage but may also reduce tissue senescence and microbial spoilage, both of which
result in cellular delocalization.

5.5.3 Effect of MA on Enzyme Activities

Lowering O, in a storage atmosphere reduces the reaction rate of enzyme-catalyzed
oxidations because O, is a substrate (Murr and Morris 1974). Polyphenoloxidase
and tyrosinase, the enzymes responsible for brown discoloration of plant tissue,
have a low affinity for O, compared with cytochrome oxidase. Hence, the packaging
of plant tissues with high browning potentiality under vacuum or nitrogen in high-
barrier film prevents any discoloration even after 10 days at 10 °C, but the process
may trigger anaerobic metabolism and growth of lactic acid bacteria (Varoquaux
and Varoquaux 1990).

Mazollier et al. (1990) claim that nitrogen flushing shredded lettuce before seal-
ing reduces browning of the sliced surfaces but enhances the risk of lactic fermenta-
tion. This confirms the results of Ballantyne et al. (1988a), who optimized color
stability of shredded lettuce with MA stabilized at 1-3% 0, and 5-6% CO,. Color
change in broccoli florets is minimal in a 2-3% O,, 2-3% CO, equilibrium MA, but
lower concentrations result in off-odors that markedly shorten shelf-life (Ballantyne
et al. 1988b). Because of the experimental design of the reported research, the effect
of low 0, cannot be separated from the effect of increased CO,.

CO, may inhibit polyphenoloxidase activity (Murr and Morris 1974), but the
direct inhibition of this enzyme was not fully demonstrated. Another important
effect of CO, is increased acidity in plant tissues. Because intracellular pH values
are normally regulated within narrow limits, only elevated CO, concentrations (as
high as 5%) will lower intracellular pH. Bown (1985) proposed that the accumula-
tion of respiratory CO, is responsible for the reduction in pH, as dissolved CO,
diffuses slowly compared to gaseous CO,. Bertola et al. (1990) determined that the
specific resistance to CO, diffusion of tomato peel was about 200 times as great as
that of the stem scar. Dissociation of carbonic acid into bicarbonate and hydrogen
ions could affect the activity of enzymes. Tolerance of plant tissues to CO, can be
determined by their buffering capacity. Using nuclear magnetic resonance,
Siriphanich and Kader (1986) estimated cytoplasmic and vacuolar pH in lettuce tis-
sue as affected by elevated CO, concentrations. Lettuce exposed to air at 20 °C and
then stored for 6 days at 0 °C with 16% CO, in air showed pH decreases of about
0.4 and 0.1 units in the cytoplasm and vacuole, respectively.

Since MRP fruits and vegetables are stored at low positive temperatures and
peripheral tissues are bruised, dissolution of CO, should be much greater than in
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intact organs kept at ambient temperature. This acidification could explain either the
marked reduction in activity of enzymes under MA or the phytotoxicity of CO,.
High CO concentrations reduce texture loss of strawberries even after transfer of the
berries to air (Kader 1986).

Maintenance of firmness of strawberry in MAP is the result of the improvement
of the physiological conditions compared to normal air storage. CAs retard senes-
cence and delay softening of fruit (Knee 1980). MAP does not alter the softening
rate of kiwi slices, demonstrating that atmosphere composition has no effect on
pectinolytic or proteolytic enzymes (Lecendre 1988).

5.5.3.1 Effect of MA on the Microbiological Spoilage of MPR Fruits
and Vegetables

Published reviews have mentioned the effects of MAP and CA on the postharvest
diseases microorganisms can cause (Eckert and Sommer 1967; El-Goorani and
Sommer 1981; Harvey 1978; Lougheed et al. 1978; Smith 1963).

Microbial deterioration of minimally processed fruits and vegetables is covered
in Chap. 19. Here we review the interdependence of the physiological, biochemical,
and microbial spoilage mechanisms as affected by processing and packaging tech-
niques. Interaction among these mechanisms will be analyzed for two models:
grated carrots and shredded endives. These commodities account for about 85% of
ready-to-use fruits and vegetables sold in France (overall production: 30,000 tons in
1989) (Varoquaux et al. (1990).

Spoilage of Grated Carrots

Loss of firmness and off-flavor occurring in spoiled grated carrots are associated with
the following characteristics: MA with excessively high CO, levels (over 30%) and
low O, levels (below 15%), high number of lactic acid bacteria and yeasts, and pro-
duction of ethanol, acetic, and lactic acids. Therefore, the deterioration of fresh grated
carrots is typically a lactic acid fermentation, which can spontaneously occur in prep-
arations of fermented sliced carrots (Andersson 1984; Niketic-Aleksic et al. 1973).

All isolated lactic acid bacteria were identified as Leuconostoc mesenteroides,
commonly present on plants (Mundt and Hammer 1968) and on minimally pro-
cessed vegetables (Denis and Picoche 1986). However, initial contaminations by
L. Mesenteroides do not markedly differ from one pack to another, so the count of
this bacterium at packaging is not sufficient to determine the storability of the com-
modity (Carlin et al. 1989).

The next step in the attempt to improve grated carrot shelf-life is to study spoil-
age mechanisms under CAs. Carlin et al. (1990b) demonstrated that the growth of
both lactic acid bacteria and yeasts on grated carrots was faster when CO, content
increased from 10% to 40%, regardless of O, concentration (Fig. 5.14). Lactic acid
bacteria were not found to be the primary cause of spoilage since the growth of
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L. Mesenteroides on a sterile medium is unaffected by low O, content (Lucey and
Condon 1986) or by high CO, concentrations (Fig. 5.15). Storing grated carrots in
a COy-enriched CA produces high K* leakage. Other electrolytes and nutrients,
especially sugars, are exuded.

Leakage of alpha-amino compounds was measured by Romo-Parada et al. (1989)
to determine the increase in membrane permeability of cauliflower during storage
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Fig. 5.14 Counts of lactic acid bacteria and yeasts on grated carrots under controlled atmospheres
after 10 days of storage at 10 °C. Counts in dashed lines were below the detection level, comparng
to initial count. Bars represent standard deviation (From Carlin et al. (1990b)
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Fig. 5.15 Growth at 10 °C of Leuconostoc mesenteroides on a sterile carrot medium under con-
trolled atmospheres (From Carlin et al. (1990c)

under various CAs. They found that O, in the CA did not affect leakage, but CO,
over 10% significantly enhanced it. This exudate provides a substrate for microbial
growth (Tomkins 1962). Moreover, Atkinson and Baker (1987) have shown that the
activation of K*/H* exchange in beans by Pseudomonas syringae cv syringae
induces host plasmalemma transport of sucrose and allows the proliferation of the
pathogen in intercellular spaces.

Potassium leakage is lower in CA containing both 10% CO, and 10% O, than in
air. In the same way, the catabolism of sucrose, whose concentration is the main
factor in the taste quality of carrot (Rumpf and Hansen 1973), is lower in 10, 25,
and 40% CO, 2% O,,and in 25% CO, and 10% O, than in air or in other CAs
(Fig. 5.16).

Thus, MAs containing 15-20% CO, and 5% O, would retard the senescence and
microbial spoilage of grated carrots by reducing their physiological activity (Carlin
et al. 1990c). These results confirm that the film currently used in France for pack-
aging grated carrots, namely, polypropylene, 40 pm in thickness, is not permeable
enough to both O, and CO, to ensure good preservation of the commodity.

Ethanol production in the headspace of grated carrot markedly decreases when
the film permeability to gases increases. Ethanol is a good marker of spoilage
though it may be either a by-product of anaerobic fermentation or an end-metab-
olite of several microorganisms or both. As expected, grated carrots packaged
with the least permeable film (permeability to O, < 6000 ml-m~2 -atm.”" -day~")



5 Biological and Biochemical Changes in Minimally Processed Refrigerated Fruits... 177
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Table 5.2 Effect of film permeability on the quality of minimally processed grated carrots stored

at 10 °C
Films
Polypropylene P-Plus A P-Plus-D
Permeability to O, 1,000 6,000 22,000
ml/m?.day.atm
% of spoiled packs
After 7 days 100 0
After 14 days 100 75 8

From Carlin et al. (1990c)

switched to anaerobic metabolism, with K* leakage as a consequence (Fig. 5.16).
The use of highly permeable films (20,000 ml-m~2 -atm.~! -day~! and over) results
in a better physiological condition of the commodity and, therefore, prevents any
microbial spoilage.

Conversely, these highly permeable films favor a high respiration rate (about
1 mmol O, kg! h™!) and induce a faster consumption of carbohydrates which
causes a noticeable loss in palatability of the carrots. It must be noted that the MA
generated in packs depends on the storage temperature. At low temperature (about
2 °C), physiological activity and microbial growth are reduced sufficiently to delay
the development of spoilage, even with the least permeable film. But at storage
temperatures at 10 °C, the use of highly permeable films such as P-Plus C is justi-
fied to reduce spoilage (Table 5.2).
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Table 5.3 Effect of CA on the development of soft rot on inoculated endive leaves

CA Inoculum

Filtrate Filtrate
% CO, % O, H,O (control) Ps. m (heavy) Ps. m A. niger
40 10 0 0 0 +++
20 10 0 0 (+) +++
0 22 0 ++ ++ ++

From Nguyen-The and Carlin (1989)
Ps. m, Pseudomonas marginalis; A. niger, Aspergillus niger; 0, no spoilage; (+), no browning,
slight soft rot; + +, browning soft rot; + + +, general browning and soft rot

Spoilage of Shredded Endives

Phytopathogens such as Erwinia carotovora have been found on pre-packed fresh
vegetables but are not markedly pathogenic in minimally processed commodities
(Lewis and Garrod 1983). Pectinolytic Pseudomonas fluorescens and Pseudomonas
viridiflava are well known as soft rot bacteria on stored vegetables (Lund 1983).
They may also induce spoilage of shredded endives (Nguyen-The and Prunier
1989). Strains of pectinolytic Pseudomonas marginalis isolated from minimally
processed Shredded endives show a strong spoilage capacity on the commodity
though these bacteria are present in both spoiled and apparently sound packs
(Nguyen-The and Carlin 1988). CA enriched in CO, up to 50% reduces the in vitro
growth of pseudomonads and Erwinia spp. (Fig. 5.17). Surprisingly, the same CA
does not modify epiphytic proliferation of Pseudomonas marginalis on salad leaves,
but CA or MA containing over 15% CO, reduces or eliminates soft rot on endive
leaves that were previously inoculated with a heavily concentrated Pseudomonas
marginalis suspension (Table 5.3). The same phenomenon is observed when leaves
are inoculated with a sterile growth medium of P. marginalis. The presence, in the
ultrafiltrate, of active pectinolytic enzymes, can account for the considerable soft rot
also shown in Table 5.3. Increasing CO, to 20% reduces the necrosis, and at 40% it
prevents any damage.

It is remarkable that MA, with high CO, concentrations up to 40%, have no
effect on soft rot induced by Aspergillus niger growth medium (Nguyen-The and
Carlin 1988). Since P. marginalis produces pectate lyases (Lund 1983) with an opti-
mum pH of 6-8, and Aspergillus niger a polygalacturonase active at pH 4-5, it is
postulated that the beneficial effects of C0, on soft rot induced by P. marginalis are
due to the acidification of cell medium provoked by dissolved CO, (Table 5.3).

Deterioration of shredded endives by both pectinolytic and lactic acid bacteria
can be prevented by storing and marketing the commodity under a MA containing
20-30% of CO0, and 1-3% of O, depending on the maturity stage and cultivation
conditions of the raw endive. A MA suitable for shredded endives can be created by
the use of a polypropylene film (35-40 pm thick), provided that the storage and
distribution temperature never exceeds 10 °C with a sell-by date of 1 week, which
may be too short for North American markets.
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Fig. 5.17 Effect of CO, on the in vitro growth of bacteria isolated from minimally processed
endive. The percentage of CO, varies from 10% to 50% (Colony diameter in mm on LPGA after a
9-day incubation at 10 °C) (From NGuyen-The and Prunier 1989)

5.6 Conclusions and Future Directions

The mechanisms of MPR fruit and vegetable deterioration are similar to those of
intact plant organs, observed differences being quantitative and not qualitative.

Development of these new commodities for the retail market is strongly depen-
dent on their microbiological safety and on freshness.

Freshness may be improved by two nonexclusive means: (1) adaptation of pro-
cessing technology to the raw material and (2) matching of the raw material to the
processing and preservation methods. Both approaches rely on multidisciplinary
research that simultaneously uses the basic principles of plant physiology, biochem-
istry, microbiology, and engineering. Examples include attempt to minimize brown-
ing of endives by selection of cultivars and determination of the optimal harvest time.

The suitability of carrot cultivars for “ready-to-use” processing has also been
investigated (Hilbert 1990), and the susceptibility of carrot tissue to both increasing
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CO, and decreasing O, was found to be the primary spoilage factor. Current inves-
tigations are focused on the mechanisms of cell derealization in ready-to-use
commodities.

5.6.1 Optimization of Processing of MPR Fruits
and Vegetables

Optimization of ready-to-use processing method requires:

e Limitation of initial bruising of plant tissues

e Minimization of wound injury during peeling and cutting and other size reduc-
tion operations

¢ Determination of optimal draining conditions to remove moisture

¢ Identification of an optimal MA which slows senescence, enzyme activity, and
microbial growth but that does not trigger anaerobic metabolism (this must be
studied for each commodity)

e Ensuring refrigerated temperatures by using temperature-time indicators (TTI)
placed on packaging.

Recent investigations have pointed out the importance of MA composition on the
spoilage mechanisms of plant tissues. For some commodities, the permeability of
commercially available film is not high enough for both O, and CO, to match their
respiratory requirements. New films have recently been developed in the United
States and England and tested in France. Curiously, intact plant organs with high
respiration rates such as asparagus, spinach, mushroom, and to a lesser extent cau-
liflower and broccoli are the first to benefit from these new films.

5.6.2 Matching of Raw Material and Processing Requirements

Minimal processing is too young an industry for the plant geneticists to have
selected or created cultivars and hybrids adapted to its specific requirements. The
first step is to define selection criteria in terms of objective chemical or physical
determinations as established for fruits and vegetables for freezing or canning. This
may prove a difficult task. For example, the browning potential of blended tissues is
proportional to their phenolic compound content (Carlin et al. 1990a). Phenolics in
plants such as peaches (Lee et al. 1990) and endives (Varoquaux et al. 1991) gener-
ally decrease during maturation, theoretically leading to reduced sensitivity of
overmature fruits and vegetables to enzymatic browning. However, it is well estab-
lished that overripe produce scores poorly in MPR processing. Biochemical param-
eters are not the limiting factors of the brown discoloration of MPR commodities.

Cellular derealization seems to be the key mechanism that induces enzymatic
browning of sliced plant tissues (Watada et al. 1990). The most promising measure-
ment would be rapid testing of susceptibility to cell derealization. This requires
more basic research into the cell response to various stresses.
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5.6.3 Matching of Raw Material and Processing Requirements
5.6.3.1 Injection of Various Gases at Packaging

Carbon monoxide is utilized in the United States for long-distance bulk transporta-
tion of some fruits and vegetables. The toxicity of this gas is not compatible with its
use in retail packaging for distribution in Europe.

The effects of nitrogen protoxide on MPR fruits and vegetables are still unclear,
but a beneficial effect on the browning of sliced apples and peeled potatoes has been
reported. Further investigation of the effect of this gas on bacterial growth and
enzyme activities is needed.

5.6.3.2 Ionization

Ionization with gamma radiation or accelerated electron beams allows disinfection
of pre-packed minimally processed commodities. However, even at very low doses
(0.5-1 kGy), irradiation induces dramatic softening and off-odors. The effect of
irradiation on prepacked salads is still controversial.

5.6.3.3 CA Atmosphere Packaging

Gas composition in CA packaging can be actively regulated by means of O, and
CO, generators or scavengers (Lioutas 1988; Myers 1989). This technique is well
adapted to nonrespiring produce. The feasibility of CA packaging for fresh plant
tissues seems very remote.

Research carried out in Europe on highly perishable products aims to achieve a
shelf-life of 1 week or 10 days at most. As pointed out by Lioutas (1988), the same
operation will require a shelf-life of 21 days to have a chance in the US market.
Such a goal, if realistic, would be a tremendous challenge for fundamental and tech-
nical researchers.
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Chapter 6
Preservation Methods for Minimally
Processed Refrigerated Fruits and Vegetables

Robert C. Wiley

6.1 Introduction

The preservation of foods, an important manufacturing step that is used to provide
food safety, maintain quality, extend shelf life, and prevent spoilage, has long been
called “food processing.” In the context of this book, “process” is an operation or
treatment and, especially in manufacture, a procedure for forward movement such
as cutting, slicing, dicing, washing, etc. (Anon., Webster’s 1987). To “preserve” is
the act or process of preserving, by canning, pickling, or similarly preparing food
for future use (Anon., Webster’s 1987). Preservation methods then are the “actual”
acts of preserving to reduce spoilage. Nicolas Appert in 1810 was probably the first
person to explain preservation methods primarily by heating in his treatise “The Art
of Preserving Animal and Vegetable Substances.” He originally stated (before the
completion of his work) that preserving foods could be reduced to two principal
methods, “one in which desiccation is employed and the other in which more or less
of a characteristic foreign substance is added to prevent fermentation and putrefac-
tion.” In his book the latter treatment refers to the use of sugar, vinegar, or salt. His
primary method of preservation was “lst. to enclose in the bottle or jar the sub-
stances that one wishes to preserve; 2d, to cork these different vessels with the
greatest care because success depends chiefly on the closing; 3d, to submit these
substances thus enclosed to the action of boiling water in a water-bath for more or
less time according to their nature in the manner that I shall indicate for each kind
of food; 4th. to remove the bottles from the water-bath at the time prescribed.” This
method is obviously heat preservation; current synonyms are canning, thermal pro-
cessing, or heat processing.
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The inception of minimally processed refrigerated (MPR) foods that in one way
or another may undergo all of the preservation methods referred to in Appert’s book,
and the many more to follow in this text are examples of the great sophistication that
has developed in the field of food science and technology over the last 200 years.

Some workers in the field tend to equate the word preservation before, during, or
after packaging with (1) near endpoint destruction of all microorganisms and (2)
endpoint destruction of all enzyme systems. Others use a broader interpretation of
the word preservation to describe a procedure in which some but not all species of
microorganisms are reduced in count and specific enzyme systems may be partially
or fully inactivated in the package or prior to packaging. In this text, MPR preservation
is considered in the latter context and is developed with the purpose of providing
maximum food safety, like-fresh quality, and substantial increase in shelf life.

The question arises whether packaging per se is a preservation method. Packaging
acts as a vehicle to protect or provide a suitable atmosphere for MPR fruits and veg-
etables but does not usually constitute the “actual” act of preserving (see Chaps. 4, 5,
and 7). The actual preservation method, however, may precede packaging or may
occur by treating the food material and packaging simultaneously. Other options
include treatment immediately after packaging or continuously during the shelf life
period. In the latter case, it is the modified atmosphere developed during packaging
that gives a degree of preservation. Refrigeration also is a good example of this land
of situation. Packaging is inherent in the protection of food to prevent spoilage, and
this idea seems to have been put forth first by Appert (1810).

MPR fruits and vegetables must be held continuously at refrigeration tempera-
tures and guarded from temperature abuse in distribution and retailing. Refrigeration
probably should be considered an active act of preservation which is well known to
reduce adverse quality and nutritional changes and greatly extend shelf life of many
food product types including dehydrated, canned, and irradiated foods as well as
minimally processed fruits and vegetables. Refrigeration itself is not a requirement,
however, for dehydrated, canned, and some other types of food products.

Preservation of MPR fruits and vegetables is especially complex in that treatment
is required for damaged or killed plant cells as well as those cells that are intact and
not wounded or damaged (Fig. 6.3). In other words, some cells are respiring at
normal rates, some damaged cells may be respiring at very high rates, and other
cells are virtually dead or inactive (Rolle and Chism 1987). The volume-to-surface
ratio of a whole minimally processed product that has been subjected to size
reduction operations, for example, might be used to give an accurate prediction of
the kind of preservation methods that would be most effective to extend shelf life.
Human and plant pathogens as well as endogenous enzyme systems found in
fruits and vegetables should be susceptible to the “hurdles” or “barriers” concept
(Scott 1989).

Preservation methods to extend shelf life of MPR fruits and vegetables can utilize
many of the classic procedures to preserve foods. These well-known methods which
may be used to target MPR foods include heat preservation, utilizing mild heat
treatments with quick cooling; chemical preservation, including acidulants, antioxi-
dants, chlorine, antimicrobials, and the like; gas and controlled modified atmosphere
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preservation; refrigeration preservation and preservation by irradiation; oxidation-
reduction (O/R) potential preservation; and, in some cases, moisture reduction by
lowering water activity (a,), which in MPR fruits and vegetables would seriously
reduce turgidity and crispness of the product. Combinations of the above preservation
methods in specific or random order, taking advantage of the synergisms of the vari-
ous preservation hurdles or barriers, may be used. These barriers have to consider
intact or damaged enzyme systems in the living tissues, particularly polyphenol oxi-
dases (PPOs), peroxidases (POs), and the various pectinases, polygalacturonases
(PGs), and pectinesterases (PEs) and respiratory-related enzymes (Table 6.1).

Freezing preservation should not be used for most MPR foods because freezing
tends to cause changes in texture and other like-fresh characteristics. However, from
a safety standpoint, it is clear that certain MPR foods (entrees) are being frozen to
avoid regulatory problems in the United States. Freezing is a preservation method
that manufacturers should not use if they wish to market an authentic MPR food.
Precut salads, sliced tomatoes, fresh soup mixes, and the like do not lend themselves
well to freezing as an alternate preservation method because of the abovementioned
quality constraints. This is not an attempt to downgrade freezing as a preservation
method, but is simply intended to emphasize that MPR fruits and vegetables should
be considered a specific food product type. A number of unit operations are
performed before freezing on fruits and vegetables destined for freezing preservation
that yield high-quality frozen food (Desrosier and Tressler 1977).

Table 6.1 Enzymes related to food quality

Enzyme Catalyzed reaction Quality defect

Flavor

Lipolytic acyl hydrolase
(lipase, esterase, etc.)

Hydrolysis of lipids Hydrolytic rancidity (soapy

flavor)

Lipoxygenase Oxidation of polyunsaturated fatty | Oxidative rancidity (“green”
acids flavor)
Peroxidase/catalase ? “Off-flavor” (?)
Protease Hydrolysis of proteins Bitterness
Color
Polyphenol oxidase Oxidation of phenols Dark color

Texture consistency

Amylase

Hydrolysis of starch

Softness/loss in viscosity

Pectin methylesterase

Hydrolysis of pectin to pectic acid
and methanol

Softness/loss in viscosity

Polygalacturonase

Hydrolysis of x-1,4 glycosidic
linkages in pectic acid

Softness/loss in viscosity

Nutritional value

Ascorbic acid oxidase

Oxidation of L-ascorbic acid

Loss in vitamin C content

Thiaminase

Hydrolysis of thiamine

Loss in vitamin

From Svensson 1977
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6.2 Microbiological and Enzyme Considerations to Prevent
Spoilage of MPR Fruits and Vegetables

MPR fruits and vegetables with wounded or intact plant tissues, or both, require
special manipulation of preservation methods for the purpose of extending storage
life and preventing spoilage. These problems can relate to both microbe and enzyme
control. In the recent past, conventional wisdom suggested that a refrigeration tem-
perature from —2.2 °C to 4.4 °C (Anon. 1989a) would generally control outgrowth
of pathogenic and spoilage psychrotrophic types (see Chap. 19). Today, there is
considerable evidence that the low-temperature or refrigerator temperature treat-
ment or storage of MPR foods is not enough to control some psychrotrophic types.
It has been suggested that all refrigerated foods be divided into two categories for
labeling purposes, and this approach tends to be helpful in attempting to classify
MPR fruits and vegetables by preservation method (Anon. 1989a, b). They are as
follows (Anon. 1989a):

e “Group A Foods: Highly perishable, packaged [minimally]* processed foods
that must be refrigerated for safety reasons.” [Most of the vegetable products]

e “Group B Foods: Products intended to be refrigerated that do not pose a safety
hazard if temperature abused.” [Most of the fruit products and properly acidified
vegetable products]

“Products that possess all of the following attributes should be considered
Group A products that could potentially cause a public health hazard if improperly
handled:

1. Product has a pH >4.6; and

2. Water activity >0.85; and

3. Does not receive a thermal process adequate to inactivate foodborne pathogens,
which could, through persistence or growth in the product, cause a health
hazard under moderate conditions of temperature abuse during storage and
distribution; and

4. Has no barrier(s) imparted by either intrinsic factors (e.g., presence of nitrites,
salt content, the presence of competitive flora, etc.) or intrinsic factors (e.g., a
heat treatment to control pathogens) scientifically demonstrated to eliminate or
prevent the growth of food borne pathogens.”

The above suggestions by the Microbiology and Food Safety Committee of the
National Food Processing Association (NFPA) (Anon. 1989a) have been drawn up
for all refrigerated foods and are helpful in discussing the preservation of MPR
fruits and vegetables. Several aspects of these labeling requirements that are not
addressed are the twin problems of respiration and enzyme activity which must be
considered in successful handling of MPR fruits and vegetable to prevent spoilage
and extend shelf life. This is more fully discussed in the postharvest physiology area
(see Chap. 2).

An interesting approach to inhibit the growth of microorganisms in foods is
the development of the “hurdle concept” developed by Leistner and Rodel (1976).
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Fig. 6.1 The hurdle concept (From Scott 1989)

Scott (1989) has suggested that it is not productive from a quality standpoint to
provide extreme treatment conditions to inhibit the growth of microorganisms in
refrigerated foods. She suggests that suitable combinations of growth-limiting factors
can be used for preservation, so that no growth can take place, and suggests that this
may involve several subinhibitory treatments or preservation methods. Figure 6.1,
taken from Scott (1989), diagrammatically presents the “hurdle concept.”

In Fig. 6.1 it is assumed the products will be properly packaged to prevent the
entry of microorganisms and they will be stored at the optimum refrigerated tem-
perature for the specific fruit or vegetable. The examples are only for explanation;
however, hurdles will have to be developed for the many individual products and
formulas that will be minimally processed and refrigerated. Figure 6.1 A shows five
hurdles—a,, pH, E,, heat treatment, and a preservative—all at the same intensity
(size of solid line arc). The preservative finally stops growth of the “weakened”
microorganisms. Figure 6.1B shows several hurdles used on a product at different
intensities with the microbes again unable to overcome the preservative hurdle.
Figure 6.1C shows only two hurdles (a, and pH) used to preserve a product.
Figure 6.1D shows the synergistic effect in combining hurdles to provide greater
difficulty for microbial reproduction. Because MPR fruits and vegetables are in
large part “living” tissue, treatments to reduce or eliminate enzyme activity should
be included in the microbe hurdle concept (Fig. 6.2).
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Fig. 6.2 Applying the hurdle concept to microbe and enzyme control in MPR fruits and vegetables.
Enzymatic browning reaction

In Fig. 6.2A, a fruit product has a natural or added acidity to lower the pH to 4.6
or below, which will reduce microbial activity and increase the effectiveness of the
added antioxidant. When an antioxidant such as ascorbic acid is added to inhibit PPO,
it may not have much effect on the microbial systems present; however, as long as
the ascorbic acid is present in the acid medium, little browning will take place.
Finally a light heat treatment is provided to reduce the level of remaining enzymes
and lower the number (count) of fungi, yeasts, and bacteria present. This product
would be packaged and subject to refrigerated temperatures during storage, distri-
bution, and marketing. This hurdle concept considers two levels of temperature for
microbe and enzyme control, the initial heat treatment for a limited period and then
low-temperature control at 4.4 °C (Anon. 1990) over an extended but undefined
shelf life period.

In the example shown in Fig. 6.2B, a vegetable product may receive a short heat
treatment; acidification to provide a more acid pH; treatment with a preservative to
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reduce microbial activity, followed by an antioxidant treatment to reduce enzymatic
browning; and finally refrigerated storage which would act as the final preservation
barrier. If a packaged product is subjected to a modified atmosphere (MA) (Fig. 6.2C),
a low-dosage radiation of a fruit and vegetable at the prescribed level, treatment with
a preservative to reduce microbial activity, and a final treatment to reduce browning
a refrigerated storage temperature could complete this preservation sequence.
The information in Fig. 6.2A is illustrative of various preservation treatments.
Refrigerated storage temperatures that improve the safety characteristics of MPR
fruits and vegetables from a microbiological standpoint inhibit enzymatic activity
and improve or sustain the quality of the product during the extended shelf life
period. It appears that the hurdle or barrier concept should be factored in for both
microbe destruction and enzyme inhibition. Preservation principles should be applied
to both microbial and enzymatic (chemical) problems in MPR fruits and vegetables.
This point is supported by Peri (1991), who suggested chemical hazards in fact are
chemical or enzymatic reactions that cause oxidation, proteolysis, lipolysis, isomeri-
zation, polymerization, etc. in food products.

Fruit and vegetable technologies can draw on the experience with meats and
poultry. The pathogenic microorganisms that present the greatest human safety
problems in refrigerated foods containing meats and poultry are considered to be
Listeria monocytogenes, Salmonella spp., and nonproteolytic and proteolytic
Clostridium botulinum including the psychrotrophic species (Anon. 1990).
Suggestions are made for a minimum 4-decimal (4-D) reduction of L. monocytogenes
and the elimination of toxin production by C. botulinum. Most species of
Salmonella would be destroyed by the 4-D reduction of Listeria monocytogenes.
Similar recommendations are needed for MPR fruits and vegetables, particularly
low-acid vegetables.

L. monocytogenes, which has been isolated in coleslaw (Schlech et al. 1983),
lettuce (Radovich 1984), and cabbage juice (Conner et al. 1986), is a major organ-
ism of concern for MPR low-acid vegetables, because many of the hurdles dis-
cussed above applied to these foods to control Listeria have not been successful
(Scott 1989). Unfortunately these have included low-temperature preservation treat-
ments. On the other hand, high-temperature studies showed Listeria could not be
isolated from milk heated to 76.4-77.8 °C for 15.4 s (Doyle et al. 1987), whereas
Bunning et al. (1986) found a D-value of 1.6 s at 71.7 °C for the freely suspended
bacteria in milk. D-values are the time it takes to reduce a microbial population by
90% or the time it takes to make a similar reduction of specific enzyme activity at a
defined temperature. The z-values are sometimes called the slope of the thermal
resistance curve (Pflug and Esselen 1963). Also read Farber (1989). Heat treatment
of this magnitude (to get 70-75 °C center temperatures) for many fruits and vegeta-
bles could be deleterious in preserving their like-fresh quality. When considering
the possible presence of L. monocytogenes, it should be noted that MPR fruits have
the best opportunity to provide safe products because of their natural acidities and
pH values.

Plant pathogens provide problems for MPR fruits and vegetables, and control of
these spoilage organisms must be considered in order to provide high-quality shelf
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life (Chap. 7). Decayed and discolored tissues have to be eliminated from products
destined to be minimally processed. The preservation treatments or hurdles applied
to fruits and vegetables will be destructive to plant pathogens that have not been
removed by peeling, trimming/cutting, etc.

Enzymes are of particular concern in MPR fruit and vegetable preservation.
Table 6.1 summarizes the quality defects that may be caused by enzyme activity.
The most important enzyme in MPR fruits and vegetables is PPO, which causes
browning, usually a very undesirable reaction in terms of appearance. The second in
importance from a quality defect standpoint are probably the endogenous and exog-
enous pectin methylesterases (PEs) and polygalacturonase (PG) which are related to
softness, sloughing, and wholeness of fruit and vegetable tissue. The POs, catalases,
and lipoxygenases, which are primarily associated with flavor changes, but also can
be related to color changes in plant tissue, are also very important. In the freezing
preservation of fruits and vegetables, the inhibition of PO, which is one of the most
heat-resistant enzymes, is the standards of determining the adequacy of blanch
(Desrosier and Tressler 1977).

6.3 Heat Preservation

Heat preservation, one of the oldest forms of preservation known to man, has
potential to provide hurdles or barriers to reduce microorganisms and inhibit
enzyme activity. The major problem in MPR fruits and vegetables is that heat is
associated with destruction of flavor, texture, color, and nutritional quality. Heat
resistance of Listeria monocytogenes appears to be greater after a light heat shock
of about 48 °C which increased the D-value 2.2-fold at 55 °C in nonselective agar
(Linton et al. 1990). Also, consideration probably should be given to whether
heat-stressed spores and vegetative cells could recover better under MPR condi-
tions than the non-heat-stressed organism. Heat may also reduce microorganisms
that would be competitive with existing pathogens. This means heat treatments, if
used, must be carefully controlled and used sparingly, or not at all, to maintain
like-fresh quality

6.3.1 Modes of Heat Transfer
6.3.1.1 Steam
Systems that use live steam to treat MPR fruits and vegetables are somewhat diffi-

cult to control in terms of the time and exact temperature needed to maintain proper
texture and prevent overcooking, yet provide benefits.


http://dx.doi.org/10.1007/978-1-4939-7018-6_7

6 Preservation Methods for Minimally Processed Refrigerated Fruits and Vegetables 195

6.3.1.2 Hot Water

This commonly used mode of heat treatment has been reported by workers too
numerous to mention. Among its many applications, it has been used on fruit
and vegetable products as a means to reduce pathogens in fruit and pieces of
peeled fresh root vegetables, to reduce endogenous microflora on mushrooms,
to reduce microbial levels, and to partially reduce PPO activity (Orr 1990).
Losikoff (1990) has used a boiling water blanch of celery to provide thermal
inactivation of L. monocytogenes.

6.3.1.3 Hot Air (Gases)

There is little current data available relating to the use of hot gases to reduce
microbes and enzymes in MPR fruits and vegetables. Properly used, hot gases might
reduce moisture levels in centrifuged products but would have the disadvantage of
adding heat to the product.

6.3.1.4 Ionizing Radiation (Warm)

Also see section on Irradiation.

The two types of ionizing radiation (warm) used in the food industry are infrared
heating and microwave heating. Practically no information is available regarding
the use of this method for preserving MPR fruits and vegetables.

6.3.2 Types of Heat Preservation

One of the best reviews of the use of heat for refrigerated foods comes from the
National Advisory Committee on the Microbiological Criteria for Foods (Anon.
1990) for uncured meat or poultry products. They suggest nine heat processes which
are divided into three major categories relative to the microbial risks during pre- and
post-preservation. These categories could easily be applied to MPR fruits and
vegetables:

Category 1. Assembled and Cooked

Products are assembled and packaged. The product is given a final heat treatment
to destroy non-spore-forming pathogens and normal spoilage flora. This heat
treatment does not kill spore formers. Category 1 includes sous vide and
cook-in-bag products with raw or slightly precooked components assembled
and packaged, then cooled.
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Category 2. Cooked and Assembled

Ingredients are cooked and then assembled into the final package with no further
heat treatment applied after final packaging. The microbial flora can reflect
flora originally in the ingredients and those added during packaging and those
in the package. All spore formers could be present.

Category 3. Assembled with Cooked and Raw Ingredients

Components are cooked individually, combined with raw ingredients, then
assembled and packaged. Raw vegetables are added prior to final packaging
and may introduce pathogens into the product. There may be no further heat
treatment prior to distribution.

(Category 4. [Added by author] Assembled with Raw Ingredients

Components such as raw fruits or vegetables are not heat treated but are treated
with a preservative and an antioxidant, assembled, and packaged. The products
may contain human and plant pathogens and full or partial enzyme activity.
Although this category does not strictly relate to heat preservation, it is a cat-
egory required for MPR fruits and vegetables.)

The following process types (Anon. 1990) are primarily heat preservation meth-
ods with packaging and refrigeration included. They are mainly for cooked, uncured
meat and poultry products but also have application in the MPR fruit and vegetable
field. Actual time and temperature recommendations are not yet available for the
many products involved in this compilation. These are not standardized and depend
on the food manufacturer or source of the product:

Type 1. Example: sous vide (Fig. 6.3; Table 6.2)

Raw ingredients Precook (optional) —» Formulate —» Vacuum package —»
Pasteurize —» Chill —» Distribute

Type 2. Examples: rolls and roasts

Raw ingredients Formulate — Vacuum package — Cook —» Chill* —» Distribute
Type 3. Examples: roast or fried chicken, other roasts, and uncured sausages

Raw ingredients Cook — Chill* — Package — Distribute
Type 4. Examples: some uncured luncheon meats and diced meats

Raw ingredients Formulate — Cook — Chill* — Slice or dice — Package —
Distribute

Type 5. Examples: meat and pasta, meat and sauces, dinners, sandwiches, and pizza
Raw ingredients Cook — Chill* — Assemble — Package — Distribute

Type 6. Examples: chef salad, chicken salad, and sandwiches or pizza with raw
ingredients
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Fig. 6.3 Pasteurized in RAW INGREDIENT INSPECTION (1)

container with sous vide
(From Anon., Chilled Food

Association Anon. 1990) PRE-COOK
PREPARATION
VACUUM PACKAGE
Package Integrity (2)
Metal Detection (3)
Modified Atmosphere (4)
PASTEURIZATION
Time (5)
Temperature (6)
CHILL
Chilling Time (7)
Chilled Product Temperature (8)
STORAGE
Finished Product Temperature (9)
Storage Temperature (10)
Storage Time (11)

Raw ingredients Chill* — Formulate —» Recook and chill (optional) — Package
—>» Distribute

Type 7. Examples: meat pies, quiches, patties, and pates

Raw ingredients Formulate — Cook (optional) — Fill into dough — Cook
(optional) —» Chill* — Package — Distribute

Type 8. Examples: uncured jellied meats

Raw ingredients Cook — Chill* — Add raw ingredients — Final chill — Package
— Distribute

Type 9. Examples: stews, sauces, and soups

Raw ingredients Formulate — Cook — Fill while hot — Seal — Hold (optional)
— Chill* — Distribute

MPR fruits and vegetables that use mild heat treatments could be projected to fall
into some of the heat-treated meats and poultry chilled food examples supplied
here. Many of these examples can include like-fresh low-acid vegetables and the
less sensitive to microbial problems, like-fresh high-acid fruit products.

* Denotes continuous chilling at the given step with the asterisk and through all
subsequent steps to consumption.
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Table 6.2 Critical control points for products pasteurized in container with vacuum (sous vide)

Potential Action to take for
No. | Control point hazard How monitored deviation
1 Raw material Microbial | Establish specifications Notify vendor reject if
inspection not within
specification
Vendor certification and
warranty
Inspect shipping vehicle Audit quality
Measure record temperature of
product when received
Visual examination of product. | Rework/reject as per
Note physical condition of PQC/TQC program
packaging material
2 Package integrity | Microbial | Seal integrity check Rework
] Vacuum check Rework
Date code check Rework
3 Metal detection Metal Metal detector Reject positive
fragments detentions
in product
4 Modified Microbial | Vacuum test Reject
atmosphere
5,6 | Pasteurization Microbial | Establish correct pasteurization | Rework or reject
time and
temperature
Measure pasteurization
temperatures
Monitor pasteurization times
Periodically check internal
temperature at coldest point
7 Chilling time Microbial | Automatic or manual chiller Rework or reject
8 Chilling Microbial | Chill water temperature Hold for QC
temperature evaluation
Chlorine level in chilling water
9 Finished product | Microbial | Temperature monitoring device | Reject
temperature
10 | Storage Microbial | Chart recorder TTIs on Hold for QC
temperature packages evaluation
11 | Storage time Microbial | Date code checks TTIs on Reject
packages

Adapted from Chilled Food Association (Anon. 1990)

For the sake of amplification of the problems in refrigerated (chilled) foods, Type
1 pasteurized in container with vacuum, for example, sous vide, will be presented as
an example of heat preservation and critical control points in these types of foods
which actually may take place in two distinctive time frames (Fig. 6.3; Table 6.2)
(Ebert, 1990, Personal Communication). Precooking can reduce microbes in MPR
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fruits and vegetables and also provide for inactivation of enzymes. As the second
heat treatment, a specific temperature may be used for further reduction of microbes
to inactivate enzymes and still allow the fruit and vegetable product to be like-fresh
in quality. It is hard to visualize the use of sous vide for MPR fruits or vegetables
using heat alone. One scenario may be vegetarian meals where the entire entree may
be fruits and vegetables. Another could be the preparation of bulk (sized to con-
sumer requirements) MPR fruits and vegetables that are prepared for the institu-
tional market. The term individually quick-frozen (IQF) foods, which operates on
the fluidized bed principle, has long been used in the frozen food industry (Desrosier
and Tressler 1977). The same concept could be applied to MPR fruits and vegeta-
bles as mixed commodities or as individual commodities such as sliced, diced, or
shredded carrots. Schlimme (1990) has suggested the term individually quick
chilled (IQC) fruits and vegetables which could be linked with heat or other preser-
vation methods.

In the sous vide process, there are two effective heat preservation steps to con-
sider. The first is the precook, which is optional, to slightly soften the tissue and
reduce pathogens. The product should still exhibit like-fresh characteristics. Any
number of methods may be used for this precook including high-humidity cooking
ovens, steriflow retort with racks to hold product, water baths using different tem-
peratures of water, and microwave (especially for pasta). Meats require a center
temperature up to 77 °C depending on the species. The product should be chilled to
7 °C or less as quickly as possible. Then size reduction operations may take place,
and the product is filled in a package of standard thickness or shape and vacuumized.
After vacuumizing the product is pasteurized at temperatures which will kill vegeta-
tive cells and further reduce enzyme activity. This includes a 4-D process for Listeria
monocytogenes or a 7-D process for Salmonella (Table 6.3). The initial temperature
(IT) for these processes is considered for safety’s sake to be 0 °C.

There have been numerous studies related to the use of heat to preserve refriger-
ated fruits and vegetables. Some studies such as the one of Losikoff (1990) have
considered diced raw celery and determined the effects of a short boiling water
blanch on the thermal inactivation of Listeria. The information in Fig. 6.4 illustrate
the problem for control of injurious enzymes in MPR fruit and vegetable tissue by
heat alone. The D-values (in seconds) are very high at lower temperatures, making
it difficult to inactivate enzymes and retain like-fresh quality.

Peroxidase, which affects flavor and color of many vegetables and fruits, best
illustrates this point. It is clear that additional hurdles for enzymes (as well as for
microbes) must be included for the preservation regimen. One such hurdle may be

Table 6.3 D-values at various pasteurization temperatures for Salmonella and Listeria

‘C F Salmonella(7-D time in min) Listeria(4-D time in min)
54 130 121 87.8

60 140 12 11.4

66 150 1.2 1.48

71 160 0.12 0.19
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Fig. 6.4 Thermal inactivation of the thermostable fraction of the potato lipolytic acyl hydrolase,
lipoxygenase, polyphenol oxidase, and peroxidase as a function of temperature (From Svensson
1977)

adjustment of the pH of the food away from the isoelectric point of key enzymes
causing less heat stability. For example, Svensson (1977) has reported that pea
lipoxygenase, which has its isoelectric at pH 5.8 and heated to 65 °C has a D-value
of 400 min, has a D-value at pH 4.0 and 65 °C of only 0.1 min, a tremendous
decrease in heat stability. On the other hand, there have been reports that decreasing
a,, (a method to control microbes) has considerably increased the thermostability of
enzymes (Svensson 1977). Much research is required on the interaction of pH, heat,
and a,, in thermostability of enzymes in MPR fruits and vegetables.

6.4 Chemical Preservation/Preservatives

Chemical compounds both natural and synthetic have been used to control spoilage
and maintain quality in low-acid vegetables, acidified low-acid vegetables, and
high-acid fruit products. Preservatives that act as antimicrobials best fit the defini-
tion of preservation as expressed in this text; however, those preservatives that serve
as antioxidants are also very important in MPR fruits and vegetables to prevent
browning, reduce discoloration of pigments, and protect against loss of flavor,
changes in texture, and loss of nutritional quality.
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Fig. 6.5 Diagrammatic representation of growth of an endospore into vegetative cells showing
stages arrested by minimum inhibiting concentrations of some food preservatives (From Jay 1986b)

The preservative action of antimicrobials depends on the type, genus, species,
and strain of the microorganism tested. Antimicrobials are also effective at various
stages of growth of the endospore into a vegetative cell as shown in Fig. 6.5.
Efficiency of an antimicrobial also depends to a great extent on environmental fac-
tors, such as pH, water activity (a,,), temperature, atmosphere, initial microbial load,
and low-acid or high-acid food substrate, each factor acting singly or in combina-
tion. If they are varied to their extremes, many of these environmental factors, such
as a,, temperature, gaseous atmosphere, etc., can be considered individually as
methods of preservation. Some of these treatments were the basis of the hurdle or
barrier concept of using less than extreme preservation treatments in a logical
sequence to provide like-fresh quality in food products. The isobolograms in Fig. 6.6
by Davidson and Parish (1989) suggest that antimicrobial compounds used together
can produce three types of results: synergism, additive effect, and antagonism.
Similar results might be expected by combining heat, pH change, etc. with antimi-
crobials. It is obvious that combination of preservation methods including the use of
antimicrobial combinations must be tested in the specific food product systems
before application. In other words, the hurdles provided must at minimum be addi-
tive in action (preferably synergistic) and not antagonistic. A great deal of research
must be conducted on MPR fruits and vegetables using specific food or food mix-
tures to determine preservation results of hurdle or treatment variables.

Those preservatives that serve as antioxidants to extend shelf life and preserve
fruits and vegetables are of great interest. As indicated earlier, their efficiency depends
on a number of environmental factors such as pH, water activity (a,), temperature,
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Fig. 6.6 Isobolograms displaying the three types of results possible with combinations of antimi-
crobials (From Davidson and Parish 1989)

light, type and activity of the enzyme system, gaseous atmosphere, food substrate,
and heavy metal content (Buck 1985). The effectiveness of antioxidants is controlled
by environmental conditions for the preservative in the food system, its concentration,
and longevity during the storage or shelf life of the product. Those working with MPR
fruits and vegetables must consider the use of both antimicrobials and antioxidants to
provide a safe and high-quality like-fresh product over an extended shelf life period.
This suggests that the preservation hurdles used for MPR fruits and vegetables must
test both type and load of microbial flora and key enzymes that could cause quality
problems. Some “generally recognized as safe” (GRAS) chemical food preservatives
are found in Table 6.4 (Jay 1986b). (Also see Lewis 1989.)

6.4.1 Antimicrobials
6.4.1.1 Organic Acids and Related Compounds

Organic acids can be naturally present in fruits and vegetables (Table 6.5), accumu-
late as a result of fermentation, or be added during processing. For a good review
and detail relating to antimicrobials occurring naturally in foods, see Beuchat and
Golden (1989). Acid foods or organic acids added to low-acid foods as a
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Table 6.4 Summary of some GRAS chemical food preservatives

Maximum

Preservatives tolerance Organisms affected | Foods

Propionic acid/ 0.32% Molds Bread, cakes, some cheeses, rope

propionates inhibitor in bread dough

Sorbic acid/sorbates | 0.2% Molds Hard cheeses, figs, syrups, salad
dressings, jellies, cakes

Benzoic acid/ 0.1% Yeasts and molds Margarine, apple cider, pickle

benzoates relishes, soft drinks, tomato catsup,
salad dressings

Parabens? 0.1%" Yeasts and molds Bakery products, soft drinks,
pickles, salad dressings

SO,/sulfites 200—- Insects, Molasses, dried fruit winemaking,

300 ppm microorganisms lemon juice (not to be used in

meats or other foods recognized as
sources of thiamine)

Ethylene/propylene | 700 ppm Yeasts, molds, Fumigant for spices, nuts

oxides* vermin

Sodium diacetate 0.32% Molds Bread

Dehydroacetic acids | 65 ppm Insects Pesticide on strawberries squash

Sodium nitrite* 120 ppm Clostridia Meat-curing preparations

Caprylic acid - Molds Cheese wraps

Ethyl formate 15.200 ppm* | Yeasts and molds Dried fruits, nuts

From Jay 1986b

GRAS (generally recognized as safe) per Section 201 (32)(s) of the US Federal Food, Drug, and
Cosmetic Act as amended

“Methyl, propyl, and heptyl esters of p-hydroxybenzoic acid

"Heptyl ester—12 ppm in beers, 20 ppm in noncarbonated and fruit-based beverages
‘May be involved in mutagenesis and/or carcinogenesis

4As formic acid

Table 6.5 Some natural acids of fruits and vegetables

Fruits Acids?

Apples Malic, quinic, a-ketoglutaric, oxaloacetic, citric, pyruvic, fumaric, lactic, and
succinic acids

Apricots Malic and citric acids

Avocados Tartaric acid

Bananas Malic, citric, tartaric, and traces of acetic and formic acid

Blackberries Isocitric, malic, lactoisocitric, shikimic, quinic, and traces of citric and oxalic
acids

Blueberries Citric, malic, glyceric, citramalic, glycolic, succinic, glucuronic, galacturonic,
shikimic, quinic, glutamic, and aspartic acids

Boysenberries | Citric, malic, and isocitric acids

Cherries Malic, citric, tartaric, succinic, quinic, shikimic, glyceric, and glycolic acids

Cranberries Citric, malic, and benzoic acids

Currants Citric, tartaric, malic, and succinic acids

(continued)
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Table 6.5 (continued)

Fruits Acids®

Elderberries Citric, malic, shikimic, and quinic acids

Figs Citric, malic, and acetic acids

Gooseberries Citric, malic, shikimic, and quinic acids

Grapefruit Citric, tartaric, malic, and oxalic acids

Grapes Malic and tartaric (3:2), citric and oxalic acids

Lemons Citric, malic, tartaric, and oxalic acids (no isocitric acid)
Limes Citric, malic, tartaric, and oxalic acids

Orange peel Malic, citric, and oxalic acids

Oranges Citric, malic, and oxalic acids

Peaches Malic, citric, tartaric, and oxalic acids

Pears Malic, citric, tartaric, and oxalic acids

Pineapples Citric and malic acids

Plums Malic, tartaric, and oxalic acids

Quinces Malic acid (no citric acid)

Strawberries Citric, malic, shikimic, succinic, glyceric, glycolic, and aspartic acids

Youngberries Citric, malic, and isocitric acids

Vegetables Acids®

Beans Citric, malic, and small amounts of succinic and fumaric acids

Broccoli Malic and citric (3:2) and oxalic and succinic acids

Carrots Malic, citric, isocitric, succinic, and fumaric acids

Mushrooms Lactarimic, cetostearic, fumaric, and allantoic acids

Peas Malic acid

Potatoes Malic, citric, oxalic, phosphoric, and pyroglutamic acids

Rhubarb Malic, citric, and oxalic acids

Tomatoes Citric, malic, oxalic, succinic, glycolic, tartaric, phosphoric, hydrochloric,

sulfuric, fumaric, pyrrolidine carboxylic, and galacturonic acids

From Gardner 1966

*Acids that occur in appreciable quantities are shown in italics. The relative amount of each varies
widely with the variety, degree of ripeness, and seasonal effects. Complete identification of all the
acids present in many of the products is obviously lacking in many instances

preservation measure are usually considered as acidification in foods destined to
be thermally processed. The main objective of this procedure is to adjust the pH
of the product below pH 4.6 which is generally accepted as the minimum pH for
sporulation and growth of C. botulinum. Acidification is a safety measure also used
for MPR fruits and vegetables. Some organic acids may act as fungicides or fungistats,
whereas others tend to be more effective at inhibiting bacterial growth. Beuchat and
Golden (1989) suggest that the mode of action for organic acids can be related to
direct pH reduction of the substrate, some reduction of internal pH of the cell due to
ionization of the undissociated acid molecule, or disruption of the transport mecha-
nism through the cell membrane. It appears that the antimicrobial effectiveness of
organic acids is primarily related to the dissociation constant (pK,) of the acid.
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Table 6.6 Proportion of total acid undissociated at different pH values

pH values
Organic acids® 3 4 5 6 7
Acetic acid 98.5 84.5 34.9 5.1 0.54
Benzoic acid 93.5 59.3 12.8 1.44 0.144
Citric acid 53.0 18.9 0.41 0.006 <0.001
Lactic acid 86.6 39.2 6.05 0.64 0.064
Methyl, ethyl, and
propylparabens® >99.99 99.99 99.96 99.66 96.72
Propionic acid 98.5 87.6 41.7 6.67 0.71
Sorbic acid 97.4 82.0 30.0 4.1 0.48

From Dziezak 1986)
*Values given as percentage
"Parabens, p-hydroxybenzoic acid

Table 6.6 shows proportion of total acid undissociated at different pH values for
some common organic acids (Dziezak 1986). The pK, values of most organic acids
used in foods are somewhere between pH 3 and 5; thus acidification of low-acid
foods greatly improves the antimicrobial characteristics of the food. However, this
mechanism relies on complete diffusion of the acid throughout the sample and to
the center of every food particle involved in acidification.

Citric Acid Citric acid (C¢Hg0,) is the main organic acid of fruits such as citrus,
cranberries, currents, figs, strawberries, etc. and vegetables including beans and
tomatoes (Gardner 1966). Citric acid has been shown to inhibit the growth of bacte-
ria (Fabian and Graham 1953), flat sour bacteria in canned tomato juice (Murdock
1950), and to be more inhibitory to Salmonellae in milk than lactic and hydrochloric
acids (Subramaniun and Marth 1968). Unfortunately most of the above examples of
efficiency of citric acid as an antimicrobial relate to thermally processed products.
There have been a number of studies that have suggested the antimicrobial activity
of citric acid is due to the chelation of metal ions which are essential for microbial
growth {Beuchat and Golden 1989). Citric acid can be used to prevent browning by
chelating copper in PPO. Inactivation of enzymes and potentiation of antioxidants
in fruits and vegetables such as ascorbic acid, erythorbic acid, or sodium erythor-
bate can be achieved by the use of citric acid. Usage levels for citric acid are typi-
cally 0.1-0.3% with an antioxidant at 100-200 ppm (Dziezak 1986).

Benzoic Acid (CsHsCOOH) and Parabens The earliest reference to benzoic acid
was made in 1608 by Blaise de Vigenere in “Traite’ du Feu et du Sel,” which
described its preparation by the sublimation of gum benzoin (Smith 1938). Benzoic
add occurs naturally in cranberries, prunes, cinnamon, cloves, raspberries, plums,
and other fruits and vegetables. Its sodium salts (C;HsNaQ,), along with the esters
of p-hydroxybenzoic acid (parabens), are some of the most important food pre-
servatives. The sodium salt is particularly helpful in products with pH values
below 4.6. It can be used in fruit products, fruit drinks, and juices as an antimicrobial.
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For example, Rushing and Senn (1962) found levels of 0.033-0.066% of sodium
benzoate could extend the shelf life of chilled citrus salads to 5—-6 weeks at 4.4 °C
and 12-16 weeks at 1.11 °C. However, it appeared that off-flavor development in
the salad occurred before bacterial count had increased significantly. A number of
workers have suggested that the undissociated benzoic acid molecule, which appears
to be responsible for antimicrobial activity, diffuses through the microbial cell
membrane, where it ionizes, causing rather complete acidification of the cell
(Beuchat and Golden 1989; Jay 1986a). This acidity in turn has been postulated to
interfere with substrate transport and oxidative phosphorylation systems (Freeze
etal. 1973). Figure 6.5 suggests that the stage of endospore germination after shed-
ding the spore wall is most sensitive to benzoate treatment. The benzoate com-
pounds are most active in the lower pH acid foods such as apple cider, soft drinks,
tomato catsup, and the like and not as effective in low-acid vegetables such as corn,
peas, beans, lettuce, etc. The pK, of benzoate is 4.2. This means this acid would be
much more effective around a pH of 4.0-5.0. At a pH of 6.0, which is normal for
many vegetables, only 1.5% of the benzoate is undissociated (Jay 1986b).

The benzoates are more effective against molds and yeasts rather than bacteria.
In acid foods, they can be effective against bacteria in the 50-500 ppm range. In the
pH 5.0-6.0 range, at 100-500 ppm, they are effective in inhibiting yeast, whereas at
30-300 ppm they are inhibitory to molds (Jay 1986b). Care has to be taken with the
addition of benzoates to acid foods in that they can deliver a “peppery” or a burning
taste sensation at levels of about 0.1%.

The useful parabens in food systems methylparaben (methyl p-hydroxybenzoate),
propylparaben (propyl p-hydroxybenzoate), and heptylparaben (n-heptyl p-
hydroxybenzoate) are permitted in the United States, whereas the butyl- and ethyl-
parabens are permitted in some other countries (Jay 1986b). Parabens are most
effective against molds and yeast and are less effective against bacteria, especially
gram-negative bacteria. The pK, of these compounds is around pH 8.47. Their anti-
microbial activity tends to increase with the length of the alkyl chain and extends up
to pH 7.0 (Dziezak 1986), which should make these useful in vegetable salads and
vegetable soup stocks. Both methyl- and propylparabens are affirmed as GRAS
under 21 CFR 184.1490 and 21 CFR 184.1670 (Anon. 1992), respectively, and are
limited to a combined usage level of 0.1%. The length of the alkyl chain is related
to solubility in water which is usually necessary for use on fruits or vegetables. The
parabens are available as a free-flowing white powder. The methyl ester imparts a
slight odor and taste reminiscent of sodium benzoate, whereas the propyl ester is
essentially odorless (Dziezak 1986).

Acetic Acid Acetic acid (C,H,0,) and its salts Na acetate, Ca acetate, Na diacetate,
and Ca diacetate have preservative antimicrobial properties. In addition acetic acid
is known for its sequestering ability and its flavoring properties. Most vinegars
contain acetic acid at the 4% level. Acetic acid and its salts are GRAS and are
effective to a pH of 4.5. Acetic acid itself, which is a product of lactic acid bacteria
fermentation or saccharomycete fermentation in such products as pickles, sauer-
kraut, olives, and cider, may also be added directly to the product. The limiting
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factor of acetic acid/vinegar addition to foods is the loss of desirable flavors and
“bite” from high levels of use.

The main targets of acetic acid are yeast and bacteria and it has less effect on
molds. The antimicrobial effect of acetic acid appears to be due to the depression of
pH below the optimum growth range of microorganisms and metabolic inhibition
by the undissociated molecules. In vegetable, meat, and fish products, 1-2% of the
undissociated acid is sufficient to inhibit or kill all nontolerant microbes (Dziezak
1986). Acetic acid is used as a flavoring agent in condiments such as catsup, mayon-
naise, and salad dressing. The treatment levels for acetic acid set forth by the
International Commission on Microbiological Specifications for Foods (ICMSF)
(Christian 1980) indicate 0.1% inhibits the growth of most food poisoning and
spore-forming bacteria, whereas 0.3% of the undissociated acid is required to inhibit
the growth of mycotoxigenic molds.

In studies by Oscroft et al. (1989) acetic acid showed good antimicrobial properties
both at 0.05% and 0.5% wt/vol combinations in a combined heat 95 °C acetic acid
treatment of cocktails containing Bacillus spores. The results were the best when the
precooked chilled ready-to-eat meals were cooled to 12 °C. Colder refrigerated
temperatures should provide even more safety for these meals. Acetic acid/vinegar in
dressings and condiments could be helpful in preserving MPR vegetables.

Lactic Acid This organic acid (C;H¢O;) is widely employed as a preservative in
foods as a result of the action of lactic acid bacteria and related inhibiting sub-
stances other than organic acids (see Doores 1983; Jay 1986a; Daeschel 1989, for
more information). Lactic acid can also be added directly to food and provide anti-
microbial properties by depression of pH below growth range and metabolic inhibi-
tion of the undissociated acid molecules. It should be emphasized that it is the
titratable acidity rather than hydrogen ion concentration (pH) per se that is impor-
tant in a treatment using an organic acid such as lactic since there is incomplete
ionization of the acid even at lower acid pH values.

Banks et al. (1989) used lactic acid alone at 0.05% and 0.5% levels to treat 10°
spores/ml Bacillus spp. cocktail heated to 65 °C/60 min and stored at 30, 20, and
12 °C for 42 days. Results indicated the lactic acid treatments were not effective
inhibitors in storages of 20 and 30 °C. The treatments stored at 12 °C showed out-
growth at pH 6.0 but no outgrowth at pH 5.7, 5.4, 5.1, 4.8, 4.5, and 4.2. The results
were similar in experiments carried out with 10* spore/ml and 10* spore/ml. Similar
experiments were conducted by Oscroft et al. (1989) using a thermally stressed
(95 °C/15 min) cocktail of Bacillus spp. at 102, 10%, and 10° spores/ ml in trypticase
soy broth (TSB). The treated samples were incubated for 42 days at 12, 20, and
30 °C. The control treatment had lower counts than the Banks et al. (1989) experi-
ments, and there was outgrowth at 12 °C storage in the pH 6.0 and 5.7 treatments but
none at pH 5.4, 5.1, 4.8, 4.5, and 4.2. These are similar results to the heat treatments
for a longer time at a lower temperature of 65 °C. The integrated sterilizing (IS)
values for these heat treatments were not reported.

Propionic Acid (CN;CH,COOH) and Its Salts This acid and its sodium and calcium
salts are primarily used to prevent mold growth in breads, bakery products, cheeses,
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Table 6.7 Effect of pH on pH Undissociated (%)
sorbic acid dissociation 7.00 0.6

6.00 6.0

5.80 7.0

5.00 37.0

4.75(pK,) | 50.0

4.40 70.0

4.00 86.0

3.70 93.0

3.00 98.0

From Liewen and Marth 1985

and other foods. The antimicrobial action of propionates is similar to that of benzoate
in the undissociated form. The piCa of propionate is 4.87 and at a pH of 4.0, 88% of
the compound is undissociated, whereas at a pH of 6.0 only 6.7% remains undis-
sociated (Jay 1986b). Because these compounds do not have a tendency toward
dissociation, they are useful in low-acid foods. Dziezak (1986) suggested 0.2-0.4%
levels of propionates to retard mold growth on syrups, blanched apple slices, figs,
cherries, blackberries, peas, and lima beans. The compound seems to act as a fungi-
stat rather than a fungicide according to Jay (1986b).

Sorbic Acid (CH;CH=CHCH=CHCOOH) and Its Salts Sorbic acid is a monocar-
boxylic acid and its potassium salt forms (both GRAS status) are used to preserve
foods. According to Liewen and Marth (1985), a German chemist, A.W. Hoffmans,
first isolated sorbic acid from the pressed unripened berry of the rowan or mountain
ash tree in 1959. For further information on sorbic acid, see review of Liewen and
Marth (1985).

With use of the sorbates, it is also the undissociated molecule that provides anti-
microbial properties. Table 6.7 shows the effect of pH on sorbic acid dissociation
and its pK, of 4.75 (Sofos and Busta 1980). It appears that the upper pH limits for
sorbates to be effective as antimicrobial agents are around 6.0—6.5, whereas for
propionate and benzoates, they are 5.0-5.5 and 4.0-4.5, respectively (Liewen and
Marth 1985).

This provides a basis for the traditional uses of sorbates in cottage cheese, baked
goods, beverages, syrups, fruit juices, wines, jellies, jams, salads, pickles, marga-
rine, and dried sausages. Work has also explored the use of sorbate in fresh produce,
fresh fish and poultry, and yeast-raised and baked goods (Robach 1980).

Table 6.8 (Liewen and Marth 1985) shows the suggested concentration of sor-
bic acid for a number of foods. As indicated earlier, a number of environmental
factors including more acid pH, lower a,, lower temperature, higher CO,, the type
and number of microbial flora, and food components all have important effects on
the efficiency of sorbate and should be considered in its use on a specific food
product.
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Table 6.8 Typical , Cheeses 0.2-0.30

co.ncentrat.lon (%) of sorbic Beverages 0.03-0.10

acid used in various food

products Cakes and pies 0.05-0.10
Dried fruits 0.02-0.05
Margarine (unsalted) 0.05-0.10
Mayonnaise 0.10
Fermented vegetables 0.05-0.20
Jams and jellies 0.05
Fish 0.03-0.15
Semimoist pet food 0.1-0.3
Wine 0.02-0.04
Fruit juices 0.05-0.20

From Liewen and Marth 1985

Robinson and Hills (1959) worked with preserving apple juice (cider), peach slices,
and fruit salad (pineapple and citrus slices) that were subjected to temperatures of
37.8-54.4 °C for 5 min in the presence of sodium sorbate. The apple juice, peach
slices, and fruit salad had a final concentration of sodium sorbate of 0.06%, 0.048%,
and 0.12% by weight on the basis of 16 ounces net contents, respectively. These
treatments greatly increased the storage life of these products at storage tempera-
tures of 22.8 and 10 °C. In the cider study, 0.06% sorbate with a 37.8 °C heat treat-
ment for 5 min destroyed 50% of the initial yeasts, molds, and bacteria in the cider
as well as improved storage life to 14 days at room temperature. At 48.9 °C there
was a 99% reduction in microbial counts, and storage life was increased to 23 days
at 21.1 °C. Similar results were shown with peach slices and fruit salad, with
peach slices showing a 92-day shelf life before gas formation in most treatments.
The 10 °C storage temperature gave slightly better results than the 22.8 °C storage
samples. Although the flavor of these samples was rated as good, refrigerated/
chilled temperatures would have improved the results of this work. Interactions of
sorbates with other preservatives and other preservation methods are also discussed
later in this chapter.

Malic, Succinic, and Tartaric Acids Malic acid (C,H4O;) was reported by Gardner
(1966) in the following fruits, apples, apricots, bananas, cherries, grapes, orange
peel, peaches, pears, plums, and quinces, and in vegetables, broccoli, carrots, peas,
potatoes, and rhubarb. In his somewhat short list, malic acid is reported in all fruits
and vegetables except avocados and mushrooms (Table 6.5) (Gardner 1966).

Succinic acid (C,;H404) and succinic anhydride (C,H,0;) are white crystals and
powder and white crystals, respectively. Succinic acid is found in a number of fruits
and vegetables (Table 6.5) and in asparagus, rhubarb, and sugar beets as well according
to Beuchat and Golden (1989).

Tartaric acid (C4Hg0¢), which is a white crystal and imparts a bitter tart flavor
sensation, is present in a number of fruits and tomatoes (Table 6.5).

The antimicrobial activity of these natural organic acids appears to be the result of
a decrease in pH. Yeasts and some bacteria are target populations. Because they have
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not been studied in any detail for use on MPR fruits and vegetables, they should be
considered in products where they are naturally present and possibly in others.

Phenolic acids are reported (Yildiz 2010) to have excellent preservative and
antioxidant properties naturally in cherries, pomegranate arils, quinces, rose hips,
parsnip, eggplant, and artichoke.

6.4.2 Indirect Antimicrobials

This category of antimicrobials is summarized by primary use and most susceptible
organisms in Table 6.9 taken from Jay (1986b).

6.4.2.1 Medium-Chain Fatty Acids

Medium-chain fatty acids, that is, those containing 12—18 carbon atoms, have been
known since the early part of this century to exhibit antimicrobial properties (Branen
et al. 1980). This is an additional benefit of these compounds which are used pri-
marily as emulsifying agents in foods. Some organisms may be killed by fatty acids,
but the antimicrobial action of fatty acids is more static than cidal (Neiman 1954).
The undissociated form of the fatty acid molecule is thought to be responsible for
antimicrobial activity against yeasts and gram-positive bacteria. Therefore, com-
pounds will react in the same manner as organic acids to changes in pH. One would

Table 6.9 Some GRAS indirectly antimicrobial chemicals used in foods

Compound Primary use Most susceptible organisms
Butylated hydroxyanisole (BHA) Antioxidant Bacteria, some fungi
Butylated hydroxytoluene (BHT) Antioxidant Bacteria, viruses, fungi
t-Butylhydroquinone (TBHQ) Antioxidant Bacteria, fungi

Propyl gallate (PG) Antioxidant Bacteria
Nordihydroguaiaretic acid Antioxidant Bacteria
Ethylenediaminetetraacetic acid Sequestrant/stabili | Bacteria

Sodium citrate Buffer/sequestrant | Bacteria

Laurie acid Defoaming agent Gram-positive bacteria
Monolaurin Emulsifier Gram-positive bacteria, yeasts
Diacetyl Flavoring Gram-negative bacteria, fungi
D- and L-Carvone Flavoring Fungi, gram-positive
Phenylacetaldehyde Flavoring Fungi, gram-positive
Menthol Flavoring Bacteria, fungi

Vanillin, ethyl vanillin Flavoring Fungi

Spices/spice oils Flavoring Bacteria, fungi

From Jay 1986a
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expect greater antimicrobial activity as the pH is lowered. Concentrations needed
for inhibition usually are in the 10—1000 mg/ml range (Branen et al. 1980).

The gram-negative bacteria and molds seem to be less susceptible than gram-
positive bacteria to the antimicrobial properties of the various fatty acids. For con-
trol of gram-positive bacteria, the most effective chain length for saturated fatty
acids is 12 carbons; the most effective monounsaturated fatty acid is C¢,; (palmitic);
and the best polyunsaturated is Ci.1, (linoleic) (Beuchat and Golden 1989). Kabara
(1983) has reviewed the antimicrobial activity of fatty adds. Also see Kabara (1981)
for food grade chemicals to use in designing food preservative systems.

For use in MPR foods, medium-chain fatty acids could be most helpful in fruits
and vegetables that are slightly acidic and do not yield well to other preservatives.
In addition, there are other factors aside from pH and acidity that control effective-
ness of these compounds. Neiman (1954) has found that antagonists such as starch,
cholesterol, and serum albumen reduce antimicrobial action of fatty acids. The
effectiveness of these compounds may also rest on their solubility or lack of solubil-
ity in water. To assist in solving this problem, fatty acids could be added to dressings
or condiments and should be considered as a method to extend shelf life of MPR
fruits and vegetables. Other preservation hurdles might also be included in such a
system to improve the effectiveness of fatty acids.

6.4.2.2 Fatty Acid Esters of Polyhydric Acids

Fatty acid esters of sucrose and other polyhydric alcohols are used primarily as
emulsifiers, but they also provide antimicrobial properties. They can be manufac-
tured or occur naturally in plants (Beuchat and Golden 1989). Monolaurin, a glycerol
monoester, is a satisfactory compound to be used against gram-positive organisms or
yeasts. Combining monolaurin with other food additives such as citric acid, poly-
phosphoric acid, EDTA, and BHT or with other physical food preservation hurdles
such as refrigeration or heating could increase the effectiveness of monolaurin
against the more difficult to control gram-negative organisms (Branen et al. 1980).
Lipid esters will have to be tested in food products to gain insights on their function-
ality in a specific situation. For more information concerning these preservatives, see
the above listed references and Jay (1986b) and Kato (1981).

6.4.2.3 Other Indirect Antimicrobials

According to Jay (1986b), many other compounds including those found in Table 6.9
have some antimicrobial properties (also see Marth 1966). The literature does not cover
these compounds for use in MPR fruits and vegetables, but applications should be
sought where capability and functional properties could be used to advantage. This
would be especially true with spices and flavoring agents used in MPR fruits and veg-
etables. Beuchat and Golden (1989) have covered in detail other natural antimicrobials
such as pigments and related compounds, humulones and lupulones, hydroxycinnamic
acid derivative, oleuropein, caffeine, theophylline and theobromine, and phytoalexins,
and their article should be read for more detail than can be provided here.
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6.4.2.4 Sugar and Salt

Sugars such as sucrose, glucose, fructose, etc. exert antimicrobial properties at
concentrations much higher than are normally used in MPR fruits or vegetables.
Some yeasts and molds can grow in sugar solutions of 60% sucrose which could
rarely be used in MPR products (Jay Jay 1986b).

Salts may be used in MPR vegetables but at relatively low levels. Conner et al.
(1986) found NaCl concentrations in cabbage juice at 7.2% caused a decrease in
strains of L. monocytogenes, Scott A, and LCDC 81861. The levels of salt in MPR
vegetables should be studied to determine if salt concentration alone could lower
microbial activity. In most instances it would be expected that the levels of sugar or
salt added to MPR fruits and vegetables alone would not be effective antimicrobial
agents; however, they might be linked with other preservative hurdles and provide
antimicrobial protection. See also the section on water activity (a,) for more
information.

6.4.2.5 Antibiotics

A great number of antibiotics are mentioned in the literature as antimicrobials.
They include nisin, natamycin, tetracyclines, subtilin, and tylosin. Nisin produced
by Streptococcus lactis is usually referred to as an antibiotic but probably should be
classified as a bacteriocin because it has no therapeutic value in human or veterinary
medicine, feedstuffs, or growth promotion (Banks et al. 1989). Nisin and natamycin
have been approved for food use in many countries, and recently nisin has been
approved in the United States by the US Food and Drug Administration (USFDA)
for use in processed cheese spreads. The tetracyclines, that is, chlortetracycline and
oxytetracycline, have been studied widely for their use in fresh foods, and natamy-
cin has been suggested as a food fungistat (Jay 1986b).

Jay (1986b) has summarized the considerations one should make in deciding on
the use of antibiotics on foods or MPR fruits and vegetables. These were developed,
because of the general resistance of consumers to the use of antibiotics in foods to
preserve them. See below:

1. The antibiotic agent should kill, not inhibit the flora, and should ideally decom-
pose into innocuous products, or be destroyed, on cooking for products that
require cooking.

2. The antibiotic should not be inactivated by food components or products of

microbial metabolism.

. The antibiotic should not readily stimulate the appearance of resistant strains.

4. The antibiotic should not be used in foods if used therapeutically or as an animal
feed additive.

(O8]

Nisin, along with subtilin, and tylosin have been used as adjuncts to the use of
heat in canning many vegetables. The concept includes giving canned low-acid
foods the typical F, 3-min or “bot cook’ heat treatment, and then the added antibiotic
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will prevent more economic or pathogenic spoilage by attacking the more heat-
resistant thermopiles. Fq is the time in minutes required to destroy a stated number
of organisms with a known z at temperature 7.

MPR fruits and vegetables may need a mild pasteurization temperature, but this
will not prevent the outgrowth of the Bacillus and Clostridium species if tempera-
ture abuse should occur. Banks et al. (1989) have studied pasteurization tempera-
tures in conjunction with use of pH, acidity control, and preservatives. Nisin was
used in Bacillus spore cocktails at levels of 0, 125, 250, and 5000 IU ml-!. Addition
of nisin alone to the heating medium did prevent germination and outgrowth of
spores. As the inoculum concentration increased to 10° spores/mT?, the efficacy of
nisin decreased, and as the pH was decreased from 6.0 to 4.2, the effectiveness of
nisin increased.

According to Wagner and Moberg (1989), to ensure successful application of nisin
as a preservative, the food should be acidic in nature to provide stability of the antimi-
crobial during processing and storage, and the spoilage organism to be controlled
should be gram-positive, be nisin sensitive, and not contain nisinase. If nisin is
depleted from the food system, its protection could be lost.

It appears nisin could be helpful in mildly heated refrigerated fruits and vegeta-
bles where heating could induce germination and outgrowth of spores. This might
reduce the potential for growth of psychrotrophic and mesophilic aerobic spore
formers and their resultant spoilage of food. Little research has been conducted on
the use of antibiotics to provide antimicrobial activity in MPR fruits and vegetables,
and it is an area that should be investigated.

Although gas—controlled atmosphere (CA) and modified atmosphere (MA)—
treatments in storages or through packaging provide antimicrobial protection and can
logically be covered under antimicrobials, special emphasis for this area in MPR fruits
and vegetables is presented in the section on gas preservation in this chapter.

6.4.2.6 Antioxidants

The US Food and Drug Administration (FDA) in 21 Code of Federal Regulations
(CFR) 170.3(0)(3) (Anon. 1992) has defined antioxidants as substances used to pre-
serve food by retarding deterioration rancidity or discoloration due to oxidation.
In MPR fruits and vegetables, there are several types of oxidative reactions in which
electrons are removed from atoms or molecules to lead to a reduced form. These reac-
tions cause browning reactions, discoloration of endogenous pigments, loss or changes
of product flavor or odor, changes in texture, and loss of nutritional value from destruc-
tion of vitamin A, C, D, or E and essential fatty acids such as linoleic acid. These
changes are important in most MPR fruits and vegetables. Special problems arise in
seed crops and lipid-containing vegetables such as avocado leading to the possible
development of rancid off-flavors and toxic oxidation products (Dziezak 1986).

As seen in Fig. 6.7, there are four categories of chemical structures used to
stabilize foods. They are (1) the free radical interceptors such as BHA, BHT, etc.,
which are usually used for oil- and lipid-containing foods and are very insoluble in
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Fig. 6.7 Chemical structures of several antioxidants and their synergists: a free radical interceptors,
b reducing agents, ¢ chelating agents, and d secondary antioxidants (From Dziezak 1986)

H,0; (2) the reducing agents such as ascorbic acid and isomer erythorbic acid and
related compounds which are used extensively to transfer hydrogen ions; (3) chelat-
ing agents such as citric acid and EDTA; and (4) the “secondary” antioxidants
including dilauryl acid, thiodipropionate, and thiodipropionic acid. The most impor-
tant compounds used in stabilizing MPR fruits and vegetables are reducing agents
and certain GRAS chelating agents that are not actually antioxidants but are impor-
tant in preventing oxidative reactions in fruits and vegetables. With the recent
restrictions of the use of sulfites on fruits and vegetables to be served raw or sold
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raw to consumers or presented to customers as fresh (21 CFR 182.3739, 182.3766,
182.3862, 182.3798, 182.3637, and 182.3616) (Anon. 1992), there can be little
doubt these regulations relate to like-fresh MFR foods. Much research is being
conducted to find suitable substitutes for sulfites for all fresh and MPR fruits and
vegetables. The most promising substitutes may be combinations of the ascorbic
acid derivatives with citric or other organic acids.

6.4.2.7 L-Ascorbic Acid

L-Ascorbic acid (vitamin C) and its various neutral salts and other derivatives have
been leading GRAS antioxidants for use on fruits and vegetables and their juices to
prevent browning and other oxidative reactions (Bauernfemd and Pinkert 1970).
Sapers et al. (1989a) have recently reported on a number of ascorbic acid deriva-
tives, PPO inhibitors, and complexing agents used to control enzymatic browning.
The L-ascorbic acid isomer erythorbic acid is covered later in this section. In its
removal of oxygen from food, ascorbic acid is oxidized to form dehydroascorbic
add. Ascorbic add is usually added together with citric acid which tends to maintain
more acid pH levels and also acts as a chelating agent on such enzymes as copper-
containing PPO (Whitaker 1972a). Ascorbic add is a moderately strong reducing
compound, is acidic in nature, forms neutral salts with bases, and is very water
soluble. The product may be added to foods as tablets or wafers, dry premixes, lig-
uid sprays, or as a pure compound. It is important to add the ascorbic acid as late as
possible during processing or preservation to maintain highest levels during the
shelf life of the food commodity. If the goal is to maintain a vitamin C level in fruit
and vegetable juices of about 30 mg/8 fl. oz., then 3 oz. of crystalline ascorbic acid
need to be added to 100 gallons of juices (Bauernfemd and Pinkert 1970). Potter
(1968) suggested that levels of ascorbic acid dissolved in a sugar syrup should be
0.05-0.2% and given adequate time to penetrate could keep peaches from darkening
for 2 years at 0 °F. Sapers et al. (1990), working with the problem of penetration of
ascorbic acid, erythorbic acid, or their sodium salts in combination with citric acid,
found apple plugs and potato plugs were best infiltered with 34 and 108 kPa pres-
sure, respectively. Storage life was increased 3—7 days for apple plugs and dice and
2—4 days for potato plug under refrigerated temperatures of 4 °C. Because low levels
such as 100 ppm of ascorbic acid may induce prooxidative effects, levels such as
2000 ppm are suggested to prevent these reactions (Cort 1982).

6.4.2.8 Erythorbic Acid

Erythorbic acid and its salt, sodium erythorbate, are GRAS and are strong reducing
agents; they act as oxygen scavengers, thus reducing molecular oxygen. Erythorbic
acid is the D-isomer of ascorbic acid but has no vitamin C activity. Most research
suggests L-ascorbic acid and erythorbic acid have about equal antioxidant properties;
thus L-ascorbic acid might be used only where vitamin C addition is a necessity.
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At today’s prices (1992) L-ascorbic acid is about five times more expensive than
erythorbic acid.

The use of erythorbic acid with citric acid has been often suggested as a substi-
tute for sulfites. This combination is used at retail to inhibit oxidative rancidity and
discoloration in salad vegetables, coleslaw, apples, and frozen seafood. Erythorbic
acid or sodium erythorbate can suppress browning reactions in frozen fruits and
should be helpful in MPR fruits.

See Sapers et al. (1989a), Sapers et al. (1989b), and Sapers et al. (1990) for infor-
mation on use of ascorbic acids and their derivatives to prevent browning reactions
in fruits and vegetables. The 1989b article covers some uses of ascorbic acid-2-
phosphate, ascorbic add-2-triphosphate, and ascorbic add-6 fatty acid ester as novel
browning inhibitors. These substances have not yet been approved by the USFDA.

6.4.2.9 Sulfites

Sulfites are increasingly under fire for use in raw fruits and vegetables. As indicated
earlier in this section, sulfites are no longer GRAS for fruits and vegetables served
raw, sold raw, or presented to the consumer as raw. Foods containing a detectable
level of a sulfiting agent defined as 10 ppm, regardless of source, must declare the
sulfite and its content on the ingredient label (21 CFR Part 182.3862) (Anon. 1992).
It is likely that more and more regulatory restrictions will be applied to the use of
sulfites in foods globally because of the sulfite allergies in a significant portion of
our population. They are not recommended for MPR fruits and vegetables.

6.4.2.10 Chelating Agents

As seen in Fig. 6.7, chelating agents are not antioxidants but work as synergists with
antioxidant preservatives. They complex with prooxidative agents such as prooxida-
tive copper and iron ions through an unshared pair of electrons in their molecular
structures which provides the complexing or chelating action. The best known che-
lating agents for use on fruits and vegetables that are GRAS are citric acid and
EDTA. Sapers et al. (1989b) report on papers describing non-GRAS chelating agents
such as cyanide, diethyldithiocarbamate, 2-mercaptobenzothiazole, and azide which
inhibit PFO by interacting with its prosthetic group and polyvinylpyrrolidone which
bonds the phenolic substances, preventing their conversion to quinones.

Friedman (1991, Personal Communication) has been testing an acidic polyphos-
phate, Sporix, on precut apples, potatoes, broccoli florets, snow pea pods, and other
fruits and vegetables. It is soluble in water and has a pH of 2.0. The recommended dip
for these commodities is a 0.5% solution, Sporix-ascorbic acid combinations were
synergists in reducing browning in the juice of Granny Smith apples and the cut surface
of Red Delicious and Winesap apples (Sapers et al. 1989b). According to Friedman
(1991, Personal Communication) the compound is allowed on fruits and vegetables in
Taiwan, Korea, and Japan and is being considered in the United States by USFDA.
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6.4.2.11 Citric Acid

Citric acid (covered earlier) is also a chelating agent that is GRAS and used syner-
gistically with ascorbic or erythorbic acids and their neutral salts to chelate prooxi-
dants which might cause rancidity and inactivate enzymes such as PPO that cause
browning reactions. Suggested usage levels for citric acid are typically 0.1-0.3%
with the appropriate antioxidant at 100-200 ppm (Dziezak 1986), Citric acid can
also be used as a chelating agent in many other foods.

6.4.2.12 EDTA

EDTA is another chelating agent permitted as a chemical preservative. The major
compounds approved as additives by FDA are calcium disodium EDTA (21 CFR
172.120) and disodium EDTA (21 CFR 172.135) (Anon. 1992). The former com-
pound can be used in potato salad (100 ppm), pickled cabbage (220 ppm), pickled
cucumbers (220 ppm), nonstandardized dressings (750 ppm), salad dressing and
sauce (75 ppm), as well as in many other food products. The intended usage of
calcium disodium EDTA is to promote color, flavor, and texture retention and as a
preservative. Disodium may be used as a preservative at 75 ppm in nonstandard-
ized dressing, French dressing, mayonnaise, salad dressing, and sauces. It might be
expected that sauces, dressings, and the like would be added to MPR fruit and
vegetable salads. Highly stable complexes are formed by the sequestering action of
the EDTA compounds on iron, copper, and calcium. The maximum chelating effi-
ciency occurs at the higher pH values where the carboxyl groups are dissociated
(Dziezak 1986).

6.4.2.13 Miscellaneous Chemical Preservatives

Dehydroacetic Acid

Dehydroacetic acid (C;H¢0,) (21 CFR 172.130) (Anon. 1992), a pyranose structured
compound, or its sodium salt may be used as a preservative for cut or peeled squash
to control molds. The use levels should be no more than 65 ppm of the acid remaining
on or in the squash. This compound can also be used on other fruits and vegetables
in Mexico and other countries.

6.4.2.14 Chlorine Compounds (Cl,)

These compounds are normally used in connection with washing MPR fruits
and vegetables and are sometimes the primary preservation agent (see Chap. 2
for details.)
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6.4.2.15 Antifungal Agents for Fruits and Vegetables

This area is not covered in depth because most postharvest dips have been stopped
in Europe and the United States and there are very stringent rules on application
time before harvest; however, benomyl, a fungicide in foods for human consump-
tion such as raisins and concentrated tomato products, is allowed up to levels of
50 ppm (CFR 21193.30), (Anon. 1992), as a result of application to the growing of
grapes and tomatoes in the United States. Thiabendazole, an important fungicide, is
allowed a tolerance of 3 ppm in or on milled wheat fractions (except flour) resulting
from applications to growing wheat. Other antifungal agents should be checked out
in consultation with regulatory authorities even though they are normally added to
the skin or peel of the fruit or vegetable. MPR fruits and vegetables should have
much lower levels than fresh or raw products that are not partially processed

6.4.3 Combinations of Chemical Preservatives

Chemical preservatives/antimicrobials in combination are currently utilized in the
food industry, and this area has been addressed by Davidson and Parish (1989), Scott
(1989), Banks et al. (1989), Oscroft et al. (1989), and Aguilera and Parada (1991).
A good example of combination treatment in the food industry is the combination of
potassium sorbate and sulfur dioxide to preserve sparkling wines. Data showing addi-
tive synergistic or antagonist results from combinations of preservatives (Fig. 6.6)
have not been studied in detail for MPR fruits and vegetables although there have been
studies such as those of Banks et al. (1989) investigating heat and chemical preserva-
tives to improve stabilized “pasteurized/chilled” recipe dishes. Most of the preserva-
tive interaction studies appear to have used microbial “cocktails” studies on fish,
meats, poultry, and dairy products. These studies have centered on type E C. botuli-
num, S. aureus, Salmonella typhimurium, L. monocytogenes, and Yersinia enteroco-
litica control in the abovementioned substrates, using salt concentrations with sodium
nitrite and phenolic antioxidants with sorbates (Scott 1989). Restaino et al. (1982)
studied the synergistic antimicrobial effects between potassium sorbate and lactic,
citric, phosphoric, or hydrochloric acids on growth of Yersinia enterocolitica,
Salmonella pseudomonas, and lactic acid bacteria in trypticase soy broth and APT
broth. They found organic acids, specifically citric and lactic, potentiate the antimicro-
bial action of potassium sorbate. There need to be many additional combination
studies of chemical preservatives for MPR fruits and vegetables.

6.5 Gas and Controlled/Modified Atmosphere Preservation

The use of gases, vapors, and controlled/modified atmosphere for preservation does
not include packaging factors (Chap. 4) and the gas mass transfer (Chap. 5) taking
place in the tissues of MPR foods. With fresh fruits and vegetables, voluminous
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research information is found to reduce O, levels, increase CO, levels, and reduce
ethylene as methods to improve storage and shelf life. A symposium chaired by
Blanpied (1987) gives a good summary of the postharvest work conducted in this
area until 1987.

However, this chapter necessarily covers mainly the antimicrobial and antioxi-
dant properties of gaseous substances used with packaging to extend shelf life of
MPR fruits and vegetables. The area is receiving much attention by research labo-
ratories and industry as a way to preserve MPR fruits and vegetables.

One of the earlier workers to study gas exchange and the use of bactericidal and
enzymicidal gases to keep fruits and vegetables like-fresh and extend storage life
was Kramer et al. (1980). This preservation and shelf life extension technique con-
sisted of replacement of intratissue gases in particulate raw foods with one or more
gases, in appropriate sequence. The idea was to stabilize the product and extend the
like-fresh shelf life of the foods at ambient or refrigerated temperatures. Kramer
et al. (1980) felt the new preservation method was an extension of CA/MA storage
used for fresh products. However, there are several differences between normal
CA/MA storages and the gas exchange process. The atmosphere changes are
slower in normal CA/MA storages, usually days or minutes, as compared to gas
exchange; times of treatment are relatively short, and additional gases such as car-
bon monoxide (CO), ethylene oxide (EO), and SO, were used in the gas exchange
system as compared with N,, O,, and CO, modifications used in CA/MA storages.
Also, only the edible portion or a minimally processed portion of the fruit or veg-
etable is treated in the gas exchange method. Emphasis in the gas exchange method
is placed on antimicrobial properties of the gases and their efficacy in inhibiting
enzyme activity. These are also the objectives in the preservation of MPR fruits and
vegetables.

Some of the problems with the gas exchange treatment were related to the gases
selected for use. Such gases as EO should be used in a very low a,, atmosphere, and
unfortunately its by-products are ethylene glycol (EG) and ethylene chlorohydrin
(ECH), which show mutagenicity at certain concentrations. FDA regulations 21
CFR Part 193.20 (Anon. 1992) state there should not be over a 50 ppm residue of
EO in whole and ground spices. The content of carbon monoxide (CO), a product of
combustion gases (21 CFR 193.65) (Anon. 1992), should not be over 4.5% by volume
in gas treatments. The use of CO is banned in France.

The concept of using gas exchange preservation treatments on MPR fruits and
vegetables has merits if safe and suitable bactericidal and enzymicidal gas can be
found or linked with other preservation hurdles.

The most important gases and vapors to be discussed in detail are CO, CO,, EO,
propylene oxide (PO), SO,, and ozone. Propane, helium, N,, and combustion gases
21 CFR 184.1655, 184.1355, 184.1540, and 193.65 (Anon. 1992), respectively,
will not be covered. Antimicrobial effectiveness of a gas can be related to the food
substrate, other processing and preservation methods, and the microorganisms and
enzymes present.
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Fig. 6.8 Polyphenol oxidase activity following exposure to CO ( ), ethylene oxide (-----), or
sulfur dioxide gas ( ). a Potato plugs and b apple plugs (From Kaffezakis et al. 1969)

6.5.1 Carbon Monoxide

As indicated earlier there are safety problems with the use of this gas. CO at the 1%
level has been shown to inhibit yeasts and molds and prevent postharvest decay in
fruits and vegetables (Aharoni and Stadelbacher 1973). However, treatments of
apple and potato plugs with pure CO were not able to reduce counts of Escherichia
coli ATCC 1I 229, a standardized suspension of Clostridium botulinum 62A, and
Staphylococcus aureus ATCC 6538 (Kaffezakis et al. 1969). These workers also
studied the enzymicidal activity of CO and showed CO was effective in slowing
down PPO activity (Fig. 6.8). In a two-step gas treatment with SO, followed by CO,
potato strips after 60 days at room temperature showed 93.7% and 99.9% of the PO
and PPO inactivated (Kramer et al. 1980).

6.5.2 Carbon Dioxide

This gas has antimicrobial properties that kill or inhibit various microorganisms and
that depend on the gas concentration, temperature of incubation, age of the cells
used, and the aw of the microbial medium. Most work has been conducted on meat
and meat products, and these results showed a 10% level of CO, usually gives about
50% inhibition on the basis of total counts after a given incubation time (Wagner
and Moberg 1989). Huxsoll and Bolen (1989) have recently reviewed CA and MA
storage of MPR foods. Table 6.10 shows the effects of SO,, CO,, and temperature
on peroxidase, PPO, and PE. It appears that there is less effect of these gases on the
texture-related enzymes such as PPE than PPO (Kramer et al. 1980).
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Table 6.10 Results of SO, followed by CO, treatment® of potato strips, stored under CO; at 21 and

4 °C for 45 days

Results
Determination 21 °C 4°C
Aerobic count (g) 10 0
Anaerobic count (g) 0 80
Color, visual Slightly white Normal
Color, Hunter Lab 85.9.1.7.14.2 84.3.2.8.13.1
Time until color change (h) >5 >5
pH 5.1 5.2
Soluble solids (%) 4.5 3.5
Texture (Ibf/100 g) 787 717
Odor (sniff) Normal Normal
Free liquid (ml/100 g) 9.4 12.2
Total SO, (ppm) 104 328
Free SO, (ppm) 0 0
Peroxidase inactivation (%)® 79.2 87.4
Polyphenol oxidase inactivation (%)" 100.0 100.0
Pectinesterase inactivation (%)° 54.6 62%4

“The product was prepared as follows: pretreatment, treated with 100% SO*, 5 min, 5 psi evacu-
ated, 5 min, 26 in Hg flushed with 100% CO* 10 min peeling; steam treatment, evacuated, 5 min,
25in Hg

Vacuum broken with 10% SO, in CO,/5 s, vacuum reduced to 20 in Hg evacuated, 5 min, 25 in Hg
Vacuum broken with 100% CO,/15 s, vacuum reduced to 0 in Hg

"Percent reduction from activity before treatment (From Kramer et al. 1980)

The same results for PG were reported by Puri (1980). It is likely the enzymicidal
properties shown in Table 6.10 are mainly due to SO, since CO, was used as a flushing
and carrier gas, but such results could not be determined from the data supplied.

6.5.3 Sulfur Dioxide

SO, discussed earlier under sulfites in the section on antioxidants is also well known
to be effective against molds, yeasts, and bacteria (Dziezak 1986). In the fruit and
vegetable realm, it has been used to control microorganisms on soft fruits, fruit
juices, wines, pickles, leafy greens, and the like. However, the sulfite compounds
have been banned on fruits and vegetables to be sold or consumed (21 CFR 182,
3862) (Anon. 1992). Nonetheless, earlier Kramer et al. (1980) reported good results
with SO, combined with CO, (Table 6.10), but because of the great sensitivity of a
small part of the population to SO, we should assume more and more pressure will
be brought to bear to reduce all uses of SO,. Therefore, finding alternatives to SO,
use on fruits and vegetables is an important research area in the development of
MPR fruits and vegetables (Sapers et al. 1989a, Sapers et al. 1990).
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Table 6.11 D-values for ethylene oxide sterilant of some foodborne microorganisms

Organisms D? Concentration (mg/L) Temperature® Condition
C. botulinum 62A 11.5 700 40 47% RH
C. botulinum 62A 7.4 700 40 23% RH
C. sporogenes

AT CC 7955 3.25 500 54.4 40% RH
B. coagulans 7.0 700 40 33% RH
B. coagulans 3.07 | 700 60 33% RH
B. stearothermophilus

ATCC 7953 2.63 500 54.4 40% RH
L. brevis 5.88 | 700 30 33% RH
M. radiodurans 3.00 | 500 A 40% RH

In minutes
°C. (From Jay 1986a)

6.5.4 Ethylene Oxide

Ethylene oxide (C,H,0) (21 CFR Part 193.200) (Anon. 1992) has been used primarily
to reduce microbial contamination and insect infestation in dried foods such as
spices with maximum allowed levels at 50 ppm. There have been concerns that the
toxicity of this compound or its reaction products, particularly in a, situations
<0.80. See Table 6.11 for effectiveness of this gas on several microorganisms at
relative low a,,. Attempts to use this gas at higher a,, on fresh apple and potato plugs
containing E. coli, S. aureus, and C. botulinum showed EO was not as effective as
SO, as an antimicrobial (Fig. 6.9) (Kaffezakis et al. 1969). As an enzyme inhibitor,
the gas appears to have little effect on PPO activity (Fig. 6.8).

6.5.5 Propylene Oxide

Propylene oxide (C;HO), which exists as a gas, has not been studied to the same
extent as EO. Its effectiveness is increased by higher temperatures and concentra-
tions and lower a,. Bacteria are more resistant to this gas than molds and yeasts.
There have been few reports of toxicity of this compound, and its reaction products
and most applications have been to dried foods such as starch, cocoa, gums, spices,
and processed nutmeats (Wagner and Moberg 1989). Propylene oxide CFR 21 Part 380
(Anon. 1992) is a food additive permitted in the United States up to levels of as high
as 700 ppm in glace fruits and dried prunes. All other allowed products—cocoa,
gums, processed nutmeats (except peanuts), processed spices, and starch—can have
maximum levels of 300 ppm.
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Fig. 6.9 Survivor curves for microorganisms exposed to carbon monoxide (———) (CO),
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6.5.6 Ozone

Bacteria are more susceptible to ozone (0;) (21 CFR 184.1563) (Anon. 1992) than
yeasts and molds, with bacterial spores 10—15 times more resistant than vegetative
cells. It appears that ozone attacks many vital constituents of microbial cells, but
actual cause of death is not known (Wagner and Moberg 1989). It is usually used
to sterilize bottled water. The US Good Manufacturing Practices (GMPs) allow
maximum residual level at time of bottling of 0.4 mg of ozone/L of bottled water.
Its use in fruit and vegetable juices has been limited because of the oxidative proper-
ties of the gas.

6.5.7 Other Vapors

Acetaldehyde vapors have been used to control postharvest pathogens of fruits and
vegetables, and vapors from 0.25% to 20% applied for 0.50-120 min at room tem-
perature killed tested organisms. The organisms that cause postharvest decay in order
of most sensitivity to acetaldehyde to least sensitivity were Erwinia carotovora,
Pseudomonas fluorescens, Botrytis cinerea, Monilinia fructicola, Rhizopus stoloni-
fer, and Penicillium expansum. Low levels of acetaldehyde can control pathogens in
strawberries without injuring the product (Stadelbacher and Aharoni 1971).

Ethanol (C,HsOH) vapors have been used in preservation because of their
desiccant and denaturant properties (Jay 1986b).

6.6 Cold Preservation

The cold preservation/refrigeration/chilled storage during distribution and retailing
is a necessary and required step in MPR fruits and vegetables. This is based on the
idea that refrigerated temperatures slow down most microbial growth and are effective
to reduce enzyme activity. Freezing of foods as indicated earlier, although effective in
reducing microbial and enzyme activity, may change some of the like-fresh qualities
of the fruit or vegetable.

Most of the metabolic reactions of plant or human pathogens in fruit and vegetable
tissue are enzyme catalyzed. The concern in MPR fruits and vegetables of enzyme
activity makes cold temperatures (the refrigerated chain) an absolute necessity for
these products. The rate of enzyme-catalyzed reactions is controlled to a great extent
by temperature. With every rise in temperature of 10 °C (in the biological important
ranges), there is a twofold increase in rate of reaction. This is known as the tempera-
ture coefficient (Q,,). On the other hand, every 10 °C reduction in temperature gives
a similar decrease in the rate of biological activity. This means that the refrigeration
hurdle is broad based and is a continuing factor in the preservation of MPR fruits
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and vegetables. As discussed in Chaps. 7 and 9, the low-temperature growing
psychrotrophs are destructive microbes in refrigerated foods as compared with
mesophiles and thermophiles.

In the past, temperatures below about 6 °C were considered safe from food
poisoning bacteria. However, with the advent of MPR foods exhibiting fairly long
shelf life, much more attention has been given to microorganisms that grow below
about 6 °C such as C. botulinum type E and nonproteolytic B and F strains, strains
of V. parahaemolyticus, and Y. enterocolitica (Jay 1986a). See also Chaps. 7 and 9
for information regarding the above organisms and strains of hydrophila that are
associated with gastroenteritis. Another foodborne disease caused by L. monocyto-
genes, a facultative anaerobe, has also been associated with low temperatures of
1 °C up to 45 °C with optimum at 30-37 °C and has become a major safety problem
in MPR fruits and vegetables.

For fruits and vegetables, there is a great deal of variation in ideal refrigerated
temperatures. Some workers such as Jay (1986a) prefer to call temperatures between
10 and 15 °C chill temperatures and temperatures between 0-2 °C and 5-7 °C
refrigeration temperatures. Since the composite Appendix Tables IIIA, IIIB, and
IIIC (Anon. 1989a) give ideal temperature values from —1.7 to 21.1 °C, it is not
possible to draw a distinct line between refrigerated and chilled temperatures
because it depends to a great extent on the commodity studied. Chill-sensitive fruits
that are sliced, diced, etc., such as citrus fruits and vegetables such as cucumbers
and tomatoes, are considered to be MPR fruits or vegetables by definition.

Appendix Tables 1, 2, and 3 (Anon. 1989a) do not attempt to predict shelf life
and safety for the commodities listed because of the minimal processing that may
take place and could make the usual storage period different than that published data
for intact items. Shelf life and safety data for MPR fruits and vegetables have not yet
been suitably developed in the public domain.

The preservation method required for all MPR fruits and vegetables that is
emphasized throughout this text (Fig. 1.2) has been refrigeration. A major problem
associated with MPR fruits and vegetables is the possibility of temperature abuse
during the time interval after preservation and packaging during distribution, trans-
portation, storage, retailing, or wholesaling before use by the ultimate consumer.
MPR fruits and vegetables are normally classified as extended shelf life (ESL)
foods and under best conditions should have a time-temperature indicator (TTI).
The field has been studied extensively with mathematical analysis of the relationships
between TIIs and chemical and sensory quantity attributes and the remaining shelf
life of food products (Taovkis and Labuza 1989; Wells and Singh 1988, etc.).
The Anon. (1991a) reference lists 23 recent patents, 21 commercial indicators (cold
chain monitoring, partial and full history), and about 50 references that cover TTI
devices for refrigerated and frozen foods. The field is much too extensive to cover
in this section on cold preservation. One system described by LaGrenade et al.
(1986) consists of (1) indicator labels printed in a bar code format that contain poly-
mer compounds that change color as a result of accumulated temperature exposure,
(2) a handheld microcomputer with optical wand for reading the indicator label, and
(3) software for data analysis and telecommunications. The accumulated time-
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temperature readings for fruit juices, vegetable juice, and fruit punch showed good
correlations with objective and subjective color and flavor changes in these products
at 3 °C. These techniques are especially useful for manufacturers and for storage
and transportation operators and perhaps the consumer to track location and extent
of temperature abuse in MPR products (Fields and Prusik 1986). For more information
on TTIs, also see Anon. (1991b) and Labuza and Breene (1989).

6.7 Preservation Using Irradiation

The term “irradiation of food” refers primarily to electromagnetic radiation. The
electromagnetic spectrum can be separated on the basis of wavelength with the
shortest wavelengths considered the most damaging to biological systems (Fig. 6.10)
(Jay 1986¢).

6.7.1 Infrared Heating

This type of direct heating of food shown in Fig. 6.10 located on the electromag-
netic spectrum above 8000 A units is characterized by low penetration but can pro-
duce rapid surface cooking of the food which is highly undesirable in MPR fruits
and vegetables unless carefully controlled. Brennan et al. (1976) suggested the
results of infrared treatment can result in rapid sealing and browning of the outer
layers. The process if used properly would tend to seal in volatile flavors and water
which could be lost in preparation operations such as peeling, dicing, etc. This sort
of heating would have to be combined with other forms of heat, for example, to get
heat transfer to the center of the piece or be combined with other types of preserva-
tion hurdles for application to MPR foods. Heat has to be carefully managed to
preserve the like-fresh quality of MPR fruits and vegetables.
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0001 .0004E 01 .06 14 136 1000 4000 BOCO 1% 10% 4 % 108 110" 2% 10" 6.6x 107 3x108
T
Xer K §I Infra-ed or _|=—} Hertzian waves
“rav 2 ™ heat rays Radio
Cosmic Solar rays — ShOfl g
< rays hing earth waves
Gamma rays T
A L
I = Llitra violat = 3" -— u“d“.'“.‘o
i £ communication

One Angstidm unit, used
o exprass the wavalength

Aaptpg D 1aqoy

of light and ulira-violet Uliraviclat partion of spectrum Visible portion
radiations, is equal 1o 3200 of spactrum
1/10.000.000th of & -
millimeter, or approsimately { Sunlight —-1 Fed
1/ 250,000,0001h of an Kerays—e] D2O0C ) o ctericidal 4 A Oranga
inch forming by window Vellow : Infra
pr— | P Green rad
valua Tanning glass—not | roet Blua
136 1000 2000 2800 2950 2300 4000 a0oo
Angstrom unils

Fig. 6.10 Spectrum chart (From Jay 1986¢)
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6.7.2 Microwave

Microwave energy, which causes intermolecular friction, yields a heating effect and
lies on the electromagnetic spectrum between the infrared and the radiofrequency sec-
tion (Fig. 6.10): The use of in-depth heat treatment in MPR fruits and vegetables alone
is limited because of possible effects on the like-fresh quality required in these types
of foods. Microwave energy could be used in providing mild heat treatments in a
hurdles system with other preservation methods. The cost of this type of heating as
compared with steam, hot water, and the like would have to be considered.

6.7.3 Ultraviolet Light

Ultraviolet (UV) light, which has the most effective wavelength of about 2600 A
(Fig. 6.10), is nonionizing and is primarily absorbed by proteins which eventually
causes cell death. Poor penetration of UV light limits its uses to surface treatment of
food products (particularly meats and bakery products) before packaging and to
processing surface and storages. It is more likely to be used in storage rooms to
prevent surface mold growth on room surfaces and products (Kader 1986). Treatment
of fresh fruits and vegetables with up to 1 kGy (100 k rad) was approved by the
USFDA in 1986. Of course, this is lower than the treatments to inactivate most
enzymes which range from 1,100,000 to 100,000,000 rads (Jay 1986c¢). According
to Kader (1986) 1152 reports on ionizing energy use on fruits and vegetables have
been published in the last 30 years.

6.7.4 Ionizing Radiation

There are a number of forms of ionizing energy that are approved for foods which
are derived from radionuclide and machine sources. The only radionuclide sources
permitted are cobalt-60 and cesium-137, both of which emit gamma rays and have
good penetrating ability. There are many different types of electron beam generators
or electron accelerators that produce x-rays or electron beams. X-rays have some
physical characteristics similar to those of gamma rays, but the electron beams are
somewhat different (Anon. 1989b). All of these treatments can be called “cold ster-
ilization” if the levels of treatment are high enough, since very little heat is produced
(Desrosier and Rosenstock 1960). These preservation methods have been selected
for their inability to produce significant radioactivity in treated foods. For complete
details for food processing applications for ionizing energy, see Anon. (1989b)
which summarizes much of the research of the late Dr. Eugen Wierbicki, his
colleagues, and a host of experts.

A great deal of research has been conducted relating to the use of ionizing
radiation for postharvest handling of fresh fruits and vegetables. An excellent
review of this area has been published by Kader (1986). Treatment of fresh fruits
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Table 6.12 Relative tolerance of fresh fruits and vegetables to ionizing radiation stress at doses
<1 kGy

Relative tolerance | Commodities

High Apple, cherry, date, guava, longan, mango, muskmelon, nectarine, papaya,
peach, rambutan, raspberry, strawberry, tamarillo, tomato

Moderate Apricot, banana, cherimoya, fig, grapefruit, kumquat, loquat, lychee,
orange, passion fruit, pear, pineapple, plum, tangelo, tangerine

Low Avocado, cucumber, grape, green bean, lemon, lime, olive, pepper,
sapodilla, soursop, summer squash, leafy vegetables, broccoli, cauliflower

From Kader 1986

and vegetables with up to 1k Gy (100k rad) was approved by the USFDA in 1986.
Of course, this is lower than the treatments to inactivate most enzymes, which
ranges from 110,000 to 100,000,000 rads (Jay 1986¢). According to Kader (1986),
1152 reports on ionizing energy use on fruits and vegetables have been published
in the last 30 years.

The research to date suggests that ionizing energy has potential for some fresh
fruits and vegetables but also has potential limitations. Kader (1986) suggests that
this form of preservation should be considered as a supplement to refrigeration or
some other postharvest procedure, and this idea fully supports the use of the hurdle
or barrier concept for preservation/extension of shelf life.

The major biological problem in using ionizing energy on fruits and vegetables
is that they are particularly sensitive to stress of all kinds (Kader 1986), and the unit
operations used to prepare MPR fruits and vegetables would only increase these
problems. The cutting, slicing, dicing, and shredding increase the respiration and
ethylene production of MPR fruits and vegetables; therefore, considerable research
has yet to be conducted to determine those commodities that can benefit from ion-
izing energy. It would be expected that the same relative tolerance to ionizing radia-
tion stress that is found for intact fresh fruits and vegetables would also be found for
MPR fruits and vegetables though these forms may be less tolerant (Table 6.12).
From the table it is apparent that fruits are much more tolerant to ionizing radiation
than vegetables such as broccoli, leafy greens, cucumbers, and the like.

In addition there are many other factors that affect the radiation processing qual-
ity of MPR fruits or vegetables, and they include production area and cultivar, sea-
son and climate, quality of irrigation water, maturity at harvest, maturity and quality
at time of processing, processing and preservation hurdles, and postharvest han-
dling including careful control of refrigeration. Much of this information has not
been developed for MPR fruits and vegetables treated by ionizing energy or com-
bined preservation methods.

There is a social problem associated with the use of ionizing energy to preserve
MPR fruits and vegetables, and it relates to the safety issue brought to consumers’
attention by anti-irradiation advocacy groups. It should be emphasized that most
food scientists agree that food irradiation can prolong the shelf life of many foods
and does not cause safety or health problems. Kantor (1989) in his article, “The great
food irradiation controversy,” covers in succinct form the advantages and disadvan-
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Fig. 6.11 Logo to be used
on irradiated foods (From
Kader 1980)

Table 6.13 Irradiation: the consumer’s view from Waterfield 1991

Appearance %o Color Yo
Worse 14.6 Worse 8.8
Same 422 Same 58.4
Better 42.2 Better 32.2
Do not know 1.1 Do not know 0.5
Freshness Storage life

Worse 12.7 Worse 17.9
Same 43.8 Same 27.8
Better 41.4 Better 40.0
Do not know 2.1 Do not know 14.3
Taste Nutrition

Worse 20.4 Worse 2.2
Same 41.9 Same 17.6
Better 27.6 Better 4.4
Do not know 10.1 Do not know 75.8
Firmness Overall quality

Worse 18.9 Pleased with irradiated strawberries 80.1
Same 41.9

Better 38.8 Pleased with nonirradiated strawberries 67.2
Do not know 0.5

tages of using ionizing radiation and some of the consumer issues. Kantor (1989)
feels there may be an uncertain future for irradiation that has to be faced by both
industry and the government. There is an apparent reluctance by industry to use the
irradiation logo shown in Fig. 6.11 (Kader 1986).

In the Packer, which is a national weekly business newspaper of the fruit and
vegetable industries, Waterfield (1991) has reported public opposition to the use of
irradiated produce, and the lack of retail initiative has severely hampered marketing
of irradiated fresh fruits and vegetables, but they have not entirely vanished from the
scene. Table 6.13 gives a relatively recent viewpoint of consumer’s reactions to
irradiated and nonirradiated strawberries.
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In a 1990 survey of consumers who were asked to try irradiated and nonirradiated
strawberries, here’s how the irradiated produce fared.

It appears that consumers are about equally divided on the question of whether
irradiated strawberries are higher in quality, and data also imply considerable
education is required relating to the nutritional quality of the treated and untreated
strawberries.

There is considerable reluctance by the industry to gamble with ionizing energy
as a hurdle to preserve MPR fruits and vegetables because of consumer doubts con-
cerning its safety; however, a commercial concern in Mulberry, Florida, is continu-
ing to irradiate fruits and vegetables to reduce the use of chemicals and pesticides
and reduce spoilage (Waterfield 1991). One anti-irradiation advocacy group has
reported a consumer survey that showed 93% of the respondents expressed concern
about irradiation, with 59% saying they are either “extremely” or “very” concerned
(Anon. 1991a).

The issue seems to boil down to market-driven and safety aspects of irradiated
MPR fruits and vegetables. Research and utilization of ionizing energy as hurdles
for MPR fruits and vegetables seem to rest on suitable and stable markets for these
products. This controversy must be satisfactorily resolved in the future.

6.8 Reduction of Water Activity

This preservation method is well known and is based on the desiccation of food to
a,, levels that will not support the growth of vegetative microbial cells. According to
Jay (1986a) the approximate minimum a,, for the growth of the major groups of
microorganisms is 0.9 for most spoilage bacteria, 0.88 for most spoilage yeast, and
0.80 for most spoilage molds. Many MPR fruits and vegetables have an a,, of 0.98
or above and are therefore very sensitive to reduction in a,, as a means of controlling
microbial and enzyme activity. This means the use of reduction of a,, as a preserva-
tion measure for MPR fruits and vegetables must be carefully controlled to preserve
the like-fresh quality demanded of the product.

This method is primarily involved in removing moisture from the food product
by some sort of dehydration or by adding an ingredient with a high osmotic pressure
which will form a complex with the water in the product (Huxsoll and Bolen 1989).
If reduction of a, is used as the sole preservation method for fruits and vegetables,
the process will dehydrate them. Although this system is considered to be a conven-
tional hurdle in many food products, the use of fl,, probably does not hold promise
for MPR fruits and vegetables because of possible loss of the like-fresh character.
Huxsoll and Bolen (1989) suggested a,, reduction by application of osmotic agents
will result in products with undesirable flavor characteristics such as too sweet or
too salty because high concentrations of sugars and salts are needed for osmotic
dehydration.
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The use of a,, reduction coupled with other preservation methods has been well
covered by Scott (1989) and Lazar (1968). The former author has covered preserva-
tives, pH, heat, and other interactions with a,, reduction, whereas the latter author
utilized a,, reduction with freezing. So far little application and little reporting of a,,
reduction as a single preservation method have been used for MPR fruits and
vegetables because of troublesome quality problems in the like-fresh characteristics
of the products, primarily crispness and turgidity. It is not likely that this method
of preservation will find much use with MPR fruits and vegetables as defined by
most workers.

6.9 Oxidation-Reduction Potential

The oxygen tension/atmosphere surrounding a food, whether it is aerobic or anaerobic
or variations thereof, has a great effect on the growth of microorganisms. This type
of preservation relates closely to controlled (CA) and modified atmosphere packag-
ing (MAP) (Chaps. 2 and 7), and various types of gas preservation (this chapter).
These preservation methods may be included with other hurdles to preserve/maintain
the like-fresh quality of MPR fruits and vegetables.

Oxidation will occur in atoms or groups of atoms when electrons are removed,
whereas reduction occurs with the addition of electrons to a different atom or group
of atoms, both reactions being simultaneous (Lindsay 1985). Oxidation can also be
accomplished by the addition of oxygen to atoms or group of atoms.

The element or compound that loses electrons is generally considered to be
oxidized, whereas the elements /substrates that gain electrons become reduced. In
these cases a substance that easily gives up electrons is a satisfactory reducing
agent, whereas the one that easily takes up electrons is a satisfactory oxidizing agent
(Jay 1986a).

As electrons are transferred from one compound to another, a potential differ-
ence is developed between the two reactive compounds, and this is known as
oxidation-reduction potential which is expressed by the symbol E,. The potential
difference can be measured instrumentally and expressed as positive, negative, or
neutral millivolts (mV). (Christian 1980). A substance that becomes more highly
oxidized will have a more positive electrical potential, whereas the substance that
becomes more reduced will have a more negative electrical potential.

In MPR fruit processing, it is important to maintain reducing (more anaerobic)
conditions that are less favorable for aerobic growing conditions for molds and
yeasts, which are major problems in these products. However, this opens the threat
of C. botulinum under strongly anaerobic conditions.

The oxidoreductases tend to catalyze both oxidation and reduction of substrates
(Whitaker 1972b). However, most of these enzymes catalyze oxidation of the sub-
strate, and these include PPO (o-diphenol activity), PPO (hydroxylation reaction),
catalase, PO, and lipoxygenase which collectively or individually affect color and
flavor of MPR fruits and vegetables and intact fruits and vegetables as with highly
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Fig. 6.12 Schematic representation of oxidation-reduction potentials relative to the growth of
certain microorganisms (From Jay 1986a)

negative E; values in most vegetable products that have a pH <4.6. Figure 6.12
shows the oxidation-reduction potentials for growth of several types of microorgan-
isms and the foods in which they will reproduce {Jay 1986a). Those compounds
that tend to maintain reducing conditions in fruits and vegetables are ascorbic acid
and reducing sugars. Oxygen of course would oxidize a system and tend to maintain
aerobic conditions in the food or package but may also increase respiration. For more
on oxidation-reduction, see Jay (1986a), well if not properly controlled by preservation
methods. It appears that a great deal of research remains to be conducted relative to
Of R, control of microorganisms, and enzymes to preserve and extend shelf life of
MPR fruits and vegetables.

6.10 Preservation by Combined Methods

Recently a symposium was held to discuss the use of combined preservation methods
to provide safety and satisfactory shelf life for foods (Aguilera and Parada 1991).
The hurdle technology suggested included heating, a,, control, chilling, pH control,
O/R potential, preservatives, and competitive flora (Leistner 1978, 1987, 1991).
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The hurdle concept must be carefully applied to MPR fruits and vegetables, and the
issue is still subject to much research and governmental regulation. Selected hurdles
must maintain safe