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Preface

Food preservation is an action or a method of maintaining foods at a desired level of properties or nature
for their maximum benefits. In general, each step of handling, processing, storage, and distribution
affects the characteristics of food, which may be desirable or undesirable. Thus, understanding the effects
of each preservation method and handling procedure on foods is critical in food processing. The first edi-
tion of this book was the first definitive source of information on food preservation. It was well received
by readers and became a bestseller and was also translated into Spanish by Acribia, Spain, in 2003.
Appreciation from scientists, academics, and industry professionals around the globe encouraged me to
produce an updated version. This edition has been developed by expanding the previous one with the
addition of new chapters and updating most of the chapters of the first edition. The 25 chapters in the
first edition are now expanded to 44 chapters.

The processing of food is no longer as simple or straightforward as in the past. It is now moving from
an art to a highly interdisciplinary science. A number of new preservation techniques are being developed
to satisfy current demands of economic preservation and consumer satisfaction in nutritional and sensory
aspects, convenience, absence of preservatives, low demand of energy, and environmental safety. Better
understanding and manipulation of these conventional and sophisticated preservation methods could help
to develop high-quality, safe products by better control of the processes and efficient selection of ingredi-
ents. Food processing needs to use preservation techniques ranging from simple to sophisticated; thus, any
food process must acquire requisite knowledge about the methods, the technology, and the science of
mode of action. Keeping this in mind, this edition has been developed to discuss the fundamental and prac-
tical aspects of most of the food preservation methods important to practicing industrial and academic
food scientists, technologists, and engineers. Innovative technology in preservation is being developed in
the food industry that can extend shelf life; minimize risk; is environment friendly; or can improve func-
tional, sensory, and nutritional properties. The large and ever-increasing number of food products and new
preservation techniques available today creates a great demand for an up-to-date handbook of food preser-
vation methods. This book emphasizes practical, cost-effective, and safe strategies for implementing
preservation techniques and dissects the exact mode or mechanisms involved in each preservation method
by highlighting the effect of preservation methods on food properties.

The first edition was divided into four parts. Part 1: Preservation of Fresh Food Products encompassed
the overview of food preservation and postharvest handling of foods. Part 2: Conventional Food
Preservation Methods presented comprehensive details on glass transition, water activity, drying, con-
centration, freezing, irradiation, modified atmosphere, hurdle technology, and the use of natural preser-
vatives, antioxidants, pH, and nitrites. Part 3: Potential Food Preservation Methods detailed new and
innovative preservation techniques, such as pulsed electric fields, ohmic heating, high-pressure treat-
ment, edible coating, encapsulation, light, and sound. Part 4: Enhancing Food Preservation by Indirect
Approach described areas that indirectly help food preservation by improving quality and safety. These
areas are packaging and hazard analysis.

The second edition is divided into five parts. The grouping of Parts 2 and 3 in the first edition could
not be a clear approach since it was not easy to separate the conventional and the potential methods. In
the second edition, a better rational approach is used for grouping. The basis of grouping is the mode of
preservation method.

Part 1: Preservation of Fresh Food Products encompasses the overview of food preservation and posthar-
vest handling of foods, which includes physiology of fresh fruits and vegetables; handling and postharvest
treatments of fruits and vegetables; and postharvest handling of grains and pulses, fish and seafood, red
meat, milk; and also minimal processing of fruits and vegetables. This part can be read independently for
those who want a basic background in postharvest technology for foods of plant and animal origin. It also
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gives valuable background information on the causes of food deterioration and classification of food preser-
vation methods with the mode of their action.

Part 2: Preservation Using Chemicals and Microbes presents comprehensive preservation methods
based on additives of chemical or microbiological nature, including fermentation, antimicrobials, antiox-
idants, pH-lowering agents, and nitrides. Each chapter covers the mode of preservation actions and their
applications in food products.

Part 3: Preservation by Controlling of Water, Structure, and Atmosphere details preservation methods
based on physical nature, including modified-atmosphere packaging; glass transition and state diagram,;
membrane technology; stickiness and caking; drying, including osmotic dehydration; water activity; sur-
face treatment and edible coating; encapsulation and controlled release.

Part 4: Preservation Using Heat and Energy describes preservation methods based on thermal and
other forms of energy, including pasteurization, canning and sterilization, cooking and frying, freezing,
freezing—melting (or freeze concentration), microwave, ultrasound, ohmic heating, light, irradiation,
pulsed electric field, magnetic field, and high pressure. In addition, chapters on hurdle technology (or
combined methods) that uses a combination of preservation techniques are also included.

Part 5: Enhancing Food Preservation by Indirect Approach presents the approaches that indirectly help
food preservation by improving quality and safety. These techniques are packaging, hygienic design and
sanitation, hazard analysis and critical control point (HACCP), good manufacturing practice (GMP), and
commercial considerations of managing profit and quality. Packaging is an integral part of food preser-
vation and it has very wide scope. In this edition, packaging techniques are presented in three chapters.

This second edition will be an invaluable resource for practicing and research food technologists, engi-
neers, and scientists, and a valuable text for upper-level undergraduate and graduate students in food,
agriculture/biological science, and engineering. Writing a book is an endless process, so the editor would
appreciate receiving new information and comments to assist in future compilations. I am confident that
this edition will prove to be interesting, informative, and enlightening to readers.

Mohammad Shafiur Rahman
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Food Preservation: Overview

Mohammad Shafiur Rahman
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1.1 Introduction

Food preservation involves the action taken to maintain foods with the desired properties or nature for as
long as possible. The process is now moving from an art to a highly interdisciplinary science. This chapter
provides an overview of food preservation methods with emphasis on inactivation, inhibition, and methods
of avoiding recontamination. The final section is a discussion of the factors that need to be considered to
satisfy present and future demands of the consumers and law-enforcing authorities.

In most countries, innovation, sustainability, and safety have become the main foci of modern indus-
try and economy. The United Nations World Commission on Environment and Development defined
sustainable development as “meeting the needs of the present generation without compromising the abil-
ity of future generations to meet their own needs.” A sustainable way of designing and developing food
products stands to appeal to consumers, and provides a point of differentiation from competitors and a
perfect platform for a range of positive public relations activities [6]. Innovation is vital to maintain
progress in technology and engineering. Food safety is now the first priority of the food production and
preservation industry, incorporating innovation and sustainability. The industry can compromise with
some quantities such as color to some extent, but not with safety.
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The preservation and processing of food is not as simple or straightforward as it was in the past. A
number of new preservation techniques are being developed to satisfy current demands of economic
preservation and consumer satisfaction in nutritional and sensory aspects, convenience, safety, absence
of chemical preservatives, price, and environmental safety. Understanding the effects of each preserva-
tion method on food has therefore become critical in all aspects. This chapter provides overviews of the
new technology, identifying the changing demands of food quality, convenience, and safety.

]
1.2 What Are Foods?

Foods are materials, raw, processed, or formulated, that are consumed orally by humans or animals for
growth, health, satisfaction, pleasure, and satisfying social needs. Generally, there is no limitation on the
amount of food that may be consumed (as there is for a drug in the form of dosage) [10]. This does not mean
that we can eat any food item as much as we want. Excessive amounts could be lethal, for example, salt, fat,
and sugar. Chemically, foods are mainly composed of water, lipids, fat, and carbohydrate with small
proportions of minerals and organic compounds. Minerals include salts and organic substances include vita-
mins, emulsifiers, acids, antioxidants, pigments, polyphenols, and flavor-producing compounds [19]. The
different classes of foods are perishable, nonperishable, harvested, fresh, minimally processed, preserved,
manufactured, formulated, primary, secondary derivatives, synthetic, functional, and medical foods [21]. The
preservation method is mainly based on the types of food that need to be prepared or formulated.

|
1.3 Food Preservation

Preservation methods start with the complete analysis and understanding of the whole food chain,
including growing, harvesting, processing, packaging, and distribution; thus an integrated approach
needs to be applied. It lies at the heart of food science and technology, and it is the main purpose of
food processing. First, it is important to identify the properties or characteristics that need to be pre-
served. One property may be important for one product, but detrimental for others. For example, col-
lapse and pore formation occur during the drying of foods. This can be desirable or undesirable
depending on the desired quality of the dried product, for example, crust formation is desirable for long
bowl life in the case of breakfast cereal ingredients, and quick rehydration is necessary (i.e., no crust
and more open pores) for instant soup ingredients. In another instance, the consumer expects apple juice
to be clear whereas orange juice could be cloudy.

1.3.1  Why Preservation?

Another important question is why food needs to be preserved. The main reasons for food preservation
are to overcome inappropriate planning in agriculture, produce value-added products, and provide vari-
ation in diet [20]. The agricultural industry produces raw food materials in different sectors. Inadequate
management or improper planning in agricultural production can be overcome by avoiding inappropri-
ate areas, times, and amounts of raw food materials as well as by increasing storage life using simple
methods of preservation. Value-added food products can give better-quality foods in terms of improved
nutritional, functional, convenience, and sensory properties. Consumer demand for healthier and more
convenient foods also affects the way food is preserved. Eating should be pleasurable to the consumer,
and not boring. People like to eat wide varieties of foods with different tastes and flavors. Variation in
the diet is important, particularly in underdeveloped countries to reduce reliance on a specific type of
grain (i.e., rice or wheat). In food preservation, the important points that need to be considered are

e The desired level of quality
e The preservation length
® The group for whom the products are preserved

After storage of a preserved food for a certain period, one or more of its quality attributes may reach
an undesirable state. Quality is an illusive, ever-changing concept. In general, it is defined as the degree
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of fitness for use or the condition indicated by the satisfaction level of consumers. When food has dete-
riorated to such an extent that it is considered unsuitable for consumption, it is said to have reached the
end of its shelf life. In studying the shelf life of foods, it is important to measure the rate of change of a
given quality attribute [25]. In all cases, safety is the first attribute, followed by other quality. The prod-
uct quality attributes can be quite varied, such as appearance, sensory, or microbial characteristics. Loss
of quality is highly dependent on types of food and composition, formulation (for manufactured foods),
packaging, and storage conditions [25]. Quality loss can be minimized at any stage of food harvesting,
processing, distribution, and storage. When preservation fails, the consequences range broadly from
minor deterioration, such as color loss, to food becoming extremely hazardous [8].

1.3.2 How Long to Preserve?

After storage for a certain period, one or more quality attributes of a food may reach an undesirable state.
At that time, the food is considered unsuitable for consumption and is said to have reached the end of its
shelf life. This level is defined by the manufacturer according to criteria when the product is saleable. Best-
before date is set shorter than the shelf life with a good margin. Hence, it is usually safe and palatable to
consume a product a long time after the best-before date, provided the product has been stored at the rec-
ommended conditions. Products may be marketed with the production date “pack date” and “best-before
date.” Alternative markings are use-by date or expiration date, which may be closer to shelf life than best-
before date [1]. In studying the shelf life of foods, it is important to measure the rate of change of a given
quality attribute [25]. The product quality can be defined using many factors, including appearance, yield,
eating characteristics, and microbial characteristics, but ultimately the final use must provide a pleasurable
experience for the consumer [23]. The various stages of food production, manufacture, storage, distribution,
and sale are shown in Figure 1.1. Quality
loss can be minimized at any stage and
thus quality depends on the overall con-
trol of the processing chain. The major
quality-loss mechanisms and conse-
quences are shown in Table 1.1 and

Harvesting

Fresh foods
——————>| Storage

Food Figure 1.2. The required length of preser-
ingredients vation depends on the purpose. In many
cases, very prolonged storage or shelf life
Processing is not needed, which simplifies both the
transport and marketing of the foodstuff.
Food _ For example, the meals prepared for
processors Packaging Iunch need a shelf life of only one or even
half a day. In this case, there is no point in
Storage ensuring preservation of the product for
weeks or months. In other cases, very
long shelf life up to 3-5 years may be
Distribution ¥ required, for example, foods for space
l travelers and food storage during wars.
—
l 1.3.3  For Whom to Preserve?
Transport It is important to know for whom the
preserved food is being produced.
Consumers l Nutritional requirements and food
Storage restrictions apply differently to different
population groups. Food poisoning can
- be fatal, especially in infants, pregnant
women, the elderly, and those with

FIGURE 1.1 Various stages of food production, manufacture, storage, depressed immune systems. The legal
distribution, and sale. aspects of food preservation are different
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TABLE 1.1
Major Quality-Loss Mechanisms

Microbiological Enzymatic Chemical Physical Mechanical
Microorganism Browning Color loss Collapse Bruising due to
growth vibration
Off-flavor Color
change Flavor loss Controlled release Cracking
Toxin production Off-flavor Nonenzymatic Crystallization Damage due to
browning pressure
Nutrient loss Flavor encapsulation
Oxidation—reduction Phase changes
Rancidity Recrystallization
Shrinkage
Transport of
component

Source: Gould, G. W. 1989. In: Mechanisms of Action of Food Preservation Procedures. Gould, G. W., Ed. Elsevier Applied
Science, London; Gould, G. W. 1995. In: New Methods of Food Preservation. Gould, G. W., Ed. Blackie Academic and
Professional, Glasgow.

¢ Advertisement
¢ Public knowledge Unsafe
e Social factor o Level of micro-flora
e Economic factor * Pathogens
e Consumer age * Microbial toxins
o Media repqn o Parasites
¢ Past experience * Toxic chemicals
o Attitude ¢ Radioactive hazards
* Expectation
e Sensory
o Nutritive
e Functional Food properties
Emotional factors ¢ Convenience

FIGURE 1.2 Factors affecting food quality, safety, and choice.

in case of foods produced for human and for animal consumption. Thus, it is necessary to consider the
group for whom the products are being manufactured.

]
1.4 Causes of Deterioration

Mechanical, physical, chemical, and microbial effects are the leading causes of food deterioration and
spoilage. Damage can start at the initial point by mishandling of foods during harvesting, processing,
and distribution; this may lead to ultimate reduction of shelf life. Other examples of deterioration can be
listed as follows: (i) bruising of fruits and vegetables during harvesting and postharvest handing, leading to
the development of rot, (ii) tuberous and leafy vegetables lose water when kept in atmospheres with low
humidity and, subsequently, wilt, and (iii) dried foods kept in high humidity may pick up moisture and
become soggy. The four sources of microbial contaminants are soil, water, air, and animals (insects, rodents,
and humans) (Table 1.2). The major causes of quality loss are shown in Table 1.1. In preservation, each
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TABLE 1.2 factor needs to be controlled or maintained to a
desired level. Foods are perishable or deteriora-

Organisms That Spoil Foods : :
tive by nature. The storage life of fresh foods

1. Microorganisms under normal atmospheric conditions is
a. Fungi: mold and yeast presented in Table 1.3.
b.  Bacteria During storage and distribution, foods are
c. Phages

exposed to a wide range of environmental con-

d. Protozoa .. .
ditions. Environmental factors such as pressure,

2. Insects and mites

a. Directly by eating (infestation) temperature, humidity, oxygen, and light can
b. Indirectly by spreading diseases (fruitfly, housefly) ~ trigger several reactions that may lead to food
3. Rodents degradation. As a consequence of these mecha-
a. Directly by consuming food nisms, foods may be altered to such an extent

b. Indirectly by spreading diseases that they are either rejected by or harmful to the

Source: Borgstrom, G. 1968. Principles of Food Science. consumer [25]. Condensation of mOIS.ture 9n
Macmillan, London. foods or a damp atmosphere favors microbial
growth, occasionally promotes insects develop-
ment, and may indirectly lead to deterioration,

TABLE 1. . . . .
3 resulting in destructive self-heating [3].
Storage Life of Some Fresh Foods at Normal Mechanical damage (e.g., bruises and wounds)
Atmospheric Conditions is conducive to spoilage, and it frequently
Food Terminology Storage Life causes further chemical and microbial deterio-
_ _ ration. Peels, skins, and shells constitute natural
Meat, fish, and milk Perishable 1-2 days protection against this kind of spoilage [3]. In
Fruits and vegetables Semiperishable 1-2 weeks .
L case of frozen foods, fluctuating temperatures
Root crops Semiperishable 3—4 weeks . .
Grains, pulses, seeds, Nonperishable 12 Months are often destructive, for example, fluctuating
and nuts temperatures cause recrystallization of ice

cream, leading to an undesirable sandy texture.
Source: Rahman, M. S. 1999. In: Handbook of Food Freezer burnis a major quality defect in frozen
Preservation. Rahman, M. S., Ed. Marcel Dekker, New York. foods that is caused by the exposure of frozen
pp- 1-9. foods to fluctuating temperatures. These large

fluctuations may cause a phase change by
thawing or refreezing foods. Similarly, phase changes involving melting and solidifying of fats are detri-
mental to the quality of candies and other lipid-containing confectionary items. Shriveling occurs due to
the loss of water from harvested fruits and vegetables.

Each microorganism has (i) an optimum temperature at which it grows best, (ii) a minimum temperature
below which growth no longer takes place, and (iii) a maximum temperature above which all development
is suppressed. Bacteria that grow particularly well at low temperatures are called psychrophilic (cryophilic)
or low-temperature organisms. Bacteria with an optimum temperature of 20°C—45°C are mesophilic, and
those with an optimum temperature above 45°C are thermophilic [3]. Microbial growth in foods results in
food spoilage with the development of undesirable sensory characteristics, and in certain cases the food
may become unsafe for consumption. Microorganisms have the ability to multiply at high rates when favor-
able conditions are present. Prior to harvest, fruits and vegetables generally have good defense mechanisms
against microbial attack; however, after separation from the plant, they can easily succumb to microbial pro-
liferation. Similarly, meat upon slaughter is unable to resist rapidly growing microbes [25]. The patho-
genicity of certain microorganisms is a major safety concern in the processing and handling of foods in that
they produce chemicals in foods that are toxic to humans. Their growth on foods may also result in unde-
sirable appearances and off-flavors. Microbial or chemical contaminants are also of concern in food dete-
rioration. Chemicals from packaging materials may also be a source of food contamination.

Several chemical changes occur during the processing and storage of foods. These changes may cause
food to deteriorate by reducing its sensory and nutritional quality. Many enzymatic reactions change the
quality of foods. For example, fruits when cut tend to brown rapidly at room temperature due to the reac-
tion of phenolase with cell constituents released in the presence of oxygen. Enzymes such as lipooxyge-
nase, if not denatured during the blanching process, can influence food quality even at subfreezing
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temperatures. In addition to temperature, other environmental factors such as oxygen, water, and pH induce
deleterious changes in foods that are catalyzed by enzymes [25].

The presence of unsaturated fatty acids in foods is a prime reason for the development of rancidity
during storage as long as oxygen is available. While development of off-flavors is markedly noticeable
in rancid foods, the generation of free radicals during the autocatalytic process leads to other undesirable
reactions, for example, loss of vitamins, alteration of color, and degradation of proteins. The presence of
oxygen in the immediate vicinity of food leads to increased rates of oxidation. Similarly, water plays an
important role; lipid oxidation occurs at high rates at very low water activities.

Some chemical reactions are induced by light, such as loss of vitamins and browning of meats.
Nonenzymatic browning is a major cause of quality change and degradation of the nutritional content of
many foods. This type of browning reaction occurs due to the interaction between reducing sugars and
amino acids, resulting in the loss of protein solubility, darkening of lightly colored dried products, and
development of bitter flavors. Environmental factors such as temperature, water activity, and pH have an
influence on nonenzymatic browning [25].

]
1.5 Food Preservation Methods

Based on the mode of action, the major food preservation techniques can be categorized as (1) slowing
down or inhibiting chemical deterioration and microbial growth, (2) directly inactivating bacteria, yeasts,
molds, or enzymes, and (3) avoiding recontamination before and after processing [8,9]. A number of tech-
niques or methods from the above categories are shown in Figure 1.3. While the currently used traditional
preservation procedures continue in one or more of these three ways, there have recently been great efforts
to improve the quality of food products principally to meet the requirements of consumers through the

Food preservation methods

Inhibition Inactivation Avoid recontamination
Low-temperature storage Sterilization Packaging
Reduction of water activity Pasteurization Hygienic processing
Decrease of oxygen Irradiation Hygienic storage
Increase of carbon dioxide Electrifying Aseptic processing
Acidification Pressure treatment HACCP
Fermentation Blanching GMP
Adding preservatives Cooking ISO 9000
Adding antioxidants Frying TQM
Control of pH Extrusion Risk analysis and management
Freezing Light
Drying Sound
Concentration Magnetic field
Surface coating
Structural modifications
Chemical modifications

Gas removal
Changes in phase transition
Hurdle technology

FIGURE 1.3 Major food preservation techniques. (From Gould, G. W. 1989. In: Mechanisms of Action of Food
Preservation Procedures. Gould, G. W., Ed. Elsevier Applied Science, London; Gould, G. W. 1995. In: New Methods of Food
Preservation. Gould, G. W., Ed. Blackie Academic and Professional, Glasgow.)
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avoidance of extreme use of any single technique. Preservation starts when the harvested foods are sepa-
rated from the medium of immediate growth (plant, soil, or water) or meat from the animal after slaugh-
ter, or milk from normal secretion of mammalian glands. Raw foods are those in the earliest or primary
state after harvesting, milking, or slaughter; they have not been subjected to any treatment apart from
cleaning and size grading in the case of foods of plant origin. Postharvest technology is concerned with
handling, preservation, and storage of harvested foods, and maintaining its original integrity, freshness,
and quality. The methods of preservation depend on the origin of foods—particularly whether they are of
plant or animal origin. Postharvest handling of foods of plant origin includes efficient control of environ-
mental atmosphere, such as humidity, gas composition, and temperature, and implementing an adequate
packing, storage, and transport system. Physical treatments usually used are curing, precooling, tempera-
ture treatments, cleaning, and waxing, whereas chemical treatments are disinfection, fumigation, and dip-
ping. Meat is the edible flesh of a number of species of mammal or bird, both wild and domesticated.
Postharvest quality is affected by slaughter conditions or stress before death.

In the case of fish, preservation methods include chilling, electrical stimulation, and decontamination
methods, for example, hot water rinsing with or without chlorination, decontamination with phosphate,
hydrogen peroxide, chlorine, chlorine dioxide and ozone, and surface treatment by organic acids.
Pretreatments, such as blanching, sulfiting, and other physical and chemical pretreatments are used
before applying major preservations methods. The main purpose of pretreatment is to improve product
quality and process efficiency. In recent years, altering processing strategy and pretreatment has gained
much attention in the food industry.

The steps of cleaning and sanitization are important in food preservation. Chemical disinfectants vary
in their ability to kill microorganisms. Effectiveness depends on the types of microorganisms, their attach-
ment mechanisms, and physical characteristics of the produce. Some disinfectants are appropriate for use
in direct-contact washes; others only for processing water, processing equipment or containers and facil-
ities. It is important to know the effectiveness of the mechanisms of action of disinfectants, as well as the
relevant microbial biochemistry. Several chemicals are utilized, such as chlorine, chlorine dioxide, hydro-
gen peroxide, ozone, peroxyacetic acid, bromine, iodine, trisodium phosphate, and quaternary ammonium
compounds [5]. Although fumigants are not strictly preservatives, they are used for insect control. Methyl
bromide is one of the fumigants used, but it has the potential to damage atmospheric ozone and is being
phased out. There is a need for development of new environmentally safe methods of fumigation.

1.5.1 Inhibition

The methods based on inhibition include those that rely on control of the environment (e.g., temperature
control), those that result from particular methods of processing (e.g., microstructural control), and those that
depend on the intrinsic properties built into particular foods (e.g., control by the adjustment of water activity
or pH value [9]. The danger zone for microbial growth is considered to be between 5°C and 60°C; thus chill-
ing and storing at a temperature below 5°C is one of the most popular methods of food preservation.

1.5.2 Use of Chemicals

The use of chemicals in foods is a well-known method of food preservation. Wide varieties of chemicals
or additives are used in food preservations to control pH, as antimicrobes and antioxidants, and to pro-
vide food functionality as well as preservation action. Some additives are entirely synthetic (not found
in nature), such as phenolic antioxidant tertiary butylhydroquinone (TBHQ), and others are extracted
from natural sources, such as vitamin E. Irrespective of origin, food additives must accomplish some
desired function in the food to which they are added, and they must be safe to consume under the
intended conditions of use.

Many legally permitted preservatives in foods are organic acids and esters, including sulfites, nitrites,
acetic acid, citric acid, lactic acid, sorbic acid, benzoic acid, sodium diacetate, sodium benzoate, methyl
paraben, ethyl paraben, propyl paraben, and sodium propionate [24]. When a weak acid is dissolved in
water, equilibrium is established between undissociated acid molecules and charged anions, the proportion
of undissociated acid increasing with decreasing pH. The currently accepted theory of preservative action
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suggests inhibition via depression of internal pH. Undissociated acid molecules are lipophilic and pass
readily through the plasma membrane by diffusion. In the cytoplasm, approximately at pH 7.0, acid mole-
cules dissociate into charged anions and protons. These cannot pass across the lipid bilayer and accumulate
in cytoplasm, thus lowering pH and inhibiting metabolism [14]. There are several limitations to the value
of organic acids as microbial inhibitors in foods:

e They are usually ineffective when initial levels of microorganisms are high.
e Many microorganisms use organic acids as metabolizable carbon sources.
e There is inherent variability in resistance of individual strains.

e The degree of resistance may also depend on the conditions [24].

Nitrides and nitrates are used in many foods as preservatives and functional ingredients. These are crit-
ical components used to cure meat, and they are known to be multifunctional food additives and potent
antioxidants. Many plants contain compounds that have some antimicrobial activity, collectively referred
to as “green chemicals” or “biopreservatives” [26]. Interest in naturally occurring antimicrobial systems
has expanded in recent years in response to consumers’ requirements for fresher, more natural additive-
free foods [9]. A range of herbs and spices are known to possess antibacterial activity as a consequence
of their chemical composition. Antimicrobial agents can occur in foods of both animal and vegetable ori-
gin. Herbs and spices have been used for centuries by many cultures to improve the flavor and aroma of
foods. Essential oils show antimicrobial properties, and are defined by Hargreaves as a group of odorous
principles, soluble in alcohol and to a limited extent in water, consisting of a mixture of esters, aldehy-
des, ketones, and terpenes. They not only provide flavor to the product, but also preservation activity.
Scientific studies have identified the active antimicrobial agents of many herbs and spices. These include
eugenol in cloves, allicin in garlic, cinnamic aldehyde and eugenol in cinnamon, allyl isothiocyanate in
mustard, eugenol and thymol in sage, and isothymol and thymol in oregano [15].

Rancidity is an objectionable defect in food quality. Fats, oils, or fatty foods are deemed rancid if a
significant deterioration of the sensory quality is perceived, particularly aroma or flavor, but appearance
and texture may also be affected. Antioxidants are used to control oxidation in foods, and they also have
health functionality by reducing risk of cardiovascular diseases and cancer, and slowing down the aging
process. The use of wood smoke to preserve foods is nearly as old as open-air drying. Although not pri-
marily used to reduce the moisture content of food, the heat associated with the generation of smoke also
gives a drying effect. Smoking has been mainly used with meat and fish. Smoking not only imparts desir-
able flavor and color to some foods, but some of the compounds formed during smoking also have a pre-
servative effect (bactericidal and antioxidant).

Hydrogen ion concentration, measured as pH, is a controlling factor in regulating many chemical, bio-
chemical, and microbiological reactions. Foods having a pH < 4.5 are considered as low-risk foods; they
need less severity in heat treatment. Microorganisms require water, nutrients, appropriate temperature,
and pH levels for growth. Below an approximate pH of 4.2 most other food-poisoning microorganisms
are well controlled, but microorganisms such as lactic acid bacteria and many species of yeast and molds
grow at pH values well below this. Many weak lipophilic organic acids act synergistically at low pH to
inhibit microbial growth. Thus, propionic, sorbic, and benzoic acids are very useful food preservatives.
The efficacy of acids depends to a large extent on their ability to equilibrate, in their undissociated forms,
across the microbial cell membrane and in doing so, interferes with the pH gradient that is normally
maintained between the inside (cytoplasm) of the cell and the food matrix surrounding it. In addition to
weak lipophilic acids, other preservatives widely used in foods include esters of benzoic acid, which are
effective at higher pH values than organic acids. Inorganic acids, such as sulfate and nitrite, are most
effective at reduced pH values, like organic acids. While these preservatives are employed at ppm levels
of hundreds to thousands, the acids used principally as acidulants are often employed at percentage
levels. The three regimes of pH actions are [2]

e Strong acids do not themselves penetrate the cell membrane. These acids may exert their influ-
ence by the denaturing effect of low pH on enzymes present on the cell surface and by lowering
of the cytoplasmic pH due to increased proton permeability when the pH gradient is very large.
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® Weak acids are lipophilic and penetrate the membrane. The primary effect of such acids is to
lower cytoplasmic pH and undissociated acids may have specific effects on metabolism that
amplify the effects of the weak acid.

® Acid-potentiated ions, such as carbonate, sulfate, and nitrate, which are inhibitors at lower pH.

The pH affects not only the growth of microorganism but also other components and processes, such as
enzyme stability, gel formation, and stability of proteins and vitamins [20]. Antimicrobial enzymes also
have current applications and further future potential in the food industry. They play a significant role in the
defense mechanisms of living organisms against infection by bacteria and fungi. Many lytic enzymes now
used in the food industry to degrade unwanted polysaccharides have potential for use as novel and natural
food preservatives. One such enzyme, lysozyme from hen egg whites, has been known for many years and
is used against clostridial spoilage in hard cooked cheese in France [22]. When enzymes are used, it is very
important to maintain its activity for its effect in preservation. Hydrolytic antimicrobial enzymes function
by degrading key structural components of the cell walls of bacteria and fungi, whereas antimicrobial oxi-
doreductases exert their effects by the in situ generation of reactive molecules. Fuglsang et al. [7] pointed
that the potential of these enzymes in food preservation is still far from realized at present.

Antibiotics could be medical and nonmedical. Nonmedical antibiotics, such as natamycin and nisin,
produced either by microbes or synthetically, inhibit microbes at very low concentration. Organisms
present in food can become resistant to antibiotics and colonize the gut of animals and man. Antibiotics
used therapeutically may then become ineffective. Also, antibiotics are used in growth enhancement and
disease control in healthy animals. However, the increasing incidence of antibiotic resistance is of great
concern and is becoming a complicated issue.

When a chemical is used in preservation, the main question is how safe is it? There should be a
risk—benefit analysis. Antimicrobial agents or preservatives are diverse in nature, but legal, toxicological,
marketing, and consumer considerations have created a trend such that both the number and amount of
preservatives in use are diminishing rather than increasing [7].

1.5.3 Controls of Water and Structure

Many physical modifications are made in ingredients or foods during preservation. Such modifications
can also improve the sensory, nutritional, and functional properties of foods. Changes experienced by
foods during processing include glass formation, crystallization, caking, cracking, stickiness, oxidation,
gelatinization, pore formation, and collapse. Through precise knowledge and understanding of such
modifications, one can develop safe, high-quality foods for consumption [20].

Water is an important constituent of all foods. Scott in 1953 clearly identified that the activity of water
as a medium is clearly correlated with the deterioration of food stability due to the growth of microor-
ganisms and for stability this is more important than the total amount of water. This concept helps us to
develop generalized rules or limits for stability of foods using water activity. This was the main reason
why food scientists started to emphasize water activity rather than water content. Since then the scien-
tific community has explored the great significance of water activity in determining the physical charac-
teristics, processes, shelf life, and sensory properties of foods. The minimum water activity is the limit
below which a microorganism or group of microorganisms can no longer reproduce. For most foods, this
is in the water activity range of 0.6-0.7. Pathogenic bacteria cannot grow below a water activity of
0.85-0.86, whereas yeast and molds are more tolerant of a reduced water activity of 0.80, but usually no
growth occurs below a water activity of about 0.62. The critical limits of water activity may also be
shifted to higher or lower levels by other factors, such as pH, salt, antimicrobial agents, heat treatment,
and temperature to some extent. Removing water, adding solutes, or change of solute—water interactions
can reduce the water activity of a food.

Drying is one of the oldest methods of food preservation, where water activity is reduced by separat-
ing out water. Drying in earlier times was done under the sunlight, but today many types of sophisticated
equipment and methods are being used to dehydrate foods—huge varieties of drying methods are now
available. Drying is a method of water removal to form final products as solids, while concentration
means the removal of water while retaining the liquid condition. The loss of flavor, aroma, or functional



12 Handbook of Food Preservation, Second Edition

compounds is the main problem with drying, in terms of quality. The cost of processing, packaging,
transportation, and storage is less for dried products than canned and frozen foods. The concentration of
liquid foods is mainly carried out by thermal evaporation, freeze concentration, and membrane separa-
tion. Each method has its advantages and disadvantages.

Freezing changes the physical state of a substance by changing water into ice when energy is removed
in the form of cooling below freezing temperature. Usually, the temperature is further reduced to storage
level at —18°C. Microbial growth is completely stopped below —18°C, and both enzymatic and nonenzy-
matic changes continue at much slower rates during frozen storage. There is a slow progressive change
in organoleptic quality during storage. Freezing is more popular than drying due to its ability to retain
more fresh-like qualities in the food.

Foods can be considered very stable in the glassy state since below glass temperature compounds
involved in deterioration reactions take months or even years to diffuse over molecular distances and
approach each other to react. The hypothesis has recently been stated that this transition greatly influ-
ences food stability, as the water in the concentrated phase becomes kinetically immobilized and there-
fore does not support or participate in reactions. Formation of a glassy state results in a significant arrest
of translational molecular motion, and chemical reactions become very slow. Many attempts are being
made to relate the glass concept to physicochemical changes in foods.

Edible coatings serve many purposes in food systems. Coatings are used to improve appearance or tex-
ture and reduce water loss. Examples include the waxing of apples and oranges to add gloss, waxing of
frozen fish to add gloss and reduce shrinkage due to water loss, or coating of candies to reduce stickiness.
Other surface treatments for foods include application of antioxidants, acidulants (or other pH-control
agents), fungicides, preservatives, and mineral salts. The formulation of edible coatings depends on the
purpose and type of products. Encapsulation has been used by the food industry for more than 60 years.
In a broad sense, encapsulation technology in food processing includes the coating of minute particles of
ingredients (e.g., acidulants, fats, and flavors) as well as whole ingredients (e.g., raisins, nuts, and con-
fectionery products), which may be accomplished by microencapsulation and macrocoating techniques.

Gums and gels, such as casein, guar gum, agar, carrageenan, and pectin, are also used in food prod-
ucts to provide desired structure and functionality to the products. These are extremely important for the
textural attributes, such as creaminess and oiliness of formulated products, and fat-mimic foods.

1.5.4 Control of Atmosphere

Packaging techniques based on altered gas compositions have a long history. The respiratory activity of
the various plant products generates a low-oxygen and high-carbon dioxide atmosphere, which retards the
ripening of fruit. Modified-atmosphere packaging is a preservation technique that may further minimize the
physiological and microbial decay of perishable produce by keeping them in an atmosphere that is different
from the normal composition of air. The gas composition and method of this technique depends on the types
of produce and purposes. There are different ways of maintaining a modified atmosphere. In modified-
atmosphere packaging (termed “passive atmosphere”), the gas composition within the package is not moni-
tored or adjusted. In “controlled atmosphere packaging,” the altered gas composition inside the packaging is
monitored and maintained at a preset level by means of scrubbers and the inlet of gases. Active packaging
can provide a solution by adding materials that absorb or release a specific compound in the gas phase.
Compounds that can be absorbed are carbon dioxide, oxygen, water vapor, ethylene, or volatiles that influ-
ence taste and aroma. Vacuum and modified-humidity packaging contain a changed atmosphere around the
product. Although this technique was initially developed to extend the shelf life of fresh products, it is now
extended to minimally processed foods from plant and animal sources, and also to dried foods.

1.5.5 Inactivation

1.5.5.1  Use of Heat Energy

Earlier, mostly heat was used for inactivation. Thermal inactivation is still the most widely used process
of food preservation. The advantages of using heat for food preservation are
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Heat is safe and chemical-free

It provides tender cooked flavors and taste

The majority of spoilage microorganisms are heat labile

Thermally processed foods, when packed in sterile containers, have a very long shelf life

The main disadvantages of using heat are (i) overcooking may lead to textural disintegration and an
undesirable cooked flavor, and (ii) nutritional deterioration results from high temperature processing.
Heat treatment processes include mainly pasteurization, sterilization, cooking, extrusion, and frying.
Recently, more electrotechnologies have been used and this will expand further in the future.

1.5.5.2  Use of High Pressure and Ultrasound

High-quality fresh foods are very popular, so consequently there is a demand for less extreme treatments
and fewer additives. High-pressure hydrostatic technology gained attention for its novelty and nonthermal
preservation effect. Studies examining the effects of high pressure on food date back to the end of the
nineteenth century, but renewed research and commercialization efforts worldwide could soon bring high-
pressure-treated foods back to several markets. The basis of high hydrostatic pressure is the Le Chatelier’s
principle, according to which any reaction, conformational change, or phase transition that is accompanied
by a decrease in volume will be favored at high pressures, while reactions involving an increase in volume
will be inhibited. Predictions of the effects of high-pressure treatments on foods are difficult to generalize
due to the complexity of foods and the different changes and reactions that can occur. However, a tremen-
dous amount of information is being developed on microbial, chemical, biochemical, and enzymatic reac-
tions, development of functional and sensory properties, gel formation, gelatinization, and freezing process.
Ultrasound is sound energy with a frequency range that covers the region from the upper limit of
human hearing, which is generally considered to be 20 kHz. The two applications of ultrasound in foods
are (i) characterizing a food material or process, such as estimation of chemical composition, measure-
ments of physical properties, nondestructive testing of quality attributes, and monitoring food process-
ing, and (ii) direct use in food preservation or processing. The beneficial or deteriorative use of
ultrasound depends on its chemical, mechanical, or physical effects on the process or products.

1.5.5.3  Use of Electricity

Many different forms of electrical energy are used in food preservation, e.g., ohmic heating, microwave
heating, low electric field stimulation, high-voltage arc discharge, and high-intensity pulsed electric field.
Ohmic heating is one of the earliest forms of electricity applied to food pasteurization. This method relies
on the heat generated in food products as a result of electrical resistance when an electric current is
passed through them. In conventional heating methods, heating travels from a heated surface to the prod-
uct interior by means of both convection and conduction, which is time consuming, especially with
longer convection or conduction paths. Electroresistive or ohmic heating is volumetric by nature and thus
has potential to reduce overprocessing. It provides rapid and even or uniform heating, providing less ther-
mal damage and increased energy efficiency. Microwave heating has been extensively applied in every-
day households and the food industry, but the low penetration depth of microwaves into solid food causes
thermal nonuniformity. Low electric field stimulation has been explored as a method of bacterial control
in meat. The mechanism of microbial inactivation by electric field was first proposed by Pareilleux and
Sicard [16]. The plasma membranes of cells become permeable to small molecules after being exposed
to an electric field; permeation then causes swelling and the eventual rupture of the cell membrane. The
reversible or irreversible rupture (or electroporation) of a cell wall membrane depends on factors such as
intensity of the electric field, number of pulses, and duration of pulses. This new electroheating could be
used to develop new products with diversified functionality.

1.5.5.4  Use of Radiation

Ionization radiation interacts with an irradiated material by transferring energy to electrons and ionizing
molecules by creating positive and negative ions. The irradiation process involves exposing the foods, either
prepackaged or in bulk, to a predetermined level of ionization radiation. The radiation effects on biological
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materials are direct and indirect. In direct action, the chemical events occur as a result of energy deposition
by the radiation in the target molecule, and the indirect effects occur as a consequence of reactive diffusible
free radicals formed from the radiolysis of water, such as the hydroxyl radical (OH™), a hydrated electron
(e,4 ), a hydrogen atom, hydrogen peroxide, and hydrogen. Hydrogen peroxide is a strong oxidizing agent
and a poison to biological systems, while the hydroxyl radical is a strong oxidizing agent and the hydrogen
radical a strong reducing agent. Irradiation has wide scope in food disinfection, shelf life extension, decon-
tamination, and product quality improvement. Although it has high potential, there is concern on legal
aspects and safety issues, and consumer attitude toward this technology.

Ultraviolet (UV) radiation has long been known to be the major factor in the antibacterial action of
sunlight. It is mainly used in sterilizing air and thin liquid films due to its low penetration depth. When
used at high dosage, there is a marked tendency toward flavor and odor deterioration before satisfactory
sterilization is achieved. UV irradiation is safe, environment friendly, and more cost-effective to install
and operate than conventional chlorination. Visible light and photoreactivation are also used in food pro-
cessing. If microorganisms are treated with dyes, they may become sensitive to damage by visible light.
This effect is known as photoreactivation. Some food ingredients could induce the same reaction. Such
dyes are said to possess photodynamic action. White and UV light are also used to inactivate bacteria,
fungi, spores, viruses, protozoa, and cysts. Pulsed light is a sterilization method in applications where
light can access all the important volume and surfaces. Examples include packaging materials, surfaces,
transmissive materials (such as air, water, and many solutions), and many pharmaceuticals or medical
products. The white light pulse is generated by electrically ionizing a xenon gas-filled lamp for a few
hundred millionths of a second with a high-power, high-voltage pulse.

In many cases, it would be very difficult to make a clear distinction between inhibition and inactiva-
tion. Take, for example, preservation by drying and freezing. Although the main purpose of freezing and
drying is to control the growth of microorganisms, there is also some destruction of microorganisms.
Freezing causes the apparent death of 10%-60% of the viable microbial population and this gradually
increases during storage.

1.5.5.5  Use of Magnetic Field

Magnetism is a phenomenon by which materials exert an attractive or repulsive force on other materials.
The origin of magnetism lies in the orbital and spin motions of electrons and how the electrons interact
with each other. Magnetic fields have potential in pasteurization, sterilization, and enhancing other fac-
tors beneficial to processing in food preservation.

1.5.6  Avoid Recontamination (Indirect Approach)

In addition to the direct approach, other measures such as packaging and quality management tools need
to be implemented in the preservation process to avoid contamination or recontamination. Although these
measures are not preservation techniques, they play an important role in producing high-quality safe food.
With respect to the procedures that restrict the access of microorganisms to foods, the employment of
aseptic packaging techniques for thermally processed foods has expanded greatly in recent years both in
the numbers of applications and in the numbers of alternative techniques that are commonly available [9].

From skins, leaves, and bark, tremendous progress has been made in the development of diversified pack-
aging materials and equipments. Packaging performs three main functions. The first is to control the local
environmental conditions to enhance storage life. The second is the display, i.e., preservation of the product
in an attractive manner to the potential buyer. The third function is to protect the product during transit to the
consumer. The new concept of active or life packaging materials allows one-way transfer of gases away from
the product or the absorption of gases detrimental to the product, antimicrobials in packaging, release of
preservatives from controlled-release surfaces, oxygen scavengers, carbon dioxide generators, absorbers or
scavengers of odors, absorption of selected wavelengths of light, and there are capabilities for controlled
automatic switching. Another concept of edible or biodegradable packaging has also been evolved for envi-
ronmental reasons. Processing and packaging can be integrated to improve efficiency.

Food safety has been of concern since the Middle Ages, and regulatory measures have been enforced to
prevent the sale of adulterated or contaminated food. Food safety is now the highest priority. Recently, the
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concepts of Hazard Analysis and Critical Control Point (HACCP), ISO 9000, Good Manufacturing Practices
(GMP), Standard Operating Procedures (SOP), Hazard and Operability Studies (HAZOP), and Total Quality
Management (TQM) have gained attention. HACCP is a state-of-the-art prevention approach to safe food
production based on prevention and documentation, and is thus cost-effective. It is a proactive approach
based on science. Most of the food industry around the globe is now targeting the implementation of HACCP
programs for their processes to ensure safety. HACCP is a scientific, rational, and systematic approach to
identification, assessment, and control of hazards during production, processing, manufacturing, preparation,
and use of food to ensure that it is safe when consumed. This concept is based on the application of preven-
tion and documentation. The HACCP system provides a preventive and thus a cost-effective approach to food
safety. It is important to understand the concept of safety and quality first before planning to implement
HACCEP in the branch of the food industry or the products being targeted. The concepts of HACCP were ini-
tiated in the 1950s by the National Aeronautics and Space Administration (NASA) and the Natick
Laboratories for use in aerospace manufacturing. This rational approach to process control for food products
was developed jointly by the Pillsbury Company, NASA, and US Army Natick Laboratories in 1971 to apply
a zero-defects program to the food process industry [14,17]. The World Health Organization (WHO) has rec-
ognized the importance of the HACCP system for the prevention of food-borne diseases for over 20 years
and has played an important role in its development and promotion. One of the highlights in the history of
the HACCP system was in 1993 when the Codex guidelines for the application of the HACCP system were
adopted by the FAO/WHO Codex Alimentarius Commission, requiring them for international trade.

ISO 9000 is the generic standard that specifies minimum requirements to be fulfilled by organizations
to meet a customer’s needs. It does not specifically address the issue of food safety, but it addresses the
need to identify and comply with regulatory requirements that are applicable to the product and process.
ISO 9000 standard and HACCP techniques are complementary. HACCP techniques should therefore be
used as a tool to support the quality management system ISO 9000.

To meet the requirements of GMP, regulatory bodies provided well-defined guidelines for food process-
ing operations. GMP could be considered as the building blocks and cornerstones of the HACCP. TQM is a
management philosophy that seeks continuous improvement in the quality of performance of all processes,
products, and services of an organization. HAZOP is a systematic structured approach to questioning the
sequential stages of a proposed operation to optimize the efficiency and the management of risk. Food reg-
ulatory authorities around the world are now very active in implementing these tools in the food industry. A
quality management system does not guarantee food safety unless the hazards are identified and controlled.

Recently, the concept of hurdle technology or combined methods of preservation has gained atten-
tion. The microbial stability and safety of most traditional and novel foods is based on a combination
of several preservative factors (called hurdles), which microorganisms present in the food are unable to
overcome. This is illustrated by the so-called hurdle effect, first introduced by Leistner and his cowork-
ers. He acknowledged that the hurdle concept illustrates only the well-known fact that complex
interactions of temperature, water activity, pH, and redox potential are significant for the microbial sta-
bility of foods. With respect to procedures that slow down or prevent the growth of microorganisms in
foods, major successes have been seen and new applications are steadily being made in the use of
combination preservation techniques or hurdle technology. This has been supported by a greatly
improved understanding of the principles underlying the stability and safety of an enormous number of
combination-preserved foods that are traditional and indigenous to different parts of the world.
Modified-atmosphere packaging has grown rapidly, particularly for the extension of the high-quality
shelf life of certain chill-stored foods.

|
1.6 Other Preservation Factors

Applications of modern biotechnology with genetic modification will play a more important role in the
future for more value-added products, and easy and efficient methods of preservation. Biotechnology is
a general term for several techniques that use living organisms to make or modify products for a specific
purpose. The techniques of biotechnology offer opportunities to address consumer issues of food qual-
ity and environmental safety. Biotechnology can be used to make fruits more flavorsome; to improve
nutritional and functional quality of fruits, vegetables, grains, and muscle foods; to grow foods in a wider
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climate zone; and to grow foods in a more environmentally benign fashion [4]. The biggest application
of biotechnology will be rapid and sensitive diagnostic kits for the detection of pathogens and unwanted
xenobiotic compounds in foods. Another application of biotechnology will be on-package sensors that
could indicate when a food is spoiled, or when a pathogen or its toxic by-product is present at some level
of concern [13].

The major driving forces in the development and modification of food processing are the desire to
reduce the extent of processing, i.e., the demand for lightly processed or fresh-like, organic, and natural
foods; the desire to maximize automation, control, and efficiency; and the desire to minimize cost, and
the need to respond to an ever-increasing strict regulations concerning environmental impact of various
processes [11]. Nonthermal preservation technology is used to maintain nutrition and quality. There is a
tendency to reduce intake of animal products, and to consume more cereal and cereal-based products,
fruits, and vegetables. Other technologies being developed to meet the consumer desire for minimally
processed foods is the shift from heat treatment for pasteurization and cooking, to use of electromagnetic
waves, such as electron-beam and gamma radiation and microwave radiation. Microwave applications
are easily accepted by the consumer but have never made major changes at the processing level. One of
the major problems of this technology is to permit appropriate textures for the products while using
intensities high enough to kill all pathogens despite their rapid time—temperature history [13]. Other
potential electromagnetic processing techniques that can be used to minimize adverse heat changes due
to cooking include pulsed light at high intensity, pulsed magnetic fields, direct current in a particulate
stream (ohmic heating), pulsed electric discharge, and radio frequencies such as infrared. Food process-
ing is very energy-intensive, and reducing energy use by using efficient electrotechnology can increase
profit as well as reduce environmental impact. In many cases, fast or rapid heating by electrotechnology
may not provide enough time to develop desired textures and flavors.

Food habits have been a very important component of human society since its inception. Changing
trends and lifestyles demand more specific attributes. These include convenience in preparation and
consumption, changing taste preferences, attitudes and perceptions about diet and health, more nutri-
tional and functional advances in technology that influence food quality and availability, economic fac-
tors, ethnic and geographic regional factors, age, and suitability and convenience for lifestyle [4].
Eating away from home no longer means just sitting down in a restaurant. It can be done while sitting
in a car, a train, a park bench, or at an office desk. New types of fast foods are emerging to meet the
demand, and safety and innovation are needed. Taste, nutrition, and convenience are the driving forces
in today’s market. There is also a great emphasis on simple meal preparation at home, especially with
microwave cooking.

Antinutritional factors in many raw materials need to be considered and adequate pretreatments should
be used before major preservation steps. It is important to reduce pesticide residues in the final products
and these must be used as little as possible. There is increasing utilization of integrated pest management
(IPM) as a part of growing and processing. Usually pesticide residues decrease, often dramatically, dur-
ing processing and preparation. The process of washing and peeling fruits and vegetables generally
results in significant declines in the amount of pesticide detected in the food. This is especially true for
pesticide residues that are found only on the surface of the commodity [18]. The amount of residue
depends largely on the pesticide, the commodity, and the process used. Exceptions may also occur when
processing causes degradation of the chemical, creating a chemical that is more toxic than the parent
chemical. A stewardship program is used for control of pesticide residues. There is great consumer con-
cern regarding potentially harmful chemicals in the food supply, such as hydrocarbons, dioxin, and heavy
metals.

The factors that should be considered before selecting a preservation process are the desired qual-
ity of the products, the economics of the process, and the environmental impact of the methods. Food
industry waste is now also of concern to law-enforcing authorities and consumers. Food waste is not
only an economic loss, but it also has an impact on the environment. It is important to make every
effort to minimize waste, set up effective recycling systems, and implement suitable systems for value-
added products. The ultimate success of the food industry lies in the timely adoption and efficient
implementation of the emerging new technologies to satisfy the present and the future demands of the
consumer.
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2.1 Postharvest Quality

Postharvest period begins at the separation of plant organ used as food from the medium of its immedi-
ate growth or production, and ends when it enters the process of preparation for final consumption or fur-
ther preservation [46]. Fruit and vegetables are live tissues harvested at various stages of growth and
development, have tender texture, contain high moisture content (60%—95%) and water activity, lose
water to the surrounding atmosphere, and continue respiration, which produces heat and water at the
expense of food reserves, carbohydrates, proteins, lipids, etc., which were otherwise replaced by photo-
synthates and nutrients supplied by the plant before harvest.

Fruits and vegetables are consumed in fresh, minimally processed, and processed forms (canned,
frozen, dried, preserves, and fermented products). Raw material quality influences the quality of
processed fruit and vegetable products as quality can only at best be maintained and not improved by
processing [4]. Kader [48] defined quality as “a combination of characteristics, attributes, or proper-
ties that give the commodity value as a human food.” Specific quality requirements in terms of raw
material vary with the nature of the product and processing applied on it. Quality attributes normally
used for raw materials are physical (size, firmness, presence or absence of seeds, etc.), compositional
(natural sugars and volatiles), nutritional (vitamins, antioxidants, and functional components), and
sensory (color, texture, taste, flavor, and odor) [19,44,87,96]. Quality evaluation consists of meas-
urement of appearance, texture, flavor, nutritive value, and safety of the produce. Safety aspects need
to be considered first before all other quality attributes. High shelf life of fruits and vegetables before
processing is an additional criterion used by processors to assess their suitability as a raw material as
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FIGURE 2.1 Schematic representation of factors affecting postharvest quality of fruits and vegetables.

it increases the processing season. Minimization of deterioration of postharvest quality of plant
produce used for processing is the main aim of suppliers of raw materials. Being live, quality of fruits
and vegetables is directly related to the physiological status and a host of other factors such as
diseases and pests, mechanical injuries, and exposure during postharvest handling (Figure 2.1).
Knowledge of postharvest physiology is therefore fundamental to understand the process of deterio-
ration of quality before reaching the processor.

2.1.1  Factors Affecting Quality

2.1.1.1  Preharvest Factors
2.1.1.1.1 Genetic

Genetic makeup has a profound effect on the selection of a raw material for a given processing applica-
tion. Cultivar and rootstock selection influence the composition, quality, storage potential, and response
to processing characteristics that may be inherited. In many cases, fruit cultivars grown for fresh market
sale are not suited for processing and vice versa. For example, grape varieties used for wine-making are
different from those used for fresh food market. Several criteria are used by breeders in the development
of new varieties, such as higher yield, resistance to disease and disorders, improved compositional and
nutritional values, reduction in undesired toxic compounds, and improved processing characteristics. Out
of the pool of several varieties, there have been studies to identify those that suit a particular processing
method [12,33,43,61,103,117]. Modern processors usually contract out growers who grow a particular
variety or cultivar that suits the raw material specifications for a given type of processing.

Recently, there has been a significant amount of work reported on the modification of genetic makeup to
improve the postharvest performance of fruits and vegetables [33,108,118]. Transgenic fruits and vegetables
have been released that have reduced browning and softening tendencies, and increased shelf life [33], and
uniformity of flavor and color. Table 2.1 lists the transgenic fruits and vegetables released and traits targeted.

2.1.1.1.2  Climatic

The growing region and environmental conditions specific to each region, such as temperature, humidity,
light, wind, soil texture, elevation, and rainfall, significantly influence the quality of fruits and vegetables
[49,85,94]. The duration, intensity, and quality of light during cultivation affect the quality at harvest. In
tomatoes, leaf shading of fruits is known to result in a deeper red color during the ripening and when
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TABLE 2.1

Transgenic Fruits and Vegetables Released with
Improved Quality Claims

Produce Traits
Apple Reduction in the incidence of bitter pit
Banana Delayed ripening, increased
bruise resistance
Melon Altered ripening
Eggplant Seedless
Cucumber Seedless
Pepper Altered ripening and improved flavor
Potato Reduced bruise sensitivity,
increased amylopectin
Strawberries Delayed softening and ripening
Tomato Increased solid content, delayed ripening,
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grown in full sunlight contain more sugar and dry
matter [121]. Exposure to sun tends to make citrus
fruits lighter in weight, with thinner rind, low
amounts of juice and acids, and high solid content
compared to those that were shaded or those inside
a canopy. The differences in day length and light
quality affect the product physiology; for example,
onion varieties developed for short-day climates
will not produce large bulbs [112]. In purple cab-
bage and eggplants, formation of anthocyanin pig-
ments is controlled by short wavelengths of light in
the blue and violet regions [75]. Thiamine synthe-
sis in plants is stimulated by light and generally
occurs in the leaves and increases in concentration
until the plant matures. Turnips harvested in the

increased shelf life morning contain more riboflavin than those har-

vested at other times of the day [85]. Among leafy

vegetables, leaves are larger and thinner under a
condition of low light intensity [75]. Fruits grown in cold climate usually are more acidic than those grown
in warmer regions [100].

2.1.1.1.3  Cultural Practices

Soil type, soil nutrient and water supply, pruning, thinning, pest control or chemical spray, and density
of planting influence the quality of plant produce [25,49,75,86]. Fertilizer addition affects the mineral
content of fruits, while other cultural practices such as pruning and thinning may influence nutritional
composition by changing fruit crop load and size [49]. The closer the planting, the less will be the sweet-
ness of fruits. Many physiological disorders have been linked to the nutrient status of the soil [86].
Potatoes grown in sandy, gravelly or light loamy soils, and low-water or fertility soils have consistently
produced higher dry matter than those grown in peat or low-moisture soils. A high N/K ratio and phos-
phorus deficiency in soil increases the tendency of potato to darken after cooking. Pineapple plants
receiving undue amounts of nitrogen produce tart, white, and opaque fruits of poor flavor characteristics
[86]. Pesticide residues may give rise to flavor taints in fresh and processed products, and excessive use
of pesticides may even produce harmful metabolites and toxicity that may not be necessarily destroyed
during processing or heat treatment [86].

2.1.1.2  Harvesting Factors
21.1.2.1

Maturity at harvest is the most important quality criterion for a processor as it directly affects composi-
tion, quality, losses, and the storage potential of plant produce. The optimum harvest maturity is vital to
achieve maximum postharvest life of the fresh produce [49,52]. Although most fruits reach peak eating
quality when harvested fully ripe, they are usually picked mature, but not ripe, to decrease mechanical
injury during postharvest handling. Immature fruits are more subject to shriveling and mechanical
damage, and are of inferior quality when ripened. Overripe fruits are likely to become soft and mealy
with insipid flavor soon after harvest. Fruits picked either too early or too late in the season are more sus-
ceptible to physiological disorders and have a shorter storage life than those picked at mid-season [49].
Harvesting fruits either immature or overripe can cause extensive loss of the produce; thus maturity
indices are important criteria used for arriving at a correct harvesting stage. The optimum maturity of
produce for fresh consumption and processing is determined by the purpose for which it will be used.
The maturity stage considered best for canning may not be best for dehydration, freezing, or making jams
or preserves. For example, fully ripened fruits should be used for drying and making concentrated
products (tomato sauce) to achieve the best flavor, but for fresh marketing these may not be suitable for
its susceptibility to damage.

Maturity at Harvest
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Several indices are used to identify and evaluate the maturity for harvest and for assessing suitability
for a processing application. Maturity indices vary among types, cultivars of the produce, and intended
processing. The indices used are based on (i) measurable change in visual appearance (size and shape,
overall color, skin color, flesh color, presence of dried outer mature leaves, drying of plant body, devel-
opment of abscission layer, surface morphology and structure, and fullness of fruit); (ii) elapsed days
from full bloom to harvest, and mean heat units during development; (iii) physical changes (ease of
separation or abscission, flesh firmness, tenderness, specific gravity or density); (iv) chemical changes
(soluble solids, starch, acidity, sugar/acid ratio, juice content, oil content, tannin content); and (v) meas-
urable physiological changes (respiration and internal ethylene concentration). Both objective and
subjective methods are used in measurement of indices. Tables 2.2 and 2.3 show commonly used indices
for assessing maturity for harvesting and for assessing suitability for processing for selected vegetables

TABLE 2.2

Harvest Maturity Indices for Vegetables and Specifications for Processing

Vegetable Harvest Specifications for Processing
Broccoli Compact bud cluster
Cabbage Compact head Sauerkraut (mild flavored, sweet, solid white
head, sugar >2%, ascorbic acid 30-60 mg/100 g)
Carrot Crispy and long enough Canning (tender texture)
Juicing (juice yield and sugars >6 °B)
Cauliflower Compact curd
Cucumber Size and tenderness Pickles (ripe with sugar content of 1.5%—2.5%)
Eggplant Desirable size and tenderness
Lettuce Desirable size before flowering
Okra Desirable size and tips snap off easily Canning (small, young, and tender)
Olives Straw yellow to cherry red Pickling (slightly less mature, size, color)
Onion Tops beginning to dry Drying (high solids content)
Peas Well-filled pods that snap easily Canning (13.4% AIS, tenderometer reading of 115-125)
Freezing (13.4% AIS, tenderometer reading of 95-105)
Drying (9%-11% AIS, tenderometer reading of 85-95)
Potato Tops beginning to dry Chips (dry matter of 21%—24%, specific gravity
(>1.075), <1.5% sugar)
French fries (specific gravity of 1.08-1.12,
<0.3% reducing sugar), frozen chips
(total solids 20-22%, <0.2%)
Canning (whole tubers of 19-38 mm size,
specific gravity of <1.08)
Dehydrated diced potatoes (specific gravity of 1.1)
Starch manufacture (minimum of 15% starch)
Sweet corn Milky sap oozing upon pressing Canning (slightly immature kernels)
Tomato Seeds slip upon cutting the fruit Most processed products (SS > 5%)

Source: Data from M. E. Dauthy. Fruit and Vegetable Processing, FAO Agricultural Bulletin No. 119, FAO of the United
Nations, Rome, 1995 (www.fao.org/documents/show_cdr.asp?url_file=/docrep/V5030E/V5030EOs.htm); S. D. Holdsworth.
The Preservation of Foods and Vegetable Food Products, Macmillan, London, 1983; A. A. Kader. Acta Hort., 485:203, 1999;
L. Kitinoja and A. A. Kader. Small-Scale Postharvest Handling Practices: A Manual for Horticultural Crops, 3rd ed.,
University of California, Davis, 1995; G. Lisinska and W. Leszczynski. Potato Science and Technology, Elsevier Applied
Science, London, 1989; A. Maestrelli. In Managing Frozen Foods (C. J. Kennedy, Ed.), Woodhead Publishing, Cambridge,
2000, p. 27; S. Ranganna. Handbook of Analysis and Quality Control for Fruit and Vegetable Products, 2nd ed., Tata McGraw-
Hill Publishing Co., New Delhi, 2004; R. Rodriguez, B. L. Raina, E. B. Pantastico, and M. B. Bhatti. Quality of raw materi-
als for processing. In Postharvest Physiology, Handling, and Utilization of Tropical and Subtropical Fruits and Vegetables
(E. B. Pantastico, Ed.), AVI Publishing, Westport, CT, 1975, p. 467.
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TABLE 2.3

Maturity Indices for Fruits Harvesting and Specifications for Processing

Fruit Harvest Specifications for Processing
Apple 140-150 days from the bloom, Sauce and canned products (maximum shear press
starch content values of 3.1-3.3 kN for slices, minimum SS of 10%
for sauce)
Apricot % of the area of the fruit should Canning (full flavor)
have yellowish green or %2 yellow Drying (full flavor and ripening)
Banana Pulp-to-peel ratio of 1.35-1.4, or Banana puree (complete disappearance of
disappearances of angularity, color angularity and full flavor, and flesh appears
translucent)
Grapes 14%-17.5% SS, or SS/A of 20 or higher White wine fermentation (pH 3.1-3.3, TA 0.7-0.9,

Brix 19-22 °B), red wine fermentation
(pH 3.3-3.6, TA 0.6-0.8, Brix 21-23.5°B)

Orange SS/A of 8 Minimum juice content of 30%—35%,
frozen juice concentrate (12.5-19.5 SS/A)
Pear >13% SS and yellowish-green color Canning (full flavor and firmness measured to
66.7-75.6 N)
Mango Change of peel color from green Canning (full flavor and total sugar/soluble solids
to yellow ratio close to 1)
Strawberries >2/3 of fruit surface has pink or red color Freezing (firmness equivalent to 10—15 N force)

Source: Data from L. Bedford. In Chilled Foods—A Comprehensive Guide, 2nd ed. (M. Stringer and C. Dennis, Eds), CRC Press,
Boca Raton, FL, 2000, p. 19; A. A. Kader. Acta Hort., 485:203, 1999; A. Maestrelli. In Managing Frozen Foods (C. J. Kennedy,
Ed.), Woodhead Publishing, Cambridge, 2000, p. 27; Y. Margalit. Winery Technology and Operations, Wine Appreciation Guild,
San Francisco, 1996; A. K. Mattoo et al. In Postharvest Physiology, Handling, and Utilization of Tropical and Subtropical Fruits
and Vegetables (E. B. Pantastico, Ed.), AVI Publishing, Westport, CT, 1975, p. 103; R. F. Matthews. Frozen Concentrated
Orange Juice from Florida Oranges, University of Florida, Fact sheet FS 8, April 1994 (reviewed on April 1, 2003) T. Nilsson.
In Fruit and Vegetable Quality, An Integrated View (R. L. Shewfelt and B. Bruckner, Eds), Technomic Publishing Co.,
Pennsylvania, 2000, p. 96; S. Ranganna. Handbook of Analysis and Quality Control for Fruit and Vegetable Products, 2nd ed.,
Tata McGraw-Hill Publishing Co., New Delhi, 2004; R. Rodriguez, B. L. Raina, E. B. Pantastico, and M. B. Bhatti. Quality
of raw materials for processing. In Postharvest Physiology, Handling, and Utilization of Tropical and Subtropical Fruits and
Vegetables (E. B. Pantastico, Ed.), AVI Publishing, Westport, CT, 1975, p. 467; A. L. Ryall, and W. J. Lipton. Handling,
Transportation and Storage of Fruits and Vegetables, Vol. 1, Vegetables and Melons, AV1 Publishing, Westport, CT, 1972;
M. B. Springett. Ed., Raw Ingredient Quality in Processed Foods—The Influence of Agricultural Principles and Practices, Aspen
Publishers Inc., Gaithersburg, MD, 2001, p. 125; R. C. Wiley and C. R. Binkley. In Processed Apple Products, (D. L. Downing,
Ed.), Van Nostrand Reinhold, New York, 1989, p. 215.

and fruits, respectively. Each method has its own limitations and advantages and accurate assessment can
only be done using a combination of indices [49,56,86].

2.1.1.2.2  Harvesting Methods

Harvesting can be done manually or mechanically. The advantages of manual harvesting are (i) accurate
selection and grading according to maturity, (ii) minimum damage to commodity, (iii) minimum capital
investment, and (iv) mechanical devices can be used as aids to manual harvesting. The disadvantages are
(1) it needs management of labor force and (ii) it is slow. The advantages of mechanical harvesting are (i) it
is fast and (ii) it requires low labor and easy management. The disadvantages are (i) it may cause mechani-
cal damage to the produce by skin abrasion and tissue bruising and (ii) it requires trained personnel and a
special field lay out, and cropping patterns. The use of improper machinery and equipment in mechanical
harvesting may cause serious food losses [86]. The harvesting system used and its management has a direct
effect on incidence and severity of mechanical injuries. Thus, for best results, management procedures should
include the following: (i) selection of optimum time to harvest regarding fruit maturity and climatic
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conditions, (ii) training and supervision of workers, and (iii) effective quality control procedure [46]. Pickers
can be trained in methods of identifying the produce that is ready for harvest [56].

Harvested vegetables other than root crops should not be placed directly on the soil or be exposed to
sunlight, heat, and rain. Exposure to sun can lead to a high internal temperature, which is detrimental to
the quality [82]. A simple shade or grass coverage can provide protection to the harvested products. Some
root crops can benefit by brief exposure to the sun to dry off the surface or facilitate removal of adher-
ing soil [86]. Picking during the day- or nighttime, and weather conditions also affect the quality.
Harvesting during or immediately after rains should be avoided and preferably carried out during the
cooler part of the day (usually early morning) to avoid shriveling and wilting.

2.1.1.3  Postharvest Factors
2.1.1.3.1 Humidity

Fresh fruits and vegetables contain sizable amounts of water, for example, watermelons may contain
water more than 95% of its fresh weight. Since most of the water is free water, the produce will continue
to lose water to the surrounding atmosphere. The loss in water manifests into symptoms of shriveling,
wilting, and loss of crispness. The tissue may also become tough or mushy and unacceptable to the con-
sumer. The reduction of saleable weight and loss of sensory characteristics lower the marketing value.
Weight loss by even 5% makes certain produces unsaleable [86]. The surface area/volume ratio, nature
of surface, presence/absence of cuticle, number of stomata (leaves) and lenticels (fruits), periderm
(tubers and roots), and injury to the plant tissues affect both the rate and the extent of water loss. This is
the reason why leafy vegetables such as lettuce lose water at higher rates than potatoes and apples.
Water loss can be prevented by maintaining high atmospheric relative humidity (RH), low tempera-
ture, reduced air movement, and increased pressure; avoiding product injury; and using suitable packag-
ing during storage and transportation. Optimum RH is 85%—90% for most fruits and 90%—98% for most
vegetables except dry onions and pumpkins (70%—75%). Some roots may require almost 100% RH
[32,46]. Maintaining high RH, in certain situations, may induce decay, surface mold development, and
physiological disorders, including impaired fruit ripening; however, surface condensation of moisture
(sweating) over long periods is probably more of significance in enhancing decay than high humidity.

2.1.1.3.2  Temperature

Temperature management is the most important tool in postharvest handling of plant produce to control
both physiological and pathological deteriorations. Provided exposures to temperatures leading to chill-
ing and freezing injuries are avoided, lowering temperature during handling, transportation, and storage
is the most effective means of extending the shelf life and reducing the loss of quality by lowering the
metabolic processes such as respiration and transpiration. Figure 2.2 shows the effect of temperature on
shelf life of selected fruits and vegetables. The difference in the effect of temperature on the shelf life
varies due to differences in physicochemical properties of different types of fruits and vegetables. For
example, the most pronounced effect in increasing the shelf life by reducing the temperature is expected
for lettuce and green onion than for strawberry and raspberry.
The effect of temperature on quality is expressed by a temperature quotient Q,,, which is defined as

10
O = (2][5 _Tl] 2.1

a9,

where g, and ¢, are the rates of quality function at two temperatures, 7, and 7}, respectively. The Q,, values
have been used to describe the effect of temperature on a particular quality attribute, such as color, texture,
flavor, etc. For example, Q,, values for quality deterioration in asparagus when expressed as appearance,
sugar loss, and fiber increase are 2.7, 5.8, and 10, respectively, in a temperature range of 0°C to 10°C [53,56].

2.1.1.3.3 Atmospheric Gas Composition

Atmospheric gas composition, such as oxygen, carbon dioxide, and ethylene, influences the microbial
decay and physiological processes such as respiration. Reduction of oxygen and elevation of carbon
dioxide through modified or controlled atmosphere storage complements the effects of maintaining
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FIGURE 2.2 Effect of temperature on shelf life of selected fruits and vegetables. (Data taken from J. K. Brecht and P. E.
Brecht, Effect of Small Temperature Differences on Quality of Horticultural Commodities, PEB Commodities Inc., 2002.)

low temperature through the postharvest value chain. For example, banana transported under 3% O,
and 5% CO, reduces premature ripening and crown rot development by high carbon dioxide/oxygen
ratio [15,41]. The beneficial or harmful effects of varying gas composition, however, depend upon
commodity, cultivar, physiological age, oxygen and carbon dioxide levels used, temperature, and dura-
tion of storage [46,120]. The principles underlying the technology of manipulation of atmosphere and
recommended level of gases for extending postharvest life of fruits and vegetables have been covered
elsewhere [45,46,54,104,105] and in the chapter on modified atmosphere packaging (chapter 14).

21134 Light

Light may influence the quality of fruits and vegetables by controlling the synthesis/degradation of
pigments responsible for color (chlorophyll and carotenoids), flavor by catalyzing oxidation of lipids,
sprouting, reducing nutritive value by degrading vitamins such as ascorbic acid and riboflavin, and
production of toxins. The exposure of potatoes to light during storage may produce green tissues that
contain solanine, a toxin [86]. Thus, light intensity should be minimized. Adverse effects of light are
prevented by storage in dark and using packaging materials that prevent the transmission of light.

2.1.1.3.5 Mechanical Injury

Mechanical injuries expose internal tissue to contamination, increase respiration rate, promote chemical
and enzymatic reactions (i.e., browning), allow the spread of decay microorganisms, and induce an over-
all quality decline. The resistance to cracking in tomatoes is correlated with flatness of the epidermal cells
[32,74,84,86,120]. The surface cracks, cuts, punctures, which develop during growth or as a result of
mechanical injuries, either remove or weaken the protective outer layers causing water loss. At early stages
of maturity, some commodities have the ability to repair and seal off the damaged area. The capacity of
wound healing diminishes in most cases as the plant organs mature except some tuber and root crops.

A bruise is a simple and irreversible injury, but defining all the ways in which bruising is caused can
become quite complex. Impact bruising results when the dynamic failure stress or strain level for the
produce tissue is exceeded above tolerance. The factors affecting impact are drop height, velocity just
before impact, mass of each produce item, radius of curvature of the impacting surfaces at the point of
contact, stiffness of tissue beneath each surface, area of contact for each surface, and failure stress or
strain level for each tissue [5,102].

2.1.1.3.6  Postharvest Diseases or Infections

The postharvest diseases are initiated by the following ways: (i) at the early stage of development when
attached to the plant, (ii) by direct penetration of certain fungi or bacteria through the intact cuticle or
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through wounds or natural openings in the surface, and (iii) through injuries in cut stems or damage to
the surface. While most of the microorganisms can invade only the damaged produce, a few are able to
penetrate the skin of healthy produce. Initially, only one or a few pathogens may invade and break down
the tissues, followed by a broad-spectrum attack of several weak pathogens, resulting in complete loss
of commodity due to the magnified damage. The postharvest diseases can be controlled based on (i) pre-
vention of infection, (ii) eradication of incipient infections, and (iii) retardation of the progress of
pathogen in the produce by fungicide or bactericides [85,86].

The pH of fruits is the major factor that influences the composition and therefore the microflora pres-
ent. Yeasts and molds are often the predominant microorganisms in fruits and fruit products as they grow
well under acidic conditions [100]. Only a few species of yeast pathogenic to man and other animals are
common contaminants of fruits and fruit products [100]. Mold-infected raw fruit may become soft dur-
ing or after processing because pectinases present in molds may not be inactivated by ordinary thermal
treatment [72]. Moreover, over 100 different mycotoxins are produced by some 200 mold species [57].
For example, patulin is a common mycotoxin in processed fruits, particularly in apples [100].

In general, the bacteria that cause diseases in humans are not associated with fruit products due to poor
tolerance to low pH of fruits. There are four groups of human pathogens that may also be present in fresh
fruits and vegetables [35]. They are soil-inhabiting bacteria (Clostridium botulinum, Listeria monocyto-
genes), enteric bacteria (Salmonella spp., Shigella spp., Escherichia coli O157:H7, etc.), parasites
(Cyrptosporidium, Cyclospora), and viruses (hepatitis, Norwalk virus, etc.). Following good agricultural
and good manufacturing practices, such as GMP and Hazard Analysis and Critical Control Point
(HACCP), can prevent the outbreaks associated with human pathogens.

]
2.2 Postharvest Physiological Processes

2.2.1 Ontogeny

The origin and development (ontogeny) of plants influences various physiological aspects of fruits and
vegetables. From initiation or conception to death, plants or parts thereof undergo different stages of devel-
opment having significant differences in their metabolism impacting on quality. Fruits and vegetables pass
through five distinct developmental phases from initiation to (i) development (morphological and chemi-
cal completion of tissue), (ii) young or premature (developmental period before the onset of maturation),
(iii) mature (completion or fullness of growth and edible quality, most of the maturation processes must
be completed while the produce is still attached to the plant), (iv) ripe (maximum esthetic and edible
quality), and (v) senescence (leading to death and set the produce worthless and inedible). The duration
and the rate of these stages vary with type and variety of the product and stage of development [75,85,86].
Table 2.4 provides examples of plant parts used as

fresh or in processed forms. The morphology and ~ TABLE 2.4

the stage of development at which these are har-  Types of Plant Parts Consumed in Fresh or

vested vary substantially. When harvested, sprouts  Processed Form

and seedlings are in very early stages of develop-

ment, followed by stems and leaves, partially Plant Parts Examples

developed fruits (cucumber), fully developed fruits  Seeds and pods Peas, chickpea, corn, baby corn,

(apples), roots and tubers, and seeds (dry beans, beans, okra

peas). Tissues that are in early stage of develop— Bulbs, roots, tubers, Potatof beet, carrot, onions,

ment have relatively short shelf life as compared to and corms ga_rhc’ lotus root, cassava
Flowers Cauliflower, broccoli,

those that are primed for dormancy (e.g., potatoes). banana flower

The ur}wanted sprouting in vegetables, such as gy Tomato, pears, peach, pineapple,
onions, ginger, garlic, and potato, is related to dor- olive, eggplant, mango, lychee
mancy and rest. Dormancy is a condition of quies-  Buds Bamboo shoot
cence due to some internal or external factors, and ~ Stems ASParaguS_
rest is a phenomenon in which sprouting does not ~ L€aves Lettuce, spinach

Seedlings Bean, alfalfa, onion,

occur in spite of a favorable environment (e.g., pota-

R .o radish sprouts
toes have no period of rest) [74,86]. Rooting in roots P
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and tubers is initiated by high humidity in the environment and may result in a rapid decay, shriveling, and
depletion of food reserves [74,86]. Seed germination of mature fruits during storage, such as chayote, toma-
toes, and papaya, and pod-bearing vegetables is also a serious problem. Green beans and sweet corn may
toughen due to the development of spongy tissues when the storage is unduly prolonged [86]. Elongation
of existing structure as in asparagus, carrot, beet, and kohlrabi, and bending of tissues in response to grav-
ity and light reduce the market life.

2.2.2  Respiration

All living organisms convert matter into energy through a fundamental process of life called respiration,
which primarily constitutes enzymatic oxidation of substrates such as carbohydrates, proteins, lipids,
organic acids, etc. in the presence of atmospheric oxygen to carbon dioxide and water, and accompanied
by a release of energy as follows:

C¢H,,0, +0, - CO, +H,0 +2872kJ (2.2)

The reaction brings about changes in the chemical composition as carbohydrates, proteins, lipids,
and organic acids are used as substrates. The respiratory quotient (RQ), which is defined as the ratio
of CO, produced to O, consumed, can indicate the type of substrate being oxidized during respira-
tion. The RQ values for carbohydrates, organic acids, and lipids are 1, >1, and <1, respectively.
Prevalence of anaerobic respiration corresponds to high RQ values. The respiration reaction is
exothermic as a significant part (about 57%) of the energy produced is dissipated as heat, called as
vital heat or heat of respiration, which contributes to an increase in the temperature of the commod-
ity further. There are three distinct phases of respiratory pathway: (i) breaking down of polysaccha-
rides into simple sugars by hydrolysis, (ii) oxidation of sugars to pyruvic acid by glycolysis, and (iii)
aerobic transformation of pyruvate and other organic acids into carbon dioxide, water, and energy by
citric acid cycle and mitochondrial electron transport chain. Respiratory pathways have been
described in several publications [38,39,120]. It has been proved that the production of ATP by nor-
mal respiratory pathway in postharvest fruits and vegetables is less efficient, and up to 90% of the
potential energy of glucose may be dissipated as heat. An alternate mitochondrial electron transport
chain may be responsible for thermogenic or cyanide-insensitive respiration, leading to a rapid loss
of storage polysaccharides, electron transport without the loss of reducing power, and generation of
heat [39]. Alternate electron transport chain has been found responsible for increasing the internal
temperature of ripening mangoes by 10°C [58].

Respiration is an indicator of metabolic activity of all living produce and plays a significant role in the
postharvest physiology and deterioration of quality of plant foods. The rate of deterioration is generally
proportional to their respiration rate, which is often a good index to the storage potential of a crop. Higher
the respiration rate, shorter the shelf life and vice versa. Respiration rate can be used as a criterion to com-
pare perishability of fruits and vegetables. Kader and Barrett [49] classified fruits and vegetables into five
groups based on their respiration rate as shown in Table 2.5, which also illustrates the relationship between
the relative perishability to their respiration rates. Commodities such as mushrooms, which respire at a rate
three times that of the dried fruits, are more perishable and have shorter shelf life than nuts and dried fruits.
The effect of respiration on perishability can be explained by (i) coupling of the resultant reducing power
and formation of ATP due to respiration with biosynthetic reactions leading to loss of quality, (ii) loss of
food reserves, (iii) toxic effects of accumulation of carbon dioxide, and (iv) increase in product tempera-
ture due to respiratory heat, which also has implications in dictating the cooling load during storage
[38,39]. The respiration increases significantly as the storage temperature increases (Table 2.5).

Useful data on experimental respiration rates for different fruits and vegetables are given in Refs.
[6,37,40,73]. Experimental data on the production of CO, are correlated to temperature by relationships
such as

8
co, = f[g% + 32} (2.3)

where mcoz is the rate of carbon dioxide production per unit mass of the product, T,, the mass aver-
age temperature of the product (°C), and f and g are the respiration coefficients for a given product.
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TABLE 2.5

Classification of Fruits and Vegetables Based on Respiration Rate

Respiration Rate

(mg carbon dioxide/kg h)
Class 10°C 20°C Examples
1. Very low <10 <40 Nuts, dates, dried fruits
II. Low 10 40 Potatoes, onions, cucumbers, apple, pear, kiwi fruit, pomegranate,
Chinese date
III. Moderate 10-20 40-80 Peppers, carrots, tomatoes, eggplant, citrus fruits, banana
IV. High 20-40 80-120 Peas, radish, apricot, fig, ripe avocado, cherimoya, papaya
V. Very high >40 >120 Mushrooms, green onions, cauliflower, dill, parsley, melons, okra,

strawberry, blackberry, raspberry

Source: Data from 1. Burzo. Acta Hortic. 116:61, 1980; A. A. Kader and D. M. Barrett. In Processing Fruits: Science and
Technology, Vol. 1, Biology, Principles, and Applications. (L. P. Somogyi, H. S. Ramaswamy, and Y. H. Hui, Eds), Technomic
Publishing Co., Pennsylvania, 2003, p. 1.

TABLE 2.6

Respiration Coefficients (fand g) for Equation 2.3 for
Selected Fruits and Vegetables

The coefficients obtained by least square fit of
the experimental data are given in Table 2.6 [11].
Similarly, the relationship between the heat
of respiration and temperature can be derived

from the reaction stoichiometry involving glucose ~ Fruits or
oxidation. Within the physiological range of ‘egetables f 8
temperature (0°C-30°C), the rate of respiration  Apples 5.687 X 107* 2.598
increases exponentially (Figure 2.3), and a large  Blueberries 0.002724 2.573
amount of heat is produced as heat of respiration ~Cabbage 6.080 X 107 2618
(Figure 2.4). Carrots 0.05002 By 1.793
. The respiration rate depends on a host of Sir;zzs ;gég i 1(0),8 431(7)33
internal and external factors. The internal factors  gion 3.668 X 10~ 2.538
include (i) the quantity of substrate (predomi-  Oranges 2.805 X 10~4 2.684
nantly sugars); (ii) size, shape, cell morphology, Peaches 6.361 X 1073 3.204
and maturity; (iii) structure of peel; (iv) volume Pears 6.361 X 107 3.204
of intercellular spaces; and (v) chemical compo-  Potatoes 0.01709 1.769
sition of tissue that affects solubility of oxygen Strawberries 3.668 x 10:1 3033
Tomatoes 2.007 X 10 2.835

and carbon dioxide. The external factors are

(i) temperature; (ii) availability of ethylene, oxy-
gen, and carbon dioxide; (iii) light; (iv) water
stress; (v) biological activity, and (vi) growth
regulators. Out of these external factors, temper-

Source: Adapted from B. R. Becker and B. A. Fricke. In New
Developments in Refrigeration for Food Safety and Quality.
Int. Inst. Ref., Paris, France and ASAE, St Joseph,
Michigan, 1996, p. 160.

ature, atmospheric composition, and physical
stress have the most profound effect on respiratory activity, and postharvest management of respira-
tion involves controlling these factors to reduce the deterioration of quality.

As the produce approaches maturity, the rate of respiration declines and those commodities that are
harvested while in the period of active growth (e.g., most vegetables and immature fruits) have high
respiration rates. However, fruits show two distinctive respiratory patterns during ripening and
are grouped into (i) nonclimacteric and (ii) climacteric. Climacteric fruits show a dramatic increase in
the rate of respiration during ripening. The climacteric peak can be prolonged or delayed by reducing
the rate of respiration to increase the shelf life. Climacteric fruits can be harvested mature and ripened
off the plant. These produce much larger quantities of ethylene in association with their ripening, and
exposure to ethylene treatment will result in faster and more uniform ripening [49]. The respiration
rate is minimum at maturity and remains rather constant, even after the harvest. The rate will rise up
abruptly to the climacteric peak only when ripening is about to take place, and then it will slowly
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FIGURE 2.3  Effect of temperature on the respiration rates of some fruits and vegetables. (Data taken from K. C. Gross et al.
The Commercial Storage of Fruits, Vegetables, and Florist and Nursery Stocks—A Draft Version of the Revision to USDA
Agricultural Handbook Number 66 (2002) (revised in 2004) (www.ba.ars.usda.gov/hb66/index.html.)
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FIGURE 2.4 Effect of temperature on the evolution of vital heat by some fruits and vegetables. (Data taken from ASHRAE
Handbook of Refrigeration Systems and Applications, American Society of Heating, Refrigeration and Air-conditioning
Engineers, Atlanta, GA, 1998.)

decline [78]. The nonclimacteric fruits ripen on the tree and are not capable of continuing their ripen-
ing process once removed from the plant. These produce very small quantities of ethylene and do not
respond to ethylene treatment for ripening, except in terms of degreening (degradation of chlorophyll)
in citrus fruits and pineapples [49]. Examples of nonclimacteric and climacteric fruits and vegetables
are given in Table 2.7.

Respiration rate depends on temperature and the temperature dependence varies among and within com-
modities. The relationship between temperature and respiration rate can be expressed in the form of Q,, val-
ues, which allow estimation of the rate of respiration at an unknown temperature provided the rate of
respiration at a known temperature is available. The temperature quotient Q,, for respiration may be defined
by replacing g, and g, by R, and R,, respectively, in Equation (2.1). R, and R, are the rates of respiration at
two temperatures, T, and T, respectively. Q,, values for respiration rates are not constant and vary between
2 and 2.5 for a temperature range of 5°C—-25°C [53,89]. As the temperature increases Q,, values decrease.
As the thermal death point of the tissue approaches, Q,, tends to reduce to <1 [53,89]. At temperatures
>25°C, Q,, decreases to <2 due to reduced diffusion of O, from atmosphere to the cell and denaturation
of enzymes [70]. Chilling and heat stress can also influence the respiration of commodities [89].
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TABLE 2.7

Examples of Nonclimacteric and Climacteric Fruits and Vegetables

Nonclimacteric Climacteric

Berries (cherry, strawberry, blueberry, cranberry, Apple, pear, quince, persimmon, apricots, nectarine,
raspberry), citrus fruits (orange, grapefruit, lemon, peach, plum, kiwi, avocado, banana, plantain,
lime, mandarin), pineapple, lychee, tamarillo, loquat, mango, papaya, cherimoya, sapodilla, guava,
cucumber, fig, melon, and pomegranate passion fruit, pawpaw, tomatoes

Source: A. A. Kader and D. M. Barrett. In Processing Fruits: Science and Technology, Vol. 1, Biology, Principles, and
Applications (L. P. Somogyi, H. S. Ramaswamy, and Y. H. Hui, Eds), Technomic Publishing Co., Pennsylvania, 2003, p. 1;
D. K. Salunkhe et al. Storage, Processing, and Nutritional Quality of Fruits and Vegetables, Vol. 1: Fresh Fruits and
Vegetables, CRC Press, Boca Raton, FL, 1991.

Reduction in the O, concentration and increasing concentration of CO, in the atmosphere surrounding
fresh fruits and vegetables reduce the rate of respiration. The extent of the effect depends on factors such
as temperature, produce, cultivar, age, and level of maturity at the harvest. A 3%—5% reduction of oxygen
concentration does not have an adverse effect on produce, but a comparable increase in carbon dioxide
may suffocate and ruin certain fruits and vegetables. There is a considerable variation in the injury thresh-
old of various fruits and vegetables to O,. Reduction of O, concentration below 2%-3% gives beneficial
reduction in rates of respiration and other metabolic processes for most produce. However, complete
removal of O, is not recommended as anaerobic environment is detrimental to the quality of the produce
as it leads to fermentation, decay and development of off flavor, and change in color and texture.

The stage of development of produce also influences the rate of respiration. Actively growing vegeta-
bles, such as asparagus (floral meristem), have a very high respiratory rate than the storage organs such
as potatoes and mature fruits (see Figure 2.3). This is the reason why potatoes can be stored for a longer
period than asparagus. The rate of respiration declines with maturity; immature fruits respire at a higher
rate than those that have attained full maturity.

Physical stress during cultivation, harvesting, and postharvest handling influences respiratory behav-
ior significantly. Tissue injury increases the rate of respiration and induces ethylene production, which
may further catalyze an increase in respiration with consequent loss of quality. While assessing relation-
ship among respiration, bruising susceptibility, and temperature in sweet cherries, Crisosto et al. [24]
found that the impact-bruising damage was greatest in the tested cultivars when fruit flesh was below
10°C. Approximately threefold increase in the rate of respiration has also been shown as a result of
impact bruising when fruits were kept at 20°C for 2 days [65].

2.2.3 Transpiration and Water Stress

Transpiration is mainly responsible for water loss, which leads to a loss of: salable weight; appearance
(wilting and shriveling); textural quality (softening, flaccidity, limpness, crispness, and juiciness); and
nutritional quality [49]. In most fruits and vegetables, 5%—10% loss in moisture content produces visible
symptoms of shrivelling and wilting due to cellular plasmolysis [86], and the signs become objection-
able when weight loss reaches about 5% of the harvested weight [74,86].

Transpiration is a process of mass transfer in which the water vapors move from the surface of the
produce to the surrounding atmosphere. The rate is directly proportional to the partial pressure gradient
across the transfer surface and surface area and inversely proportional to the sum of the resistances such
as the type of the surface and presence of waxes on the surface. The simplest mathematic model of tran-
spiration process used in the literature is of the following type [91]:

M:kt(ps_pa) (24)

where M is the transpiration rate, k, the transpiration coefficient, and p, and p, are the ambient and evapo-
rating surface vapor pressures, respectively. Transpiration coefficient represents the reciprocal of resistances
to moisture transfer. The experimental data on transpiration coefficients have been compiled by Sastry et al.
[91] and are given in Table 2.8. Transpiration coefficient may be used to compare the difference in the water
loss behavior of different fruits or vegetables [13]; however, Sastry et al. [91] have discussed the limitations
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TABLE 2.8

Transpiration Coefficients of Selected Fruits and Vegetables

Range of Transpiration

Mean Transpiration Coefficient (mg/kg s mPa)
Product Coefficient (mg/kg s mPa) Reported in the Literature
Apples 42 16-100
Brussels sprouts 6150 3250-9770
Cabbage 223 40-667
Carrots 1207 106-3250
Celery 1760 104-3313
Grapefruit 81 29-167
Grapes 123 21-254
Leeks 790 530-1042
Lemons 186 139-229
Lettuce 7400 680-8750
Onions 60 13-123
Orange 117 25-227
Parsnips 1930 10972771
Peaches 572 142-2089
Pears 69 10-144
Plums 136 110-221
Potatoes 25 15-40
Tomatoes 140 71-365

Source: S.K. Sastry et al., ASHRAE Trans., 84(1):237, 1978.

of such coefficients in describing the true transpiration process. Further improvements of the transpiration
model were suggested by Sastry and Buffington [92] and Becker and Fricke [11]. It may be possible to
group fruits and vegetables into three broad ranges of transpiration rates under refrigerated storage condi-
tions: high (500-850 mg/kg h mmHg; carrots and parsnips); intermediate (100-250; cabbage and rutaba-
gas); and low (10-80; potatoes and onions) [109]. The rate of transpiration depends on both product and
environmental factors. These factors include [91,92] (i) skin structure; (ii) size, shape, and surface area; (iii)
water vapor pressure difference; (iv) air movement; (v) heat of respiration; (vi) the level of maturity; (vi)
endothermic effects of evaporation; and (vii) amount of solutes present in the produce.

The outer protective coverings (dermal system) govern the regulation of water loss. The main sites of
transpiration in plants are the hydathodes, stomata, epidermal cells, lenticels, trichomes (hairs), and cuti-
cle. The number of stomata in the epidermis, type of surface, tissues under the skin, and structure and
thickness of wax coating on the surface (cuticle) determine the loss of water. The cuticle is composed of
surface wax, cutin embedded in wax, and carbohydrate polymers. The type of product and the stage of
physiological development influence the thickness, structure, and chemical composition of the cuticle.

The stem scars and lenticels provide important routes for water loss in tomatoes and potatoes, respec-
tively. A hydrophobic waxy coating consisting of a complex and well-ordered structure of overlapping
platelets provides greater protection against water loss than a thick structure with less coating. The
epidermal cells underneath the waxy layer are also structured compactly with minimal space between
adjacent cells. In case of leafy vegetables, small openings located at intervals in the epidermis called
stomata allow water loss and gas exchange. Transpiration is faster in plants with greater number of hairs
and very fine hairs may not modify the transpiring potential of a plant surface.

The higher the ratio of surface area to volume, the greater the loss of water by evaporation. Thus, at
the same conditions the expected rate of transpiration will be in the order: leaf (spinach) > fruit (tomato)
> a root or a tuber (potato). Immature fruits tend to encounter higher transpiration rates than mature
fruits due to permeability of the skin to water vapors. Since the solute depresses the water activity of
solutions, higher solute concentration in the tissue binds water and reduces water loss.

The temperature, RH, and air movement are the three most significant environmental factors that
affect water loss by transpiration. In general, high surface temperature and low RH increase the rate of
transpiration. As indicated by Equation 2.4, the vapor pressure difference, the driving force for water
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movement, has a direct relationship with the transpiration rate and therefore the difference can be used
to determine the transpiration rate. Sastry and Buffington [92] reported the following regression equation
(Equation 2.5) for the best fit (R?> = 0.99) curve between the transpiration rate and apparent vapor pres-
sure difference for tomatoes:

i =0.038557 (p,, — p..)"">* (2.5)

where 1 is the rate of transpiration (mg/cm? s), p,, the apparent water vapor pressure at the evaporat-
ing surface, and p,, the atmospheric vapor pressure in mmHg. The relationship for tomatoes has been
almost linear. While atmospheric vapor pressure is dependent on both temperature and air RH, the
apparent vapor pressure depends mainly on temperature due to saturation conditions prevailing in the
tissue. Thus, one practical way to minimize transpiration is to cool the produce quickly under high
humidity conditions (hydrocooling). Respiratory activity produces heat that contributes to higher
evaporation of water even under prevailing saturation conditions by increasing the vapor pressure
deficit. It is expected that fruits and vegetables that have higher respiratory activity will also have
higher water loss. The effect of maturation and ripening on transpiration varies significantly among
fruits. Fruits such as mango and banana show increased transpiration after reaching climacteric period
[13]. The dissolved solutes, particularly simple sugars at higher concentrations, reduce the vapor pres-
sure of water in the solution more and hence reduce the rate of transpiration. Air circulation or veloc-
ity increases the moisture evaporation from the surface, particularly in situations where temperature
fluctuations persist. Attempts have been made to include the effect of air circulation on the transpira-
tion processes [11].

For a given produce, the rate of water loss is primarily determined by the difference in the vapor pres-
sure between the air in tissue and the surrounding atmosphere. This difference may be given as vapor
pressure deficit (VPD), which is influenced by psychrometric properties of the air (temperature and
humidity) and the produce (temperature and equilibrium humidity). For a given product, higher the
deficit, higher will be the water loss. Psychrometric chart can be used to evaluate the effect of changing
air conditions on the VPD and hence the water loss during storage, precooling, and other handling oper-
ations related to water vapor transport.

Water loss can be minimized by maintaining higher pressure than atmosphere, maintaining low
temperature and humidity during storage, choice of suitable packaging material, and loading density and
depth [60], application of waxes and other water-resistant coatings to the surface or by appropriate pack-
aging with plastic films [9,13,74,86,120].

2.2.4 Ripening and Senescence

Ripening refers to a stage in tissue development when a fruit reaches an optimal eating quality as evi-
denced by favorable change in composition, color, texture, and other sensory attributes [115]. Many
fruits (climacteric) require ripening to be carried out by the processor as fruits have been shipped to
processors in immature stage to avoid tissue injury during transportation and handling. Ripening in fruits
follows the physiological maturity and precedes senescence, which leads to the death of the tissue.
Senescence is genetically programmed and can be induced by common stressors, such as tissue injury,
deficiency of nutrients and water during production, exposure to insects, pests and diseases, and adverse
environmental conditions. Senescence may manifest into ripening of fruits, abscission and yellowing of
leaves, and softening of tissues. An understanding of the biochemistry of senescence, therefore, provides
clues to delay the loss of postharvest quality of fruits and vegetables. King and O’Donoghue [55] iden-
tified three main areas of research conducted to unravel senescence, role of ethylene, structural changes
in the cell wall, and metabolic changes when immature after harvest.

Ripening induces changes that are structural, physical, chemical, nutritional, biochemical, or enzy-
matic. These changes are (i) degradative, such as chlorophyll breakdown, starch hydrolysis, and cell wall
degradation; and (ii) synthetic, such as formation of carotenoids and anthocyanins, aroma volatiles, and
ethylene formation [16].

The changes occurring during ripening are (i) thickening of cell wall and adhesion, (ii) increased
permeability of plasmalemma, (iii) increased intercellular spaces contributing to softening, (iv) changes
in plastids, (v) transformation of chloroplasts into chromoplasts, (vi) changes in color, (vii) loss of
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texture, (viii) formation of a visible and distinctive structure from epicuticular wax, (ix) thickening of
cuticle, (x) loss of epidermal hairs, and (xi) lignification of endocarp [10,74,86].

The details of compositional and morphological changes during ripening and senescence are given in
Refs. [7,49,68,85]. Carbohydrates, organic acids, amino acids and proteins, lipids, pigments, pectic
substances, and volatile components are mostly affected and directly contribute to the pleasant color,
aroma and flavor, texture, and appearance of fruits. Unripe fruits contain little sugar such as sucrose,
glucose, and fructose. The flesh cells enlarge and sugar content increases at the expense of starch, acid,
and phenolic compounds as the fruits approach ripening. In addition, certain volatile compounds
develop, giving the fruit its characteristic aroma and flavor [8]. Chlorophyll degradation (loss of green
color) and synthesis of carotenoids (yellow and orange colors) and anthocyanins (red and blue colors)
take place both in the skin and in the flesh. All fruits soften as they ripen due to changes in cell wall com-
position and structure. The pulp weight increases with gradual decrease in peel weight upon ripening.
Figure 2.5 shows changes in starch, sugars concentrations, and a ratio of starch and sugar as a function
of stages of maturity in banana. At the onset of maturity there was little sugar in the fruit, and as matu-
rity increased sweetness of the fruit progressively increased due to hydrolysis of starch into sugars, par-
ticularly after stage 2, and starch practically disappears at stage 6.

Each type of fruit has its unique assemblage of volatile compounds, and an increase in volatiles con-
tributes to the flavor, taste, and aroma of the fruits. The main volatile compounds are acids, alcohols,
esters, carbonyls, aldehydes, ketones, and hydrocarbons [49,71,77]. These volatiles are present in
extremely small quantities (<100 pg/g fresh weight), and the total amount of carbon involved in their
synthesis is less than 1% of that expelled as carbon dioxide [49]. Although ethylene does not have strong
aroma and does not contribute to typical fruit aroma, it does influence the formation of volatiles in
climacteric fruits. In both climacteric and nonclimacteric fruits, the most important aroma volatiles that
increase during ripening are the esters. The characteristic or optimum flavor develops at a specific stage
of ripening process. Feijoa is a very aromatic fruit with the best aroma and flavor after natural abscis-
sion, but loses the flavor during storage [95]. In the case of tomatoes, while the color changes from green
to red stage during ripening, the volatile concentration reaches a peak from pink to red stages of matu-
rity. In mango, the characteristic flavor appears to develop only after half-ripe stage (climacteric stage),
and the extent of flavor generation depends on the temperature conditions during storage [34]. There is
also a dramatic increase in aroma volatiles in nonclimacteric fruits. Esters, acetals, alcohols, and
aldehydes are formed in strawberry. In pineapple, there is a dramatic increase in ester production during
ripening [36], while in citrus there are no changes in volatile production during storage. In grapefruit and
pomelo, the changes in volatiles are very minor during storage, except for the important increase in
nootkatone, which contributes significantly to pleasant grapefruit flavor [79,93].
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FIGURE 2.5 Relationship between the stages of maturity of banana and starch, sugar and starch/sugar ratio. (Data taken
from R. H. H. Wills et al. Postharvest: An Introduction to the Physiology and Handling of Fruit Vegetables and Ornamentals,
New South Wales University Press, Sydney, 1998.)
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TABLE 2.9
Cell Wall Changes Responsible for Loss of Texture During Ripening

Cell Wall Change Absent Low Moderate High
Loss of arabinan Watermelon Pepper Avocado Pear
Apricot Tomato Peach Blueberry
Plum Kiwifruit
Loss of galactan Cucumber Apricot Peach Muskmelon
Plum Blueberry Apple Pepper
Melon Tomato
Solubilization of pectin Watermelon Apple Plum Avocado
Apple Strawberry Kiwifruit
Tomato Blackberry
Banana
Depolymerization of pectin Banana Melon Peach Avocado
Strawberry Papaya Tomato
Apple Watermelon
Pepper

Source: Adapted from D. A. Brummell. Func. Plant Biol., 33:103, 2006.

Nonethylene, nonrespiratory organic volatiles, such as terpenes, carboxylic acids, alcohols, aldehydes,
sulfur compounds, ammonia, and jasmonates, have physiological and quality impact on fresh produce,
particularly as antimicrobial or insecticidal agents [107]. Stress and injury, disease, cultivar, and atmos-
pheric composition strongly influence their accumulation.

Fruits become softer upon ripening due to a series of changes at the cellular level. The composition,
water content or turgor pressure, and cell wall constituents undergo transformation upon maturity
[1-3,90]. The primary cell wall consists of a network of several polysaccharides, proteins, and phenolic
substances. The cellular structure weakens as a result of modification to the polysaccharides such as cel-
lulose, hemicellulose, and pectins present in the cell wall and middle lamella by the action of several
enzymes such as polygalacturonase and glycosidases. Polyuronide depolymerization, loss of galactan
and arabinan, pectin demethylesterification and solubilization, depolymerization of matrix glycan, and
cellulose depolymerization are responsible for degradative changes in the cell wall [20]. Considerable
variations exist among different fruits as shown in Table 2.9, which lists the extent of changes in arabi-
nan, galactan, pectin solubilization; and depolymerization in the cell wall during ripening for some fruits
[20]. These changes have an impact on gel-formation ability (required for fruit preserves), juice yield and
cloudiness of fruit juices, and tissue collapse during thermal processing. Research into transgenic lines
has underlined the influence of genetics in determination of texture of fruits; however, the role of envi-
ronmental and cultural factors has also been found to be significant [90].

2.2.5 Phytohormone Effects

Phytohormones play an important role in plant metabolism by controlling the growth and development
processes of plant organs used as food or raw material for processing. Physiological processes influenced
by hormones are ripening, rest, dormancy, rooting, sprouting, abscission, and floral induction
[38,39,62,76]. Besides ethylene, the key hormones responsible for these processes are auxins,
gibberellin, cytokinins, and abscisin (Table 2.10). Ethylene has been studied most by postharvest physi-
ologists. Ethylene is a natural product of plant metabolism and is produced by all tissues of higher plants
and by some microorganisms [49] and is also present in the atmosphere as a pollutant. Ethylene regulates
many aspects of growth and development even at concentrations <0.1 ppm. The production of ethylene
by fruits and vegetables varies substantially from <0.1 to >100 mL/kg h (Table 2.11). Climacteric fruits,
generally, produce a higher amount of ethylene than nonclimacteric fruits.

Ethylene is synthesized in plants from methionine, an amino acid, by a series of reactions by a
highly regulated pathway (Figure 2.6). Key steps in this pathway are (i) conversion of methionine into
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TABLE 2.10
Physiological Changes Induced by Phytohormones Other Than Ethylene

Physiological Changes Phytohormone Produce Affected

Sprouting Abscisic acid, gibberellin, Onion
cytokinins, auxins

Senescence Increased levels of gibberellin and Brussels sprouts, lettuce
low levels of auxins and cytokinins

Elongation of flower peduncle Gibberellins Cauliflower

Rooting High levels of cytokinins and low Carrot
levels of gibberellins

Pithiness of petiole Abscisic acid Celery
Ripening Abscisic acid stimulates, auxins,
gibberellins and cytokinins delay ripening Tomato

Source: Adapted from N. E. Haard. In Food Storage and Stability (1. A. Taub and R. P. Singh, Eds), CRC Press, Boca Raton,
FL, 1998, p. 39; D. K. Salunkhe et al. Storage, Processing, and Nutritional Quality of Fruits and Vegetables,
Vol. 1: Fresh Fruits and Vegetables, CRC Press, Boca Raton, FL, 1991.

TABLE 2.11
Classification of Fruits and Vegetables according to Ethylene Production Rates at 20°C

Class Rate (pL/kg h) Examples

I. Very low <0.1 Artichoke, asparagus, cauliflower, cherry, strawberry, pomegranate,
leafy vegetable, potatoes

II. Low 0.1-1.0 Blueberry, cranberry, cucumber, eggplant, okra, olive, pepper,
persimmon, pineapple, pumpkin, raspberry, tamarillo, watermelon

III. Moderate 1.0-10.0 Banana, fig, guava, melon, honeydew, mango, plantain, tomatoes

IV. High 10.0-100.0 Apple, apricot, avocado, cantaloupe, feijoa, kiwi, nectarine, papaya,

peach, pear, plum

V. Very high >100.0 Cherimoya, passionfruit, sapota

Source: Adapted from A. A. Kader et al. Postharvest Technology of Horticultural Crops, University of California, Davis, 1985.

S-adenosyl-L-methionine (SAM) by SAM hydrolase, (ii) SAM into 1-aminocycloproane-1-carboxylic
acid (ACC) by ACC synthase, and (iii) ACC into ethylene by ACC oxidase [62,76,88]. Oxygen is
required for ethylene biosynthesis while both O, and CO, are needed for its bioactivity [88]. ACC can
also be converted into two conjugates, malonyl-ACC and y-glutamyl-ACC by ACC-N-malonyltransferase
and ACC-y-glutamyltransferase enzymes, respectively. Synthesis of these conjugates reduces availabil-
ity of ACC for conversion into ethylene. ACC synthase is the key enzyme in the pathway leading to
the production of ethylene in plants. Only one of the many genes controlling this enzyme may be
responsible for the ripening action of ethylene. It may, therefore, be possible to control ethylene biosyn-
thesis without influencing the other physiological processes. Genetic manipulation of these three key
enzymes could be the key to controlling generation of ethylene [33,39,55,76,118].

Ethylene stimulates ripening of climacteric and some nonclimacteric fruits, synthesis of antho-
cyanins, degradation of chlorophyll (degreening), germination of seeds, formation of adventitious roots,
abscission and senescence, flower initiation, and respiratory and phenyl propanoid metabolism [88]. It
is also known to accelerate its own synthesis in ripening climacteric fruits. Ethylene is commercially
used as a “ripening hormone” for climacteric fruits such as banana and mango and as a “degreening
hormone” for citrus fruits. The beneficial and adverse effects of ethylene depend on several factors such
as type of produce, cultivar, maturity at the time of harvest, temperature, and activity of other hormones
[39]. Table 2.12 lists the adverse effects of ethylene on selected fruits and vegetables. Controlling the
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FIGURE 2.6 Biosynthetic pathway of ethylene production. (Adapted from J. Pech et al. In Postharvest Physiology and
Pathology of Vegetables), (J. A. Bartz and J. K. Brecht, Eds), Marcel Dekker, New York, 2003, p. 247; G. A. King and
E. M. O’Donoghue, Trends Food Sci. Technol., 6:385, 1995.)

action of ethylene is of great commercial signifi- TABLE 2.12
cance in fruits and vegetables as the adverse

) ) Adverse Effects of Ethylene in Fruits and Vegetables
effects can lead to serious economic losses.

Ethylene production rates by fresh fruits can be Produce Symptoms
reduced by storage at low temperature, by reduced  Agparagus Woodiness
oxygen (less than 8%, and elevated carbon diox-  Carrots Bitterness due to isocoumarine
ide above 1%); by avoiding stressors such as fruit formation
injury, diseases incidence, and water stress; and Potatoes Sprouting )
cooling to reduce rate of respiration [49,78,86].  Lettuce Russet spotting

N . . Broccoli Yellowing, abscission, off flavors
Saltveit [88] describes three main ways to control Eeepl .

. . . ggplant Browning of flesh and seeds,
the action of ethylene by preventing tissue expo- decay induction
sure, its perception, and its response to ethylene.  Cucumber Yellowing, softening
Tissue exposure can be avoided by excluding Sweet potatoes Browning of pulp, off flavor, failure
ethylene from the surrounding environment by to soften upon cooking

scrubbing, inhibiting synthesis, and proper
ventilation. Methods that work by blocking the perception of ethylene are the use of CO,, silver, and
1-methyl cyclopropene (1-MCP); reduction in temperature; and using ethylene-insensitive cultivars.
MCP is actively researched [14,116] and has been approved for use in some fruits in the United States
[52]. Ethylene response by plant can be reduced by reduction in temperature, controlled or modified
atmosphere storage, using genetic engineering techniques or chemicals to inhibit enzymes, and to
change the protein synthesis.

2.2.6  Physiological Disorders and Breakdowns

Physiological disorders result from metabolic disturbances caused by a host of internal (nutritional imbal-
ance) and external (temperature and surrounding atmosphere) factors. Table 2.13 lists some of the common
disorders associated with common fruits and vegetables. Besides inducing serious loss of quality in terms
of color, flavor, texture, and appearance, physiological disorders can predispose produce to deterioration by
enzymes and decay microorganisms. When only superficial tissues are affected by the disorder, fruits may
still be able to be processed without seriously impacting the quality of processed products. Maturity at



Postharvest Physiology of Fruit and Vegetables

TABLE 2.13

Physiological Disorders of Selected Fruits and Vegetables

37

Fruits Disorder Common Symptoms Cause
Apples Sunscald or sunburn ‘White or yellow spots on the fruit Heat stress to the tissue
facing the sun followed by drying
out and sunken areas
Storage scald Irregular brown patches of dead Chilling injury involving oxidation
skin developing during warming of o-farnesene to conjugated trienes
after cold storage
Internal breakdown Brown discoloration CO, injury during storage
(brown heart) of flesh
Bitter pit Brown lesion in flesh, dark and Low levels of calcium and high
corky tissue below the skin concentrations of potassium and
magnesium, dissolution of middle
lamellae by oxalic and succinic
acid, changes in proton secretion
and potassium permeability
Water core Water-soaked regions in flesh Inability of fruit to convert sorbitol
and core into fructose and hence accumula-
tion of sorbitol
Pear Core breakdown Brown, soft breakdown of core Storing fruits beyond normal
and surrounding tissues storage life
Flesh spot decay Partial browning of spots and Unknown
development of cavities
Internal breakdown Brown to dark brown water- Unknown
soaked areas in core and flesh
Watery breakdown Soft, watery deterioration Slow cooling or exposure to warm
temperatures
Senescent scald Brown to black discoloration End of postharvest life and setting
of skin, loss of ripening capacity, of fermentation
adverse taste and odor
Pomegranates Husk scald Discoloration of husk Oxidation of phenolics
Chilling injury Brown discoloration of skin, Oxidation of phenolics in response

Stone fruits
(apricots, peach,
nectarine, plum,
and prune)

Tomatoes

Internal breakdown

Inking, black stain

Surface pitting and
bruising
Blossom drop

Blossom end rot

Sun scald

Fruit cracks
Catfacing

Puffiness

pitting, loss of red color of arils

Flesh browning, lack of juiciness
due to mealiness or leatheryness,
accumulation of red pigmentation,
black pit cavity, loss of flavor

Brown and black spots on the skin

Small sunken areas on skin and
large flattened areas

Fruit set failure

Brown to black spot on the
blossom end

Shiny white or yellow spots on the
fruit facing sun followed by
drying out and sunken areas

Radial and concentric cracks
the steam end

Puckering and scarring of the
blossom end

Hollow inside and empty cavity

to exposure to temperature <5°C

Placing fruit at room temperature
after cold storage during ripening
Mealiness could be genetically
controlled

Abrasion damage in association
with contamination with metals
(iron, copper, aluminum)

Mechanical impact or compression

Prevalence of extreme temperature
during pollination

Calcium deficiency, excessive
nitrogen fertilization

Fruit exposure to sun under
extreme heat

Heavy rainfall or irrigation after at
long dry period

Cloudy and cool weather during
blooming

Defective pollination due to seed
extremes of temperature, excessive
nitrogen fertilization and heavy rains

Source: Adapted from C. H. Crisosto. Physiological Disorder Fact Sheets. Postharvest Technology Information Centre,
University of California, Davis, (updated in June 2002), 2002 (http://postharvest.ucdavis.edu/produce/disorders);
R. H. H. Wills et al. Postharvest: An Introduction to the Physiology and Handling of Fruit Vegetables and Ornamentals,
New South Wales University Press, Sydney, 1998.
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harvest, cultural practices, climate during growing season, produce size, and harvesting and handling prac-
tices can be involved in inducing disorders [86]. Preharvest factors that affect the incidence of postharvest
disorders are type of the produce, variety, nutritional status of produce and soil, level of maturity, tempera-
ture, fruit size and color, moisture content of soil, and position of fruit on the tree. Crop load and fruiting
position are linked with bitter pit [28—30] in apples, and mealiness and browning of stone fruits [25].
Detailed information about the physiological disorders and diseases are covered in Refs. [98,99].

2.2.6.1 Disorders due to Mineral Deficiencies

Plants require a balanced mineral intake from soil and favorable environment for proper development,
which leads to desired quality attributes. Nutrient transport, water relations, and fruit growth dictate the
susceptibility of the tissue to a disorder [28]. Ferguson et al. [28] discussed a range of preharvest factors
that influence the physiology of disorders during storage and ripening. They divided these disorders into
those predetermined on the tree and those induced by storage factors. Predetermined disorders are closely
associated with later stages of fruit development and do not require specific postharvest conditions to
express during storage. Bitter pit in apples, characterized by brown lesions in flesh, dark, and corky tissue
below the skin and slight bitter taste, develops due to preharvest low fruit Calcium (Ca) and high levels of
Potassium and Magnesium. Pre- and postharvest application of Ca controls this disorder. Calcium nutri-
tion together with maturity influences the early development of water core in apples [17]. Preharvest fac-
tors associated with bitter pit in apple, such as low crop loads, large fruit volume-to-weight ratio, poor
pollination and low seed numbers, lowspur, bourse leaf area, age of the fruiting wood, and position of the
fruit on the tree directly or indirectly relate to calcium nutrition of the fruit [27-31,111]. Fruit softening
in papaya [80] and blossom end rotting of tomato have also been linked to low Ca levels [42].

2.2.6.2 Disorders due to Environmental Factors
2.2.6.2.1 Low-Temperature Injuries or Disorders

Chilling and freezing injuries result from exposure of plant tissues to low temperature. Both types of
defects are prevalent in fruits and vegetables of tropical and subtropical origin, which lack the ability to
adapt to low-temperature environments [22]. Table 2.14 classifies fruits according to climate area of
growth and can indicate fruits susceptible for low-temperature injuries. The susceptible produce tend to
have low storage potential as very low temperatures cannot be used during storage, transport, and han-
dling. Lowest safe storage temperature has to be well above the chilling injury (CI) threshold of
susceptible product. The CI manifests into symptoms such as pitting, browning, scald appearance, dark-
ening of the skin, changes in the flavor and texture, and the loss of ripening ability. The severity of the
symptoms depends on the type of the produce, and time and temperature of the exposure. The mechanism
of development of CI is complex. Changes in the membrane lipids and dissociation of enzymes and other
proteins have been proposed to be the two likely causes of development of CI [64,120]. Most tropical and
subtropical produce show CI upon exposure to chilling temperatures below 10°C—-15°C [113]. Table 2.15
shows CI symptoms and temperature at which injury symptoms appear for selected fruits and vegetables.

TABLE 2.14

Classification of Fruits according to Their Climate Area of Growth

Climate Zone Examples

Temperate Pome fruits (apple, pear, quince), stone fruits (apricot, cherry, nectarine, peach, plum),

small fruits and berries (grape, strawberry, raspberry, blueberry, blackberry, cranberry)

Subtropical Citrus fruits (grapefruit, lemon, lime, orange, pummelo, tangerine, mandarin),
noncitrus fruits (avocado, cherimoya, fig, kiwifruit, olive, pomegranate)

Tropical Banana, mango, papaya, pineapple, carambola, cashew apple, durian, guava, longan,
lychee, mangosteen, passion fruit, rambutan, sapota, tamarind

Source: Adapted from A. A. Kader and D. M. Barrett. In Processing Fruits: Science and Technology, Vol. 1, Biology, Principles,
and Applications (L. P. Somogyi, H. S. Ramaswamy, and Y. H. Hui, Eds), Technomic Publishing Co., Pennsylvania, 2003, p. 1.
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TABLE 2.15

Chilling Injury of Fruits and Vegetables Stored above Freezing Temperatures

Class Produce T;,; (°Cy Symptoms
A (0°C-5°C) Apple (some cultivars) 2-3 Internal browning, brown core, soggy tissues, and soft scald
Asparagus 0-2 Dull, gray-green, limp tips
Avocado 4.5-13 Grayish-brown discoloration of flash
Lima bean 1-4.5 Rusty brown specs, spots or areas
Cranberry 2 Rubbery texture, red flash
Guava 4.5 Pulp injury, decay
Cantaloupe 2-5 Pitting, surface decay
Watermelon 4.5 Pitting, objectionable flavor
Orange 3 Pitting and brown stain
Pomegranate 4.5 Pitting, external and internal browning
Potato 3 Mahogany browning, sweetening
Tamarillo 3-4 Surface pitting and discoloration
B (6°C-10°C) Snap bean 7 Pitting and russeting
Cucumber 7 Pitting, water-soaked spots, and decay
Eggplant 7 Surface scald, Alternaria rot, blackening of seeds
Lime 7-9 Pitting, turning tan with time
Honeydew melon 7-10 Reddish-tan discoloration, pitting, surface decay,
failure to ripen
Casaba, Crenshaw and 7-10 Pitting, surface decay, failure to ripen
Persian melon
Okra 7 Discoloration, water soaked areas, pitting, decay
Fresh olive 7 Internal browning
Papaya 7 Pitting, failure to ripen, off flavor, decay
Sweet pepper 7 Sheet pitting, Alternaria rot on pods and calyxes,
darkening of seeds
Pineapple 7-10 Dull green when ripened
Pumpkin 10 Decay, especially Alternaria rot
(hardshell and squashed)
Tomatoes (ripe) 7-10 Water soaking
C (11°C-20°C)  Banana (green or ripe) 11.5-13 Dull color when ripened
Grapefruits 10 Scald, pitting, watery breakdown
Jicama 13-18 Pitting, membranous staining, red blotch
Mango 10-13 Grayish scald-like discoloration of skin, uneven ripening
Sweet potato 13 Decay, pitting, internal discoloration, hard core when cooked
Tomato 13 Poor color when ripe, Alternaria rot

*Approximate lowest safe temperature.
Source: R. E. Harderburg et al. The Commercial Storage of Fruits, Vegetables, and Florist and Nursery Stocks, USDA,
Agricultural Handbook No. 66, 1986.

Internal discoloration, water-soaked appearance, and increased susceptibility to plant pathogens result in
the loss of quality for both fresh and processed markets. Besides, avoiding exposures to injury tempera-
ture, CI can be minimized by reducing the exposure time to injury temperatures, precooling produce in
stages to build adaptation, selection of resistant varieties, selecting fruits at appropriate level of ripening,
intermittent warming [63] and cooling treatments, controlled atmosphere storage (>2% CO, and <5%
0,), maintaining high storage RH, and improving calcium nutrition [97,104,105,113,120].

Freezing injury (FI) results from exposure of plant tissues to freezing temperatures (<0°C) and for-
mation of ice crystals, which damages the cells, mostly irreversibly. The injury initiates osmotic stress
and damage to the cell membrane responsible for water loss and death of cells. The factors that affect
FI are type of produce, variety, nature of solutes, and field temperature. [51,113,120]. Susceptibility
of fruits and vegetables to FI varies between the produce (Table 2.16). Light freezing damages the
most susceptible crops, while least susceptible products can be frozen several times before injury
occurs. Moderately susceptible produce can recover from one or two episodes of freezing.
Susceptibility to FI, however, does not depend on the freezing point, which may vary between —0.1
and —1.8°C [51,113]. Warm-season crops are highly susceptible to FI than those that are grown in the
cold season. The symptoms of the FI include discoloration of the tissue, water-soaking appearance,
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TABLE 2.16
Relative Susceptibility of Fruits and Vegetables to Freezing Injury

Highly Susceptible Moderately Susceptible Slightly Susceptible
Vegetables Artichoke Cabbage Beetroots
Asparagus Carrot Brussels sprouts
Beet Cauliflower Celeriac
Broccoli Chives Collard
Celery Endive Horseradish
Cucumber Leek Kale
Eggplant Onion (bulb) Kohlrabi
Sweet corn Onion (green) Parsnip
Lettuce Parsley Rutabagas
Okra Shelled peas Salsify roots
Sweet pepper Peas (pod) Turnip roots
Potatoes Radish
Summer squash Spinach
Sweet potatoes Winter squash
Tomatoes
Fruits Apricot Apple Dates
Avocado Cranberry
Banana Grape
Berries Orange
(except cranberries) Pear
Lemon
Limes
Peaches
Plums

Source: Adapted from A. A. Kader et al. HortSci., 9(6):523, 1974 (www.ba.ars.usda.gov/hb66/index.html); C. Y. Wang and
H. A. Wallace. In The Commercial Storage of Fruits, Vegetables, and Florist and Nursery Stocks—A Draft Version of the
Revision to USDA Agricultural Handbook Number 66 (K. C. Gross, C. Y. Wang, and M. Saltveit, Eds), 2002 (revised in 2004).

blistering, and pitting. The damaged tissues are prone to further decay by microorganisms and
mechanical injuries, particularly bruising.

2.2.6.2.2 High-Temperature Injuries or Disorders

Exposure of tissues to high temperature during production or postharvest results in injuries or disorders,
which may cause the loss of ability to ripen normally, burnt or scorched peel, and darkening of the pulp.
Examples of such disorders are scald in apples and tomatoes and blossom drop in tomatoes. Besides
avoiding long exposure to sun, superficial scald in apples can be controlled by postharvest spray with
ethoxyquin or diphenylamine. The latter is more effective.

2.2.6.2.3 Injuries/Disorders due to Exposure to Adverse Atmosphere

Exposure to low levels of O, and high levels of CO, may lead to tissue injuries such as internal brown-
ing in apples and pears when the tissue tolerance is exceeded. The factors that influence the susceptibil-
ity are variety, low crop load, exposure to higher concentration of CO, at the time of harvest, and
presence of coatings that restrict the diffusion of gases [59].

2.2.7  Other Biochemical Changes

Chemical and enzymatic changes cause tissue softening, off flavors, pigment loss and off colors, and over-
all decline in nutritional value and taste [2,3,32]. The enzymes that catalyze biochemical reactions respon-
sible for these changes are given in Table 2.17. Softening of the tissues can be due to hydrolysis of starch
and cellulose by amylases and cellulose enzymes, respectively, degradation of pectin by pectinases. There
are three key enzymes involved in the degradation of pectins (Figure 2.7), endo- and exopectate hydrolases
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TABLE 2.17
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Enzymes Responsible for Key Reactions Associated with Ripening and Senescence in Fruits and Vegetables

Enzymes

Reaction

Result

Polyphenoloxidase,
catalase, peroxidase

Polygalacturonase

Pectin esterase

Lipoxygenase
Ascorbic acid oxidase

Chlorophyllase

Amylases

Cellulase and
hemicellulases

Proteases

Lipase
Phytase

Glucose oxidase

Oxidation of phenolics

Hydrolysis of glycosidic bonds
between adjacent polygalacturonic
acid residues in pectin

Hydrolysis of ester bonds of
galacturonans in pectin

Oxidation of lipids
Oxidation of ascorbic acid

Cleavage of phytol ring from
chlorophyll

Hydrolysis of amylose and
amylopectin

Hydrolysis of cell wall

Hydrolysis of proteins

Hydrolysis of lipids
Hydrolysis of phytic acid

Oxidation of glucose

Formation of precursors to colored and
polymers leading to undesirable browning

Tissue softening

Tissue firming

Production of off flavor and off odors
Loss of nutrition quality

Loss of green color

Loss of texture and increase in sweetness
due to production of sugars

Loss of texture

Loss of nutritional value and increase
or decrease in digestibility

Hydrolytic rancidity
Liberation of phosphates

Formation of hydrogen peroxide

COOH COOCH,

COOCH,
¢} 0, 0,
OH o No+ 0 NoH ! /
OH OH OH
Pectin n
Endopectate

hydrolase
(polygalacturonase)

B-elimination Pectin esterase
(strong alkaline
conditions)

Pectic acid
Pectinic acid (leading to (demethylated

softening) pectin)

Ca*™* Exopectate hydrolase
(polygalacturonase)

Calcium pectate (leads Galacturonic acid (leads to
to firming) softening)

FIGURE 2.7 Reactions leading to firming and softening effect by pectin degradation. (From J. B. Adams. In Raw
Ingredient Quality in Processed Foods—The Influence of Agricultural Principles and Practices (M. B. Springett, Ed.),
Aspen Publishers Inc., Gaithersburg, MD, 2001, p. 57; C. Zapsalis and R. A. Beck, Food Chemistry and Nutritional
Biochemistry, John Wiley & Sons, New York, 1985, p. 371.)
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and pectin esterase. Endopectate hydrolase yields methyl galacturonide oligomer and exopectate hydro-
lase acts on demethylated pectin produced by pectin esterase to produce galacturonic acid. Formation of
galacturonide oligomer and galacturonic acid leads to softening of plant tissues. However, the formation
of calcium pectate as a result of addition of calcium has a firming effect on the tissue. The activity of
pectin-degrading enzymes seriously impacts gel-forming ability of fruits required for production of fruit
preserves. Under strong alkaline conditions pectin could also be converted to pectinic acid leading to
softening.

Fruits and vegetables contain varieties of phenolic compounds (Figure 2.8) that participate in browning
reactions catalyzed by enzymes and other quality changes [106]. Cutting or injuring plant tissue results in

o OH O
HO.
OH OH
HO

COOH
Benzoic acid Gallic acid Syringic acid
HO COOH
ﬁ) Q { N 08
COCH
Vannilic acid Quinic acid Cinnamic acid
H;CO
HO CH O HO—< >—CH o
\ I I/
CH—C\ CH—C\
HsCO OH OH
Sinapic acid p-Coumaric acid
HO CH 0 HO CH O
3 I N\ I
CH—C\ CH—C\
HO OH HsCO OH
Caffeic acid Ferulic acid
] OH o
"y
OH
o“\\\\
o} O HO. O 0}
Z HO 7
Coumarin Chlorogenic acid

FIGURE 2.8 Phenolic compounds found in fruits and vegetables.
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browning of the cut surface due to enzymatic oxidation of phenolic compounds present due to cell decom-
partmentation of substrate and enzymes. In the presence of O,, phenolases oxidize phenols to benzoquinones,
which, although colorless, further get converted into brown pigments in fruits and vegetables (potato, mush-
room, apple, and banana). The physiological role of these enzymes in plant cell is not very well understood.
The factors influencing enzymatic browning are type and content of phenolic substances, enzymes, temper-
ature, and presence of inhibitors. Chlorogenic acid, a phenol found in potatoes, is also responsible for after-
cooking blackening of potatoes and greening of cooked potatoes [2]. The after-cooking blackening reaction
involves formation of ferric dichlorogenate from chlorogenic acid and ferrous ions [3] and favored by con-
ditions leading to higher ratio of chlorogenic acid to citric acid. Postharvest sweetening of potatoes is a seri-
ous problem in cold-stored potatoes due to conversion of starch into sugars. The production of reducing
sugars can lead to nonenzymatic browning in potato chips and can be avoided by warming the produce before
use [110]. Injuries can also lead to formation of stress metabolites through linoleic/linolenic acid cascade-
producing traumatin and jasmonic acid, which have a role in forming a defense system against insects and
microorganisms [39]. Degradation of lipids by lipase and lipoxygenase enzymes can lead to the formation
of off flavors in fruits and vegetables (e.g., beans and peas), and can be avoided by inactivating these enzymes
or by knocking the genes responsible for their expression.
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3.1 Introduction

The quality of fruits and vegetables deteriorates progressively after harvest within short time owing to a
series of physical, physiological, and pathological agents the produce is exposed to before reaching a con-
sumer or a processor. Normally, quality at harvest can only be maintained and not improved down the value
chain except for climacteric fruits, which can be ripened after harvest to achieve ideal eating quality.
Handling operations vary according to the produce. Figure 3.1 depicts a generic postharvest value chain
with common handling operations. Both quantitative (reduction in weight and wastage due to biotic factors)
and qualitative (reduction in color, flavor, and texture) losses anywhere along the chain occur in field, dur-
ing packaging, storage, distribution, and transportation. Postharvest management practices facilitate
continuous supply of fruits and vegetables to fresh, minimally processed, and processed markets. Given
the distance between the sites of production and consumption these perishable commodities need to travel,
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the maintenance of quality over the entire value chain is an onerous task. Generally, fruits and vegetables
processing is very seasonal in nature, and the harvested produce must be quickly processed to avoid losses.
Processor must assure that all the quality attributes at the time of harvest are maintained before processing.

A good-quality processed product can only be possible when good-quality raw materials are used
in their manufacture. Only those cultivars that are suitable for a particular process application are
procured. Cultivars suitable for table-fresh markets are very different from those that are suited for
processing. Generally, the produce is harvested at the stage when the eating quality is at its peak as
this commands maximum market revenue. Quality specifications vary according to the raw material
required for a given processing application and often include optimum color, texture, and flavor; free-
dom from pathogens and spoilage microorganisms, including their metabolic products; freedom from
toxic residues such as pesticides; reasonable storage life; high nutritive value; and extended availabil-
ity. Table 3.1 lists the quality specification requirements for various fruits and vegetables processed
into various products.

]
3.2 Postharvest Handling Operations

3.2.1 Sorting and Grading

Most fruits and vegetables are sorted and graded for marketing and have a role in protecting and enhanc-
ing product quality. These are generally an important part of field or packinghouse operations and help in
reducing cross contamination of healthy stock

destined for storage, transport, distribution, Farm
marketing, and processing. Immediately after '
harvest, the produce is sorted according to Farm storage
size, shape, color, and appearance. The i

Transportation

SN

Processing shed Sorting & Packaging

damaged and immature fruits must be
removed, as these might become sources of
ethylene gas, which will increase the rate of
respiration, ripening, and senescence of
healthy produce. Many products are sorted l

according to color, mass, profile, and size after Storage

passing the minimum requirements of quality. Processing
Grading determines whether the product Transport and shipping

Storage

meets a specific quality standard prescribed by Transportation

local or international market, separates prod- Market

ucts into different quality grades to determine

the price paid to the farmers or to determine Consumer

the sale value, and enables removal of off-

grade products, which include damaged, FIGURE 3.1 Postharvest value chain for fruits and vegetables.

TABLE 3.1

Raw Material Quality Specifications for Processed Fruits and Vegetables

Processed Products Raw Materials

Quality Specifications

Fruit juices

Chips and fries

Canned products
Preserves

Pickles

Concentrates: sauce, puree
Alcoholic beverages
Dried products

Frozen products

Citrus, apple, tomato
Potato, banana, taro
Apple, peach, pear

Tomato, apple
Grape, apple
Mango, apricot
Pea, carrot, onion

Various fruits: apple, peach
Cucumber, olive, cabbage

Acidity, sugar content, flavor

Texture, starch content, and reducing sugars
Color, texture, flavor

Sugar, pectin content, acidity

Composition, sugar content, texture

Total solids

Fermentable sugar, acidity

Composition, solid content

Composition, color, texture, flavor
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undersized, immature, and diseased produce. Grade standards vary between and within countries, and
local authorities should be consulted for updates. Minimum requirements for sale of apples in Australia
for purposes other than processing specify that the product must be intact, sound, mature (except for green
varieties marked “Cooker”), and clean and free from foreign taste or smell for all three classes of apples
marketed [48]. Optimal maturity, color, sugar, solids, moisture content, size, and absence of defects are
some of the factors considered for various fresh market products. The domestic marketing orders of the
USDA specify mandatory grades for avocados, Irish potatoes, limes, filberts, raisins, onions, table grapes,
walnuts, kiwifruit, dates, prunes, canned ripe olives, grapefruits, tomatoes, and oranges [49].

Traditionally, sorting and grading are done by hand, which is extremely labor-intensive. Labor short-
ages and a lack of overall consistency have driven the search for automation of this operation. Color is a
key sorting parameter used in the implementation of many automated vision systems that involve image
acquisition and processing. Optical methods used in grading and sorting have been described by
Thomson [74]. Optical sorting is currently being used for apples destined for canning in Australia.
Magnetic resonance spectroscopy and imaging, near-infrared spectroscopy, acoustic response, and
impact response are being investigated for their utility in automated sorting and grading of produce.
Equipment used in dumping, conveying, and grasping during sorting and grading should have smooth
and properly cushioned surface to avoid injury.

3.2.2 Packaging

Packaging contributes greatly to efficient marketing of fruits and vegetables as it (i) serves as an efficient
handling unit; (ii) provides convenient warehouse or home storage unit; (iii) protects quality and reduces
waste by avoiding mechanical damage, reducing moisture loss, providing beneficial modified atmosphere,
providing clean or sanitary produce, and preventing pilferage; (iv) provides service and sales motivation;
(v) reduces cost of transport and marketing; and (vi) and facilitates use of new modes of transportation [28].

Two types of packaging are common in fresh produce trade. Large-sized containers are used for trans-
port and wholesale, and small-sized packagers for retail trade. The use of properly designed containers
for transporting and marketing can maintain the produce’s freshness, succulence, and quality by signifi-
cantly reducing mechanical damage during handling, transport, and storage.

Proper packaging can protect fresh produce from the environment, such as sunshine, moisture, and
light. The main purpose of packaging is to provide protection from mechanical damage. The container
must be strong enough to withstand stacking and impact of loading and unloading, without bruising or
scarring the produce. Thus, containers may require use of liners, pads, trays, or tissue wraps to prevent
damage from contact with rough surfaces or adjacent produce.

The produce can be packed in a box (wooden or paper) with absorbent, lining, or padding materials
or in bags. The choice of packaging material is based on the requirements of stacking height, duration of
storage, pretreatments, cooling, and cost. Lug and pallet boxes are also used. Pallet boxes are used for
bulk handling, which saves loading and unloading time and manual labor [62].

3.2.2.1  Types of Damage

The fresh produce is mechanically or manually handled several times on packing lines before they arrive
at the point of consumer purchase. Mechanical damage occurs in the postharvest handling system pri-
marily by impact forces and compressive forces. The compressive forces act on the product when it is
handled in bulk and are normally static loads (in bins and stacks) or dynamic compressive loads (bin han-
dling and transport). The excessive impacts occur during harvesting, grading, handling, and transporta-
tion, and excessive compression loads occur during bulk handling and package handling. In terms of
severity of impacts, handling systems may be classified into two broad categories: low-energy systems
(<0.9 J) such as for apples and stone fruits, and high-energy systems (~1.5 J) such as for potatoes.
Bruising results from fruits hitting each other during transportation and handling, and from contact
with hard surface of machinery, container, or other handling equipment. Bruising causes enzymatic
browning in apples, pears, peaches, apricots, grapes, and bananas. Campbell et al. [19] determined that
up to 40% of the tomato crop sustained mechanical damage during handling system. They also found
that one-third of the damage occurred at harvest and was related to bin design and filling techniques.
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The bins were found to be too deep and overfilled, both of which resulted in compression damage to the
fruit. In case of apples, most bruising occurred due to excessive compressive forces. This was exacer-
bated by transportation on short-tyned forks, at the rear of the trailers and on heavy-duty leaf-sprung
trucks traveling on unsealed roads [18]. Bollen et al. [16] found that rejection-level bruising occurred at
locations near the bin edge and center bottom, and was highly dependent on bin condition and transport
duration. The fruits in the middle of the bin experience bruising to a nonreject level in both transport and
bin condition regimes. Bruising was considerable at the top of the bin near the sides and was likely to be
due to impact damage, since bin condition and transport duration have little influence on damage levels.

Compression damage is the primary cause of damage to fruit while it is handled in bulk. The force on
the product is transferred from the vehicle transporting the bin to the produce. The energy is dissipated
through movement of the product and absorption by the produce. The severity of the levels of bruising
resulting from bulk handling has been reported in various studies. The forces vary considerably within
bins according to the load paths owing to produce-stacking pattern. This loading pattern is also influ-
enced by the bin design and the transport method [55].

3.2.2.2  Cushioning and Other Protections

Packing line equipment and other harvesting and postharvest handling equipment are traditionally
designed and installed using many transfers from one operation to the next. During this handling, the pro-
duce hits (impacts) hard surfaces or other produce. Cushioning and velocity control devices can be cho-
sen that will avoid bruising in handling systems. A cushioning material must provide effective energy
absorption and dissipation and not create the critical stress/strain level in the produce tissue that will ini-
tiate bruising. Bruising can be caused by intermittent shocks, compressive forces, or prolonged low-level
vibrations occurring during transportation of produce from the orchard or field to the packing-house, and
from the packing-house to the retail store [10]. The packing line should be designed to appropriate drop
height or roll velocity. If hard surfaces on the equipment are adequately cushioned, and the roll velocity
of each item is controlled to a low-enough level, impact bruises can be avoided.

Immobilization and proper cushioning of the produce help in reducing damage due to cuts, punctures,
bruises, abrasion, impact, and friction. This can be done by various types of trays, or by certain volume-fill
techniques, such as padding or cushioning [62]. The material used for padding should have the following
properties: (i) ability to absorb the impact energy without damaging the produce, (ii) should not impart a high
rebound energy to the produce, (iii) durability by internal structure fatigue and surface wear (needs lower
thickness), (iv) cushion cleanup, sanitation, and compatibility with water, fungicides, waxes, and cleaning
solutions must be excellent, and (v) the cushion physical properties (thickness and stiffness). The materials
that can be used are PVC, polyethylene, neoprene, polyurethane, wool carpet, polypropylene, poron, or no
bruze. The materials are usually made with porous internal structure and specific surface characteristics
[10,15]. The commonly used padding materials are leafs, straw, grass, coconut husk, paper, and plastics.

Plastic films, mesh, or net and plastic-lined paper may also be used to prepackage fresh produce.
Individual seal packaging or unipackaging creates a water-saturated atmosphere around the fruit and reduces
water loss and shrinkage. The advantages are (i) it may be an alternative to expensive traditional refrigera-
tion and sophisticated controlled atmosphere (CA) storage, (ii) it doubles and sometimes triples the shelf life
as measured by appearance, firmness, shrinkage, weight loss, and other keeping qualities, (iii) it also delays
physiological deterioration better than when only cooling is used, and (iv) it may reduce chilling injury in
some fruits, such as in citrus. Films used in packages may be used as carriers of fungicides to reduce toxic
residue in products and ethylene-absorbing substances to delay ripening. Perforated films can be used to
allow optimum gas exchange rates and avoid accumulation of ethylene in the enclosed microatmosphere
[26,31]. Perforated films are more suited to high O, demand produce. The limitation of using seal packag-
ing is the possibility of development of off-flavors caused by poor gas exchange and enhancement of decay
and spoilage due to the phytotoxic microatmosphere (low oxygen, excessive carbon dioxide, and ethylene).

3.2.3 Transportation

The harvested produce is transported to the packing and processing sheds inland via road by trucks in
pallet boxes with capabilities of carrying 800—1000 1b. Bulk trucks are used for fruits, such as oranges,
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and vegetables. Overseas transportation is normally by sea and rarely by air. Proper management of
temperature, humidity, and ventilation is the main requirement. It is advised that bruised, decayed, and
overripe products are sorted out before transportation to avoid dissemination of diseases, induction of
ethylene gas, increase in respiration and evolution of heat, and loss of water. Severe mechanical injuries
in the form of bruises, cuts, impact, compression, and vibration occur during transportation, leading to
deterioration of quality and reduced shelf life. Proper packaging of produce helps in avoiding mechani-
cal injuries. When large-sized products, such as watermelons, muskmelons, pumpkins, yams, and cab-
bages, are transported in bulk using trucks, trolleys, or lorries, products should be carefully stacked and
adequately covered to protect from the environment.

Refrigeration during transportation is convenient and the most effective means of reducing losses.
Proper insulation and ventilation of trucks help in minimizing loss of quality in the absence of truck with-
out refrigeration. Following measures have been suggested to minimize heat accumulation during trans-
portation of fruits and vegetables [6]: (1) avoiding closed vehicles without refrigeration except for local
deliveries, (2) fitting open-sided or half-boarded trucks with roofing and siding to protect produce from
direct sun and wind exposures, (3) fitting a second white-painted roof 8—10 cm above the main roof to
act as a radiation shield, (4) provision for air intake in conjunction with louvers in unrefrigerated vehi-
cles used in long-distance transport to ensure positive airflow through the load, and (5) equipping trans-
port vehicles such as trucks, railcars, and sea containers with refrigeration for long journeys.

Overfilling of boxes can cause compression bruises, which makes bruised fruits more prone to decay
than those affected by impact bruises. Vibrations lead to friction bruises, which lead to browning of
pears. The produce must be protected against mechanical injuries using proper packages and suitable
padding materials. Another important consideration is to make sure that only compatible fruits and veg-
etables are transported together. Table 3.2 provides the listing of commodities that are compatible dur-
ing transportation and storage.

3.2.4 Precooling

Good temperature management throughout the postharvest chain is the key to avoiding postharvest losses
and preservation of quality. Rapid cooling of the produce to safe storage or transportation temperature is
imperative in preservation of quality and to increase the shelf life by arresting the deteriorative changes
caused by physiological and pathological agencies. The harvested produce contains substantial amount
of heat associated with the product temperature and is known as field heat, a significant part of cooling
load. Precooling is the rapid extraction of heat from the produce before transport, storage, and process-
ing. Depending on the temperature, the product will lose its quality in no time unless promptly and
appropriately cooled. Precooling assists in maintaining quality by reducing the rates of metabolic activ-
ities such as respiration, transpiration, and ethylene production; minimizing growth of decay microor-
ganisms; and easing the load on cooling system downstream [62] for storage. Improved flexibility in
marketing is an additional benefit.

The amount of field heat necessary to be removed depends on the produce and the required storage
temperatures. At the time of harvest, the produce temperature is same as that of the environment; wher-
ever possible, the produce must be harvested when the ambient temperature is low, during night, morn-
ing, or evening, to avoid high cooling loads. The amount of heat to be removed can be estimated by
methods described in several publications [4] or from the compositional data [66].

3.2.4.1 Methods of Precooling

Precooling can be accomplished by simply blowing cold ambient air over the produce; however, refrig-
eration is required for ensuring short cooling time that is so critical in preventing the loss of quality.
Cooling rates depend on the type of product, its size, weight, and the surface-to-volume ratio. A small-
sized product with a large surface area-to-volume ratio cools at a faster rate. Cooling rates are often
expressed in several half-cooling times and can be used for comparing and predicting the effectiveness
of different cooling methods for a given cooling time interval irrespective of the temperature of the
produce or cooling medium used. Half-time is the time required to reduce the temperature difference
between the product and the cooling medium by one half. Figure 3.2 shows a typical cooling curve for
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TABLE 3.2

Compatibility Groups for Transport and Storage of Fresh Fruits and Vegetables

Group Temperature (°C) RH (%) Commodity

1 0-2 90-95 Apple, apricot, beets (topped), berries (except cranberries),

cashew apple, cherries, coconut, fig (not with apples),
grapes (without sulfur dioxide), horseradish, kohlrabi,
leek, longan, loquat, lychee, mushrooms, nectarines,
orange,” parsnip, peach, pear, persimmon, plum,
pomegranate, prune, quince, radish, rutabaga, turnip

2 0-2 95-100 Amaranth,’ anise,” artichokes, asparagus, bean sprouts,
beets,® Belgian endive, berries (except cranberries), bok
choy, broccoli,® brussels sprout,® cabbage,® carrot,?
cauliflower, celeriac, celery,” cherries, corn (sweet),”
daikon,’ endive,’ escarole,” grapes (without sulfur dioxide),
horseradish, Jerusalem artichoke, kiwifruit, kohlrabi,” leafy
greens, leek® (not with figs or grapes), lettuce, lo bok,
mushrooms, onions® (green not with figs, grapes,
mushroom, rhubarb, or corn) parsley,® parsnip,® peas,®
pomegranate, raddichio, radish,® rhubarb, rutabagas,®
salsify, scorzonera, snow pea, spinach, turnip,® water
chestnut, watercress

3 0-2 65-75 Garlic, onion (dry)

4 4.5 90-95 Cactus leaves, cactus pear, caimito, cantaloupe,” clementine,
cranberries, lemon,? lychee, kumquat, mandarin,* oranges
(California and Arizona), pepino tamarillo, tangelos,*
tangerines,* ugli fruit,* yucca root

5 10 85-90 Beans, calamondin, chayote, cucumber, eggplant, haricot
vert, kiwano, malanga, okra, olive, peppers, potato,
pummelo, squash (summer and soft shell), tamarind, taro root

6 13-15 85-90 Atemoya, avocado, babaco, banana, bitter melon, black
sapote, boniato, breadfruit, canistel, carambola,
cherimoya, coconut, feijoa, ginger root, granadilla,
grapefruit, guava, jaboticaba, jackfruit, langsat, lemon,*
lime,* mammy, mango, mangosteen, melons (except
cantaloupes), papaya, passion fruit, pineapple, plaintain,
potato (new), pumpkin, rambutan, santol, soursop, sugar
apple, squash (winter, hard shell), tomatillo, tomato (ripe)

7 18-21 85-90 Jicama, pear (for ripening), sweet potato, tomato (mature
green), watermelon, white sapote, yam

Group 1: Many products produce ethylene.

Group 2: Many products are sensitive to ethylene.

Group 3: Moisture damages these products.

Groups 4, 5 and 6: Many products are sensitive to ethylene and chilling injury.

Group 6: Produce ethylene and sensitive to chilling injury.

Group 7: Separate sweet potato, white sapote and yam from pears and tomatoes owing to ethylene sensitivity.

2 Citrus fruits treated with biphenyl may give odors to other products.

bCan be top iced.

Source: Adapted from M. McGregor, Tropical Products Transport Handbook, USDA Office of Transportation, Agricultural
Handbook 668. 1999 (http://www.ams.usda.gov/tmd/Tropical/index.htm).

a product being cooled from an initial temperature of 30°C by air maintained at 2°C. As cooling pro-
gresses, the rate of cooling slows down. The curve shows several half cooling periods in terms of three
half cooling periods corresponding to 1/2, 3/4, and 7/8 cooling. The 7/8 cooling time is generally con-
sidered adequate for transport and storage of most commodities. The essential information required for
design and operation of coolers has been given in several publications [34,51,52,76,81].



Postharvest Handling and Treatments of Fruits and Vegetables 55

40 -
30
o
°
2 20
[
3 1/2 cool
§
F 10 3/4 cool
7/8 cool
———— 15/16 cool
0 |I 1 1
0 3 6 9 12 15
Time (h)

FIGURE 3.2 Typical cooling curve showing half cooling times for fruits and vegetables.

The most commonly used methods of precooling are described below:

(a) Room cooling

This method involves using cold air as a medium to extract heat from the produce. Air is cooled by a
refrigeration system. For efficient heat removal, the produce container should be well vented and stacked
so that the container surface is in contact with cold air and the storage space is utilized to the maximum
extent. Since the rate of heat removal by still air is slow, it takes longer to cool a produce to a safe transit
or storage temperature. High relative humidity (90%—-95%) is maintained in the air to avoid desiccation
and weight loss during cooling. The method is not recommended for produce packed in bulk.

(b) Forced air or pressure cooling

This is a modification of room cooling where cold air is forced through the produce containers and
around the produce to speed up cooling. Fans specially positioned in the room create the pressure dif-
ferential to circulate air. Cooling time depends on the speed of the airflow, provided sufficient refrigera-
tion capacity is available for a given duty. The problems of moisture condensation on the produce,
package, and the wall are eliminated due to air movement. Cooling times can be significantly reduced
and cooling accomplished in 10%-25% less time compared to room cooling. Forced air cooling is
accomplished by using three systems: cold wall, forced air tunnel, and serpentine cooling.

(c) Package icing

This method of cooling involves keeping a finely crushed, flaked ice, and ice—water mixture in direct
contact with the produce for cooling and maintaining low temperatures during short-time storage, tran-
sit, and display in superstores. The latent heat of melting of ice (334 kJ/kg) provides the cooling effect.
The use is limited for products that can tolerate both weight of the ice and water that wets the product
and the package. Use of ice slurry is recommended to avoid mechanical damage due to sharp-end ice. It
is commonly used for cooling spinach and broccoli during transport and retail displays.

(d) Hydrocooling

Hydrocooling is a rapid way to cool large batches of product by spraying or flooding the commodity with
near-freezing water (~0°C). Water, being liquid, is a superior heat transfer medium than air due to its large
heat capacity. Near-freezing water cools the product about 15 times faster than air, allowing for greater har-
vesting and marketing flexibility. There is no desiccation of the product. However, water may be a source of
contamination if soil and debris picked up during cooling are not removed before recycling. Water needs to
be appropriately filtered and disinfected. Chlorination is the most commonly used method to control infection
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due to microorganisms. Maintenance of high level of chlorine (50-200 ppm) and continuous monitoring of
the chlorine concentration are highly recommended to avoid contamination. Hydrocooling is best suited for
medium- to large-scale cooling of product and the packages that are both water- and chlorine-tolerant.

(e) Vacuum cooling

Cooling effect is generated by partial evaporation of moisture directly from the product, which is placed
in a chamber and vacuum is drawn. Evaporation results from reduction in the vapor pressure of water
under vacuum. The method does not require any cooling medium as in other methods of precooling, for
example, air in forced cooling or water in hydrocooling. The reduction in product temperature for a unit
percent weight loss can be determined by the ratio of the latent heat of vaporization and heat capacity of
the produce. Wang and Sun [79] calculated a reduction of 6.5°C/1% weight loss for leafy vegetables con-
taining 90% moisture. These researchers also reported an extension of shelf life of 2.5 days at 12°C for
head lettuce, which were cooled for 20 min, sealed in polypropylene film and stored for a week at 2°C.
This method can be used to precool products that have high surface-to-mass ratio, freely available water,
highly porous nature, and whose structure will not be damaged by the removal of water. It is ideally
suited for head lettuce and mushrooms [5]. The product may encounter a weight loss of about 3%—4%;
however, adding preselected amount of water before or during precooling can prevent weight loss [79].

(f) Evaporative cooling

This is a relatively inexpensive method suitable to precool produce that require relatively warmer stor-
age temperatures, such as tomatoes and cucumber. This method is based on the cooling effect created by
evaporation of water when dry air is blown over the wet product. In the process of evaporation, water
absorbs latent heat of vaporization (2260 kJ/kg) from dry air to change its phase from liquid to vapor.
The method is suited to areas where low ambient humidity (<65% RH) air is readily available.

The choice of an appropriate cooling method is a very important decision that a grower or a packinghouse
needs to make. The decision is based on the following factors [35]: (i) nature of the product to be cooled
(e.g., chilling sensitivity), (ii) temperature of the produce at the time of harvest, (iii) cooling time required,
(iv) product throughput, (v) type of packaging used, (vi) desired storage life, and (vii) other considerations
such as comparative energy efficiency, availability, and associated capital and operating costs. Highly
perishable fruits such as strawberries, bush berries, and apricots need be cooled to their optimum storage tem-
perature (0°C) in relatively shorter time
(within 6 h of harvest) than most other fruits TABLE 3.3
(within 12 h of harvest) [33]. The multiple ~Recommended Precooling Methods for Selected Fruits and
precooling options may also be feasible for ~ Vegetables
better quality [23]. Thompson [76] has pro-

; - Fruit or Vegetable Precooling Methods Used
vided a comparison of common methods of - —
precooling based on cooling time, moisture ~ AsParagus Hydrocooling, package icing

. Apple Room, forced air, and hydrocooling
loss, water contact with the product, poten- . .

ol f . tal Apricot Room and hydrocooling
tial tor deca}y contamination, Capltg cost, Beans, snap Room, forced air, and hydrocooling
energy efficiency, need of water-resistance  Broccoli Package icing, forced air, and hydrocooling
packaging, portability, and feasibility of Brussels sprout Hydrocooling, vacuum, and package icing
in-line cooling. Precooling methods suit- Cabbage Room, forced air cooling
able for selected fruits and vegetables are  Cauliflower Hydrocooling and vacuum cooling
given in Table 3.3. Cherries Hydro- a.nd forced air coc.>ling

Cucumber Forced air and hydrocooling
Grapes Forced air cooling
3.2.5 Storage and Distribution Lettuce Hydrocooling and package icing
Pea Forced air and hydrocooling
Most horticultural produce have short Potato Forced air and hydrocooling
harvesting season, and short- or long-term  Peach Forced air and hydrocooling
storage is necessary not only to extend the ~ Fear Room, forced air and hydrocooling
. . Spinach Hydrocooling and package icing
marketing period for fresh produce but also i .
Tomato Room and forced air cooling

to regulate the product flow and extend the
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TABLE 3.4

Storage Potential of Horticultural Produce in Air at Near-Optimum Storage Temperature and Relative Humidity

Storage Life Degree of
Class (Weeks) Perishability Commodity

I <2 Very high Apricot, blackberry, blueberry, cherry, fig, raspberry,
strawberry, asparagus, bean sprouts, broccoli,
cauliflower, green onion, leaf lettuce, mushroom,
muskmelon, pea, spinach, sweet corn, tomato (ripe)

I 2-4 High Avocado, banana, grape, guava, loquat, mandarin,
mango, melons, nectarine, papaya, peach, plum,
artichoke, green beans, brussels sprouts, cabbage,
celery, eggplant, head lettuce, okra, pepper,
summer squash, tomato (partially ripe)

I 4-8 Moderate Apple and pea (some cultivars), grape (sulfur
dioxide treated), orange, grapefruit, lime,
kiwifruit, persimmon, pomegranate, table beet,
carrot, radish

v 8-16 Low Apple and pear (some cultivars), lemon, potato, dry
onion, garlic, pumpkin, winter squash, sweet
potatoes, taro, yam

A% >16 Very low Tree nuts and dried fruits

Source: Data from A.A. Kader, Postharvest Technology of Horticultural Crops, University of California, Publication
3311, Davis, 1992.

processing season [33]. The main objectives of storage are (i) to extend the availability of fresh produce in
the market, (ii) to ensure continuous supply of quality raw material to the processors, (iii) to extend the
length of the processing season, (iv) to hold raw material obtained during favorable price situations, (v) to
condition certain commodities such as potatoes, onions, and garlic, and (vi) to ripen certain fruits such as
mangoes and bananas [59].

Storage requirements vary among fruits and vegetables. Based on storage potential, Kader [32]
classified them into five groups (Table 3.4) based on the rates of respiration and ethylene generation, and
perishability. Storage life of <2 weeks to >16 weeks may be observed depending on the commodity. For
example, green onions are highly perishable with <2 weeks of storage life compared with 8-10 weeks for
dried onions. Variations do exist between and within fruits and vegetables and their cultivars. The storage
potential of onions follows the order: yellow > red > white > Spanish and sweet [1]. Most vegetables,
except root and tuber crops, are consumed fresh and do not require storage for sufficient length of time
unless used as raw materials for processing. For some vegetables, the time elapsed between harvesting to
consumption or processing is the only storage. In contrast, vegetables, such as potato, yam, sweet potato,
garlic, and ginger, can be kept in situ for several months after they attain maturity and are removed from
storage environments before the rainy season to prevent rotting and sprouting. In situ storage for these veg-
etables is easy and economical due to limited expenditure and fabrication for storing. The underground
storage in pits and trenches by mounting soil on the surface is most suitable for short-term storage. Hay
or straw, and then soil are used to protect the surface from water leakage and freezing. Pits are used for
storing beet, potato, carrot, turnip, cabbage, parsnip, etc. The disadvantages of underground storages
include expensive labor, variable climatic conditions, and adverse weather such as cold and wet [29,30].

Refrigerated or cold storage has established itself as the most accepted storage method all over the
world. Its use is determined by cost and benefit considerations. Scientific storage is based mainly on main-
tenance of low temperature, high humidity, and hygienic environment. However, the CA storage of apples
and pears is now commercial reality and its use is expected to increase in the near future. Very low storage
temperatures that induce chilling and freezing injuries, and keeping commodities that do not tolerate each
other must be avoided. Storage life of selected fruits and vegetables at given temperature and humidity is
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TABLE 3.5

Optimum Storage Temperature and Humidity Conditions for Fresh Fruits and Vegetables

Optimum Freezing

Produce Temperature (°C) Temperature (°C) RH (%) Storage Life
Apple —1lto4.4 —-1.7 90-95 1-12 months
Asparagus 22 —1.1 95-100 2-3 weeks
Blueberries 0.6-1 2.2 90-95 2-3 weeks
Broccoli 0 —0.6 95-100 2 weeks
Cabbage 0 —1.1 95 2-3 months
Cucumber 7.2-10 —0.6 95 2 weeks
Eggplant 7.8-12.2 -0.6 90-95 1 week
Green beans and

field peas 2.8-7.2 —0.6 95 5-10 days
Leafy vegetables 0 —1.1 95 1-2 weeks
Onion 0 —-0.6 70 2—3 months

6-8 months in CA

Peach 0 —0.6 95-98 2-4 weeks
Peppers 7.2-10 —0.6 90-95 2-3 weeks
Potato 3.3-44 —0.6 90-95 5-8 months
Strawberry 0 —0.6 90-95 5-7 days
Sweet corn 0 —0.6 90-98 5-7 days
Sweet potato 12.8 —0.6 90 6-12 months
Tomato, pink 8.9-10 85-95 7-14 days
Turnip 0 —1.1 95 4-5 months
‘Watermelon 10-15.6 —0.6 90 2-3 weeks

Source: Data from L.G. Wilson, M.D. Boyette, and E.A. Estes, Postharvest handling and cooling of fresh fruits, vegetables,
and flowers for small farms. Part II Cooling, Horticulture Information Leaflet 801, North Carolina State University, North
Carolina A&T State University, 1999 (www.ces.ncsu.edu/depts/hort/hil/ pdf/hil-801.pdf).

given in Table 3.5. In general, commodities store well above the chilling injury threshold temperatures for
tropical and subtropical fruits and above the freezing point for temperate fruits. Comprehensive compila-
tion of storage information in terms of optimum temperature, humidity, and modified or controlled atmos-
pheres can be found in Refs. [3,4,27,28,32,36,56,60,62,74]. The Optimal Fresh Database developed by
the Sydney Postharvest Lab and Food Science Australia [54] presents information on refrigerated con-
tainer/cold room recommendations, produce properties (freezing point, humidity, storage time at ambient
and at optimal temperatures), suitability and conditions for CA storage, respiration and heat transfer, com-
patibility in mixed storage, and seasonal availability for many fruits and vegetables.

Rooms used for cold storage should be properly designed for a given locality. The design should
provide adequate insulation, working space, vapor barrier, and doors that disallow ingress of air from out-
side. Good air circulation is required to assure uniform temperature and humidity in the room. A minimum
clearance of 100 mm should be kept from the walls and floors and between pallets while stacking the pro-
duce [13]. An efficient operation of storage system involves acceptance of only high-quality produce for
storage; rapid cooling of the produce to the storage temperature; storing only compatible mixed load;
maintenance of recommended temperature, humidity, and gaseous atmospheres; precise monitoring and
control of temperature and humidity; and efficient product movement to avoid excessive storage [83].

The refrigeration system required for maintaining cold storage conditions requires realistic calculation
of refrigeration load for a given situation. The components of refrigeration load include transmission (heat
gained through structure), product, internal (lights and motors), infiltration of air, and related equipment.
ASHRAE Handbook [4] provides details of methods used for the estimation of refrigeration capacity.

Often it is necessary to store or transport several types of produce at once. The problems created by
shipping incompatible commodities together may be quite severe. The factors that determine the com-
patibility of products are (i) temperature, (ii) relative humidity, (iii) production of ethylene, (iv) sensitiv-
ity to ethylene, (v) production and absorption of objectionable odors or flavors, and (vi) difficulties in
loading shipping containers or stores of different sizes and shapes [20,62]. Compatibility groups for
storage of fruits and vegetables are given in Table 3.2.
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Starch content of potatoes decreases by 30% in 2-3 months of cold storage at 1°C-3°C due to starch
hydrolysis [64]. When the concentration of reducing sugars increases to >0.1% in the tissue, such potatoes
are unsuitable for processing into chips due to their tendency to cause browning and blackening during cook-
ing [77]. Warming of such potatoes to room temperature before cooling helps in controlling this problem.

In the CA method, the produce is placed in an airtight room, and gas compositions (O, and CO,) of
room atmosphere are continuously maintained at the desired level for best quality. It is commercially
used in Australia for long-term storage of apples and pears. The details of this technique are given in sev-
eral references [27,75,83].

]
3.3 Postharvest Treatments

Postharvest treatments generally aim at preserving and/or enhancing the quality of fruits and vegetables
by controlling the physiological, mechanical, and pathological agents responsible for both postharvest
losses and degradation of quality. These may be described as physical and chemical treatments.

3.3.1 Physical Treatments
3.3.1.1  Cleaning and Washing

The main goals of cleaning are (i) to eliminate surface dirt and soil particles and contaminants, (ii) to
remove residues of pesticides, fertilizers, and chemicals used during production, (iii) to reduce the micro-
bial load, and (iv) to enhance the appearance of the produce. Cleaning can be accomplished using air
(dry) or water (washing). Dry brushing with or without air blast may be used to remove loose scales, soil,
or dust in products such as onions, garlic, potato, sweet potato, cantaloupes, and melons.

The effectiveness of the washing depends on the amount of water used, characteristics of water (acidity,
hardness, mineral content, temperature, and the initial level of contamination), force applied, use of brush-
ing and rubbing aids, etc. Washing is not an effective method for removing fungi from the infected tissues
and may even predispose produce to decay organisms and deplete the protective wax layer [2]. Washing may
also lead to a water-soaked appearance and moisture penetration, which may aid in pathogen access through
the wounds. This is the reason why strawberries, mushrooms, cucumber, and cherries are not generally
washed. The water used for cleaning should be of acceptable quality and must be filtered and sanitized before
reuse. If the fruit is excessively dirty a detergent may be used prior to sanitizing treatment. The final rinse
should be carried out using clean water. Removal of excess surface water by blotting rollers or blowing air
over fruits may be necessary to avoid infection and subsequent decay in stone fruits and potatoes [62].

3.3.1.2  Coating and Waxing

Presence of surface wax is a natural defense mechanism in fruits and vegetables against water loss and inva-
sion from pests and disease-causing organisms. Rough handling, approaching senescence, and washing
deplete natural waxes. Surface coating using wax or hydrophobic substances has been used since ancient
times to improve the appeal and acceptability by the consumer, and the ease of packing and handling; and
to extend the shelf life by reducing weight (water) loss. Retention of color, firmness, and flavor and the pre-
vention of loss of weight result from (i) reduction in the rates of respiration and transpiration, (ii) protec-
tion from insects, pests, and fungi that cause diseases and deterioration, (iii) generation of a local modified
atmosphere, (iv) protection from mechanical injuries, and (v) curing tiny injuries and scratches on the sur-
face [2,62]. Significant economic benefits accrue by waxing owing to resultant water-loss reduction to an
extent of 30%—50% in normal commercial handling and storage conditions [83]. However, coating may not
be always favorable as modification of the internal atmosphere can reduce the available oxygen leading to
fermentation, which can be precluded by only a thin layer of wax to allow gas exchange through it. The
literature related to coatings has recently been reviewed by Baldwin [11].

Commercial formulations used in coating consist of long-chain fatty alcohols, synthetic resins, chitosans,
and other sugar derivatives as active coating agents, and substances to assist in coating, for example, emul-
sifying and wetting agents. Commonly used waxes for coatings are Carnauba, Shellac, Candelilia, beeswax,
paraffin wax, and vegetable oils. Waxing formulations can be used as carriers of chemicals for preventing
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fungal infestation, senescence, and other physiological disorders. Coating formulations are applied by
spraying, fogging, brushing on to the produce followed by drying using cold or hot air. Examples of fruits
and vegetables normally waxed are apples, pears, banana, citrus fruits, cucumber, pepper, and tomato. The
sealing of the stem end of mangoes with molten paraffin or other coatings prevents spoilage due to stem
end rot and anthracnose, and increases the shelf life by controlling respiration [72].

3.3.1.3

Moderate heating has been used since ancient times as a quarantine measure to control insect pests and
pathogens, and to increase the shelf life of plant produce. Deregistration of chemicals used to control phys-
iological disorders, insect pests, and pathogens, and consumer demand for produce with no chemical expo-
sures have fueled increased interest in the use of heat in postharvest management of quality. Heat treatment

Heat Treatment

TABLE 3.6

Typical Heat Treatments for Controlling Insects in Selected Fruits and Vegetables

Commodity Insect Temperature (°C)/Time Heating Medium Used
Apple Codling moth 44/120 min followed Hot air or vapor
(Cydia pomonella) by 0/4 weeks
Leafroller 40/10 h and 45/5 h Hot air and CA
(Cnephasia jactatana) in reduced O,
Light brown applemoth 40/17-20 h in reduced Hot air and CA
(Epiphyas postvittana) 0, and slightly elevated CO,
Obscure mealy bug 40/10 h and 45/5 h Hot air and CA
(Pseudococcus longispinus) in reduced O,
Two spotted spider mite 45/13 min in 50% ethanol Hot water and ethanol
(Tetranychus urticae)
Avocado Mediterranean fruit fly 40/24 h Hot air
(Ceratitis capitata)
Melon fruit fly 40/24 h Hot air

Citrus fruits

Mango

Pear

(Dacus cucurbitae)
Queensland fruit fly
(Bactrocera tyroni)

Mexican fruit fly
(Anastrepha ludens)

Caribbean fruit fly
(Anastrepha suspense)

Fuller’s rose beetle
(Asynonychus gomani)

Mediterranean fruit fly
(Ceratitis capitata)
Caribbean fruit fly
(Anastrepha suspense)
Papaya fruit fly
(Bactrocera payapae)
Queensland fruit fly
(Bactrocera tyroni)

Codling moth
(Cydia pomonella)
Light brown apple moth
(Epiphyas postvittana)
Oriental fruit moth
(Grapholita molesta)

46/3 min followed
by 1/7 days

44/2 h with CA
51.5/125 min

52/8 min

47/15 min
51.5/125 min
47/15 min

46.5/10 min

44/120 min followed by
0/4 weeks
30/30 h in reduced O,

30/30 h in reduced O,

Hot water and
benomy]l

Hot air and 1% O,
Hot air

Hot water

Vapor heat
Hot air
Vapor heat

Vapor heat

Hot air and vapor
Hot air and CA

Hot air and CA

Source: Adapted from S. Lurie, Postharv. Biol. Technol. 14:257, 1998; S. Lurie and J.D. Klein. In The Commercial Storage
of Fruits, Vegetables, and Florist and Nursery Stocks—A Draft Version of the Revison to USDA Agricultural Handbook
Number 66 (K.C. Gross, C.Y. Wang, and M. Saltveit, Eds.), 2002 (www.ba.ars.usda.gov/hb66/index.html).
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has a positive effect on maintaining fruit quality by preventing and controlling incipient fungal and insect
infestation, reducing the rate of ripening, increasing sweetness and reducing acidity in fruits, and reducing
the impact of storage disorders such as superficial scald and chilling injury [21,37-40,42-46,50]. The heating
schedules have been specified in terms of temperature and time of heating for each commodity and the
purpose for which the treatment is used. Tables 3.6 through 3.8 list the conditions of heat treatment used for
insect disinfestations, disinfection, and control of physiological disorders and enhancing quality, respectively.
The effectiveness of the treatment depends on the nature of the produce and its sensitivity to heat, tempera-
ture and time of heating, the heating method used, and any supplemental treatments such as combinations
with antioxidants or CAs. Benefits may also accrue by exposing the produce to temperature-conditioning
treatment before storage by incubating the produce at ambient temperature for a certain length of time.

Hot air, vapor heat, and hot water can be used as a source of heat. Hot water treatment has the advan-
tages of low cost and relatively simple application equipment. The vapor heat treatment is relatively
expensive due to costs associated with initial investment for equipment and process operation. It requires
an airtight and moisture-proof treating room equipped with automatic temperature and humidity controls
and a boiler for steam generation [2]. In general, both hot water and vapor heat treatment can cause
excessive tissue damage and peel injury than forced hot air.

TABLE 3.7
Typical Heat Treatments for Controlling Pathogens
Commodity Pathogen Temperature (°C)/Time Heating Medium Used
Apple Gray mold 38/4 days Hot air with CaCl, dip
(Botrytis cinerea)
Blue mold 38/4 days Hot air alone or
(Penicillium expansum) combination with
CaCl, dip
Banana Crown rot 45/20 min or 50/10 min Hot water
(Chalara paradoxa)

Cactus pear

Blue mold (Penicillium italicum)

38/24 h or 55/5 min

Hot water or air

Grapefruit Green mold 46/6 h or 59-62/15 s Hot water
(Penicillium digitatum)
Lemon Green mold 45/2.5 min Hot water with 2%
(Penicillium digitatum) sodium carbonate
36/3 days Hot air
Mango Black spot 60-70/15-20 s Hot water
(Alternaria alternata)
Antracnose (Colletotrichum 46-48/24 s to 8 min Hot water, vapor
gloeosporrioides) 51.5/125 min Air
Stem end rot 51.5/125 min Hot air and water
(Diplodia natalensis)
Orange Green mold (Penicillium 41-43/1-2 min Hot water and 6%
digitatum) sodium carbonate
53/3 min Hot water
Papaya Stem and surface rots 49/20 min or Hot air
(Botryodiplodia theobromae) 32/33 min first and
Stem and surface rots then 49/20 mins
(Mycospharella spp.)
Pepper Gray mold (Botrytis cinerea) 50/3 min Hot water
Strawberry Gray mold (Botrytis cinerea) 45/15 min Hot water
Tomato Rhizopus stolonifer 50/2 min Hot water

Source: Adapted from S. Lurie and J.D. Klein. In The Commercial Storage of Fruits, Vegetables, and Florist and Nursery
Stocks-A draft version of the revison to USDA Agricultural Handbook Number 66 (K.C. Gross, C.Y. Wang, and M. Saltveit,
Eds.), 2002 (www.ba.ars.usda.gov/hb66/index.html).
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TABLE 3.8

Optimum Conditions for Curing Vegetables

Commodities Temperature (°C) RH (%) Days
Cassava 3040 90-95 2.5
25-40 80-85 7-14
Potato 15-20 90-95 5-10
Sweet potato 30-32 85-95 4-7
29-32 80-90 4-7
30-33 85-95 5-7
Yam 32-40 90-100 1-4

Source: L. Kitinoja and A.A. Kader, Small-Scale Postharvest Handling Practices: A Manual for Horticultural Crops, 3rd ed.,
University of California, Davis, 1995; V. Ravi, J. Aked, and C. Balagopalan, Crit. Rev. Food Sci. Nutri. 36:661, 1996.

Since surface injuries are sites for infection by decay organisms, heating the surface of fruits to a few
degrees below the tissue injury threshold eradicates or delays the development of incipient infections by
pathogenic fungi [62]. Typical heat treatments used for controlling pathogens of selected fruits and veg-
etables are shown in Table 3.7. Heating may promote lignin formation and accelerate peel injury heal-
ing, which may inhibit fruit rot as reported in grapefruit [17]. Curing is a postharvest healing process of
the outer tissues of root crops by the development of a wound periderm by application of heat. Periderm
acts as an effective barrier against infection and water loss. The purposes of curing are (i) to heal wounds
of tubers and bulbs sustained during harvesting, (ii) to strengthen the skin, (iii) to dry superficial leaves,
such as onion bulbs to prevent microbial infection during storage and distribution, (iv) to develop desired
skin color (onion), (v) to reduce water loss during storage in potatoes, sweet potatoes, cassavas, yams,
onions, and garlic [63]. Extension of storage life achieved owing to curing offsets the initial cost of
treatment [36]. Curing is carried out at the farm level by subjecting the produce to high temperature and
humidity for a given duration. If local weather conditions permit, crops can be undercut in the field,
windrowed, and left to dry for 5-10 days. The dried tops of the plants can be arranged to cover and shade
the bulbs during curing process, protecting the produce from excess heat and sunburn [36]. The optimum
curing conditions for different crops are given in Table 3.8. One day or less at 35°C—45°C and 60%-75%
relative humidity is recommended if forced heated air is used for curing onions and other bulbs [36].

Heat treatment can also assist in controlling the postharvest disorders and enhance the shelf life of
fruits and vegetables by formation of areas of amorphous wax and fewer surface cracks in apples after
heat treatment. Heating apples to 38°C for 3 or 4 days before storage suppressed softening [37], and
decreased storage disorders such as superficial scald and bitter pit [46]. The prestorage heating plus
calcium dip has shown a synergistic effect in maintaining fruit firmness [44] and decreasing storage
disorders. However, the synergistic effect is limited to only when the heat treatment preceded calcium
dipping [40]. Prolonged exposure to elevated temperatures must be avoided to reduce weight loss and
loss of ripening ability [22]. Heating at 38°C for various holding time has been found to be effective in
preventing chilling injury for a produce stored at 2°C for 4 weeks (Table 3.9).

3.3.1.4 Irradiation

Irradiating fruits and vegetables with ionization energy such as X-rays, gamma, or electron beam has been
investigated to inhibit sprouting in tubers (potato) and bulbs (onion), delay ripening and senescence in trop-
ical fruits such as mango and papaya, control infestation by insects such as fruit fly and seed weevils in
mangoes, pasteurize fruit surfaces, and improve technological properties of fruits to improve process effi-
ciency. However, the use of irradiation is limited by the perception of people to radiation, cost of the treat-
ment process, and phytotoxic effects induced in the treated produce that adversely affect quality. It has been
found to be very effective in controlling insect disinfestations as a quarantine measure and for sprout inhi-
bition. Table 3.10 lists the principal uses and the dose of irradiation for fruits and vegetable products [8,53].
Only low- to medium-dose irradiation is commonly employed, and the maxi-mum dose takes into consid-
eration the level of deterioration to the quality of the produce irradiated. Irradiation is generally accepted as
a quarantine measure by some countries and is gaining popularity as an alternative to chemical fumigation.
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TABLE 3.9

Typical Heat Treatments for Controlling Physiological Disorders and Enhancing Quality of Selected Fruits
and Vegetables

Commodity Physiological Disorders/Injury Temperature (°C)/Time Heating Medium Used
Apple Scald and improving 38/4 days or Hot air
firmness 42/2 days
Asparagus Inhibition of curvature 47.5/2-5 min Hot water
Avocado Browning 38/3—10 h followed Hot air and water
by 40/30 min

Pitting 38/60 min Hot water
Cactus pear Rind pitting 38/24 h or 55 /5 min Hot water or air
Citrus fruits Rind pitting 34-36/48-72 h Hot air

50-54/3 min hot water

Guava Increased hardness 46/35 min Hot water

and yellowing

Green pepper Pitting 40/20 h Hot air

Mango Pitting 38/2 days or 54/20 min Hot air

Tomato Pitting 38/2-3 31 days Hot air
48/2 min or 42/1 h hot water

Source: Adapted from S. Lurie and J.D. Klein. In The Commercial Storage of Fruits, Vegetables, and Florist and Nursery
Stocks—A Draft Version of the Revison to USDA Agricultural Handbook Number 66 (K.C. Gross, C.Y. Wang, and
M. Saltveit, Eds.), 2002 (www.ba.ars.usda.gov/hb66/index.html).

TABLE 3.10

Application of Irradiation for Fruits and Vegetables

Purpose Products Subjected To Dose (kGy)
Sprout inhibition Potatoes, onion, garlic, ginger, yam 0.05-0.15
Insect disinfestations Fresh and dried fruits 0.15-0.5
Delaying maturity and Fresh fruits and vegetables 0.25-1.0

senescence
Extending shelf life Strawberries, mushrooms 1.0-3.0
Improving technological Grapes (juice recovery),

properties dehydrated vegetables

(reduced cooking time) 2.0-7.0

Source: Anon, Facts about food irradiation, A series of fact sheets for ICGFI, International Atomic Energy Agency, Vienna,
Austria, 1999 (www.iaea.org/programmes/nafa/dS/public/foodirradiation.pdf).

It is now accepted and approved by about 60 countries as a quarantine treatment using low-dose irradiation
[8]. It has been approved by the FDA of the United States for sprout inhibition of white potatoes, ripening
delay in fruits, disinfestations of fruits and vegetables, and as a quarantine measure for mangoes and papaya
for the control of fruit fly and stone weevil [8,53]. Normal doses for insect disinfestations have been found
to produce no phytotoxicity in apple, cantaloupe, cherry, currants, date, guava, honeydew melon, kiwifruit,
lychee, mango, muskmelon, nectarine, papaya, peach, prune, raspberry, strawberry, and tomato [7].

3.3.2 Chemicals Treatments

Chemicals have been used in fruits and vegetables to control microorganisms causing decay and diseases,
infestations due to pests, physiological disorders, and enhance quality of produce. The methods of appli-
cation used include spraying and dipping solutions or emulsions, electrostatic spray, dusting, fumigation,
thermal fogging, and adsorbent pads. The choice of a particular chemical treatment and the dose depend
on intended use, phytotoxicity, residue, and degradation. These compounds should be selected for both
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efficacy and minimal interference with the natural color, flavor, and odor of the product. It is necessary to
consider toxicity, residue in the product, and legal aspects before applying any chemical treatment.

3.3.2.1  Disinfestation and Decay Control

Fruits and vegetables are exposed to deterioration due to insect pests, fungi, and bacteria at any time from
production until consumption or processing. Insect pests that cause significant losses worldwide have
been described in the literature [9,74,83]. Similarly, pathogens significant to fruits and vegetables have
been covered in Refs. [69-72,74,83]. The list of chemicals approved for use as insecticide, fungicide, or
bactericide is shrinking due to their environmental impact and toxicity. The general trend is to observe
strict hygiene in the production and handling of the produce; use physical methods (heat and modified
atmospheres) and chemicals generally regarded as safe (GRAS), or biological agents.

Chemicals are applied as insecticidal dips or fumigants for disinfestation of fruits and vegetables.
Gaseous sterilants used as a quarantine treatment include ethylene dibromide, methyl bromide, acry-
lonitrile, carbon disulfide, carbon tetrachloride, ethylene dioxide, hydrogen cyanide, phosphine, and sul-
furyl floride. Out of these, methyl bromide is used for fresh produce and phosphine for dry produce. The
use of methyl bromide has been now phased out under the Montreal Protocol due to health risks and
impact on environmental pollution. Use of methyl bromide as a fumigant may be permitted only when
the importing countries specify it as a quarantine measure for importation. Japan requires fumigation of
strawberries by methyl bromide for import from Australia.

Decay due to fungi is more common in fruits than in vegetables due to low pH of fruits. Incipient
growth of both fungi and bacteria in fruits and vegetables used as raw material for processed products
causes defects in sensory (color, texture, and flavor) and microbial quality of end product. Increased soft-
ening upon canning or pickling, acidic or alcoholic flavor in fruit juices are some examples of spoilage
symptoms. Fungal spoilage in fruit is more common due to inherently lower pH found in fruits.
Fungicides are applied to fruits and vegetables both as pre- and postharvest treatments depending on the
nature of produce, the target pathogen, market life, and cost. The local and international laws strictly con-
trol the use of fungicides. Table 3.11 lists chemicals used in postharvest control of common pathogens.
Chemicals that are most effective in controlling fungi are thiabendazole, dichloran, imazalil, and sulfur
and its derivatives [74,82]. However, increased resistance to these fungicides is a problem. Sulfur and its
derivatives are effective in controlling fungi and molds in fruits in the form of fumigation, dipping and
spraying or using pads. Fumigation of grapes with sulfur dioxide has been a standard practice for con-
trolling decay since the 1930s. Salunkhe et al. [62] fumigated grapes with 1% sulfur dioxide (v/v) for
20 min immediately after harvest to sterilize the surface of the berries and any injuries made during harvest.
The initial treatment may be followed by a periodic fumigation with a 0.25% sulfur dioxide at 7-10 day
intervals during storage. In some cases, color and texture of fruits are also improved by sulfur dioxide
treatment. Two major disadvantages of sulfur dioxide use are corrosion to metal surfaces of the storage

TABLE 3.11

Chemicals Used in Postharvest Control of Pathogens in Fruits and Vegetables

Chemical Pathogen Controlled Host
Inorganic sulfur as SO, gas or salts Monillia, Botrytis Grapes

Organic sulfur compounds (e.g., thiram) Alternaria Strawberry, banana
Phenols (sodium o-phenylphenate) Penicillium, bacteria, and fungi Citrus fruits
Triazoles (imazalil) Penicillium, Alternaria Citrus fruits
Hydrocarbons (biphenyl) Penicillium, Diplodia Citrus fruits
Organic acids (dehydroascorbic Botrytis and other fungi Strawberry

acid, sorbic acid, acetic acid,
formic acid)
Benzimidaxoles (benomyl) Penicillium, Collectotrichum, Stone fruits, carrots
Sclerotinia, Botrytis

Source: A.K. Thompson, Postharvest Technology of Fruits and Vegetables, Oxford Blackwell Science Pub., 1996;
R.H.H. Wills, W.B. McGlasson, D. Graham, and D. Joyce, Postharvest: An Introduction to the Physiology and Handling
of Fruit Vegetables and Ornamentals, New South Wales University Press, Sydney, 1998.
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and treatment chamber, and bleaching the point of attachment of the stem to the berry [62]. Bisulfites
can be used as pads in cartons carrying grapes to control molds [36].

Nitrogen trichloride (NCl;) fumigation treatment has been used extensively to control sporulation and
spread of pathogenic fungi during storage. It is hydrolyzed in a moist environment to HOCI, which is
probably responsible for decay control and for corrosion [62]. In recent years, its use has declined
because of its corrosion problems. The biphenyl may be used after impregnation into fruit wraps or on
to the paper sheets placed at the bottom and the top of the fruit container to inhibit fungi. It sublimes into
the atmosphere surrounding the fruit and inhibits the development of decays. The main problem with
using biphenyl is that it leaves a residue on the surface, which gives off slight hydrocarbon odor [62].

There is a trend to use essential oils and natural substances as fungicides that have low mammalian
toxicity. Trans-Cinnamaldehyde is more effective as an antifungal agent when applied as an aqueous
solution than in gas phase, since it oxidizes to cinnamic acid when exposed to air [67]. The surface treat-
ment of tomatoes with trans-cinnamaldehyde has been demonstrated to be effective in reducing the num-
ber of potential spoilage bacteria and fungi [68] before storage under modified atmosphere. Similarly,
Ryu and Holt [61] demonstrated the effectiveness of an aqueous solution of cinnamon oil for surface
disinfection of apples. Addition of Tween 80 (0.05%) and ethanol (3%), which assist in dissolving the
wax layer, increased the susceptibility of the cinnamon oil-treated apples toward fungal spoilage.

In addition to following strict hygiene through good agricultural practices at the farm level and Hazard
Analysis and Critical Control Point (HACCP) protocols through the distribution channel, the potential
alternatives of chemical treatments for control of diseases and pests are (i) low- and high-temperature
treatments (Table 3.7), (ii) atmospheres with very low oxygen or very high carbon dioxide, (iii) atmos-
pheres with natural insecticidal volatiles, (iv) irradiation (Table 3.10), (v) using radio frequency for con-
trol of insects [78,80], and (vi) using biological control for wound-invading necrotrophic pathogens
[29,30,74]. Certain bacteria, for example, Bacillus subtilis, B. licheniformis, B. magaterium, and B.
sterothermophilus, have been shown to be effective in controlling diseases (anthracnose and stem end rot
of mangoes) and yeasts, Candida guilliermondii for molds (Penicillium sp. in citrus fruits). These bio-
logical agents are very useful in combination with chemicals for disease control [74].

Atmospheres with very low oxygen (=0.5%) or very high carbon dioxide (=50%) are insecticidal [75].
High levels of carbon dioxide are more effective as an insecticide than low oxygen. However, not all fresh
fruits and vegetables can tolerate such extreme atmospheres. The advantages of using insecticidal atmos-
pheres include (i) absence of toxic residue on the produce, (ii) environmentally safe, and (iii) competitive in
cost with chemical fumigants. The disadvantages, however, are that it takes longer to kill insects with insec-
ticidal atmospheres than with fumigants, and may cause anaerobiosis and fermentation in fresh horticultural
crops [84]. Insecticidal atmospheres can be used for mango, papaya, and avocado as a quarantine measure.

Water disinfection is required to prevent introduction and spread of postharvest diseases and food-borne
infections of human pathogens. The common disinfectants and sanitizers used and their mechanisms of
action are given in Table 3.12. Chlorine compounds are used to sanitize water used in cleaning raw pro-
duce, fresh and cut fruit and vegetables, and food processing equipment. Chlorine is very reactive and the
most acceptable disinfectant used owing to its antimicrobial activity against bacterial cells and spores,
reduction in formation of biofilms on the surface of handling equipment, and low residual effect. Use of
chlorinated water at 10-200 mg/kg rapidly kills vegetative cells of yeast and bacteria. The recommended
levels of chlorine in wash water are 1-3 ppm for rinsing and 50 ppm for sanitizing [26,41]. Chlorine is used
as gas or sodium or calcium hypochlorite salts. When added to water the following reactions take place:

Cl, + H,0 - HOCI + H* + Cl
NaOCl + H,0 — HOCI + NaOH
Ca(OCl), + H,0 — HOCI + Ca(OH),

HOCl = OCl™ + H*

The disinfectant activity of chlorine compounds depends on several factors, which include the form of
the chlorine, pH, temperature, contact time, and presence of organic matter. Of the many forms of chlorine,
hypochlorous acid (HOC]) is the most effective form as a disinfectant. The pH of water should be main-
tained at 6-6.5 to ensure optimum disinfectant activity and avoid formation of gaseous chlorine, which
causes irritation to workers at pH<C6. It is necessary to maintain the effective concentration of the acid in
the wash water, especially when water is recycled. In commercial operations, 50-100 ppm chlorine at
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TABLE 3.12
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Sanitizers Used in Disinfection of Wash Water

Oxidation
Sanitizer Activity Capacity (eV) Concentration Effectiveness
Peracetic acid Oxidant 1.81 Up to 80 ppm pH 1-8, sensitive to
organic matter
Hypochlorites Oxidant 1.36 (for 1-3 ppm for pH 6-7, sensitive
sodium rinsing 50 ppm to organic matter
hypochlorite) for sanitizing
Chlorine dioxide Oxidant 1.57 Up to 5 ppm pH 6-10, less sensitive
to organic matter in
comparison with
hypochlorites
Hydrogen peroxide Oxidant - 0.5% Sensitive to organic
matter
Ozone Oxidant 2.07 2 ppm pH 6-8, sensitive to
organic matter,
breaks down to O,
rapidly, corrosive to
equipment
UV light Disruption of - 40,000 pw. s/cm? Independent of pH
genetic material sensitive to organic
matter
Iodophore Oxidant - 6-13 ppm of free pH 2-5, sensitive to
iodine organic matter,
corrosive

pH 7.5-8.5 is frequently employed when the wash water carries a substantial amount of soil and organic
matter. Sulfamic acid and other amines are added to water to form N-chloramines that tend to stabilize the
concentration of active chlorine. Sodium o-phenylphenate (SOPP) is also used occasionally to reduce the
number of pathogenic microorganisms in produce treatment water. SOPP is noncorrosive and improves
stability of the solution, and compatibility with chemicals that react with chlorine. Further stabilization of
chlorine solution is possible by adding 2-aminobutane (phosphate) in addition to SOPP [62].

The alternatives to chlorine as a disinfectant are ultraviolet light (UV), ozone, and organic acid for-
mulations such as peracetic acid. The UV light disrupts the DNA and can be used for sanitation of water
and surfaces. Most disinfectants are strong oxidizing agents and their disinfectant power is related to
their oxidation capacity. Based on this capacity, ozone is a very effective disinfectant; however, it
degrades rapidly to oxygen and loses its activity. Besides wash water, disinfection of storerooms can also
be done by spraying with 5% lysol or 2% formalin, painting of walls with antifungal chemicals, and
fumigation with paraformaldehyde [56].

Accurate monitoring, control, and recording are key elements of a sound disinfection program.
Oxidation—reduction potential (ORP) is widely accepted as a key indicator of water disinfection poten-
tial for real-time monitoring and recording of disinfection process in postharvest system. Maintaining an
ORP value of 650-700 mV for few seconds can inactivate most spoilage and food-borne bacteria such
as Escherichia coli and Salmonella [73].

3.3.2.2

Ethylene, a plant hormone, affects physiological processes of ripening and senescence, which signals
cell death. Exposure to ethylene (1 ppm) can reduce the postharvest life of many fruits and vegetables
by hastening the onset and increasing the rate of senescence, softening, and loss of green color.
Damaged or diseased fruits produce more ethylene and have catalytic effect in stimulating the

Ethylene Removal
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following symptoms: softening of tissues, discoloration, bitterness due to production of isocoumarins
in carrots, russet spotting in lettuce, browning of tissues in vegetables such as eggplant, sweet pota-
toes, sprouting of potatoes, development of woodiness in asparagus, shattering of berries such as
blackberries and raspberries, loss of green color in vegetables, and stimulation of growth of fungi
(Penicillium italicum in oranges, Botrytis cineria on strawberries).

The ethylene control strategy includes prevention of exposure of plants to biologically active levels of
ethylene, reducing the tissue perception of atmospheric ethylene, and preventing the tissue response to
perceived ethylene [65]. Ethylene damage can be reduced by (i) adequate ventilation, (ii) reduction of O,
and increase in CO, levels, (iii) reducing temperature, (iv) avoiding storage and transportation of ethylene
producers and sensitive produce, and (v) reduction of ethylene by forcing air through filters of activated
charcoal (brominated), treatment with silver thiosulfate, potassium permanganate (KMnO,) or purafil,
1-methyl cyclopropene (MCP) or EthylBlock, and oxidation by UV light. Potassium permanganate, the
most accepted ethylene remover used commercially, oxidizes ethylene into ethylene glycol and often is
incorporated into different carrier materials such as activated alumina and silica gel. It is applied in
sachets, tubes, and blankets in storage and transportation of fresh fruits and vegetables. When used in con-
junction with modified-atmosphere packaging, the use of KMnO, increases the shelf life of banana to 21
days from 7 days in air [83]. MCP is an ethylene action inhibitor and blocks the ethylene production and
therefore helps in delaying the rise in respiration, preventing tissue softening, and incidence of physio-
logical disorders such as superficial scald in apples. Single application of 0.7 ppm of MCP to apples has
been reported to prevent ripening for >30 days even at 25°C [14]. Response of fruit to MCP depends on
several factors, which include type of fruit, cultivar, maturity, the application method, and exposure levels
of MCP used [12]. MCP has been approved at concentrations up to 1 ppm for use on apples, apricots, avo-
cados, kiwifruit, mangoes, nectarines, papayas, peaches, pears, persimmon, plums, and tomatoes in the
United States [34].

3.3.2.3  Controlled Ripening and Color Development

Climacteric fruits such as banana and mangoes are harvested well before they are fully ripe to avoid
mechanical injury and are ripened during storage or transport under controlled conditions of temperature,
relative humidity, and ethylene gas just before consumption or processing. Controlled ripening facilitates
uniform development of color, texture, and flavor.

Ethylene is the most active ripening agent. Acetylene, generated by mixing water with calcium car-
bide salt, can also be used as a ripening agent; however, it is 100 times less effective compared to ethyl-
ene. Endogenous or exogenous ethylene is used for controlled ripening of fruits (banana and mangoes)
and development of uniform color of the produce (tomatoes and citrus fruits) under controlled condi-
tions. The ripening effect depends on the concentration of ethylene, exposure time, relative humidity, and
respiratory behavior of fruits. A batch process for ripening bananas consists of exposing fruits to ethyl-
ene concentration of 20-200 pL/L in a sealed chamber for 24 h followed by ventilation to avoid build
up of ethylene and carbon dioxide before removing the fruits. The chamber temperature is maintained at
15°C-21°C by controlling an air flow in a forced air system. Initially, RH is maintained first at 85%—-90%
level to preclude water loss, development of blemishes, and poor color formation, and then reduced to
70%—75% to avoid skin spotting at later stages of maturity [83]. Table 3.13 lists typical ripening condi-
tions used for some fruits [36].

Ethylene is a product of incomplete combustion of fuels such as charcoal. It is highly flammable when
pure, and hence it is used in relatively low concentration (<3%). It can be generated by passing ethyl alco-
hol over a bed of activated column. Ethephon (2-chloroethyl phosphoric acid) may be used as a source of eth-
ylene for ripening of fruits. The amount of ethylene released depends on the fruit pH and relative humidity.

3.3.2.4  Delaying Ripening, Senescence, and Sprouting

Ripening is undesired in most vegetables except in the case of tomatoes and signals the onset of senescence
in fruits. Various plant growth regulators can be used at various stages of production and postharvest han-
dling for delaying ripening, color degradation, and sprouting. These chemicals can be applied as dip or spray.
Table 3.14 lists the chemicals used, their effect, and products for which these are applied.
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TABLE 3.13

Typical Conditions for Postharvest Ripening and Color Development of Fruits

Ethylene
Fruit Concentration (ppm) Temperature °C) Time (h) Application
Avocado 10-100 15-18 1248 Ripening
Banana 100-150 15-18 24 Ripening
Honeydew melon 100-150 20-25 18-24 Ripening
Kiwifruit 10-100 0-20 12-24 Ripening
Mango 100-150 20-22 12-24 Ripening
Orange 1-10 20-22 24-72 Degreening
Tomato 100-150 20-25 24-48 Color development

Source: Adapted from L. Kitinoja and A.A. Kader, Small-Scale Postharvest Handling Practices: A Manual for Horticultural
Crops, 3rd ed., University of California, Davis, 1995.

TABLE 3.14

Chemicals Used for Delaying Ripening, Senescence, and Sprouting

Chemical

Effect

Produce Used

Cytokinin

Benzyladenine

Benzylaminopurine

Kinetin

Gibberellin

Maleic hydrazide
and its analogs

Alar

Cytocel
IPC

CIPC
Tecnazene

Calcium

Delays chlorophyll degradation
and senescence

Delays chlorophyll degradation
and senescence

Delays chlorophyll degradation
and senescence

Delays chlorophyll degradation
and senescence

Retards maturation, ripening,
and senescence; delays chlorophyll
degradation; increases peel firmness;
delays accumulation of carotenoids

Sprout inhibition

Delays ripening

Delays deterioration and discoloration
Preservation of chlorophyll
Inhibition of synthesis of solanine

Retards senescence and deterioration
Controls sprouting

Controls sprouting

Controls sprouting and fungi

Delays chlorophyll degradation and
senescence

Leafy vegetables (spinach),
pepper, bean, cucumber

Cherry

Sweet cherry, cauliflower, endive,
parsley, snapbeans, lettuce,
radish, onion, cabbage, brussels
sprouts, broccoli, mustard
greens, radish tops, celery,
asparagus

Leafy vegetables (spinach),
pepper, bean, cucumber

Tomato, banana, kiwifruit, citrus
fruits (orange, grapefruit)

Onion, sugar beet, turnip,
carrot, potato
Mango, tomato, sapota fruit

Mushroom
Leaves of beans
Potato

Vegetables
Root crops
Potato

Root crops

Vegetables

Source: D.K. Salunkhe, H.R. Bolin, and N.R. Reddy, Storage, Processing, and Nutritional Quality of Fruits and Vegetables,
Vol. 1, Fresh Fruits and Vegetables, CRC Press, Boca Raton, 1991.
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TABLE 3.15 3.3.2.5  Treatment with Calcium
Diseases and Disorders Controlled or Prevented by and Divalent Cations
Calcium and Other Divalent Ions Calcium and other divalent ions are useful in delay-

ing senescence and maintaining quality of fruits
and vegetables by altering respiration, protein and
Blossom end rot Tomato, pepper chlorophyll content, and membrane fluidity [57].

Disease/Disorder Produce

Tip burn . Lettuce Calcium application also reduces rates of respira-
Internal browning Potato ti text 1 thvl ducti b .
Bacterial and fungal decay Potato, carrot 1on, texture 1oss, e ylene produc Ton’ ‘rownmg’
Bitter pit Apples development of bitterness and microbial decay
Incidence of molds Cucumber [24-26,57], and increases the concentration of
Chlorosis Most vegetables, potato ascorbic acid.

Low calcium levels are strongly related to high
incidences of bitter pit in apples, blossom end rot
in tomatoes, tip burn in lettuce, and hollow heart and brown center in potatoes [25,47,57]. Table 3.15 lists
the diseases and disorders associated with calcium and other divalent ions. Chlorosis, loss of green color,
is induced by deficiency of magnesium. Since soil fertilization with calcium salts is not effective in rais-
ing the level of calcium in fruits, orchard sprays or postharvest dips or vacuum and pressure infiltrations
are used to increase the levels of calcium in tissues.

Calcium exists as calcium pectate in the middle lamella of the cell wall cementing the structure of the
plant cell. The loss of calcium from calcium pectate leads to softening of fruits. Addition of calcium
improves texture by reacting with pectic acid to form calcium pectate. Sprays and dips of calcium chloride
solutions delay softening and senescence of fruits by cross-linking between polygalacturonide chains and
calcium in cell walls, thus resulting in an extension of shelf life. Calcium has not been used in other fruits
except in the case of apples to prevent skin injury due to higher calcium uptake and rot development [83].

3.3.2.6 Treatment with Antioxidants

Superficial scald may develop due to oxidation of a-farnesene during cold storage of apples, as natural
antioxidants are lost. This disorder can be controlled by application of antioxidants. Diphenylamine
(0.1%-0.25%) and ethoxyquin (1,2-dihydro-6-ethoxy-2,2,4-trimethylquinoline (0.2%-0.5%) are two
antioxidants used commercially [3,83]. These may be used as spray or dipping solutions or can be added
to formulation used for waxing of fruits.

|
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4.1 Properties, Grades, Harvesting, and Threshing
4.1.1 Structure and Composition of Cereal Grains and Legumes

4.1.1.1  Cereal Grains

Cereals have often been considered among the first cultivated crops. They are herbaceous plants belonging
to the grass family Graminaceae (the only exception being buckwheat) grown mainly for their grain [1].
Cereal grains such as wheat, rice, corn, barley, oat, rye, sorghum, and millet are used primarily for human
consumption and animal feed. They are also used in the manufacture of beverages and industrial products
(adhesives, starch). Cereal crops are energy-dense, containing 10,000-15,000 kJ/kg, about 10-20 times
more energy than most succulent fruits and vegetables [2]. Nutritionally, they are important sources of
dietary protein, carbohydrates, the B complex of vitamins, vitamin E, iron, trace minerals, and fiber. Cereal
grains contain relatively little protein compared to legume seeds, with an average of about 10%—12% dry
weight. Nevertheless, they provide over 200 MT of protein for the nutrition of humans and livestock, which
is about three times the amount derived from the more protein-rich (20%—40%) legume seeds [3]. Global
cereal consumption directly provides about 50% of protein and energy necessary for the human diet, with
cereals providing an additional 25% of protein and energy via livestock intermediaries. In 2004, world
cereal production amounted to 1985 million tonnes [4]. Major cereal grains produced worldwide include
wheat, rice, corn, and barley. Corn, wheat, and rice together account for three-quarter of the world’s grain
production [5]. Other globally important cereal crops include sorghum, oats, millet, and rye. Asia, America,
and Europe produce more than 80% of the world’s cereal grains. Wheat, rice, sorghum, and millet are pro-
duced in large quantities in Asia; corn and sorghum are principal crops in America, whereas barley, oats,
and rye are major crops in the former United Soviet Socialist Republic (USSR) and Europe.

41.1.1.1 Rice (Oryza sativa L.)

Rice is a member of the family Poaceae, and it is the major food for about one-third of the world popula-
tion [6,7]. It has been estimated that 1.7 billion people depend on rice [8]. Cultivated in Asia for thousands
of years, rice is also grown in many other parts of the world. Wild rice (Zizania aquatica) is native to North
America where it was originally harvested from the wild by native Americans. Another North American
wild rice or Indian rice is Oryzopsis hymenoides, native to mountains and valleys of Canada and the west-
ern United States. Although wild rice is now cultivated, it is expensive and accounts for less than 1% of
the American rice market. The rice is first fermented to develop a nutty flavor and to ease hulling.

Rice is harvested with an outer hull or hull intact. This is commonly called rough rice or paddy. The hull,
which constitutes about 20% of the weight of rough rice, is made up of the floral envelopes, the lemma and
palea. Brown rice (rice after hulls removed) varies from 5 to 8 mm in length. The kernels weigh an aver-
age of about 25 mg and are about 2% pericarp, 5% seed coat and aleurone, 2%-3% germ, and 89%—-94%
endosperm [9]. The aleurone is the outermost layer of the endosperm. When brown rice is polished to form
white rice during milling, the aleurone layer is removed along with the seed coat and pericarp to form the
bran. The germ, the pericarp, and the aleurone layer are richer in nutrients as compared with endosperm and
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they contain proteins and vitamins. A rice grain is shown in Figure 4.1. Figure 4.2 shows the longitudinal
section of a rice grain, including the embryo (germ), pericarp (bran), and endosperm.

The embryo or germ is at the upper end. Beneath the brownish outer pericarp and seed coat layers
(called the bran) is the endosperm tissue. Most of the vitamin B1 is found in the germ and bran portions,
which are milled off in polished white rice. The detailed structure of a rice grain is shown in Figure 4.3,
and further details can be found in Refs. [3,5,10].

- Lemma -

- Palea
Embryo (germ)
_— Embryo

Most of the nutritious germ and bran
are milled off in polished white rice

 Endosperm
(beneath pericarp)

Seed coat and pericarp (bran)

Glume =
Pedicel ~

Endosperm
FIGURE 4.1 Rice grain. (A) Grain-bearing spikelet show-

ing a pair of slender basal bracts (glumes) and the stalk

(pedicel). The inflorescence is composed of numerous

spikelets, each bearing a rice grain; (B) an empty spikelet

with the lemma and palea slightly separated from each other.

These two leathery bracts enclosed the grain or caryopsis;

and (C) a grain (caryopsis) removed from the spikelet. (From  FIGURE 4.2 Longitudinal section of a rice grain. (From
http://waynesword.palomar.edu/ecoph12.htm#rye.) http://waynesword.palomar.edu/ecoph12.htm#rye.)
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FIGURE 4.3  Structure of a rice grain. (From N.F. Haard et al. Fermented cereals: a global perspective. Service Bulletin #
138. Food and Agricultural Organization, Rome, 1999.)
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4.1.1.1.2  Sorghum (Sorghum bicolor L. Moench)

Sorghum ranks fourth after rice, corn, and wheat in terms of importance for human nutrition [11]. The
plant originated from equatorial Africa and is distributed throughout the tropical, semitropical, and arid
regions of the world. Today sorghum is an important food crop in Africa [12,13] and Asia. There are four
main types of sorghum based primarily on how it is used: (a) grain sorghums (including milo), (b) sweet
sorghum or sorgo (used as feed), (c) Sudan grass (a different but related species), and (d) broom-corn.
The grain is partially covered with glumes and the most common colors are white, bronze, and brown.

In North America, sorghum is used primarily as livestock feed. Commercial U.S. sorghums are
generally 4 mm long, 2 mm wide, and 2.5 mm thick [14]. The kernels are generally spherical; weigh
20-30 mg; and may be white, red, yellow, or brown in color. Hand-dissected kernels are found to be
7.9% pericarp, 9.8% germ, and 82.3% endosperm [15]. The structure of a sorghum grain is shown in
Figure 4.4, and further details can be found in Hoseney [15]. The outer thick pericarp of a kernel con-
sists of three layers: the epicarp, the mesocarp, and the endocarp. Like corn kernels, sorghum kernels
contain both translucent and opaque endosperm.

4.1.1.1.3 Barley (Hordeum vulgare L.)

Barley, like rice and oats, retains its husk (or hull) following harvest. The hull consists of the lemma and
palea. Underneath, the 35 mg kernels have the four basic grain components of pericarp, seed coat, germ,
and endosperm. The barley kernel is generally spindle shaped. In commercial varieties grown in the United
States, length varies from 7 to 12 mm. A longitudinal section of a barley grain is shown in Figure 4.5. The
detailed structure of a barley grain is shown in Figure 4.6. Further details can be found in Ref. [16].

Aleurone
layer

Pericarp

Cutin layer
Epicarp

Mesocarp
. Tube cells
Cross cells
B - Seed coat
i~ Aleurone layer

Peripheral
endoplasm \
Pericarp

Hilum

FIGURE 4.4 Diagram of sorghum caryopsis showing the pericarp (cutin, epicarp, mesocarp, tube cells, cross cells, testa,
pedicel, and stylar area [SA]), endosperm (E) (aleurone layer, corneous, and floury), and germ (scutellum [S] and embry-
onic axis [EA]). (From L.W. Rooney, ER. Miller. Proceedings of the International Symposium on Sorghum Grain Quality.
ICRISAT, Patancheru, India, 1981, p. 143.)
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4.1.1.1.4 Wheat (Triticum aestivum)

Wheat is native to southwest Asia and the Mediterranean
Aleurone region. Common or bread wheat is widely cultivated in
most parts of the world and is the principal staple food of
humans. Wheat grains, botanically, are the fruits (cary-
opsis) of the wheat plant. Mature wheat grain or kernel
is roughly ovate or egg shaped. The kernels average
h Endosperm about 8 mm in length and weigh about 35 mg [15]. The
dorsal surface is generally smooth and rounded, but the
ventral surface is creased. At the apex, a brush consisting
of short hairs is generally present. Color of the kernel
varies from dark red through light brown—-classed com-
mercially as red wheat—to white, cream, or yellow—
classed commercially as white wheat—or amber, in
duram wheat.

The wheat kernel structure is shown in Figure 4.7.
The kernel consists of three main parts, namely the
bran, the endosperm, and the germ or embryo. The outer
covering consists of several distinct cell layers collec-
tively called the bran is separated from the flour during
most milling processes . It comprises about 12% of the
kernel weight. The aleurone, which forms the outer
periphery of the endosperm and the innermost layer of
the bran, accounts for 3%—4% of the weight of the ker-
nel; it is usually removed with the bran during milling.
The endosperm consists mainly of starch and makes up
about 85%—-86% of the kernel. It is the portion present
in white flour. Approximately 2.5%-3.5% of a wheat
kernel is germ [9] and is separated out in most milling
processes. Because it provides nourishment for germi-
nation, the germ contains high levels of protein, sugar,
and oil. The grain structure of wheat has been docu-
mented by Lasztity [17].

4.11.1.5 Corn (Zea mays L.)

Corn is the world’s most widely grown cereal crop and an
essential food source for millions of people in Africa [18],
Asia, and Latin America. Corn exists in many varieties
and colors, but dent corn is the type used for milling.
Corn’s flat, broad seeds average around 350 mg, making
it the largest of the common cereal seeds. The kernel is
made up of three principal parts: hull or bran (pericarp and seed coat), germ, and endosperm. In addi-
tion, though, corn kernels frequently have the point of attachment of the cob (tip cap) intact.

Although corn’s pericarp and seed coat are collectively called the hull, corn hulls are not the same
as the true hulls of rice or barley. Approximately, 5%—6% of a corn kernel is made up of this outer
covering, while 10%—14% is germ, with the remainder being endosperm [9]. The outer thin covering
is made up of two layers, an outer pericarp and an inner testa or true seed coat. The endosperm con-
sists almost entirely of starch, except in sweet corn. Corn is different from wheat in that both translu-
cent and opaque endosperms are found within a single kernel. Corn kernels or seeds vary in size and
shape in different kinds and varieties. The embryo is near one side of the kernel in most kinds rather
than in the middle, which contains most of the oil in corn. A longitudinal section of a corn kernel is
shown in Figure 4.8, and additional details on the grain structure of corn have been documented by
Hoseney [15].

FIGURE 4.5 Longitudinal section of a barley
grain. (From http://www.bio.psu.edu/people/
faculty/gilroy/grain.GIF.)
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FIGURE 4.6 Structure of a barley grain. (From N.F. Haard et al. Fermented cereals: a global perspective. Service Bulletin
# 138. Food and Agricultural Organization, Rome, 1999.)

41.11.6 Oat

Oats are generally eaten as wholegrain flakes and the processing contains a heating stage to inactivate
enzymes [19]. Most oats are covered in a tough, inedible hull, which must be removed prior to human
consumption. The hull contributes to about 30% of the total kernel weight. The oats are called groats
after the hulls have been removed [20]. The structure of the oat kernel is shown in Figure 4.9.

Oats, as with barley and rice, retain the hull formed by a floral envelope. Underneath, the oat kernel
(called a groat) is similar to wheat or rye. The germ, however, is much larger and narrower than that of
wheat and it extends from 25% to 33% of the length of the groat [9].

The oat groat consists of pericarp, seed coat, hyaline layer, germ, and endosperm. The aleurone makes
up the outer layer of the endosperm. Compared with other cereals, oat endosperm contains higher levels
of protein and oil. Oat starch is like rice starch in that it exists as compound starch granules, which are
large granules made up of many smaller individual granules.

4.1.1.1.7 Rye (Secale cereale L.)

Rye is a special kind of European cereal and more than 90% of the world’s production is grown in Europe
[21]. Rye kernels are harvested hull-free and have the typical grain caryopsis components. The kernels
are grayish in color, 6-8 mm in length, and 2-3 mm in width. Like the other cereals, rye consists mainly
of pericarp, seed coat, aleurone layer, germ, and endosperm. The endosperm is surrounded by a single
layer of aleurone cells. The starch in the endosperm cells has large lenticular and small spherical gran-
ules, like wheat and barley. The longitudinal section of a rye grain is shown in Figure 4.10. A micro-
scopic picture of the grain is presented in Figure 4.11.

Before rye grains can be used in food production, the outer part of the grain, the hull, must be
removed. After hulling, which generally occurs during threshing, the grains are used whole, cracked
or flaked, or they are ground to make flakes or flour. The starchy endosperm constitutes about
80%—85% of the weight of the whole kernel, the germ about 2%-3%, and the outer layers about
10%-15% [23].



Postharvest Handling of Grains and Pulses 79

Endosperm
(cells filled with starch
in a protein matrix)

Aleurone cells
Nuclear tissue

Testa (seed coat)

<" o Tube cells
e @rofdem Cross cells
"E_,_'ﬂ Hypodermis.

s Epidermis

Scutellum
Sheath of shoot
Rudementary shoot

Primary shoot
Root sheath

Root cap

FIGURE 4.7 Structure of a wheat kernel. (From N.F. Haard et al. Fermented cereals: a global perspective. Service Bulletin
# 138. Food and Agricultural Organization, Rome, 1999.)

4.1.1.1.8  Pearl Millet (Pennisetum glaucum)

Millet and sorghum are often grouped together because their growing conditions, processing, and uses
are almost similar. Pear]l millet is one of the two major crops grown in the semiarid, low-input dryland
agriculture regions of Africa and Southeast Asia [24]. Millet was domesticated in Africa some
3000-5000 years ago, and subsequently spread to southern Asia. Pearl millet consists of small (average
about 8.9 mg) tear-shaped kernels that are threshed clean of their hulls [15], and, depending on head size,
grain number per head ranges from 500 to 3000 [25]. The caryopsis is very similar to those of other
cereal grains. The germ in pearl millet is relatively large (17%) in proportion to the rest of the kernel. Its
endosperm has both translucent and opaque endosperm, as those of sorghum and corn. Pearl millet con-
sists of 8.4% pericarp, 75% endosperm, and 6.5% germ [26].

4.1.1.1.9 Chemical Composition

The relative proportions of main grain components for different grains are presented in Table 4.1. The
grain is composed of both organic and inorganic substances such as carbohydrates, proteins, vitamins,
fats, ash, water, mineral salts, and enzymes. Cereal grains are rich in carbohydrates, whereas legumes are
rich in proteins. The composition of some of the cereal grains is shown in Table 4.2.
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FIGURE 4.8 A longitudinal section of a corn kernel. (From N.F. Haard et al. Fermented cereals: a global perspective.
Service Bulletin # 138. Food and Agricultural Organization, Rome, 1999.)

4.1.1.2  Pulses

Pulses are annual leguminous crops yielding 1-12 grains or seeds of variable size, shape, and color
within a pod. Pulses include dry peas, dry beans, vetches, lupins, dry broad beans, lathyrus, lentil, black
gram, mung bean, chickpea, pigeon pea, and cowpea. They are used for both food and feed, and are
important foodstuff in most of the tropical and subtropical countries [29]. The term “pulses” is limited
to crops harvested for dry product only, excluding therefore crops harvested green for forage, used for
grazing, or as green manure, and also crops harvested green for food (green beans, green peas, etc.). They
also exclude those used mainly for extraction of oil (soybeans and groundnuts) and crops whose seeds
are used exclusively for sowing purposes, such as alfalfa and clover [1].

4.1.1.2.1 Composition

Pulses contain carbohydrates, mainly starches (55%—65% of the total weight); proteins, including essen-
tial amino acids (18%-25%, and much higher than cereals); and fat (1%—4%). Pulses are the richest
source of vegetarian protein [30-32]. The proportion of seed coat, cotyledon, and embryo in different
legumes is presented in Table 4.3.

4.1.1.2.2  Structure

The structure of leguminous food plants is similar. Mature legume seeds have three major components:
the seed coat, the cotyledons, and the embryo axis, which constitute 8%, 90%, and 2% of the seed,
respectively [5]. The structure of a typical legume seed is shown in Figure 4.12. The outer layer of the
seed is the testa or seed coat. Usually, legumes have a moderately thick seed coat. In most legumes, the
endosperm is short-lived and, at maturity, it is reduced to a thin layer surrounding the cotyledons or
embryo. The cotyledons are the major source of nutrients in pulse grains. Legumes contain an apprecia-
ble amount of protein and are good source of minerals. The compositions of some of the Canadian pulses
are presented in Table 4.4.
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FIGURE 4.9 Structure of an oat kernel. (From N.F. Haard et al. Fermented cereals: a global perspective. Service Bulletin
# 138. Food and Agricultural Organization, Rome, 1999.)

4.1.2 Grain-Grading Systems

Grain-grading systems used around the world are similar and depend mainly on visual inspection and
comparison of samples [36]. In Canada, grain is graded on the five factors, namely, test weight, varietal
purity, soundness, vitreousness, and maximum limit of foreign material (not including dockage). Of
these, the latter four factors are determined visually by trained personnel, and thus can be influenced by
experience and human fatigue [37]. In Australia, grain is routinely segregated based on moisture and pro-
tein contents determined by near-infrared spectroscopy [38]. Despite training, the grading decisions are
inherently subjective and are influenced by the individual experience of a grain inspector [36].

The grading factors in European Union countries include moisture, broken kernels, grain besatz
(shrunken kernels, other grains, insect-damaged kernels), sprouted kernels, black besatz (wheat seed,
ergot, unsound grain, chaff, impurities), and hectoliter weight. In Russia, color, odor, taste, moisture, for-
eign kernels, and damaged kernels are listed as grading factors [21].

4.1.2.1  Recent Progresses in Grain-Grading Technology

Research has been carried out to replace the tiresome job of visually inspecting grain samples by a
machine vision system (MVS). Such an MVS should be capable of identifying and grading the grain on
the basis of size and shape [39], color [40,41], and texture [42]. Color and size are important grading fac-
tors for certain commodities such as peas and chickpeas.
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Several systems have been reported in the literature for
inspecting grains using machine vision [43,44]. For classifica-
tion purposes, shape is the best feature followed by color and
length of the kernels [37]. Visual appeal directly influences
consumer acceptance and hence value of the grains. The main
visual factor is the color of grain, which is directly related to its
market value [45]. Some investigations have been carried out
using color features [46] for classification of different cereal
grains and their varieties and for correlating vitreosity and
grain hardness. Liu and Paulsen [47] measured the whiteness
of corn quantitatively by computer vision. This is a useful
application as the prices of corn depend on color [48].

In recent years, optical, mechanical, and electrical tech-
niques have been applied to rapid grain grading and classifi-
cation [49]. Delwiche et al. [50], using near-infrared
spectroscopy with an artificial neural network, identified hard
red winter and hard red spring wheat classes with accuracies
of 95%-98%. Steenhoek et al. [51] developed a computer
vision system to evaluate blue-eye mold and germ damage in
corn grading. Sapirstein et al. [52] employed image process-
ing to identify grains such as wheat, oats, barley, and rye.
Gunasekaran et al. [53] detected stress cracks and other dam-
age in corn kernels and soybeans from their images. Shatadal
et al. [54] used parameters such as area, length, width, and FIGURE 4.10 A

R . . = longitudinal section
compactness of grain binary images to recognize wheat, oats, through a rye grain. 1, Multilayer husk and

barley, and rye. Zayas et al. [55] determined wheat variety by  seed coat; 2, aleurone layer; 3, endosperm; 4,
using the texture characteristics of wheat images. The scutellum; 5, embryo. (From Gesamtverband
Canadian Grain Commission (CGC) has developed a grading ~ der Deutschen Versicherungswirtschaft. In:

CHB Container Handbook. Berlin: German
Insurance Association, Transport and Loss
Prevention Department, 2005.)

instrument for assessing the color and size distribution of
lentils. Modules for grading other pulse grains such as peas,
chickpeas, and beans are under development [56].

Stress fissure detection is one of the most important tasks in rice grain quality inspection. An MVS
has been used successfully to reveal fissure lines in rice [57]. Peck damage is another quality factor
affecting the grading and marketing of rice. The rice stinkbug, Oebalus pugnax, is a key pest that causes
peck damage. An objective method has been developed to classify pecky rice kernels [58].

4.1.2.2  Grading Systems

Grading systems are used in the marketing of grains. The grade standing systems are not universal and
vary significantly between countries. The US grading system for yellow corn is presented in Table 4.5.
The grading systems for wheat in Germany and Italy are presented in Tables 4.6 and 4.7, respectively.

4.1.2.3  Computer Vision Technology

A fast and objective grain grading and classification system would reduce the inaccuracy caused by
inspector subjectivity. Grain quality inspection using computer vision is a nondestructive method.
However, the application of computer vision technique for objective classification of cereal grains and
varieties is still at its infant stage. Further development in both software and hardware is necessary for
this technology to be used more widely.

4.1.3 Harvesting and Threshing

Harvesting of cereal grains and pulses refers to the activities performed to obtain the kernels of the plant
for grain, or the entire plant for forage and silage uses. These activities are accomplished by machines
that cut, thresh, screen, clean, bind, pick, and shell the crops in the field. Harvesting also includes loading
harvested crops into trucks and transporting crops in the grain field [60].
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FIGURE 4.11 Microscopic picture of rye grain. (a) Rye kernel. (b) Transverse section of rye kernel. (From Nordic Rye
Group, In: T. Kujala, Ed. Rye and Health. Nuijalantie, Finland: The Nordic Rye Group, 1994.)

TABLE 4.1

Grain Size and Proportions of the Principal Parts of Mature Kernels

Cereal Germ (%) Pericarp (%) Aleurone (%) Endosperm (%)
Barley 34 18.3 « 79 -

Corn 2.7 7.9 6.7-7.0 81-84

Oat 3.7 28.4-41.4 -

Pearl millet 17.4 — 7.5 - 75

Rice 3.5 1.5 4-6 89-94

Rye 35 12.0 - 85 -

Sorghum 7.8-12.1 - 7.3-19 - 80-85
Wheat (bread) 2.7 7.9 6.7-7.0 81-84
Wheat (durum) 1.6 12.0 — 86 -

Source: R.C. Hoseney, J.M. Faubion. In: D.B. Sauer, Ed. Storage of Cereal Grains and Their Products, 4th ed. St. Paul,
MN: American Association of Cereal Chemists, 1992.

Cereal kernels are cut as close as possible to the inflorescence. This portion is threshed, screened, and
cleaned to separate the kernels. The grain is stored in the harvesting machine while the remainder of the plant
is discharged back onto the field. Combines perform all the above activities in one operation. Large amounts
of abrasion and breakage may occur as a result of threshing, augering, and impaction when harvested by
combine, followed by transfer from combines to grain trucks with subsequent transfer to farm storage [61].
Binder machines only cut the grain plants and tie them into bundles, or leave them in a row in the field, called
a windrow. The bundles are allowed to dry for threshing later by a combine with a pickup attachment.
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Proximate Composition of Cereal Grains (% Dry Weight)

Cereals Crude Protein Crude Fat Ash Crude Fiber Carbohydrate
Barley 11.0 34 1.9 3.7 55.8
Corn 9.8 4.9 1.4 2.0 63.6
Oats 9.3 59 23 2.3 62.9
Pearl millet 11.5 4.7 1.5 1.5 63.4
Rice, brown 7.3 22 1.4 0.8 64.3
Rye 8.7 1.5 1.8 22 71.8
Sorghum 8.3 3.9 2.6 4.1 62.9
Wheat 10.6 1.9 14 1.0 69.7

Source: C. Alais, G. Linden. Food Biochemistry. New York: Ellis Horwood, 1991, p. 222.

TABLE 4.3

Proportion of Seed Coat, Cotyledons, and Embryo
for Some Selected Legumes

Seed Coat Cotyledon  Embryo

Legume (%) (%) (%)

Cowpea 10.64 87.23 2.13
French bean 8.64 90.37 0.99
Lentil 8.05 89.97 1.98
Mung bean 12.09 85.61 2.30
Peas 10.00 89.28 1.72
Pigeon pea 15.50 83.00 1.50

Source: G. Leubner. The Seed Biology Place, 2003,
http://www.seedbiology.de/.

Corn is harvested by mechanical pickers,
picker/shellers, and combines with corn head
attachments. These machines cut and husk the
ears from the standing stalk. The sheller unit also
removes the kernels from the ear. After husking,
a binder is sometimes used to bundle entire plants
into piles (called shocks) to dry [60]. For forage
and silage, binders, crushers, field choppers,
mowers, windrowers, and similar cutting
machines are used to harvest grasses, stalks, and
cereal grains. These machines cut the plants as
close to the ground as possible and leave them in
a windrow. The plants are later picked up and tied
by a baler. Harvested crops are loaded onto trucks
in the field. Grain kernels are loaded through a
spout from the combine, and forage and silage
bales are manually or mechanically placed in
trucks. The harvested crop is then transported
from the field to a storage facility [60].

4.1.3.1 Combine Harvester

TABLE 4.4

Composition of Some of the Canadian Pulses

Pulses Protein Fat Ash Fiber Starch
Bean 25.1 1.5 43 153 38.0
Chickpea (desi) 23.0 54 32 259 36.4
Chickpea (kabuli) 24.4 59 32 8.7 41.1
Field pea 23.7 1.3 28 166 45.5
Lentil 26.3 1.1 28 136 45.0

Source: N. Wang, J.K. Daun. The Chemical Composition and
Nutritive Value of Canadian Pulses. Winnipeg: Canadian
Grain Commission, 2004.
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FIGURE 4.12 Drawing of a mature pea (Pisum sativum)
seed, a typical nonendospermic seed with storage cotyledons
and the testa. (From D.K. Salunkhe et al. Post-Harvest
Biotechnology of Food Legumes. Boca Raton, FL: CRC
Press, 1985, pp. 29-52.)

Grain harvesting and handling procedures have undergone dramatic changes, particularly with the devel-
opment of the combine harvester. The combine harvester has become the standard for harvesting grains
in the industrialized countries [62], which can perform labor-intensive operations such as harvesting and
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TABLE 4.5

US Grade Requirements for Yellow Corn

Minimum Heat-Damaged Total-Damaged Broken Corn
Test Weight/ Kernels, Maximum Kernels, Maximum and Foreign
Grade Bu (Ib) Limit (%) Limit (%) Material
US No. 1 56.0 0.1 3.0 2.0
US No. 2 54.0 0.2 5.0 3.0
US No. 3 52.0 0.5 7.0 4.0
US No. 4 49.0 1.0 10.0 5.0
US No. 5 46.0 3.0 15.0 7.0

US sample grades®

aUS sample grade is corn that does not meet the requirements for US grade Nos. 1, 2, 3, 4, or 5; contains eight or more stores
that have an aggregate weight in excess of 0.20% of its sample weight, or two or more pieces of glass; has a musty, sour, or
commercially objectionable foreign order; or is heating otherwise of distinctly low quality.

Source: FW. Bakker-Arkema, Ed. CIGR Handbook of Agricultural Handbook. St. Joseph, MI: ASABE, 1999, pp. 1-11.

TABLE 4.6

Wheat Classification System in Germany

Quality Class

Parameter Elite (E) High Quality (A) Normal (B) Soft (K)
Protein (%) min. 13.8 13.2 12.8 124
Sedimentation (mL) min. 47 33 26 19
Flour yield (%) min. 76 T4 74 76
Water absorption (%) min. 56.9 559 53.7 52.6
Falling number (s) min. 285 255 255 235
Loaf volume (mL/100 g) min. 710 650 590 560

Source: R. Lasztity, A. Salgo. Periodica Polytechnica Ser. Chem. Eng., 46(1-2): 5-13, 2002.

TABLE 4.7

Italian System of Classification of Common Wheat

Alvo-Graph Farinographs
—_—_— Protein N5.7 Stability Falling Number
Class w P/L (%) (min) (s)
Improver 300 1 14.5 15 250
High quality 220 0.6 13.5 10 220
Normal bread wheat 160 0.6 5 220
For confectionary products 115 0.5 — 240

Source: R. Lasztity, A. Salgo. Periodica Polytechnica Ser. Chem. Eng., 46(1-2): 5-13, 2002.

threshing simultaneously at the field level. Combines are able to fill their grain tanks within 12 min and
can off-load to a grain cart in as little as 22 min [63].

4.1.3.1.1 Function of a Combine Harvester

The main process functions of a combine harvester (Figure 4.13) consist of reaping, threshing, sepa-
rating, and cleaning (Figure 4.14). The threshing function is especially very important because the
quality of grain harvested into the tank of the combine harvester depends mainly on the ability of this
function [64].
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FIGURE 4.13 Combine harvester. (From M. Miyamoto, H. Murase. Study of threshing function of combine harvester
with artificial neural network. Paper No. 033012. St. Joseph, MI: American Society of Agricultural Engineers, 2003.)
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FIGURE 4.14 Main process functions of combine harvester. (From M. Miyamoto, H. Murase. Study of threshing func-
tion of combine harvester with artificial neural network. Paper No. 033012. St. Joseph, MI: American Society of
Agricultural Engineers, 2003.)

4.1.3.1.2  Performance of a Combine Harvester

The performance depends on its design, the settings of the individual working elements, the experience
of the operator, the harvest conditions, and very strongly on the properties of the harvested materials
(Figure 4.15). The technical equipment includes the design of the combine, the threshing and separating
system, the dimensions of the individual elements, and engine power. Settings of elements may consist
of speed of the working elements and the concave clearance. Harvest conditions are influenced mostly
by the weather, topography, soil conditions, and field size. Though operators are supported by various
electronic systems, operators’ experience helps in reaching a high field performance. Grain properties
strongly influence performance capacity and therefore the field performance [62].

4.1.3.2  Whole-Crop Harvesting System

Conventional combine harvesting systems harvest only grains and leave the straw and chaffs on the field.
If the crop residues are utilized for bioenergy production it has to be harvested with extra cost. Recently,
utilization of crop residues for bioenergy production increased the monetary value of crop residues [65].
Hence, there is a need to harvest both cereal grains as well as crop residues for maximizing profit.
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FIGURE 4.15 Influences on the performance capacity of combines. (From P. Wacker. In: G.R. Quick, Ed. Proceedings of
the International Conference on Crop Harvesting and Processing, Louisville, KY, 2003.)
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FIGURE 4.16 Sequential operation of McLeod harvesting system. (From S. Sokhansanj et al. Dynamic simulation of
McLeod harvesting system for wheat, barley, and canola crops. Paper No. 048010. St. Joseph, MI: American Society of
Agricultural Engineers, 2004.)

In case of a whole-crop harvesting system, the whole crop is harvested and transported to a centrally
located processing unit where the crops are separated into grains, straws/stover, and chaffs. The cereal
grains can be supplied to processing and storage facilities, and straws with high moisture content can be
processed into different raw materials based on the requirement of biorefineries.

In the McLeod harvest system, developed by Bob McLeod in western Canada, the harvesting unit cuts
the whole crop and threshes to separate the graffs (grains, chaffs, and weed seeds) from the straw [65].
The straws are left on the field for further drying and baling operation. The graff is transported to a cen-
tral location, where it is further processed to separate grains from chaffs and weed seeds by a milling
unit. Figure 4.16 shows the sequential operation of the McLeod harvesting system. It has been reported
that the McLeod system is more profitable than the conventional combine harvesting system [66].

As new markets begin to emerge for straw and chaff, such as ethanol production and strawboard
manufacturing, innovative methods of whole-crop harvesting are being proposed. Five methods of
harvesting, namely, windrow/combine, straight cut, stripper header, McLeod system, and whole-crop
baling, have been modeled and compared by Ragan [67].

4.1.3.2.1 Windrow/Combine

The crop is windrowed (swathed) and then harvested with a standard combine with a pick-up header.
Straw and chaff are spread behind the combine or dropped in a windrow for baling later. As the system
involves separate cutting and threshing operations, additional power is required to pass the entire crop
through the combine. Hence, energy consumption is substantially higher than for other systems, and the
combine work rate is slow because it processes nearly all the available plant material [67]. Conventional
swath and combine harvesting method is shown in Figure 4.17.
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FIGURE 4.17 Conventional swath and combine harvesting method. (From G. Ragan. Modeling and comparing whole-
crop harvesting systems. Agricultural, Food and Rural Development, Government of Alberta, 2005.)

Transport Storage
Stubbl Bale
Straw £==> | %\ °2¢ | => => =
ﬁ Straight combine Transport
[ —— | | => Grain > [ —
,‘@ﬁ; Storage
Standing @
cereal Transport

grain Chaff E=————> @ > “R
Wy

FIGURE 4.18 Conventional straight-cut harvesting method. (From G. Ragan. Modeling and comparing whole-crop har-
vesting systems. Agricultural, Food and Rural Development, Government of Alberta, 2005.)

4.1.3.2.2 Straight Cut

The straight-cut system requires one less field operation than the windrow/combine system, resulting
in less time in the field and lower energy consumption. However, straight-cutting system cannot be
used with crops such as pulses and oil seeds. The longer stubble resulting from the higher cut may
reduce efficiency in chaff and straw recovery [67]. Figure 4.18 shows the conventional straight-cut
harvesting method.

4.1.3.2.3 Stripper Header

Currently, stripper headers are used on conventional combines in place of the straight-cut or pick-up
header. Most of the threshing is done by the header, and as a result much of the capacity of the combine
itself is not used. A specifically designed harvesting machine would need to be developed to operate with
the stripper header to fully capture its inherent advantages.

The stripper header is a very efficient method of collecting grain because of its low energy needs and
the short time required for harvesting. In effect, the stripper header removes the heads from the crop
and leaves the straw standing. A separate operation is then required to cut the straw, so other field oper-
ations such as seeding can be conducted with a minimum of problems. Also, some of the straw is flat-
tened in the harvesting operation, making it more difficult to recover later. A limitation is that the
stripper header may only be used efficiently with cereal grains [67]. The stripper header harvesting
method is shown in Figure 4.19.
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FIGURE 4.19 Stripper header harvesting method. (From G. Ragan. Modeling and comparing whole-crop harvesting sys-
tems. Agricultural, Food and Rural Development, Government of Alberta, 2005.)
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FIGURE 4.20 McLeod harvesting method using straight-cut header. (From G. Ragan. Modeling and comparing whole-
crop harvesting systems. Agricultural, Food and Rural Development, Government of Alberta, 2005.)

4.1.3.2.4 The McLeod System

This system is being developed by Bob McLeod of Winnipeg. It consists of a standard combine straight-
cut header with a feeder housing and threshing cylinder. The grain and chaff are collected together in a
large hopper and the straw passes over a set of straw walkers to collect any free grain. The unit would be
pulled by a large two-wheel drive tractor. The grain/chaff mixture would then be transported to the
farmyard where it would be processed further by an electric motor-driven unit already developed by
McLeod [67]. Figure 4.20 shows the McLeod harvesting method using straight-cut header.

4.1.3.2.5 Whole-Crop Baling

This model does not yet exist as an entire system. It has been based partly on existing machinery—swather
and baler—and on assumptions based on previous research done to determine if crops could be baled and
then threshed without the loss of grain quality or quantity. First, the crop would be swathed to a stubble height
of 8 in. Then the entire unthreshed crop would be baled with a medium-sized round baler and transported to
the farmyard. In the yard, the bales would be unwrapped and fed through a stationary processor that would
perform all the functions of a normal combine [67]. The whole-crop baling method is shown in Figure 4.21.

4.1.3.3  Stripper Harvester

Stripping involves combing the grain from the panicles without cutting the straw. The simplicity of oper-
ation and reduced fuel bills make stripper harvesting an attractive alternative method to conventional har-
vesting methods [68]. The working part of the header is a rotor of flexible teeth with a keyhole access
between each pair of teeth. The rotor rotates in the direction opposite to that of a standard reel, and as
the crop heads pass through the recesses, the seeds and chaff are stripped from the plant. A conveyor and
auger convey the grain and chaff into the combine. It is suitable only for use with grains such as wheat,
barley, and oats, and similar types of plants [67].

With the stripper header in operation, the grain and some leaves are the primary parts of the plant that pass
through the thresher. The entire stem of the plant is left standing in the field. The amount of biomass left
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FIGURE 4.21 Whole-crop baling method. (From G. Ragan. Modeling and comparing whole-crop harvesting systems.
Agricultural, Food and Rural Development, Government of Alberta, 2005.)
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FIGURE 4.22 Principle of operation of the Silsoe stripper rotor. (From C.J.M. Tado, G.R. Quick. In: G.R. Quick, Ed.
Proceedings of the International Conference on Crop Harvesting and Processing, Louisville, KY, 2003.)

standing by these headers is greater than that of the conventional combine headers. Harvesting speeds could
be as high as 2.3 m/s (5 miles/h) with this type of header, but they do not work efficiently in lodged rice [69].

The most promising stripper system header is developed by the Silsoe Research Institute of UK. The
Silsoe stripper rotor (Figure 4.22) combs up through the crop as the machine moves forward removing
the grains from the plant in situ. Flexible V-shaped teeth guide the plant into a keyhole-shaped slot at the base
of the teeth where stripping occurs. The upward rotation of the stripper teeth with respect to the crop allows
the rotor to pick up fallen plants or lodged crop. The rotor is enclosed on the top by a hood that guides the
stripped material back for collection or further processing. A nose protrudes forward from the inlet edge of
the hood to deflect gently the crop prior to stripping. The stripper rotor simultaneously carries out four func-
tions: crop lifting; harvesting; partial threshing; and crop transport that corresponds to the function of the crop
reel, cutterbar, threshing drum, and crop conveyor on a conventional combine harvester [70]. Combines fit-
ted with stripper headers are used in the rice fields of Australia and the United States [71]. Specifically
designed equipment to complement the stripper header has not yet been developed [67].

A new combine harvester that is capable of cutting and windrowing straw immediately after strip-
ping has been developed for rice and wheat harvesting [72]. Stripper header, grain collection and clean-
ing mechanism, and straw cutting and windrowing are the key components of the combine harvester.
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FIGURE 4.23 Schematic arrangement of combine stripper harvester for rice and wheat: 1. stripping rotor; 2. hood; 3. teeth
on rotor; 4. stagger-positioned teeth on conduit bottom; 5. conduit; 6,7. tines and drum of raking booster; 8,9. conduit; 10. exit
for recycling; 11. blade; 12. discharge rotor; 13. cross-flow fan; 14. major re thresher; 15. concave; 16. horizontal auger;
17. vertical auger; 18. auger case; 19. shutter; 20. container; 21. discharge blade; 22. sheave; 23. ball bearing; 24. blade on
ring distributor; 25. conic reflector; 26. depositing chamber; 27. belt conveyor; 28. cylindrical sieve; 29. intermediate
cylinder; 30. outer cylinder; 31. pushing rod; 32. crank shaft roller; 33. knife; 34. guard with upward point; 35. rod of
revolving rake; 36. fan; 37. detachable axial-flow re thresher; 38. suspension spring; 39. recovery chamber; 40. impeller-
blower. (From Y. Jiang et al. In: G.R. Quick, Ed. Proceedings of the International Conference on Crop Harvesting and
Processing, Louisville, KY, 2003.)

The field-testing results show that the free grain loss is low owing to the use of a pneumatic conveying
system and high grain cleaning capacity is achieved by using a vertically cylindrical cleaning system.
The schematic diagram of the combine stripper harvester is shown in Figure 4.23.

Stripper headers have become more popular for harvesting rice. The shortcomings of existing strip-
pers include high shatter losses caused by crop disturbance, incomplete grain detachment, failure to col-
lect detached grains, blockages of essential crop aligning or stripping components, and inability to
harvest tangled and lodged crops satisfactorily [73].

—
4.2 Drying

4.2.1 Grain Drying: Basic Principles

The amount of moisture present in cereal grains and pulses greatly affects grain properties such as den-
sity, force-deformation characteristics, thermal conductivity, heat capacity, and electrical resistance.
Grains and seeds normally have a moisture content of 14% or less. The market value of grains and seeds
is also greatly influenced by their moisture content. Moisture is transferred between cereal grains and the
surrounding air during drying.

4.2.1.1  Equilibrium Moisture Content

Relatively dry materials such as cereal grains contain significant amounts of water, typically up to 13%
of their total weight. The porosity of these grains is often 30% or greater and the internal air spaces
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FIGURE 4.24 Desorption isotherm for sorghum based on Henderson equation. (From S.M. Henderson. Trans. ASAE,
13:762-764, 1970.)

contain water vapor. The solids either lose or gain water to the air within and surrounding the particles
until equilibrium is reached. The moisture content at which equilibrium occurs is called the equilibrium
moisture content (EMC) and the corresponding air relative humidity (RH) is called the equilibrium rel-
ative humidity (ERH). Equilibrium moisture content can also be defined as the moisture content at which
the internal product vapor pressure is in equilibrium with the vapor pressure of the environment [74].
Conditions at equilibrium depend on several factors, including type of grain, temperature, and whether
the moisture content is increasing or decreasing in the grain [75].

4.2.1.1.1 Equilibrium Moisture Content Curve

A plot of grain moisture versus air RH at a constant temperature is called the EMC curve. The equilib-
rium moisture for a given RH decreases with decreasing temperature. The curves are sigmoidal in shape,
and for low and high relative humidities the slope is greater than it is at intermediate relative humidities.
Each grain has its own set of temperature-dependent EMC curves. Figure 4.24 shows an example of a
desorption isotherm for sorghum constructed from the Henderson equation.

4.2.1.1.2  Moisture Hysteresis

The EMC curve obtained by drying a wet grain (desorption) will be different from the curve obtained by
rewetting the dried grain (adsorption or resorption). This phenomenon is known as moisture hysteresis. For a
given RH, the moisture content on resorption is always lower than the moisture at desorption. As temperature
decreases, the hysteresis effect is diminished. Grain dried at high temperatures (e.g., 140°C or above) will be
in equilibrium with a higher RH than grain dried to the same moisture content at temperature near ambient.

4.2.1.1.3  Equilibrium Moisture Content Equations

Two equations are commonly used to predict the equilibrium moisture content of various grains:
Henderson (or modified Henderson) equation and the Chung—Pfost equation.

4.2.1.1.3.1 Modified Henderson Equation The modified Henderson equation gives the following
expression for moisture on a decimal dry basis (M,,) as a function of RH (decimal) and temperature in °C:

_ 1 [ma-rmp " 4.1
“ 100 - K(T+0)
The equation can be solved for RH as a function of My, and T (°C):

RH =1—exp[—K(T + C)(100M )" ] 4.2)

The constants K, N, and C are different for each type of grain and are given in Table 4.8.
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TABLE 4.8

Constants for Modified Henderson Equation

Grain K105 N C Standard Error Moisture
Barley 2.2919 2.0123 195.267 0.0080
Beans (edible) 2.0899 1.8812 254.23 0.0138
Corn (yellow dent) 8.6541 1.8634 49.810 0.0127
Rice (rough) 6.6587 2.5362 23.318 0.0303
Sorghum 1.9187 2.4451 51.161 0.0097
Wheat (durum) 30.5327 1.2164 134.136 0.0173
Wheat (hard) 2.5738 2.2110 70.318 0.0068

2.3007 2.2857 55.815 0.0071
Wheat (soft) 1.2299 2.5558 64.346 0.0122
TABLE 4.9

Constants for Chung Equation

Standard Error

Grain A B C E F Moisture
Barley 761.66 19.889 91.323 0.33363 0.050279 0.0055
Beans (edible) 962.58 15.975 160.629 0.43001 0.062596 0.0136
Corn (yellow dent) 312.30 16.958 30.205 0.33872 0.058970 0.0121
Rice (rough) 594.61 21.732 35.703 0.29394 0.046015 0.0096
Sorghum 1099.67 19.644 102.849 0.35649 0.050907 0.0086
Wheat (durum) 921.65 18.077 112.350 0.37761 0.055318 0.0057
Wheat (hard) 529.43 17.609 50.998 0.35616 0.056788 0.0061
Wheat (soft) 726.49 23.607 35.662 0.27908 0.042360 0.0147

4.2.1.1.3.2 Chung Equation The Chung equation gives the following expression for M, as a function
of T (°C) and RH (decimal):

My, = E—(FIn[—(T + C)In(RH)]) (4.3)

The constants E, F, and C are given in Table 4.9. The form of the equation, which predicts RH from
values of T (°C) and M, is

RH =exp K(TTAC)JeXp(—BMdd )} 44

Values of E, F, C, A, and B for various grains and oilseeds are given in Table 4.9.

4.2.1.1.3.3 Vemuganti and Pfost Equation Vemuganti and Pfost developed equations for calculat-
ing the constants in the Chung equation (4.4) on the basis of the product composition. They give the
equation in the following form:

RH= exp{[%jexp(ClMdd)} 4.5
i
where A, = —(6.65596F + 20.146N), B, = 1.987 (T + 2.339P + 0.8176N), C, = —(0.46997F +
0.22625N), M, is the dry-basis moisture content (decimal), T the temperature (°C), P the percentage of
dry matter that is protein, F the percentage of dry matter that is fat, and N percentage of dry matter that
is nitrogen-free extract (% of carbohydrate without fiber). Equation 4.5 can give an approximate value
of the ERH when the constants for Equations 4.2 through 4.4 are not available.

Temperature, RH, previous moisture intake and release, and the physical properties of the product
affect water activity. The water activity (a,,) usually increases with temperature and pressure. The water
activity scale extends from O (bone dry) to 1.0 (pure water), but most foods have a water activity level in
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the range of 0.2 for very dry foods to 0.99 for moist fresh foods. Water activity is in practice usually
measured as ERH. A number of electronic instruments are available for measuring water activity.

4.2.1.2  Water Activity and Storage Stability

Knowledge of the relationship between grain moisture content and water activity at different tempera-
tures is important in understanding the limits of safe storage of grain. For cereal grains, a,, of 0.65 is
considered a safe level for long-term storage [77]. Most microorganisms grow at an a,, of 0.80 or above
in pulses containing 15%—17% moisture content [78]. As the moisture content of grains changes, so
does a,,. Table 4.10 shows data for wheat. Figure 4.25 shows data plotted for Australian barley varieties
at 20°C and 30°C [77]. Cereal and legume seeds become brittle and tend to shatter at very low water
activities (too dry condition). This not only decreases their quality but also increases their vulnerability
to insect infestation [80]. Moisture content and a,, values for selected grains are presented in Table 4.11
[81]. The minimum water activity values for enzymatic reactions in selected grains/grain materials are
presented in Table 4.12 [82].

TABLE 4.10

4.2.2  Grain-Drying Systems
Moisture Contents and Water Activity of Wheat

The systems for drying grain can be divided into

natural-air and heated-air drying. Moisture Content (g/g) Water Activity

0.060 0.10
4.2.2.1  Natural-Air Drying 0.080 0.20

0.093 0.30
Cereal grains are dried in the field when moisture is  0.106 0.40
transferred from the kernel to the surrounding air.  0.120 0.50
Air temperature, wind speed, and humidity affect 0.132 0.60
the rate of drying. The challenge of natural-air dry- 8’1‘6‘; 8;8
ing is to successfully dry the grain before spoilage 0; 15 0.90

takes place. The aeration fans inject ambient air at
the bottom of the grain bin. The air picks up mois-  Source: Application note: seed longevity in storage is
ture as it moves up through the grain to be enhanced by controlling water activity. Decagon Devices,
exhausted out the top of the bin. The speed at which  Inc., Pullman, WA, 2000.
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FIGURE 4.25 Water activity for Australian barley varieties at 20°C and 30°C. (From L. Caddick. Water Activity and
Equilibrium Relative Humidity. CSIRO Australia: Stored Grain Research Laboratory, 2001.)
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TABLE 4.11

Moisture Content and Water Activity Values for Selected Grains

Grain/Flour Moisture Content (%) Water Activity
Oats 10 0.65
Rice 15-17 0.80
Wheat flour 14.5 0.72

Source: ITDG. Drying of Foods. International Technology Development Group
Ltd., 2005.

TABLE 4.12

Minimum Water Activity Values for Enzymatic Reactions in Selected Grains/Grain Materials

Grain/Grain Material Enzyme Temperature (°C) a,, Threshold
Grains Phytases 23 0.90
Rye flour Amylases 30 0.75
Wheat flour dough Proteases 35 0.96
Wheat germ Glycoside-hydrolases 20 0.20

Source: R. Drapon. In D. Simato, J.L. Multon, Eds. Properties of Water in Foods. Dordrecht, The Netherlands: Martinus
Nijhoff Publishers, 1985.

the drying front moves up the bin depends on the airflow rate and the grain moisture content. Airflow is
influenced by fan specifications, duct design and layout, type of grain, amount and type of dockage, grain
depth, method of filling, and ventilation [83].

4.2.2.2 Heated-Air Drying

When temperatures are below 10°C, the air will not carry much water and the transfer of moisture from the
cereal grain to the air is relatively slow. Consequently, drying efficiency is greatly increased when heat is
added to ambient air that is colder than 10°C [83]. The colder the ambient air temperature, the more the heat
that must be added for effective drying and the more expensive the drying operation becomes. Consequently,
it is much cheaper to complete the grain drying operation when ambient air temperatures are warm.

4.2.2.2.1 Types of Heated-Air Dryers

Heated-air dryers use heat, high airflow rates, and grain mixing to speed up the grain drying process.
There are three main types of heated-air drying systems [83].

4.2.2.2.1.1 Nonrecirculating Batch-Type Dryers The grain is loaded into these types of dryers as
a batch and there is no mixing until the heated-air drying phase has been completed.

4.2.2.2.1.2 Recirculating Batch-Type Dryers The grain is loaded in a batch and there is mixing
during the drying process.

4.2.2.2.1.3 Continuous Flow-Type Dryers Grain is loaded and unloaded during the drying process.
Grain movement through continuous flow dryers is usually adjusted to accommodate different levels of
grain moisture content. Airflow rate and depth of grain have a large influence on the drying rate of
heated-air dryers. Bin dryers usually employ lower airflow rates but, because of their larger size and grain
depth, the daily output of dry grain may be as great for bin dryers as for high-speed dryers [83].

Dryers with high airflow rates can quickly and efficiently reduce the moisture levels of damp grain.
However, dryers with lower airflow rates are usually more energy efficient and, because drying proceeds
more slowly, they allow more time for moisture to move from the inside to the outside of the kernel.
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4.2.2.3  Drying with Supplemental Heat Filling auger

The drying capacity of air can be greatly improved by
increasing the air temperature of natural-air drying systems.
As a general rule, the RH can be expected to decrease by
one-half for each 10°C increase in air temperature [83].
Consequently, small increases in air temperature can be
expected to produce large increases in the effectiveness of
natural-air drying systems when the RH of the ambient air
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graip; cross-flow, counter-flow, and concurreqt-flow [84].‘ air drying and cooling. (From K.J. Hellevang,

Figure 4.26 shows a cross-flow dryer with forced-air g wicke. Maintaining corn quality for wet
drying and cooling, and Figure 4.27 represents the temper-  milling. AE-1119, Extension Service, North
ature and moisture zone. Most cross-flow dryers operate at  Dakota State University, Fargo, ND, 1996.)
air temperatures of 93°C-99°C (200°F-210°F). At a con-
stant airflow rate, drying efficiency (in terms of energy used per unit of water removed) will be greater
for dryers operating at higher temperatures [85]. Relative drying rate as a function of drying air temper-
ature is shown in Table 4.13. It can be seen that drying air temperature has a tremendous effect on drying
rate. Figure 4.28 shows a recirculating batch dryer.

Most self-contained cross-flow dryers operate in the 67—100 m*min-t (60-90 cfm/bu) airflow range. Most
in-bin dryers operate in the 5.6-11.1 m*/min-t (5-10 cfm/bu) airflow range [85]. Figure 4.29 shows the
energy requirement of a conventional cross-flow dryer as a function of drying air temperature and airflow rate.

Table 4.14 presents the estimated energy requirement for drying grain. Table 4.15 provides specific
energy consumption for several different drying systems. Specific energy consumption is defined as the
total energy in MJ (BTU) of fuel energy plus the electrical energy used by fan motors divided by the
quantity of moisture removed. Table 4.16 presents the maximum drying capacity, maximum recom-
mended fan horsepower, and static pressure for in-bin counter-flow corn drying.

The recommended maximum initial moisture contents of corn and wheat, and the minimum airflow
rates for ambient air-drying under Midwestern U.S. conditions are presented in Table 4.17. The final
grain temperatures in the three basic continuous flow-drying methods with different airflow rates are
shown in Figure 4.30. Table 4.18 shows the mean airflow rate used for some tropical products at differ-
ent moisture contents and for mean ambient conditions.

FIGURE 4.26 Cross-flow dryer with forced-

4.2.3 Commercial Grain Dryers

In the U.S. rice industry, the cross-flow dryer (Figure 4.31) is the most prevalent high-temperature
and continuous flow-type dryer. It requires a smaller pressure drop across the grain column compared
to other dryer types such as the concurrent and countercurrent flow [91]. Grain flows by gravity into
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ity for wet milling. AE-1119, Extension Service, North Dakota

State University, Fargo, ND, 1996.)

TABLE 4.13

Effect of Drying Air Temperature on Drying Rate of Corn for
Corn Dried from 24% to 14% Moisture Content with 10°C

(50°F) and 65% Relative Humidity Ambient Air

Drying Air Drying Rate for Relative
Temperature, Corn, bu/h per Drying
°C (°F) 1000 cfm Rate
10 (50) 0.64 1.0
49 (120) 5.06 8.5
60 (140) 6.59 11.1
71 (160) 8.18 13.8
82 (180) 9.81 16.5

Source: Midwest Plan Service. Grain Drying, Handling, and Storage
Handbook, 2nd ed. MWPS-13, Ames, IA: Towa State University,

1987.
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one of the two drying columns, whereby
it is initially exposed to heated air that
passes through the grain columns per-
pendicular to the flow of the grain. As
the grain flows past the heated air sec-
tion, it is then exposed to a section in
which ambient air is typically forced
through the grain column. Unloading
augers located at the bottom of the dryer
control the retention time of the grain in
the dryer. Retention time is varied by the
dryer operator depending on the mois-
ture content of the grain entering the
dryer, the drying air temperature, dimen-
sions of the drying column, and the air-
flow rate [92].

A typical commercial grain drier is
approximately 21 m tall and 4.5 m wide.
Drying air flows through a bed of rice that
is 30—40 cm thick, depending upon the
manufacturer [93]. The grain column may
have several sections. Each section is usu-
ally separated by a grain exchanger. Grain
exchangers are used to mix and transfer
flowing grain from the heated air side to
the exhaust side of the column as it passes
through the dryer. Grain exchangers are
generally placed 6 m apart along the
height of the column, but spacing again is
dependent on the manufacturer [93].
These grain exchangers cause the rice on
one side of the column thickness to
switch places with the rice on the oppo-
site side of the column. Air conditions
inside cross-flow dryers vary greatly
from the air inlet to the outlet side. Grain
exchangers have been advocated as a
means of alleviating over- and underdry-
ing of grain. It is generally the case that
during drying in a cross-flow dryer, par-
ticularly without a grain exchanger, grain
located next to the hot air plenum (HAP)
will tend to be overdried and show reduc-
tions in quality [94].

Air temperature and RH are two vari-
ables that affect drying of rough rice. In
most commercial cross-flow rough rice
dryers, the exposure time of rice to
surrounding air can range from 6 to 10

min before the rice is transferred to another drying section by a grain exchanger. Figure 4.32 shows
the moisture content profile for rice. Rice entered at a moisture content of 16% (wb) and exited

at 14.9%.
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FIGURE 4.28 Recirculating batch dryer. (From K.J. Hellevang, W.F. Wilcke. Maintaining corn quality for wet milling.
AE-1119, Extension Service, North Dakota State University, Fargo, ND, 1996.)

]
4.3 Storage and Handling

4.3.1 Grain Storage: Perspectives and Problems

The primary aim of storage is to prevent deterioration of the quality of the grain. This is achieved
through control of moisture and air movement, by preventing infestation of microorganisms, and attacks
of insects and rodents. Food grains can be stored for relatively longer periods of time under proper stor-
age conditions (low temperature, inert atmosphere, etc.), with little or no detectable loss of quality. The
length of time grain can be held in storage depends on the moisture content of the grain, the tempera-
ture of the grain, and whether the grain can be kept away from heating by means of aeration [96]. Grain
spoilage is the result of microorganisms (bacteria, yeast, and fungi) using grain nutrients for growth and
reproductive processes. Microorganisms also produce heat during growth that can increase the temper-
ature of stored grains. Under proper environmental conditions, certain microorganisms can produce
toxins or other products that can cause serious illness and even death when consumed by livestock or
humans [97].

Safe storage must maintain grain quality and quantity. This means protecting it from weather,
molds and other microorganisms, addition of moisture, destructively high temperatures, insects,
rodents, birds, objectionable odors, and contamination. High temperature and high moisture are the
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TABLE 4.14
Estimated Energy Required for Drying Corn (kWh/bu)

Airflow Rate (cfm/bu)

Temperature Final Moisture

Increase (°F) (%) 1 2 3
3 14.9 1.8 2.7 3.7
10 11.9 25 4.5 6.0
20 10.0 5.0 7.5 104
30 8.0 52 79 11.1

Source: K.J. Hellevang, W.F. Wilcke. Maintaining corn quality for wet milling. AE-1119,
Extension Service, North Dakota State University, Fargo, ND, 1996.

most significant factors affecting grain quality in storage. Each can cause rapid decline in germina-
tion, malting quality, baking quality, color, and oil composition. Insects and molds impair the qual-
ity of grain directly by their feeding and development, and indirectly through generation of heat and
moisture. High temperatures and moistures favor development of insects and molds. Development of
insects is limited by temperatures below 15°C and by moistures below 9% in cereal grains, whereas
development of molds is limited by temperatures below 10°C and by moistures below 13% in cereal
grains. Spraying with insecticides or fumigating minimizes insect problems but leaves chemical
residues in grain [98].

4.3.1.1  Environmental Factors Influencing Grain Quality

To store grain successfully, grain and the atmosphere in which it is stored must be maintained under con-
ditions that discourage or prevent the growth of microorganisms that cause spoilage. Stored-grain ecosys-
tems are complex due to the large number of abiotic and biotic factors and their interrelationships [99].
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TABLE 4.15
Specific Energy Consumption for Drying Shelled Corn from 25.5% to 15.5% Moisture Content

Gal Propane kWh Electricity Energy Input, BTU/Ib
per 2.54 t per 2.54 t BTU per Water MJ/kg Water

Drying System (100 bu) (100 bu) 2.54 t (100 bu) Evaporated Evaporated
High-temperature 20 10 1,874,130 2828 6.58

dryer with in-dryer

cooling
Bin drying with stirrer 18 10 1,700,000 2565 5.97
High-temperature 17.3 8 1,637,304 2471 5.75

dryer (full heat)
In-bin counter-flow 17 10 1,600,000 2414 5.61
Dryeration (out hot 8 70 1,357,891 2049 4.77

16.5%-18%, steeped,
then cooled)

Combination drying 8 70 974,910 1471 3.42
(out hot 20-32%, then
finished with natural-
air drying)

Natural-air or low- 0 140 471,820 721 1.68
temperature drying

Source: K.J. Hellevang, R.V. Morey. In: National Corn Handbook, NCH-14. Urbana-Champaign, IL: Cooperative Extension
Service, University of Illinois, 1986.

TABLE 4.16

Maximum Average Drying Capacity, Maximum Recommended Fan Horsepower, and Static Pressure for In-
Bin Counter-Flow Drying of Corn at a 6-ft Depth from 25% to 16.5% Moisture at 71°C (160°F) Drying Air
Temperature Using 10°C (50°F) and 55% Relative Humidity Ambient Air®

Maximum
Maximum Drying Recommended Fan Static Pressure Range,
Bin Diameter, m (ft) Capacity, t (bu)/Day Power, kW (hp) kPa (in. of Water)
5.5(1.8) 76 (3000) 7.5 (10) 1.12-1.24 (4.5-5.0)
6.4 (21) 89 (3500) 7.5 (10) 1.12-1.24 (4.5-5.0)
7.3 (24) 140 (5500) 15 (20) 1.24-1.49 (5.0-6.0)
8.2 (27) 191 (7500) 22.5 (30) 1.24-1.49 (5.0-6.0)
9.1 (30) 216 (8500) 30 (40) 1.24-1.49 (5.0-6.0)
10.0 (33) 236 (9300) 30 (40) 1.12-1.24 (4.5-5.0)
11.0 (36) 315 (12,400) 45 (60) 1.24-1.49 (5.0-6.0)
12.8 (42) 419 (16,500) 60 (80) 1.24-1.49 (5.0-6.0)

2Assumes a Shedd’s factor multiplier of 1.5.
Source: Sukup Airflow and Drying Rates Program. Sheffield, IA: Sukup Manufacturing, 1993.

TABLE 4.17

Characteristics of Ambient Air Drying of Grains in Midwestern United States

Grain Moisture, % (wb) Airflow, m*/m? min
Maize 20 2.4
Wheat 18 1.6

16 0.8

Source: Q. Liu et al. In: EW. Bakker-Arkema, Ed. CIGR Handbook of Agricultural Handbook.
St. Joseph, MI: American Society of Agricultural Engineers, 1999, pp. 20-46.
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TABLE 4.18
Conditions for Low-Temperature Drying (25°C and 65%

Computer models have been used to simulate
abiotic factors such as temperatures, mois-

Relative Humidity) of Some Selected Products in the
Tropics

ture contents, and gas concentrations, and
biotic factors such as population dynamics of
insects and mites, and fungal growth [100].

. _ Maximum Minimum Airflow  Ejoyre 4.33 shows the essential elements of
Grains Initial MC, % (wb) Rate, m*m? min .
the storage ecosystem, the boundaries of
Beans 18 3.0 which are the storage container (bag, drum,
Corn 18 3.0 silo, warehouse, etc.).
Rice 18 3.0

Source: J.S. Silva, P.A. Berbert. In: FW. Bakker-Arkema, Ed. CIGR
Handbook of Agricultural Handbook. St. Joseph, MI: American
Society of Agricultural Engineers, 1999, pp. 59-68.

4.3.1.2 Types of Storage Facilities

Storage facilities take many forms, ranging
from piles of unprotected grains on the
ground, underground pits or containers, and
piles of bagged grains, to storage of bins of many sizes, shapes, and types of construction. Some of the
storage facilities used in the rural areas of Bangladesh are shown in Figure 4.34.

4.3.1.2.1 On the Ground

Grain is normally piled on the ground unprotected only between harvest and the availability of transport
equipment. Losses are smaller if it is stored for short period of time, but the grain is exposed to rodents,
birds, insects, and wind so that losses become severe within a week. The angle of repose, pile radius, and
bushels for corn, wheat, and sorghum piled from 50 to 60 ft height for cone-shaped outdoor grain piles
are shown in Table 4.19. The ground surface area required for piles that are 15, 20, and 25 ft high for
wheat, corn, and grain sorghum is presented in Table 4.20.

If grain must be piled outside on the ground, drainage is a crucial factor. The pile should be on high
ground and the earth crowned under the pile. Placing plastic on the ground is absolutely essential to keep
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FIGURE 4.31 Schematic diagram of a commercial cross-flow dryer. (From D.B. Brooker et al. Drying and Storage of
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FIGURE 4.33 Essential elements of storage ecosystem. (From Agricultural Research Station of Israel. Technology and
storage of agricultural products. Ministry of Agriculture and Rural Development, Bet-Dagan, 2003.)

FIGURE 4.34 Rural storage structures in Bangladesh. (From ASB. Grain Storage. Dhaka: Asiatic Society of
Bangladesh, http://banglapedia.search.com.bd/HT/G_0188.htm.)

soil moisture from migrating into the grains. Piles can be covered with plastic or a tarp to reduce wetting
by rain and snow, and minimize damage by wind and birds. Air must flow near the plastic cover to reduce
condensation and carry the moisture away. If a rectangular pile is made to store grain, the pile must be
oriented north and south to allow the sun to dry condensation off the sloping sides of the cover [96].
Average filling angle of some grains is given in Table 4.21. The quantity of grain in piles can be esti-
mated using Table 4.22. Grain piled outdoors is shown in Figure 4.35.
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TABLE 4.19
Angle of Repose, Pile Radius, and Bushels for Some Selected Grains Piled from 50 to 60 ft Heights

Height (ft) Grain Angle of Repose (°) Pile Radius (ft) Bushels
50 Corn 22 124 644,004
Sorghum 27 98 402,251
Wheat 25 107 479,526
60 Corn 22 148 1,100,000
Sorghum 27 118 696,272
Wheat 25 129 832,581

Source: T.J. Herrman et al. Emergency storage of grain: outdoor piling. Publication # MF-2363, Kansas State University
Agricultural Experiment Station and Cooperative Extension Service, Manhattan, KS, 1998.

TABLE 4.20
Pile Width (ft) and Bushels for 1 ft Length of Elongated Triangular-Shaped Outdoor Grain Piles

Pile Height (ft) 15 20 25

Grain Width bu/ft Width bu/ft Width bu/ft
Corn 74 445 99 792 124 1237
Sorghum 58.9 353 78.5 628 98 981
Wheat 64 386 85.8 686 107 1072

Source: T.J. Herrman et al. Emergency storage of grain: outdoor piling. Publication # MF-2363, Kansas State University
Agricultural Experiment Station and Cooperative Extension Service, Manhattan, KS, 1998.

4.3.1.2.2 Underground TABLE 4.21

Underground pits (Figure 4.36) are an effective, low-
cost method of long-term grain storage, which, are

Average Filling Angle of Some Selected Grains

most commonly used for storing drought feed reserves Grain Average Filling Angle (*)
on farms. Feed grain has been recovered in good con- ~ Barley 28
dition after more than 10 years. The main drawback of ~ Corn (shelled) 23
underground storage is the difficulty of removing O 28

. . . Sorghum 29
grain. Grain moisture content must be less than 12% to Soybeans 25
keep the risk of spoilage low. Pit should be located on  gynfiower (nonoil) 28
a well-drained site above the water table, with the  Sunflower (oil) 27
immediate surroundings graded to prevent rainfall ~Wheat (durum) 23
runoff collecting in the pit area. Water seepage through ~ Wheat (HRS) 25

the side walls of the pit is a major concern. Pits should
be kept at least 10 m apart to prevent seepage from an
empty pit to a full one, and the pit should not be more
than 3 m wide. A well-constructed pit storage is air-
tight and oxygen levels gradually reduce over time.
The low oxygen levels prevent development of damaging numbers of grain insects. Grain protectants can
be applied to the grain when it is placed in storage [106]. Underground storage protects the grain from vari-
ations in temperature, the construction is relatively simple, and it protects grain from insects and molds
because of the low oxygen and high CO, content of the interseed air [15].

Source: NDSU. Temporary grain storage. Report AE-84,
NDSU Extension Service, North Dakota State
University, Fargo, ND, 1998.

4.3.1.2.3 Bagged Storage

Bagged grain can be stored in almost any shelter that protects the bags from weather and predators, and
bags can be handled without any equipment. The advantages of bagged storage system are the lower cap-
ital costs without any need for sophisticated aeration and fumigant circulation facilities [107]. However,
both bags and bag storage space become expensive, particularly where manpower costs are high.
Dunnage should be used to keep grain bags at least 15 cm off the floor. Stack size should not exceed
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TABLE 4.22

Approximate Capacities of Unconstrained Grain Piles

Pile Height (ft) Pile Diameter Total Bushels Bushels/Additional 1 ft of Pile Length
3 12.9 105 15
4 17.2 250 28
5 21.5 480 43
6 25.7 840 62
7 30.0 1330 85
8 343 1980 110
9 38.6 2820 140
10 429 3870 170
11 47.2 5150 210
12 51.5 6700 250
13 55.8 8500 290
14 60.0 10,600 340
15 64.3 13,000 390
16 68.6 15,900 440
17 72.9 19,000 500
18 77.2 22,500 560
19 81.5 26,500 620
20 85.8 31,000 690

Source: NDSU. Temporary grain storage. Report AE-84, NDSU Extension Service, North Dakota State University,
Fargo, ND, 1998.

FIGURE 4.35 Grain piled outdoors. (From CRC. Agriculture and Agri-Food Canada. Winnipeg: Cereal Research Center.)

6 X 9 m, and a stack should be divided into six blocks containing 256 bags, with a row of 6 bags length-
wise adjacent to a row of 10 bags widthwise [108]. Another temporary storage option that holds some
promise is the use of large plastic silage bags. Grain going into these bags should be dry and cool (under
15% and 60°F). A system specifically designed for handling dry grain is available from the manufacturer
that reportedly greatly reduces grain damage [96]. A bagged storage facility is shown in Figure 4.37.

4.3.1.2.4  Bulk Storage

Bulk storage in beans is the most widely used type of storage for cereal grains. Bins are constructed of steel,
aluminum, concrete, and even wood or plywood. Round bins are most common, but large, flat storage
buildings are used as well. Figures 4.38 through 4.44 show large-scale grain storage facilities. The capac-
ity of a grain bin per unit depth is presented in Table 4.23.
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4.3.1.3 Insects

Insects are a major problem for the storage grains and seeds. Not only do insects consume part of grain,
but they also contaminate the grain. The U.S. Department of Agriculture (USDA) has estimated that
storage losses due to insects exceed $470 million per year [15]. Insects that can live on grain can be
divided into those that develop within grain kernels (granary weevils, rice weevils, corn weevils, lesser
and larger grain borers, and Angoumois grain moths) and those that develop outside the kernels (red
flour and rusty grain beetles, sawtoothed grain beetles, cadelles, khapra beetles, and Indian-meal
moths). Some of the insects are shown in Figure 4.45. Grain-damaging insects multiply slowly or not
at all below 16°C (60°F), and they cannot survive in temperatures of 42°C (—107°F) or above [112].
Navarro et al. [113] stated that stored-grain insects develop well at 27°C-34°C (81°F-93°F) and thrive
best at about 29.5°C (85°F).

Moisture is another important factor in controlling grain infestation. Generally, moisture contents of 9%
or lower restrict infestation. Even though the grain is stored at relatively safe storage moisture of
11%-14%, in the presence of insects, the
grain often “heats.” The heat is caused by
the metabolic heat of the insects. Because Plastic top _ )
of the increased temperature, moisture cover Soil covering
migration occurs and results in increased
moisture in pockets of grain. This leads to
the growth of microorganisms. Air move-
ments in grain and development of hotspots
due to insect infection during storage are
shown in Figures 4.46 and 4.47. Table 4.24 R
lists some common grain-storage insects - PR
and their optimal growth conditions. plastic liner /4 .

(not always used)

4.3.1.4 Aeration

Grain stored for long periods of time is

gene.rally acrated o n}alntaln the overall FIGURE 4.36 Underground storage pit. (From DPIF. A guide to
quality and reduce the risk of storage losses grain storage and drying in Queensland: underground pit storage of
due to insects and mold growth. Aeration is  grain. Department of Primary Industries and Fisheries, Queensland
the process of blowing ambient air through ~ Government, Australia, 2004, http://www.dpi.qld.gov.au/fieldcrops/
grain masses for the purpose of cooling and ~ 14983.html.)

Cereal Research Centre

FIGURE 4.37 A bagged storage facility. (From CRC. Agriculture and Agri-Food Canada. Winnipeg: Cereal Research Center.)
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FIGURE 4.38 Typical bulk storage sheds. (From J.T. Tyson, R.E. Graves. Bulk storage fact sheets # H 75, College of
Agricultural Sciences, Cooperative Extension, Pennsylvania State University, University Park, PA, 1996.)

conditioning grain [115]. It is a well-known and proven integrated pest management (IPM) tool for con-
trolling insects and other risks in stored grain. Aeration reduces or inhibits biological activity by cooling
the grain and preventing moisture migration by maintaining a relatively uniform temperature throughout
the grain mass [116].

Aeration can cause changes in temperature and moisture content of the stored grain as “aeration
fronts” pass through the grain. In bins over 2000 bu capacity, the grain bulk or mass is so large that it
fails to cool uniformly enough to avoid storage problems as outdoor temperatures change with the sea-
sons [117]. The unequal temperature in the grain mass then causes air current to circulate from warm to
cold grain. Since warm air holds more moisture than cold air, the air moving up through the warm grain
center picks up a full load of moisture, depositing some as it moves through the cold grain in the top
layer. This causes moisture buildup, molding, and crusting. These minute “convection currents” in the
grain cause moisture migration and accumulation that can only be prevented by reducing temperature
difference in the grain bulk. The aeration process is illustrated in Figure 4.48.

Typically, it is recommended that grain producers maintain the temperature of the stored grain to
within +5.5°C (10°F) of the average monthly temperature (depending on location), but not exceeding
15°C (59°F) in the warmer months or less than 0°C (32°F) during the winter [118].
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FIGURE 4.39 Center discharge and side discharge bins. (From J.P. Harner, III, F. Fairchild. Bulk ingredient storage.
Publication # MF-2039, Kansas State University Agricultural Experiment Station and Cooperative Extension Service,
Manhattan, KS, 1995.)

Cereal Research Centro

FIGURE 4.40 Storage bin complex. (From CRC. Agriculture and Agri-Food Canada. Winnipeg: Cereal Research Center.)

The amount of time required for cooling the grain is a function of the airflow rate (fan size), air
temperature, and RH of the air. If drying occurs during aeration, evaporative cooling effects will sig-
nificantly reduce the amount of time required to cool a bin (119). However, it is not necessary to cool
the grain mass below 35°F—40°F because the activity of important storage fungi is very low below
these temperatures. The aeration system should not be used to raise the grain temperature above 60°F
because mold and insect growth occurs at a much faster rate above this temperature [97]. Power
requirements for aeration vary with airflow rate, type of grain, and the distance the air must travel
through the grain (Table 4.25). The airflow rate should be adequate to cool the entire grain mass before
deterioration begins. Normal aeration airflow rates range from 1 to 2L of air per second per cubic
meter of grain (1-2 L/s-m?) (0.08-0.16 cfm/bu). Higher rates should be used (2-6 L/s-m?) if grain is
stored at higher moisture levels or if a large variance in incoming moisture levels exists [120]. Uniform
temperatures through grain mass (Figure 4.49) can be maintained in aerated grain storage if the aeration
system has been well designed and is properly operated. Aeration ducts installed in a bin are shown in
Figure 4.50. Automatic control of aeration based on ambient temperatures is an inexpensive method to
improve the efficiency of aeration systems.
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Cereal Research Centra

FIGURE 4.41 A bin complex. (From CRC. Agriculture and Agri-Food Canada. Winnipeg: Cereal Research Center.)

FIGURE 4.42 Wooden bins. (From CRC. Agriculture and Agri-Food Canada. Winnipeg: Cereal Research Center.)

4.3.1.5  Grain Inspection

The grain surface should be inspected at least every other week throughout the storage period. Evidences
of hot spots, insect infestations, or other problems that start in the grain mass soon migrate to the sur-
face. Hot spots will be seen as damp, warm, and musty areas. Insects and mold growth are more likely
to show up where broken corn has accumulated.

4.3.1.6  Chemical Methods

Insect infestation in stored grain and grain products can be controlled effectively by fumigation. Over the
past 100 years, fumigation has been the most effective method of pest control in stored rice [122]. Up to
nine different chemicals have been used as fumigants, but currently, only chlorpyrifos-methyl (Reldan)
and phosphine are considered safe. Historically, malathion and methyl bromide were used extensively to
protect stored rice from insect damage, but many stored-product insect species have developed resistance
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Cereal Research Centra

FIGURE 4.43 Hopper-bottom bins. (From CRC. Agriculture and Agri-Food Canada. Winnipeg: Cereal Research Center.)

FIGURE 4.44 Farm bins. (From CRC. Agriculture and Agri-Food Canada. Winnipeg: Cereal Research Center.)

TABLE 4.23

Capacity per Unit Depth for Grain Bins of 4.6 m (15 ft) to 14.6 m (48 ft) Diameter

Diameter (ft) 15 18 21 24 27 30 33 36 39 42 48
Diameter (m) 4.6 55 6.4 7.3 8.2 9.1 10.1 11.0 11.9 12.8 14.6
Capacity (bu/ft) 141 203 277 362 458 565 684 814 955 1108 1448

Capacity (m*m depth) 163 235 320 419 530 653 79.1 94.1 1104 128.1 167.4

Source: M.R. Paulsen, W.L. Odekirk. Appl. Eng. Agric., 16(5): 513-525, 2000.

to malathion [123]. Many of the chemical pesticides used to protect rice and other grains from insect
activity are threatened by environmental legislation. For example, methyl bromide depletes the ozone
layer and has been ordered to be phased out of use by 2005 in developed countries in response to the
Montreal Protocol. Other pesticides may be in danger of losing their registration status due to the Food
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FIGURE 4.45 Some of the grain insects and their dimensions. (From CRC. Agriculture and Agri-Food Canada. Winnipeg:
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FIGURE 4.46 Air movement in grain. (From L. Caddick.
Farming Ahead, 131: 35-36, 2002.)

Quality Protection Act and other Environmental
Protection Agency rulings [124]. Chlorpyrifos-
methyl is the only insecticide labeled for direct
application to stored rice, but recent published
reports have stated that lesser grain borers are
developing resistance to chlorpyrifos-methyl
[125]. Currently, the main chemical option for
controlling insects in stored commodities is the
fumigant phosphine. The fumigant phosphine has
provided an important replacement to methyl bro-
mide in several situations, but phosphine has one
important disadvantage—it requires an exposure
period of 5 days or longer, which makes it unsuit-
able for quarantine fumigation [122].

Other possible methods for the protection of
stored products from insect infestations would be
through the utilization of diatomaceous earth
(DE), an inert dust registered to control insects in
stored commodities [126], or through the utiliza-
tion of radiation. Although the newer formulations
of DE are more effective than the formulations of
the past, they can still affect the physical proper-
ties of the stored grain [127]. It may be possible
that DE could be an effective method for preven-

tion of infestations, but Arthur [128] demonstrated that extreme conditions, which may not be optimum
for grain storage, are needed to allow the DE formulation to be the most effective. Radiation could also
supply a direct alternative to the fumigation of rice, but there are few facilities available for this work.

Insects are poikilothermic organisms; therefore, their activity is controlled by their surrounding tem-
perature. The optimal temperatures for their growth and development have been proposed to be between
25°C and 33°C, while 13°C and —25°C and 33°C and —35°C are considered suboptimal [129]. At tem-
peratures below 13°C and above 35°C, most insects will eventually die [130].
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FIGURE 4.47 Development of hotspots due to insect infection. (From L. Caddick. Farming Ahead, 131: 35-36, 2002.)

TABLE 4.24

Optimal Development Conditions of Some Common Insect Species Found in Grain Storages

Insects Temperature (°C) Relative Humidity (%)
Angoumois grain moth (Sitotroga cerealella) 26-30 75
Indian meal moth (Plodia interpunctella) 26-29 70
Khapra beetle (Trogoderma granarium) 33-37 25
Larger grain borer (Prostephanus truncates) 25-32 80
Lesser grain borer (Rhyzopertha dominica) 32-34 50-60
Red flour beetle (Tribolium castaneum) 32-35 70-75
Rice weevil (Sitophilus oryzae) 26-31 70
Rusty flour beetle (Cryptolestes ferrugineus) 33 70-80
Sawtoothed grain beetle (Oryzaephilus surinamensis) 31-34 90
Maize weevil (Sitophilus oryzae) 26-31 70

Source: J.E. Montross et al. In: EW. Bakker-Arkema, Ed. CIGR Hand Book, Vol. IV. St. Joseph, MI: American Society of
Argricultural and Biological Engineers, 1999.

4.3.1.7 Rodents

Rodents are among the most important global pests [131]. Three common rodents are the house mouse
(Mus musculus), the brown rat (Rattus norvegicus), and the ship rat (Rattus rattus), also known as roof
rat. The brown rat is also known as the Norway rat, house rat, barn rat, sewer rat, black rat, or wharf rat.
Every year, rats in Asia consume food crops that could feed 200 million people for an entire year [132].
Damage due to rodents in Tanzania causes an estimated annual yield loss of 5%-15% of corn, corre-
sponding to about $45 million, and food that could feed about 2 million people [133]. In parts of South
America, native rodents cause crop damage varying between 5% and 90% of the total production [134].
It is estimated that one rat can consume about 10 g of feed per day and destroy 10 times of this amount
during feeding by its dropping and urine [135]. Infestation of feed grains by mites can seriously reduce
their nutritional quality and acceptance by animals [136]. There is also a possibility of mites causing
allergy problems in workers handling contaminated grain and grain products [137].

Rodent killing as a single control measure is expensive and effective for only brief periods of time. It
is most effective if carried out during the winter when reproduction is at its lowest level. Two forms of
rodent control are normally practiced. Trapping is the most common method of rat killing. Traps may or
may not be baited but should always be placed in areas of rodent activity. Bacon, peanut butter, bread,
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FIGURE 4.48 Aeration process illustrations. (From CRC. Agriculture and Agri-Food Canada. Winnipeg: Cereal Research
Center.)

TABLE 4.25
Approximate Static Pressure

Airflow Static Pressure (in. of Water)
Rate (cfm/bu)? Distance through Grain (ft) Maize Wheat
1720 50 1.0 33
1/10 50 1.8 6.9
120 100 3.0 13.0
110 100 7.3 25.0

2ft3/min/bu (= m3/min/tonne).
Source: J.E. Bailey. In: D.B. Sauer, Ed. Storage of Cereal Grains and Their Products. St. Paul, MN: American Association
of Cereal Chemists, 1992, pp. 157-182.

and nutmeats make suitable baits.
Mousetraps should be placed at intervals

71 Incoming air of about 1 m (3—4 ft); rattraps should be
- set 4.5-9 m (15-30 ft) apart. Traps are
35, % an alternative to rodenticides, especially
]l } 1‘/1/ Uniform air flow where chemicals cannot be used; how-
_I t 1 : through grain mass ever, the use of traps is more labor inten-

: l 3 E sive than chemicals.

Aeration _n 1 ll l Aeration duct

fan ' - .¢ |+ (in-floor or above-floor)  4.3.2  Structural Considerations:

DI ' Warehouse and Silo

4.3.2.1  Warehouses

Warehouses are used to store milled rice.
Millers normally use bags to store, which

Aeration system

FIGURE 4.49 Aeration system. (From Ministry of Agriculture, Food T
and Rural Affairs, Government of Ontario, Canada, http://www.omafra. ~ ay vary in size from 50 Ib (22.7 kg)
gov.on.ca/english/engineer/facts/88-070.htm.) to 1 tonne. Warehouses are much less
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Cerecal Research Contre

FIGURE 4.50 Aeration ducts in a bin. (From CRC. Agriculture and Agri-Food Canada. Winnipeg: Cereal Research Center.)

efficient than bins and higher costs associated with
storage, but are very useful for higher-valued prod-
ucts such as milled and specialty rice [138]. Side void

or "rat-hole"

4.3.2.2  Grain Bulk

The design of bins and silos involves bulk materials,
and geometric and structural considerations. The
frictional and cohesive properties of bulk grains vary
from one grain to another. In addition, a given bulk
grain’s flow properties can vary dramatically with
changes in numerous parameters such as particle FIGURE 4.51 Rat-holing leads to unbalanced sidewall
size, moisture, temperature, and consolidating pres- forces. (From Ministry of Agriculture, Food and Rural

. . Affairs, Government of Ontario, Canada, http://www.
sure. Some of the design techniques that are com- . .

X . . omafra.gov.on.ca/english/engineer/facts/88-070.htm.)

monly used take into account grain properties such
as specific weight (Y), angle of internal friction (¢),
and grain-to-wall friction coefficient.

Final silo shape

4.3.2.3  Storage Structure Design

While considering the geometric design of a silo, potential problems include aching across an outlet, rat-
holing (Figure 4.51) through the material, and the flow pattern during discharge [139]. The arching or
rat-holing is primarily related to grain’s cohesiveness, while its flow pattern during discharge depends
upon internal friction as well as the friction that develops between the grains and the silo’s hopper walls.
The goal of geometric design is to maximize the usable capacity of a silo while minimizing its capital
cost, overall height, etc. [139].

The silo design procedures include selection of the optimum hopper angles and minimum outlet dimen-
sions. The ideal discharge mode is one where, at steady state, all material flows. The structural design of a
silo requires knowledge of the distribution of pressures and shear stresses on its walls (caused by the stored
grain) and how that distribution varies during charging, storage at rest, discharging, and recharging [139].

Grain-storage bins are generally designed as thin-walled cylindrical shells and typically loaded and
unloaded along the line of their central axis. The loads exerted by grain on silo structures can be grouped
into two categories: those because of initial fill and those that are due to flow. When grain is poured into
a bin, it forms an angle from the horizontal called the angle of repose. The outflow hopper at the bottom
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TABLE 4.26
Angle of Repose of Selected Cereal Grains

Bulk Density Kernel Density Porosity Angle of
Grain (kg/m?) (kg/m®) (%) Repose, Filling  Emptying
Barley (Bedford) 664 1346 44 24 26
Oats (Fidler) 555 1315 52 27 25
Wheat, bread (Columbus) 780 1379 38 26 23
Rye (Gazelle) 760 1406 41 25 21
Wheat, durum (Coulter) 744 1377 41 23 21

Source: W.E. Muir, R.N. Sinha. Can. Agric. Eng., 30(1): 51-55, 1988; M. Rameshbabu et al. Can. Agric. Eng., 38(1):
31-35, 1996.

TABLE 4.27

Design Parameters for Selected Grains

Grain MC (%) WM u K W (kg/m®)

Barley 11.0 Smooth steel 0.10 0.4 620
11.0 Corrugated steel 0.35 0.6 620
11.0 Plywood 0.30 0.6 620
11.0 Concrete 0.35 0.6 620

Corn, shelled 11.0 Smooth steel 0.20 0.4 720
11.0 Corrugated steel 0.35 0.6 720
11.0 Plywood 0.30 0.6 720

1.0 Concrete 0.35 0.6 720

Wheat 11.0 Smooth steel 0.10 0.4 770
11.0 Corrugated steel 0.35 0.6 770
11.0 Plywood 0.30 0.6 770
11.0 Concrete 0.35 0.6 770

WM, wall material; p, coefficient of friction between the grain and bin wall; K, ratio of lateral-to-vertical pressure; W, grain
bulk density.
Source: Z. Ni. An expert system for analysis of grain bin loads. MS thesis, University of Manitoba, Winnipeg, 1997.

TABLE 4.28 of a bin must be cone shaped and have a slope greater
than the angle of repose, or the grain will not flow out.

Material Properties for EP433 : -
Smaller bins require a steeper slope because of the

Wall Material ! K greater friction on the sides of the hopper. Angle of
Concrete 0.40 0.5 repose of some cereal grains is presented in Table 4.26.
Corrugated steel 0.37 0.5 The lateral pressure of the grain on bin walls is about
Steel, smooth 0.30 0.5 0.3-0.6 of the vertical pressure, and the vertical pressure

increases very little after a depth of about three times the
bin diameter [15]. Grain settles or packs during storage.
Lightweight grain such as oats may pack to lose as much
as 28% of its volume.

Design values for coefficient of friction of grains on various materials are important. However, the
coefficient of friction varies not only with each type of grain, but also with the experiment condition such
as moisture content. Hence, the selection of the coefficient of friction will depend on the personal expe-
rience of individual engineer [142]. Design parameters for some of the grains at different moisture con-
tents are presented in Table 4.27.

Several countries have adopted codes and standards for bin designs to ensure safe and better-quality
structures. Those include the Canadian Farm Building Code [143] and EP433 [144]. In EP433, a maximum
of 834 kg/m? is recommended for the bulk density of any free-flowing grain, and other material properties
depend only on wall material [142]. The properties of some of the wall materials are presented in Table 4.28.

Source: Z. Ni. An expert system for analysis of grain bin
loads. MS thesis, University of Manitoba, Winnipeg,
1997.
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TABLE 4.29

Recommended Values of the Angle of Internal Friction (¢), Apparent Cohesion (C), Dilatancy Angle (1), and
Poisson’s Ratio (v) for Selected Grains at Certain Moisture Content

Grain @(°) C (kPa) ] v MC (%)
Barley (krona) 24.8-26.6 0.58-5.19 7.0-18.9 0.33-0.35 12.80
Barley (kym) 21.6-254 0-10.72 4.0-4.9 0.35-0.36 11.92
Chickpea (eulalia) 26.8-28.8 0-8.25 27.1-34.4 0.26-0.27 10.51
Wheat (camacho) 20.8-24.6 2.87-13.16 6.0-14.4 0.27-0.37 11.15

Source: M. Moya et al. Trans. ASAE, 45(5): 1569-1577, 2002.

TABLE 4.30

Recommended Values for Real Specific Weight (Y,), Apparent Specific Weight (Y,,), and Modulus of
Elasticity (E) at Certain Moisture Content

Grain Y, (N/m?) Yap (N/m3) E (kPa) MC (%)
Barley (krona) 11,707 6451 1267-1372 12.80
Chickpea (eulalia) 13,218 8313 5780-5903 10.51
Oats (prevision) 10,225 4747 413-571 10.00
Wheat (horzal) 12,575 8147 5048-5211 11.03

Source: M. Moya et al. Trans. ASAE, 45(5): 1569-1577, 2002.

ASAE Standards [144] give design recommendations for axial symmetric states of stress. However,
during the operation of a grain facility, certain loading and unloading conditions can create a nonuniform
distribution of pressure within a grain bin. The highest asymmetry of bin load is thought to occur during
eccentric unloading. Nonsymmetrical bin loads, which occur during eccentric discharge, are considered
a major cause of bin failure [145].

The design of grain silos requires the designer to understand not only the principles of structural
design but also the properties of stored grains. Eurocode for bin design has been published to provide
guidelines for silo designers [146]. This design standard predicts bin loads using Janssen’s equation.

Recently, numerical methods have been used in grain silo design. It has been possible to better model
the behavior of grain inside a bin. However, to use these methods, it is necessary to consider additional
grain properties such as elastic modulus (E), Poisson’s ratio (v), and dilatancy angle (). However, very
limited information is available on these design parameters [147]. Tables 4.29 and 4.30 present some
additional grain properties that can be used in numerical methods of silo design. Storage capacities of
grain bins are shown in Table 4.31.

4.3.2.4  Grain Handling
4.3.2.4.1 Conveyors

There are various types of grain conveyors, such as en-masse conveyor, and U-trough conveyors and tube
augers.

4.3.2.4.1.1 En-Masse and Shrouded Conveyors En-masse conveyors (Figure 4.52) can be
designed to move grain in any application at any operating angle. However, an en-masse conveyor starts
to lose capacity with an operating angle greater than horizontal, and the maximum operating angle is
often considered to be 7° [110]. En-masse conveyors do less damage to grain than augers and are often
recommended in high-capacity handling situations because of lower power requirements. Once the
operating angle exceeds 70°, it is recommended to use a shrouded conveyor. A shrouded conveyor acts
more like a drag conveyor, pulling grain along the inside of an enclosed chamber. Shrouded conveyors
are typically used with operating angles up to 45° [110].
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TABLE 4.31 4.3.2.41.2 U-Troughs and Tube Augers
Storage Capacity of Bins U-trough conveyors are often used for horizon-
tal applications for reclaim from bins or across
the roofs of bins. Both tube augers and

Bin Diameter Bin Height  Stored Capability

(m) (m) (Tonnes) U-troughs will do less damage to grain if run
4.0 3.0 38 full and at low speeds. Both types of augers lose
ig gg :Z about 40% of their capacity in wet grain [110].
4.0 6.0 63 The capacities and power requirements for hori-
4.0 7.0 79 zontal screw conveyors (augers) are presented in
4.0 8.0 89 Tables 4.32 and 4.33, respectively. The auger
4.0 9.0 99 capacities will vary with grain type, condition,
28 128 lg? and loading method. The information presented
50 4.0 77 here are to be used as a guide only, and the
5.0 5.0 93 power requirement will vary with condition and
5.0 6.0 110 type of grain, loading factor, rpm, use of reduc-
50 7.0 126 tion pulleys, and speed reducers. For high-mois-
28 28 ig; ture grain, the power should be multiplied with
50 10 174 a factor of 1.5.

6.0 4.0 115

2:8 2:8 izg 4.3.2.4.1.3 Pneumatic Conveyors Pneumatic
6.0 7.0 185 conveyors are used for transporting dry grain away
6.0 8.0 208 from grain dryers to storage bins. Some advan-
6.0 9.0 237 tages of pneumatic conveyors are: they are self-
6.0 10 254 cleaning, they allow transport of different products
;8 gg igi without contamination; dust is totally enclosed
70 6.0 205 except at discharge; they are safe (no moving parts
7.0 7.0 256 other than blower and airlock). Their disadvantage
7.0 8.0 288 [110]: power requirements greater than other
7.0 2.0 319 methods, noisy to operate; and grain damage can
;8 12.0 ;i; occur if the system is not operated properly, so
8.0 5.0 260 grain velocities remain around 762-914 m/min
8.0 6.0 301 (25003000 ft/min). Typical pneumatic conveyor
8.0 7.0 342 characteristics are presented in Table 4.34.

8.0 8.0 383

8.0 9.0 424

8.0 10 465 4.3.2.4.1.4 Bucket Elevators Bucket eleva-

tors provide an effective way to distribute and
automate handling of grain. Spouts normally
come in diameters of 102 mm (4 in.), 152 mm
(61in.), 203 mm (8 in.), 254 mm (10 in.), 305 mm
(12 in.), or 356 mm (14 in.) [110]. The power requirement of a bucket elevator depends on the capacity
and product-elevating height (Table 4.35).

Source: Z. Ni. An expert system for analysis of grain bin loads.
MS thesis, University of Manitoba, Winnipeg, 1997.

4.3.3 Controlled Atmospheric Storage of Grain

Controlled atmospheric (CA) storage of grains includes commodity-modified CA storage and artificially
modified CA storage [150]. In case of commodity-modified storage, respiration of the grain and the
microorganisms reduce the O, and increases the CO,. The atmosphere in a modified storage is changed
by injecting N, or CO, into the system [108]. Nitrogen-producing exothermic generators are available
commercially for altering the intragranular gas composition in a grain storage system. Carbon dioxide
(CO,) is another gas that can also be used for CA storage of grains.
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FIGURE 4.52 En-masse conveyor. (From GSI Grain Systems, Assumption, IL, 2005.)

TABLE 4.32

Capacities for Horizontal Screw Conveyors with Clean Dry Corn at 90% Loading (Which Is Usually
Maximum)

Capacity, Capacity, % Loss from % Loss from % Loss for 25%

Auger t/h (bph) t/h (bph) Horizontal Horizontal Moisture
Diameter, Auger, per 100 at Stated for 45° Angle for 90° Angle Content
mm (in.) rpm rpm rpm of Operation of Operation Corn
102 (4) 312 1.5 (60) 4.7 (187) 20 50 40
102 (4) 875 1.5 (60) 13.3 (525) 20 50 40
152 (6) 276 6.4 (250) 17.5 (690) 20 50 40
152 (6) 510 6.4 (250) 32.4 (1275) 20 50 40
203 (8) 269 12.7 (500) 34.2 (1345) 20 50 40
203 (8) 438 12.7 (500)

(1200) 55.7 (2190) 20 50 40
254 (10) 261 30.1 (1200) 79.6 (3132) 20 50 40
254 (10) 350 30.1 (1200)

(2000) 106.8 (4200) 20 50 40
305 (12) 285 50.8 (2000) 144.9 (5700) 20 50 40
305 (12) 350 50.8 (2000) 178.0 (7000) 20 50 40
356 (14) 80 101.7 (4000) 81.4 (3200) 20 50 40
356 (14) 200 101.7 (4000) 203.4 (8000) 20 50 40

Source: Hutchinson Manufacturing. In: Hutchinson Product Catalog. Clay Center, KS: Hutchinson Manufacturing, 1998.

E——
4.4 Milling

4.4.1 Grain-Milling Operations

The term milling refers to the size reduction of granular material, but for cereal grains the term has dif-
ferent connotations. Wheat milling means wheat grinding to prepare flour. Rice milling includes opera-
tions like dehusking and polishing, whereas pulse milling may involve processing operations such as
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TABLE 4.33
Length of the Horizontal Auger That Can Be Powered by a Given Motor Horsepower

Length of Auger, m (ft)

152 mm (6 in.) 203 mm (8 in.) 254 mm (10 in.) 305 mm (12 in.)

Motor, kW (hp) Diameter Diameter Diameter Diameter
1.1 (1.5) 4.6 (15) — — —
1.5(2) 7.6 (25) 4.6 (15) 3.0 (10) —
2.2 (3) 13.7 (45) 7.6 (25) 6.1 (20) 4.6 (15)
34(5) 21.3 (70) 15.2 (50) 10.7 (35) 7.6 (25)
5.6 (7.5) 33.5(110) 24.4 (80) 15.2 (50) 12.2 (40)
7.5 (10) — 33.5(110) 24.4 (80) 15.2 (50)
11.2 (15) — — 33.5(110) 24.4 (80)
Capacity with 22.9-0.5 38.1-50.8 63.6-89.0 101.7-127.1

corn, t/h (bph) (900-1200) (1500-2000) (2500-3500) (4000-5000)

Source: Hutchinson Manufacturing. In: Hutchinson Product Catalog. Clay Center, KS: Hutchinson Manufacturing, 1998.

TABLE 4.34

Typical Pneumatic-Conveyer Characteristics

Pipe Diameter (cm) Capacity (m3/h) Power (kW)
7.6 14.1 7.6
10.2 24.7 11.5
12.7 423 15.3-22.9
15.2 70.5 30.6-38.2

Source: Midwest Plan Service. Grain Drying, Handling, and Storage Handbook, 2nd ed.
MWPS-13, Ames, IA: Iowa State University, 1987.

TABLE 4.35
Typical Bucket Elevator Data for Maize

Capacity (m*/h) Belt Speed (m/min) Bucket Size (cm) Bucket Spacing (cm) Power (KkW/m)
35 101 229 X 12.7 30.5 0.098
53 115 22.9 X 12.7 229 0.147
70 101 22.9 X 12.7 15.2 0.196
88 129 229 X 12.7 15.2 0.245
106 151 22.9 X 12.7 15.2 0.294
141 151 229 X 15.2 16.5 0.392

Source: D.B. Brooker et al. Drying and Storage of Grains and Oilseeds. New York: Van Nostrand Rein-hold, 1992.

husk separation, splitting of kernels and polishing, or just polishing. The dry milling of cereals consists
of grain cleaning, tempering and conditioning, and roller milling. It is primarily concerned with separa-
tion of the anatomical parts of grain. Roller mills are considered to be the workhorses of the grain-milling
industry. In flour milling, roller mills perform bran separation as well as size reduction. First-break, or
the first roller mill operation in the milling process, performs the first bran separation by opening the
wheat kernels with minimum bran breakage. Bran coming out in the form of flakes ensures ease of sep-
aration from the endosperm in succeeding stages. Mechanical energy is required to impart compressive
and shear forces that break wheat kernels and reduce the size of endosperm particles [151].

4.4.2 Specialty Milling

Identity-preserved (IP) grains are referred to as specialty, high-value, premium, or niche market grains. They
are produced with a specific end use in mind—perhaps human food, a specific kind of animal feed, cosmetics,
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Steps in the wet corn milling process

Shelled corn
JL (100 Ib.dry basis)

Corn cleaners

Steepwater Steepwater

Steep tanks i evaporators

Germ separators Germ - Germ
extractors
Grind mills
- Bran
Washing screens Corn
oil
Centrifugal Gluten (3.618)
separators ~— |
I
Starch washing

hydro-clones v v

* Gluten Gluten Corn Condensed
meal feed germ fermented

Starch and meal corn
nutritive sweetners extractives

FIGURE 4.53 Overview of a wet corn milling process. (From J.W. Schroeder. Corn gluten feed: composition, storage,
handling, feeding and value. AS-1127, Extension Service, North Dakota State University, Fargo, ND, 1997.)

pharmaceuticals, or industrial use [152]. Corn kernel components
Example of IP cereal grain is corn, high oil, —
endosperm/food grade, white, high amylose,
waxy, nutritionally dense (low phytase, high
lysine, or methionine).

Corn wet milling is a complicated, large-
scale, and efficient industrial process designed
to separate the chemical components from
corn kernels. The success of wet milling, in
terms of maximum yields, is largely depend-
ent on the success of the steeping process.
Improper steeping, or steeping of corn kernels
that have unusual physical or chemical struc-

-—— Bran (hull and hiber)

Gluten (high in protein)
Starch (70% of kernel)

Germ (high in oils)

13%-16% water

tures, results in lost product and lower profits. FIGURE 4.54 Components derived from corn in the wet milling
Steeping processes however are still based process. (Frorp JW. Schroeder. Corn gluten feed: c.ompositi.on,
largely on an art that was develope d more than storage, handling, feedlhng afld value. AS-1127, Extension Service,
K North Dakota State University, Fargo, ND, 1997.)

100 years ago [153]. As the market increases

for specialty corn, corn genetically bred with unique starch characteristics or, corn with altered chemical
composition, a thorough scientific understanding of steeping chemistry and the entire wet milling process
will become increasingly important.

The wet milling process goes a step further than cleaning by separating some of those anatomical parts
into their chemical constituents, such as starch, protein, oil, and fiber instead of bran, germ, and
endosperm [15]. The steps involved in corn wet milling are shown in Figure 4.53. The different compo-
nents derived from corn wet milling operation are shown in Figure 4.54.

The effectiveness of the dry grind corn process (Figure 4.55) lies in complete conversion of starch into
ethanol. It is important that starch is available for digesting enzymes such as a-amylase and glucoamylase.
This is possible only if starch granules are exposed during grinding and cooking processes. It has been
observed that starch granule structure differs significantly in hard and soft endosperms. The protein and
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FIGURE 4.55 Dry grind corn process. (From G.S. Murthy et al. Effect of corn endosperm hardness on different stages of
dry grind corn process. Paper No. 046063. St. Joesph, MI: American Society of Agricultural Engineers, 2004.)

starch matrix also is different in endosperm fractions. It has been observed that hard and soft endosperm in
corn significantly differ in their dry milling characteristics, and these differences may be due to structural
differences in the protein—starch matrix and nature of endosperm starch granules. Endosperm hardness
might have an effect on starch conversion into glucose and fermentability of glucose into ethanol [155].
Optimization of the dry and wet milling processes requires timely knowledge of the distribution of milled
products and their by-products. Although the machinery used in various milling operations is important,
control and operation of the machines by the operator are even more critical.

4.4.3 Rice Milling and Processing

An ideal rice mill removes the bran layers and germ from brown rice kernels with minimal kernel break-
age and preserving each kernel in its original shape [156]. The quality of milled rice is largely determined
by the yield of well-milled, whole kernels, referred to in the rice industry as head rice [157]. Broken rice
kernels are sold at a much lower price than head rice.

The most common huller used in milling operations is a rubber-roll sheller (Figure 4.56). They are pre-
ferred because of their efficiency in removing hull (>90%). In a modern rice mill, a pair of rubber-lined
rollers are mounted in an enclosed chamber and driven at a friction ratio. A typical unit using 254 mm
nominal width X 254 mm outer diameter rollers is run at 1.28:1 friction ratio with the faster roller at 900
rpm [158]. The nip of the rollers is manually adjusted during dehusking to compensate for the gradual
abrasion of the rubber surface and its thermal softening. The paddy passing through the rollers nip is sub-
jected to both compressive and shearing forces. When these forces are correctly predetermined for a par-
ticular grade of paddy (by rubber hardness, resilience, rollers nip, speed, and friction ratio), the paddy will
remain substantially intact after going through, while the husk is broken off. In practice, the dehusking
efficiency can be as high as 90% per pass. The products from a rice mill are head rice, brokens, rice bran,
rice polish, and the hulls. In general, paddy rice yields 20% hulls, about 2% polish. The remaining 70%
is broken or head rice [15]. A schematic diagram of rice milling operation is presented in Figure 4.57.

The pearler or milling machine is the most critical machine in a rice mill, in which barn is removed,
and also in which most of the breakage occur [153]. Figure 4.58 shows a mill-top one-pass rice pearler
combined with husker. The degree of milling can be controlled by varying the pressure and thereby reg-
ulating the average residence time in the chamber. Figure 4.59 shows a paddy husker.

Parboiling of rice is considered as a means of reducing broken losses during milling. The idea is based
on the attributes of apparent hardness of parboiled rice. Breakage of nonparboiled rice during milling is
generally related to various physical properties of the grain and environmental conditions during the
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growing season, harvesting, handling, and
storage of rice [162]. Rice grains with stress
fissures break more readily than sound ker-
nels during handling, milling, and trans-
portation, and thereby reducing the quality
and market value of the grain [57]. The value
of the broken rice grain is often one-half of
that of the whole grain [6]. The major source
of broken rice during milling is fissured
grains [163].

4.4.4 Dehulling and Splitting
of Pulses

In many countries of the world, pulses are ini-
tially processed by removing the hull and
splitting into dicotyledonous components.
Dehulling operation is usually performed in
two steps, the first involves loosening the husk
from the cotyledons and the second removing
the husk from cotyledons and splitting them
using a roller machine or stone chakki.
Graded grains are made to pass through a
roller machine, which causes a mild abrasion
(tempering operation). Tempering operation o \
causes slight scratches on the seeds and
enhances their oil-and water-absorbing effi-
ciency leading to the loosening of the testar.
Grain is then treated with oil and water, and, k-4
then spread on drying yards to dry under the T 7 3'/ j J § é‘%”'y’f' .f«_\,z)a ?,2,/.-
sun. For dehulling of conditioned pulses, ({:&* % ;; ?‘m;» 02, ffu_; 4% 24_“3;”./‘; 77 /é/:&' g
emery rollers called Gota machines are used. R—

In one pass or single operation about 50% of FIGURE 4.56 Rubber-roll sheller. (From Rubber-roll sheller S10
pulses are dehusked. Dehusked pulses are  pR. Reinbek, Germany: FH Schule Muhlenbau GmbH.)
split into two parts. Dehusked split pulses

are separated by sieving and the husk is aspirated off. Unsplit dehusked pulses and tail pulses are again
dehusked and milled in a similar way. Till all the pulses are dehusked and split off, the whole process is
repeated twice or thrice.

4.4.4.1  Wet Milling of Pulses

There are two types of conventional pulse milling methods in India: wet and dry milling methods. The
flow diagram of wet milling is given in Figure 4.60.

4.4.4.2  Dry Milling of Pulses

Hulling of legumes on a commercial scale is generally based on dry-processing techniques. Many of the
operations, particularly husking and splitting, are mechanized. For all types of pulses there is no common
processing method. However, some general operations of dry-milling method such as cleaning and grad-
ing, rolling or splitting, soiling and moistening, and drying and milling are considered (Figure 4.61).
Removal of the loosened husks from the pulses in the dry-milling technique is done in small machines.
Hand- or power-operated underrunner disk shellers or grinders with emery or stone contact surfaces are
normally used. A plate mill with a blunt contact surface is sometimes used both to husk and split soaked
and dried pulses. After aspirating or winnowing off the husk, the split cotyledons are separated by sieving.
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FIGURE 4.57 Schematic representation of rice milling operation. (From National Bank of Agriculture and Rural
Development, Mumbai, India.)

Remaining unsplit whole grains are similarly processed until almost all the grain is husked. In certain parts
of India, oil-treated and sun-dried grains are husked in an Engelberg-type rice huller after being mixed
with 2%-3% stone powder. Sound kernels are removed by sieving, while the husk, powder, and small bro-
kers remain in the stone powder [165]. Figure 4.62 shows the facility for dehulling and splitting of a vari-
ety of pulses at the Canadian International Grains Institute [166].

4.4.5 Milling of Pulses

Dry whole seeds of pulses possess a fibrous seed coat or testa (husk, hull, or skin). The seed coat is often
indigestible; therefore, pulses are mainly consumed after dehusking to improve their palatability and
taste. In most parts of the world, pulses are traditionally consumed either in the whole or in the form of
dehusked split pulse. Dehulling, therefore, is an important primary processing activity. Milling provides
dehulled cotyledons with better appearance, texture, and cooking qualities [167].

4.4.5.1  Milling Technologies

Milling of pulses involves removal of outer husk and splitting the grain into two equal halves. Generally,
the husk is much more tightly held by the kernel of some pulses than most cereals, causing dehusking of
pulses a problem. The method of alternate wetting and drying is used to facilitate dehusking and split-
ting of pulses. In developing countries, the dehusked pulses are produced by traditional milling methods.
In traditional milling, the loosening of husk by conditioning is not sufficient. Therefore, a large amount
of abrasive force is applied for the complete dehusking of the grains, which result in high losses in the
form of broken and powder. Consequently, the yield of split pulses in traditional mills is only 65%-70%
in comparison to 82%—-85% potential yield [31].

Pulse milling constitutes two major steps: loosening of the husk, followed by removal of the loosened
husk by suitable milling machinery. The first step is referred to as premilling, whereas the second is referred
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E = N
Millod white rice

FIGURE 4.58 One-pass rice pearler combined with husker. (From HR Paddy Husker. Stockport, England: Satake
Corporation UK.)

to as milling or dehulling. Loosening of husk is achieved either by a wet or a dry method. In the wet method,
the grains are soaked in water for a few hours, drained, left in heaps (usually overnight), and dried in sun.
In the dry method, cleaned and size-graded grains are mixed with a small amount of oil, usually after scar-
ification of husk. This scarification of husk is commonly called as pitting and is done to facilitate the oil
penetration between the husk and the cotyledons. Oil-treated grains are heaped overnight and then dried in
the sun for 2-5 days, with intermittent water spraying and mixing. In both of the premilling treatments,
adherence of the husk to the cotyledon weakens and, as a result, its removal becomes easy [167].

There is no common processing method for all types of pulses. However, some general operations of
dry milling have been described here. The general operations of dry milling include cleaning and grad-
ing, rolling or pitting, oiling, moistening, and drying and milling [29]. In India, traditional dhal milling
is the most common processing method used for most of the pulses.

4.4.5.2  Unit Operations

Conventional pulse milling involves many unit operations such as cleaning the raw material, size-grad-
ing, scarification of husk (pitting), oil mixing, water mixing, drying, dehulling, splitting, aspiration of
husk separation of broken and splits, and finally, polishing [167].



Postharvest Handling of Grains and Pulses 125

4.4.52.1 Cleaning and Grading

The basic step involved in processing of pulse prod-
ucts is the cleaning of the raw material. In cleaning,
the main aim is to remove any foreign material, adher-
ing soils, dust, chaff, and fungal spores that are
attached to or mixed with the product. A simple clean-
ing unit may consist of a vibratory inclined sieve,
hopper, grain collector, waste collector, and motor.
The vibratory sieves are provided with different size
openings to match the requirements of the type of
final product being processed. Grains can be graded
according to size by hand- or power-operated cleaners
and graders.

Cleaning facilities also usually grade the pulse
seeds, primarily based on size, color, and absence of
visible damage or infection [168]. Color and size are
important grading factors for certain pulses. The CGC
has developed a grading instrument for assessing the
color and size distribution of lentils. Modules for
grading other pulses such as peas, chickpeas, and
beans are under development [169].

4.4.5.2.2  Color Sorting

Color sorting is another means of adding value to
pulse seeds. The technology uses ultraviolet light to
FIGURE 4.59 HR Paddy Husker. (From HR Paddy differentiate seed coat color as seeds pass through the
Husker. Stockport, England: Satake Corporation UK.) machine. However, this advanced technology is very
expensive and only a very few pulse processors in
some developed countries can possess it.

44523 Pitting

An emery roller machine is used to achieve cracking and scratching of clean pulses passing through it.
This leads to the facilitating of water absorption. The clearance between the emery roller and cage (hous-
ing) gradually narrows from inlet to outlet. Cracking and scratching of husk take place mainly by fric-
tion between pulses and emery as the material is passed through the narrowing clearance. Some of the
pulses are dehusked and split during this operation, which are then separated by sieving. Pitting or
scratching of grain legumes is done using a roller machine.

4.45.2.4 Pretreatment with Oil

A screw conveyor allows passing the scratched or pitted material through it and mixing of some edible oil such
as linseed oil (1.5-2.5 kg/tonne of pulses). Then they are placed on floors for about 12 h to diffuse the oil.

4.4.5.2.5 Conditioning

Pulses are conditioned by alternate wetting and drying. Moisture (3%—5%) is added to the pulses after
sun drying for a certain period and then tempering is done for about 8 h. The grain is dried in the sun
again. By allowing water to drop from an overhead tank on the pulses, which are passed through a screw
conveyor, an addition of moisture to the pulses is achieved. The screw is slowly rotated (50-70 rpm) to
achieve proper mixing of oil-water with the grain. The length and width of the conveyors range between
15002500 mm and 200-300mm, respectively [167]. Until all pulses are sufficiently conditioned the
whole process of alternate wetting and drying is continued for 2—4 days. Pulses are finally dried to about
10%—-12% moisture content. Mechanical hot-air-drying systems can also be used for drying of pulses.
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4.4.5.2.6  Dehusking and Splitting

Dehusking is a process that reduces the fiber content
and improves appearance, texture, cooking quality,
palatability, and digestibility of grains [170]. In one
pass or single operation, about 50% of pulses are Cleaning
dehusked. Dehusked pulses are split into two parts.
The split pulses are then separated by sieving and the
husk is aspirated off. Unsplit dehusked pulses and
tail pulses are again dehusked and milled in a similar Soaking
way. Until the remaining pulses are dehusked and
split, the whole process is repeated two or three
times. Teckchandani and Mukherjee [171] have
reported that recovery of dehusked splits is in the
range of 68%—75% in three passes. A simple box-
type aspirator with a suction fan or a cyclone-type
separating system can be used. Split pulses are often
used by processors in stews and soups because they Conditioning
cook much faster than whole pulses [168].

For splitting, various machines similar to under-
runner disk shellers, attrition mills, roller machines
or impact machines are used. In India, carborundum Dehusking and
emery rollers are used for dehusking while burr splitting
grinders are used for splitting [172]. Dehusking and
splitting can also be achieved in a roller machine
through either simultaneous or separate operations.
In separate operations, the water-treated and sun-
dried seeds are split in sheller machines [32].

Mixing with
red soil

<_I<_

Grading

<_I<_

4.4.5.2.7 Improved Dehusking Method Dehusked split

A hot air stream of 300°C is passed through the grains pulses
to reach a critical point, which makes seed coat brit-

tle. Then the seeds are allowed to pass through the = FIGURE4.60 Flow diagram of pulse wet milling. (From
pulse-dehulling machine to remove the seed coat. Indiaagronet. Mumbai, India: Agronet Software.)

This action is achieved by stone-coated rollers [173].

4.4.52.8 Polishing

Polishing is done to provide luster and improve the consumer appeal, and usually a screw conveyor is used
for this operation. Depending on the consumer need, different polishing materials such as water, oil, or
soapstone powder are applied to the split surface [167]. Products can then be packaged for consumption.

4.4.5.3  Pulse Flour Milling

Cleaned seed is ground into flour using a hammer, pin, and roller mill. Flours can be made from whole
seed; dehulled whole seed; or dehulled, split seed. Consumers usually prefer dehulled pulse flour as the
bitter flavor, typical of pulses, is minimized [168]. The flour is then packaged and sold to either the retail
or ingredient supply market.

4.4.5.4  Fractionation

A relatively new opportunity in pulse processing is specialized wet and dry milling to fractionate pulses. This
method generates products that can be sold as ingredients to food processors and other industrial users [168].
With respect to legume utilization, milling of legumes and fractionation of protein and starch have increased
in recent years. Milling of whole seed or dehulled seed followed by fractionation of starch- and protein-rich
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44554 Pin Mill

Impact disintegration is a kind of milling that can break up cellular materials selectively, without dam-
aging the starch granules [178]. Traditionally, the pin mill, which is a kind of impact mill, is employed
to disintegrate starch—protein bond and produce fine flour. The pin mill is also categorized as a disk mill.
It employs shearing and impact forces to produce fine flour by breaking up the dehulled seed [179]. The
pins in a pin mill are fixed to two disks that rotate opposite of each other at different speeds (Figure 4.63).
The radial speed leads to pins pressing the material at high speed through the rows of pins. The result-
ant impact force grinds the material. The fineness of the final product depends on distribution and shape
of pins, the circumferential speed of the rotors, the feed rate, and physical properties of the material

127

fractions will improve utilization of legumes [174].
The air-classification technology is based on utiliza-
tion of spiral air stream to differentiate fine fraction
(protein) and coarse fraction (starch). In other words,
the particles, which differ in density and mass, are sep-
arated in a current spiral air stream [175].

4.4.5.5 Milling Machinery

The loosened seed coats of the pretreated pulses are
removed in the milling operation. For this purpose,
different machines are used depending upon the
type of pulse and scale of operation. The machines
work on principles of (a) compression, (b) shear, (c)
abrasion, and (d) impact [170].

4.4.5.5.1 Hammer Mill

Hammer mills are composed of hammers mounted
on a rotating shaft within a peripheral screen. Grain
is subjected to impact forces from the hammers until
it is milled fine enough to go through the screen
openings. Thus, the size of the screen openings pri-
marily controls the fineness of the grind. However,
parameters such as hammer tip speed, rotor volume,
type and number of hammers, and feed rate also
influence the performance of the hammer mill [176].

4.4.5.5.2 Roller Mill

The roller mill consists of rotating corrugated or
smooth paired cylindrical rolls oriented horizontally.
Feed grain particles are reduced in size between the
metal rolls. The grains are subjected to shear and
compressive forces caused by the rolls, respectively,
when particles are pulled toward the nip [177].

4.4.5.5.3 Huller

Dehulling can also be achieved by using an impact
huller, where grains are fed down the hollow axle of
a rapidly rotating disk. The accelerated grains col-
lide with the wall of the huller, which is typically
lined with a polymer that reduces breakage com-
pared with a metal surface.
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FIGURE 4.62 Equipment for dehulling and splitting pulses. (From E. Goodman. PulsePoint, 3: 8, 2003.)

FIGURE 4.63 Pinned disk mill. (From S. Emami et al. Determination of particle size distribution of chickpea flour gran-
ules. ASABE Paper No. 046006. St. Joseph, MI: ASABE, 2004; P.J. Fellows. Food Processing Technology—Principles and
Practice. New York: Ellis Horwood, 1990.)

[180]. Pin mills may be used for dry or wet milling [179,180]. Moisture content below 10% (wb) is opti-
mal for milling of legumes [181].

Some pulses may be subjected to pin milling twice for obtaining fine grade flour [173]. The pin-
milled flour is air classified in a spiral air stream and fractioned into light and heavy particles. The fine
and light particles contain protein, whereas the coarse and heavier particles mostly contain starch gran-
ules [32]. The starch granules remain intact during pin milling and the process must avoid damage to
the starch granules. Although dry processing (air classification) does not result in as pure protein frac-
tion as wet processing, it is an effluent-free process and separated fractions are suitable as food, food
ingredient, and other uses [182]. Since some protein bodies still adhere to the starch granules at the end
of pin milling, it is necessary to reprocess the coarse fraction by pin milling and air classification for
increased protein yield [173].
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4.4.5.6  Pulse Milling

Most pulses are consumed in the dehusked split form. Recovery of dehusked splits from pulses depends
on the proportion of the husk to cotyledon and the way it is attached to the cotyledons. Pulse milling, as
it practiced today, is quite tedious, involving elaborate premilling treatments for loosening of the husk
and also a long processing time. Traditional pulse milling methods require more abrasive force due to
improper preconditioning. Conservation of pulses can be achieved mainly through the development of
superior milling procedures and equipment.
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5.1 Introduction
5.1.1 What Is Minimal Processing?

In recent years, there has been a considerable increase in the demand for high-quality fruits and vegeta-
bles, coupled with convenience and safety. High quality usually implies fresh-like quality characteristics
of flavor, texture, color, aroma, and overall appearance, and consumers are indicating a strong preference
to these fruits and vegetables over their counterparts [1]. Furthermore, changes in consumer lifestyles
seem to have led to an increased desire for ready-to-eat or ready-to-use products. Therefore, interest in a
new area of food preservation is being promoted, i.e., minimally or lightly processed products. Other terms
used to refer to minimally processed products are lightly processed, partially processed, fresh processed,
fresh-cut, and preprepared. Minimally processed products are important to food service industry such as
restaurants and catering companies as they offer many advantages over traditional products, with respect
to convenience, expense, labor, and hygiene. Despite its popularity, the production of minimal processed
products is limited due to rapid deterioration and senescence (natural aging leading to death of the tissue).
Hence, minimally processed foods are more perishable than its unprocessed raw materials [1].

Minimal processing of fruits and vegetables generally involves washing, peeling, slicing, or shred-
ding before packaging and storage at low temperature. All these steps have an effect on the nutrients,
shelf life, and quality of the prepared product [2,3]. Examples of these products already on the market
include packaged shredded lettuce/cabbage/carrots, cut fruit and vegetable salads, and peeled/sliced
potatoes/carrots, broccoli, and cauliflower florets [4,5].

Minimal processing of raw fruits and vegetables has two purposes. First, it is important to keep the
product fresh, but convenient without losing its nutritional quality. Second, the product should have a
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shelf life sufficient enough to make distribution feasible within the region of consumption. The microbi-
ological, sensory, and nutritional shelf life of minimally processed vegetables or fruits should be at least
4-7 days, but preferably even longer [6].

]
5.2 Physiological Responses and Biochemical Changes

Vegetables and fruits are living organisms that continue to change after harvest. Plant tissues incur damage
during processing and in addition remain raw and living after processing. The physiology of minimally
processed fruits and vegetables is essentially the physiology of wounded tissue. This type of processing,
involving abrasion, peeling, slicing, chopping, or shredding, differs from traditional thermal processing in
that the tissue remains viable (or “fresh”) during subsequently handling. Thus, the behavior of the tissue is
generally typical of that observed in plant tissues that have been wounded or exposed to stress conditions [7].

Within minutes of undergoing minimal processing of fresh produce, the rate of respiration and ethyl-
ene production markedly increase [7], and essentially a “wound response” is initiated. Both respiration
and ethylene production will result in shorter shelf life of the product. The ethylene will accelerate ripen-
ing, softening, and senescence [8], which leads to membrane damage, while the respiration will use up
energy reserves. Other consequences of wounding are chemical and physical in nature, such as oxidative
browning reactions and lipid oxidation or enhanced water loss [7].

Injury stresses caused by minimal processing result in mechanical rupture of tissues and cellular
decompartmentation leading to delocalization and intermixing of enzymes and substrates. One such
enzyme system is the ascorbic acid oxidase that oxidizes ascorbic acid to dehydroascorbic acid, which
can then further degrade to other compounds leading to browning. Thus nutritional quality such as vita-
min C is lost [9]. Therefore, wound-induced physiological and biochemical changes take place more
rapidly than in intact raw commodities, and microbial proliferation may be accelerated.

There is little information about the physiology and chemistry affecting minimal processing of tropical
fruit and vegetable products. Such information is vital for the extension of both the fresh and minimally
processed products. Novel ethylene receptor inhibitors such as 1-methylcyclopropene (1-MCP) that
retard C,H, biosynthesis have been tested on temperate fruits to extend the shelf life.

5.2.1 Ethylene

Ethylene is a naturally occurring plant growth hormone that has numerous effects on the growth, devel-
opment, and storage life of many fruits and vegetables, and ornamental crops at very low concentrations
(uL/L) [10]. It is produced by virtually all parts of the higher plants, including leaves, roots, flowers,
fruits, tubers, and also seedlings.

The pathway of ethylene biosynthesis elucidated by Adam and Young [11] is now well documented,
and in both wounding and ripening, the pathway is the same. Methionine is first converted to S-adenosyl
methionine (SAM), which then gives rise to 1-aminocyclopropene-1-carboxylate (ACC), catalyzed by
ACC synthase. The final step is catalyzed by ACC oxidase (also known as the ethylene-forming enzyme),
in which ACC is converted to ethylene. In most plant tissues, the level of active ACC synthase determines
the rate of ethylene production; however, the mechanism(s) underlying the regulation of ACC synthase
gene(s) during plant development is unknown. Both ACC synthase and ACC oxidase transcript levels
greatly increase due to ripening and wounding [10]. The biosynthesis pathway is illustrated in Figure 5.1.

Harvested fruits and vegetables may be intentionally or unintentionally exposed to biologically active
levels of ethylene, and both endogenous and exogenous sources of ethylene contribute to its biological
activity [10]. Figure 5.2 is a schematic diagram showing the ethylene interactions between plants and
their environment. Endogenous sources of ethylene are internal synthesis within plants and fruits, and
exogenous sources are from external sources such as engine exhaust, heaters, or ripening fruits. Ethylene
production is promoted by stresses such as chilling injury [12] and wounding [13], and this stress-
induced C,H, can enhance fruit ripening.

Cell wall enzymes such as exo- and endo-polygalacturonase, 3-galactosidase, and pecti methylesterase,
induced by ethylene can digest cell walls, resulting in texture changes [4], and lipoxygenase can degrade
membrane lipids [14].
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l SAM synthetase
S-adenosyl methionine (SAM)
l ACC synthase
1-Aminocyclopropane-1-carboxylic acid (ACC)
l ACC oxidase (EFE)

Ethylene (C,H,)

FIGURE 5.1 Simplified diagram of ethylene pro-
duction in higher plants. (Adapted from Adams,
D.O., and Young, S.F., 1979. Proc. Natl. Acad. Sci.,
USA, 76: 170-174.)

TABLE 5.1

Beneficial Effects of Ethylene on the Quality of Fresh
Fruits and Vegetables

¢ Promotes color development in fruits

e Stimulates ripening of climacteric fruits

¢ Promotes de-greening of citrus

e Stimulates dehiscence in nuts

e Alters sex expression in Cucurbitaceae

¢ Promotes flowering in Bromeliaceae (e.g., pineapple)

¢ Reduces lodging of cereals by inhibiting stem
elongation

Source: Saltveit, M., 1999. Postharvest Biol. Technol., 15:
279-292.
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FIGURE 5.2 Ethylene interactions with the plant and its environ-
ment. (Adapted from Saltveit, M., 1999. Postharvest Biol. Technol.,
15:279-292.)

Wounding plant tissues induces elevated ethyl-
ene production rates, sometimes within a few min-
utes, but usually within 1h, with peaks usually
within 6-12h [13]. Ethylene produced by the
physical action of minimal processing was found
sufficient to accelerate softening of banana and
kiwifruit, and chlorophyll loss in spinach [9].
Ethylene level increases in proportion to the
amount of wounding in several fruits and vegeta-
bles [7]. Levels of ACC and ACC synthase activ-
ity increase the ethylene in tomato, winter squash,
and cantaloupe muskmelon [13].

There are various detrimental effects of ethyl-

ene on fruits and vegetables. It can cause yellow-
ing of green stem and leafy vegetables [10]. Ethylene from either endogenous production or exogenous
applications stimulates chlorophyll loss and the yellowing of harvested broccoli florets [15]. Russet spot-
ting (RS) is a postharvest disorder of lettuce in which small brown sunken lesions appear on the leaf. It
is caused by the exposure to hormonal levels of C,H, at storage temperature of around 5°C [16]. Many
biotic and abiotic stresses stimulate phenylpropanoid metabolism and the accumulation of phenolic com-
pounds in lettuce [17]. However, even though the level of phenolic compounds is elevated in stressed
lettuce, ethylene is still essential for the browning reaction, which is characteristic of RS to occur [18].
The firmness of many ripening fruits and vegetables decreases with C,H, treatment. This is usually ben-
eficial when associated with ripening (e.g., bananas, tomatoes), but if applied for too long, ripening can
progress into senescence and the flesh can become too soft. The crisp texture of cucumbers and peppers
is lost upon exposure to C,H, [10].
The beneficial effects of C,H, are realized by its application to growing plants in the field and orchards,
plants in the greenhouse, and harvested commodities [10]. Table 5.1 illustrates some of the beneficial
effects of ethylene on the quality of fresh fruits and vegetables.

5.2.2 Respiration

Fruits and vegetables are living organs of plants that undergo biological and biochemical activity even
after they are separated from their plants. Respiration is a sequence of reactions whereby sugars and other
substrates, for example, organic acids, are oxidized to carbon dioxide and water vapor, and energy is
released [19]. The released energy is utilized to synthesize compounds such as proteins and carbohy-
drates, which together constitute the tissues of the plant. In general, respiration converts the stored energy
into usable energy to sustain life. However, harvested or fresh-cut products detached from the plants have
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a limited energy supply. Basically, the rate of deterioration of harvested products is proportional to their
rate of respiration. Hence, the higher the rate of respiration, the shorter is the shelf life [5,20].

The respiration rate of peeled and sliced ripe kiwifruit is double of the whole fruit, but ripe bananas
were unaffected by peeling and slicing [21]. Wound respiration in some plant tissues may be related to
alpha-oxidation of fatty acids [22], which oxidizes fatty acids to CO,, and is responsible for the CO,
released after slicing of potato tubers [20].

Respiration in plants is an oxidative degradation of sugars, organic acids, and lipids to produce carbon
dioxide and water with the release of energy. Modifying the atmosphere around the product by lowering
the amount of oxygen with an increase in the amount of carbon dioxide may lower the metabolism with
decrease in CO, production and O, consumption. The effects of low O, and high CO, are additive, but
the optimal concentrations of the two gases in the storage atmosphere of fruits and vegetables and even
between cultivars of the same species may vary [23]. Owing to the high affinity for O, of the terminal
oxidase enzymes in the electron transport chain located in the mitochondria, the amount of O, in the sur-
rounding air must be reduced to below 10%. On the other hand, a change to anaerobic respiration will
take place if the O, concentration approaches 2% [24]. Although high CO, and low O, levels in the
microatmosphere of fresh products may extend their shelf life, off-flavor and off-odor developments may
be caused by anaerobic respiration [25].

5.2.3 Oxidative Browning

Discoloration occurs at the cut surface of fruits and vegetables as a result of the disruption of compart-
mentation that occurs when cells are broken, allowing substrates and oxidase enzymes to come in con-
tact with each other [7]. Wounding also induces synthesis of some enzymes involved in browning
reactions or biosynthesis of their substrates [20]. Thus, browning intensity in diverse tissues and crops
can be affected by relative oxidase activities and substrate concentrations [26]. Oxidative browning at the
cut surface is the limiting factor in storage of many minimally processed fruits and vegetables [7].

Phenylalanineammonialyase (PAL) is a key enzyme in the synthesis of phenolic compounds. Activity
of PAL is increased in lettuce midrib tissue with wounding and storage in the presence or absence of
ethylene [27]. PAL catalyzes the first reaction in the biosynthesis of plant phenylpropanoid products. The
phenolic compounds can then be oxidized by polyphenoloxidase (PPO), producing brown polymers that
can contribute to tissue browning in lettuce [28].

When fruits such as apples and bananas are cut, the cut surfaces usually turn brown within an hour.
On the other hand, it takes several hours for the section of cut or shredded vegetables such as lettuce to
turn brown. This time lag is considered to be due to the de novo biosynthesis of polyphenols [29]. The
lettuce tissues with the highest susceptibility to enzymatic browning are the “white” tissue or the so-called
midribs. This browning is a major problem that arises during minimal processing and further storage of
lettuce midribs [30-32]. Russet spotting of lettuce is characterized by the appearance of small, reddish-
brown spots or lesions on the midribs of the leaves [33].

Ethylene increases the activities of PAL, peroxidase (POD), and PPO. Hence, there is a correlation
between PAL activity and development of RS in ethylene-treated lettuce midribs. Hyodo et al. [34] found
a significant increase in some phenolic compounds such as chlorogenic and isochlorogenic acids in the
RS-affected tissue. Increased PAL activity promotes synthesis of cinnamic acid and their derivatives via
the shikimic acid pathway. These compounds are then available for lignin synthesis. Ethylene-induced
POD activity is correlated with increased lignin formation and cell wall thickening, one of the charac-
teristics of RS. Flavonoids and chlorogenic acid, the other products of the shikimic acid pathway, are
oxidized by PPO to form brown compounds [35].

5.2.4 Nutrient Losses: Ascorbic Acid Oxidation

Vegetables and fruits, either processed or “fresh,” are major sources of dietary vitamin C for humans.
Before fruits and vegetables are consumed, they have to undergo various handling, storage, and process-
ing steps. The vitamin C content of sliced, cut, or bruised fruits and vegetables may diminish rapidly
depending on these handling, processing, and storage conditions used.
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FIGURE 5.3 Ocxidation of ascorbic acid.

Ascorbic acid is an organic acid found in fruits and vegetables. It is very soluble in water and is sensitive
to alkali; oxygen; and presence of copper, iron, and heat. Ascorbic acid is often considered to be equivalent
to vitamin C content; however, dehydroascorbic acid (DHAA), the oxidized form of ascorbic acid, also has
vitamin C activity [3,36]. Further oxidation of DHAA converts it to 2,3-diketogulonic acid, which is devoid
of biological activity [37]. Figure 5.3 illustrates the oxidation process of ascorbic acid. The loss of ascorbic
acid provides a useful index of oxidative deterioration in minimally processed fruits and vegetables [3].

There are two aspects of ascorbic acid degradation. First, ascorbic acid can be oxidized due to mecha-
nical damage as a result of cutting. When cells of fresh product are ruptured as occurs during cutting,
chemical reactions are initiated, which shorten the storage life of cut product. The enzyme, ascorbic acid
oxidase, released when the cell walls are damaged, will oxidize the ascorbic acid to DHAA, which can
undergo further degradation to produce products that no longer possess vitamin C activity [38].
Undergoing treatment such as minimal processing can trigger such chemical reactions. Second, ascorbic
acid can be oxidized due to the physiological activity that shortens storage life. The auto-oxidation rate of
ascorbic acid to DHAA by air is influenced by metal ion concentration and pH. The rate increases in alka-
line medium, while acetic acid restrains the influence of Fe**[39,40]. Albrecht [41] reported that the whole
lettuce lost ascorbic acid during storage.

Ku and Wills [42] reported that 1-MCP can delay senescence of broccoli. Agar et al. [43] also reported
that removal of C,H, from the storage atmosphere increased retention of total ascorbic acid in kiwifruit.
Tay and Perera [32] found that 1-MCP was effective in reducing the loss of ascorbic acid in lettuce.

5.2.5 Water Loss

Plant tissues are in equilibrium with an atmosphere at the same temperature with an RH of 99%-99.5%
[44]. Water loss will occur when there is reduction of water vapor pressure in the atmosphere surround-
ing the tissue. In the whole fruit or vegetable, water in intercellular spaces is not directly exposed to the
outside atmosphere. However, cutting or peeling a fruit or a vegetable exposes interior tissues and dras-
tically increases the water evaporation rate [7].

To subsequently maintain the lowest possible water vapor pressure deficit, minimally processed prod-
ucts are routinely handled in semipermeable film packages with low water vapor transmission rates.
Condensation within the package is most severe when the product is at a higher temperature than that of
the storage atmosphere, which is often the case when the product is first placed in the cold storage room
or transport vehicle [7].

5.2.6 Leaf Yellowing in Vegetables

Leaf yellowing is a particularly important quality problem during transport and storage of fresh or mini-
mally processed green leafy vegetable products. Over the storage period, the leaves become wrinkled,
yellowed, and softened. The decrease in green pigmentation would probably result from the loss of chloro-
phyll during storage [45]. Tay and Perera [32] found that 1-MCP was effective in retarding storage-induced
leaf yellowing in lettuce.
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]
5.3 Techniques to Extend the Shelf Life

Various approaches have been used to control the undesirable physiological changes that adversely affect
the quality of minimally processed products. Refrigeration, humidity control, and dipping in chemical
solutions such as ascorbic acid and calcium have been used successfully to preserve product quality and
enhance shelf life. Izumi and Watada [46] reported that exogenous treatments with calcium chloride
(CaCl,) dip reduced browning and retarded flesh softening of vegetables. However, CaCl, may also cause
detectable off-flavors when used at levels higher than 0.5% [47].

Minimally processed products should be refrigerated (0°C—5°C) to prolong their quality and safety
[48]. Removal of C,H, from the storage environment of minimally processed fruits and vegetables can
retard tissue softening [9]. Desirable modified atmospheres can be predicted and created within and
around commodities by selecting appropriate packaging. Controlled atmospheres can reduce the effects
of C,H, on fruit tissues and retard senescence, delay softening, and help to extend the postharvest life
[43]. Edible coatings and films have been used successfully with some commodities to provide useful
barriers to moisture, O,, and CO,, while improving package recyclability [5,32].

5.3.1 Sanitation

Sanitation is an integral part of minimal processing. Minimally processed fruits and vegetables are essen-
tially damaged tissues. The chances of food pathogens or spoilage organisms growing in these products
are very high. There are three factors that are necessary for foodborne illnesses, namely, the host,
pathogen, and exposure [49]. There are no absolute guarantees of the absence of all pathogens by the
current processing methods and technologies. However, a reduction in one or more of the three factors
will have a substantial effect in reducing the chances of foodborne illnesses.

Considering the growing increase in the consumption of minimally processed and fresh fruits and veg-
etables in the United States, the Food and Drug Administration (FDA) set out clear guidelines to mini-
mize microbial food safety hazards for fresh fruits and vegetables in 1998 [50]. These guidelines span
from “farm to fork” and include good agricultural practices (GAP), good manufacturing practices
(GMP), and hazard analysis critical control points (HACCP).

Sanitization is unlikely to totally eliminate all pathogens on the produce. Therefore, it is important to use
sanitizing protocols that are efficient. Efficacy of the sanitizers used to reduce microbial populations is
usually dependent upon the type of treatment, type and physiology of the target microorganisms, character-
istics of produce surfaces (cracks, crevices, texture, hydrophobic tendency), exposure time and concentration
of sanitizer, pH, and temperature [51]. Numerous studies have been conducted to evaluate the efficacy and
effectiveness of sanitizing treatment on different produce. Researchers have looked into treatments with the
use of different sanitizers such as chlorine [52-54], chlorine dioxide [55-57], hydrogen peroxide [58], and
heat [59,60] as ways to sanitize whole and fresh-cut fruits. Most of the research was conducted using fruits
such as apples, oranges, strawberries, and tomatoes, and very little information is available on tropical fruits.

Working with tropical fruits, Perera and Kiang [61] showed that the efficacy of sanitization treatments
depends on the type of produce and characteristics of produce surfaces. The efficacy of sanitizer treat-
ments on guava, star fruit, and pineapple is shown in Figures 5.4 through 5.6.

Research has demonstrated that an increase in microbial populations on minimally processed product
will have an adverse impact on shelf life [62]. The higher the initial microbial load, the shorter the storage
life [63]. While psychrotropic Gram-negative rods are the predominant microorganisms on minimally
processed products [64], the primary spoilage organism on prepackaged salads appears to be the fluo-
rescent pectinolytic pseudomonads [65].

Washing of fresh fruits and vegetables before cutting is important to control microbial loads that
include mesophilic microflora, lactic acid bacteria, coliforms, fecal coliforms, yeasts, molds, and pecti-
nolytic microflora [5,66]. Minimally processed products are generally rinsed in 50-200 ppm chlorine or
5 ppm of chlorine dioxide, which may also aid in reducing the browning reactions [5,67]. However, prod-
uct safety, not shelf life, is the critical sanitation issue in minimally processed fruits and vegetables [62].

Chlorination is the primary form of sanitation. Most processors use a concentrated form of liquid
bleach (sodium hypochlorite), although solid calcium hypochlorite or chlorine gas may also be used [62].
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FIGURE 5.4 Comparison of various treatments in reducing inoculated Escherichia coli ATCC 25922 and Staphylococus
aureus ATCC 25923 from surface of star fruit. (From Perera, C.O., and Kiang, K.H., 2003. Proceedings of the International
Food Safety Conference. March 24-26, Muscat, Oman. Vol. 3. pp. 1-5.)
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FIGURE 5.5 Comparison of various treatments in reducing inoculated E. coli ATCC 25922 and S. aureus ATCC 25923
from surface of guava. (From Perera, C.O., and Kiang, K.H., 2003. Proceedings of the International Food Safety Conference.
March 24-26, Muscat, Oman. Vol. 3. pp. 1-5.)

However, chlorine gas is difficult to handle, and solid granules of calcium hypochlorite need to be
dissolved, which will require additional labor. Free chlorine is an excellent disinfectant; as little as
1 ppm free residual chlorine will sanitize cold process water at a pH 6.5-7.0 [68]. Water pH has a signi-
ficant impact on chlorine activity. Higher chlorine levels may cause irritation in workers’ lungs and skin,
and product discolorations, increase equipment corrosion, and form volatile chloramines that may cause
health hazards [62]. Also, chlorination of some organics such as phenols not only results in toxic end
products such as chlorophenols but can also impart undesirable tastes and odors to the product treated.

There are other methods of sanitation such as the use of ozone and ultraviolet radiation. Ozone has
strong oxidizing power and is capable of inactivating microorganisms effectively. To date, there are no
indications of adverse human health or environment effects of water ozonization [62]. However, at mode-
rate concentrations, browning reactions may be enhanced in minimally processed products.
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Chlorine dioxide-based sanitizer (Aqua-Plus 5) has strong oxidiz-
ing properties and is efficient in killing microorganisms. Owing to its
true oxidizing characteristics, there is no residue to affect the quality
of the food. It is nontoxic, less corrosive, and pH-independent. Unlike
chlorine, it does not combine with organic compounds to form toxic
chlorinated compounds and does not react with ammonia. The prod- 1-Methyicyclopropene
uct formulation comprises biodegradable compounds that break down
after the use to form natural substances. It is approved for use in food
by the U.S. Environmental Protection Agency (EPA) [69].

FIGURE 5.7 Structure of 1-MCP.

5.3.2  1-Methylcyclopropene

1-MCP is currently formulated as SmartFresh™, a 0.14% powder for postharvest use in fruits and
vegetables, and EthylBloc™ for the use in flowers. SmartFresh liberates the active 1-MCP when added
to water and is stable in its powder form. The chemical structure of 1-MCP is shown in Figure 5.7.

Acute toxicity, mutagenicity, and product chemistry studies conducted on the SmartFresh formulation
indicate a favorable toxicology profile. In addition, 1-MCP has a nontoxic mode of action, is applied at
extremely low parts per billion dose levels, and has no exception of measurable residues in food com-
modities. The EPA has classified 1-MCP as a plant regulator structurally related to plant-containing mate-
rials. The EPA registration was granted in flowers in April 1999. In 2003, it was approved for use in apples.

1-MCP is a cyclic olefin, analogous to the photodecomposition product of DACP [70], and to date, is
the most useful compound among recently developed inhibitors of ethylene response. 1-MCP is a gas at
room temperature, has no obvious odor at required concentration levels, and is nontoxic. It is relatively
stable in dilute gas phase for several months [71], but is unstable in the liquid phase, polymerizing even
at low refrigerator temperature [72].

Autocatalytic ethylene production requires up-regulation, by ethylene, of ACC synthase and ACC
oxidase activity [73]. Lelievre et al. [74] demonstrated that treatment with 1-MCP resulted in reduced
accumulation of ACC synthase/oxidase transcripts and ethylene production in pears, during chilling.
Presumably, 1-MCP competitively binds to a metal in the ethylene receptors involved in feedback
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regulation and consequently blocks the ability of ethylene to up-regulate. However, in the case of wound-
ing whereby ethylene production is not autocatalytic, another mechanism must operate for 1-MCP to
reduce ethylene synthesis. 1-MCP is capable of allene-type arrangement, which probably is a crucial fac-
tor when binding occurs [75]. Once 1-MCP is bound to the ethylene receptor, ethylene binding is impos-
sible; therefore it fails to elicit its subsequent actions on the tissue.

1-MCP provides protection for a longer period of time than other potential ethylene inhibitor com-
pounds [75]. It acts at concentrations of 0.5nL/L and the effect is prolonged. 1-MCP has been reported
to delay or reduce ethylene-induced effects on senescence in a variety of potted flowering plants and cut
flowers [76-78]. Effects of 1-MCP on fruits and vegetables include inhibiting the ripening of tomatoes
[72,79], delaying senescence of strawberries [80] and broccoli [42], inhibiting the yellowing of cut
lettuce [32], extending the firmness and shelf life of minimally processed apples [81], and de-greening
of oranges while not suppressing other ethylene-induced effects such as chilling injury [82]. Also, after
treatment, tomatoes, bananas, and other plant materials were found to have no response even to very high
amounts of ethylene [72].

1-MCP reduces ethylene synthesis and respiration rate and thus decreases the activities of PAL [35],
which is a key enzyme in phenolic synthesis. The phenolic compounds can then be oxidized by polyphe-
noloxidase (PPO) producing brown polymers that can contribute to tissue browning in lettuce [28]. Fan
and Mattheis [35] reported that short-term 1-MCP treatment prevents the development of RS and
isocoumarin accumulation in iceberg lettuce. 1-MCP-treated lettuce also had lowered levels of RS [32].
This indicates that ethylene is important for the development of RS in lettuce.

5.3.3 Edible Coating

Coatings of fruits and vegetables have been known for many years [83]. Edible coatings are generally
made from one or more of four major types of materials: lipids, resins, polysaccharides, and proteins
[84]. Coatings made from polysaccharides (cellulose, pectin, starch, alginates, chitosan, carrageenan,
gums, etc.) are generally good barriers and adhere well to cut surfaces of fruits or vegetables, but their
hydrophilic nature makes them poor barriers to moisture [32,85].

Almost all minimally processed fruits have all or part of the peel or outer protective coating removed.
This allows entrance of spoilage organisms and dehydration of the fruit tissues. Dehydration may be par-
tially responsible for some of the softening that is observed in minimally processed fruit products. Use of
edible coating or plastic packaging is necessary to retard moisture loss by providing a barrier to water vapor
resulting in a relatively high humid environment as well as minimize microbial contamination [5,48,84].

Attempts have been made to control leakage from minimally processed (peeled) grapefruit segments with
edible coating of calcium alginate, with varying levels of coating firmness. The coatings effectively enhanced

firmness of segments, but the effects on fluid loss were

-00C negligible. An 89% increase in tissue firmness was

N o accompanied by only 16% decrease in fluid loss [86].
No) OH Alginate is a group of naturally occurring polysac-
HO O--.... charide (M, ~240,000) isolated from brown seaweed
composed of D-mannuronic acid and L-guluronic acid
subunits [87]. Figure 5.8 shows the alginate
/ monomer unit. It is a nontoxic and biodegradable

o polymer that can be used in food [88]. Sodium algi-

nate and polypropylene glycol alginate are com-

“00C HO O monly used as thickeners in foods such as ice cream
OH and fruit-filled snacks [89]. Alginates form gels with

a number of divalent cations [90]. For food purposes,
calcium is particularly suitable because of its non-
toxicity. Borax can be used to produce gels for non-
FIGURE 5.8 The alginate monomer units. (From food applications [91]. Figure 5.9 illustrates
Nussinovitch, A., 1997. Hydrocolloid Applications. ~Water-soluble sodium alginate polymer cross-linked
Alginates. Chapman and Hall, UK.) with Ca* (long chains are interconnected) to form

(1-4)-p-D-mannuronate

o (1-4)-o-L-guluronate
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FIGURE 5.9 Alginate polymer in NaCl or CaCl, solution. (From Waldman, A.S., Schechinger, L., Govindarajoo, G.,
Nowick, J.S., and Labuza, T., 1998. J. Chem. Edu., 75(11): 1430-1431.)

flexible, translucent gels. The longer the calcium alginate polymer is in contact with the calcium chlo-
ride solution, the more rigid the gel will become [87].

Tay and Perera [32] found that calcium alginate-coated lettuce had pronounced improvement on the
crispiness. The thin calcium alginate edible coating retards moisture loss and prevents dehydration, that
may be partially responsible for the crispiness observed in alginate coated ‘Butterhead’ lettuce. However,
the calcium alginate-coated lettuces were more likely to suffer bruises during the coating process. Hence,
this may be the reason why the reduction in browning was not so significant. The calcium alginate-coated
lettuces were dipped in CaCl, solution for cross-linking reaction. Hence, the CaCl, could also be responsible
for the crispness.

|
5.4 Conclusion

Minimal processing is a growing processing trend that offers the consumer, convenience, “freshness”
of quality, nutrition, and safety. As it involves removing or reducing the natural barriers to deteriora-
tion, it offers scientists an enormous challenge in trying to extend the shelf life of minimally processed
fresh produce. However, the consumer demand for minimally processed products, changes in percep-
tion of the consumers for “freshness” of quality of fresh produce, and the convenience of such prod-
ucts warrant further research and developments in this area. To do this, a deeper understanding of the
physiology and biochemistry of the plant materials used for minimal processing is essential. An out-
come of such understanding is the development of 1-MCP as an ethylene block. While this may offer
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some hope of extending the shelf life of minimally processed fresh produce, more research is needed
for its application to different fruits and vegetables and their diverse cultivars.
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6.1 General Overview

6.1.1 Introduction

The fisheries sector plays an important role toward food security, food industries development, and
poverty alleviation in many parts of the world. Fisheries exports now generate more foreign exchange
(either through export earnings or licence receipts) than the revenues earned from any other traded food
commodity such as rice, cocoa, coffee, or tea. Worldwide, more than 38 million people are directly
engaged in fishing and fish farming as a full-time or, more frequently, part-time occupation, and fishery
products account for 15%—-16% of global animal protein intake. Seventy percent of the fish for human
consumption is presently supplied by developing countries, and the fisheries sector is particularly impor-
tant for 44 countries (mainly small island developing states, plus countries in Africa, Asia, Latin
America, and countries undergoing transition economies). The fisheries sector in these countries is
considered to be significant because the contribution of fisheries to agricultural export trade and daily
animal protein intake is greater than 10% [1-4].

Over the last few years, the consumption of fish and fishery products has been strongly influenced by
improvements in postharvest handling, packaging, storage, transportation, and marketing, which have led to
significant improvements in postproduction efficiency, lower costs, wider product choice, and safer and
improved products. Advances in marine and fisheries science and engineering as well as food product deve-
lopment have resulted in technological innovations for fish capture, postharvest handling, processing, mar-
keting, and distribution. The extent and range of these changes have varied among regions; however, the
increasing recognition of the importance of fish and other seafoods in the economy of many producing
regions as well as the supply of food proteins to many parts of the developing world has raised awareness on
the role of fish and other marine foods in enhancing food security and alleviating malnutrition and poverty.
In general, there has been a growth in fish and fishery products marketed in fresh form and in the production
of ready-to-cook or ready-to-eat products, particularly in wealthy economies and owing partly to increasing
understanding of fish functionality to health. The development and application of efficient and cost-effective
postharvest technologies for handling and preservation of fresh fish and other seafood is therefore important
to ensure product safety and maintenance of quality throughout the supply chain from sea to plate.

6.1.2  Objectives and Scope

The aim of this chapter is to outline and discuss the techniques and procedures for postharvest handling and
preservation of fresh fish and other seafood products. Beginning with an overview of the global fisheries
industry, the emphasis in this chapter is on the application of postharvest technologies to deliver whole or
minimally processed fresh fish and seafood products to the end user. A wide range of marine organisms
(fish, crustaceans, and molluscs) are consumed directly by humans as food or utilized as industrial raw
materials such as animal feed. Each fish species may respond slightly differently to particular handling pro-
cedures and preservation techniques; however, this chapter will focus on the major technologies that are
applicable for the handling and preservation of a wide range of fresh fish and seafood materials. Where
appropriate, specific mention will be made about the response of a known type of fish or seafood to spe-
cific technological innovations for improved handling, quality maintenance, and preservation.

6.1.3 Economic Importance—Fish Production, Trade, and Utilization

6.1.3.1 Global Fish Production

Fish is an important source of protein, and the economic activities associated with its
harvest, handling, processing, and distribution provide a means of livelihood for millions of people as
well as providing valuable foreign-exchange earnings to many countries. Fish is a highly perishable food
product, requiring proper handling, processing, and distribution if it is to be utilized in a cost-effective
and efficient way with limited risk to human health and safety. Global demand for fish is growing,
and reductions in postharvest losses and maintenance of product quality and safety can make a major
contribution to satisfying this demand as well as increasing financial returns to fishers and marketers.
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After increasing from around 79 million tonnes in 1998 to 87 million tonnes in 2000, world marine
capture fisheries production decreased to around 84 million tonnes in 2001 and remained at that level in
2002. The decrease of around 2.5% in global catches between 2000 and 2002 is mostly due to the
declines by 12% and 7%, respectively, in production from the Southeast Pacific and the Northwest
Pacific [1]. Current estimates on available fisheries resources confirm the estimates made by FAO in the
early 1970s that the global potential for marine capture fisheries is about 100 million tonnes, of which
only 80 million tonnes are probably achievable. It also confirms that, despite local differences, overall,
this limit has been reached. These conclusions lend support to the call for more rigorous stock recovery
plans to rebuild stocks that have been depleted by overfishing and to prevent the decline of those being
exploited at or close to their maximum potential. This situation underscores the critical importance of the
improved postharvest handling techniques and procedures to reduce the incidence of losses (quantity and
quality) of captured fish as part of an integrated approach to stock management as well as delivery of
good-quality and safe fish products to the consumer.

6.1.3.2 Global Fish Trade

In 2002, the total world trade of fish and fish products increased to US$ 58.2 billion (export value),
representing a 5% increase relative to 2000 and a 45% increase since 1992 [5]. In terms of quantity,
exports were reported to be 50 million tonnes (live weight equivalent), having grown by 40.7% since
1992, but showing a slight decline (1.0%) compared with 2000 levels. The quantity of fish traded has
remained stagnant over the last few years following decades of strong increases. Many of the economic
factors responsible for the high growth in world fishery trade in the previous decade have now dimin-
ished in importance or are not strong enough to sustain past performance levels. While preliminary
estimates for 2003 indicate a slight increase in the value of fishery exports, it is unlikely that the trends
of pre-2000 years will be repeated in the short term, especially given setbacks resulting from geopoliti-
cal tensions.

6.1.3.3  Fish Utilization

In 2002, about 76% (100.7 million tonnes) of estimated world fish production was used for direct human
consumption (Table 6.1). The remaining 24% (32 million tonnes) was destined for nonfood products, in par-
ticular the manufacture of fishmeal and oil. If China is excluded, the shares are 74% (65.5 million tonnes)
and 26% (23 million tonnes), respectively (Table 6.1 and Figure 6.1). More than 79% (35 million tonnes) of
China’s reported fish production (44 million tonnes) was apparently used for direct human consumption, the
bulk of which was in fresh form (75.5%). The remaining amount (an estimated 9.1 million tonnes) was
reduced to fishmeal and other nonfood uses, including direct feed for aquaculture.

In 2002, 70% (62 million tonnes) of the world’s fish production, excluding China, underwent some
form of processing. Sixty-three percent (39 million tonnes) of this processed fish was used for manufac-
turing products for direct human consumption and the rest for nonfood uses. The many options for
processing fish allow for a wide range of tastes and presentations, making fish one of the most versatile
food commodities. Yet, unlike many other food products, processing does not generally increase the price of
the final product, and fresh fish is still the most widely accepted product on the market. During the 1990s,
the proportion of fish marketed in live/fresh form worldwide increased compared with other products
(Figure 6.1). Excluding China, live/fresh fish quantity increased from an estimated 17 million tonnes in
1992 to 26 million tonnes in 2002, representing an increase in its share in total production from 20% to
30%. In Africa and Asia, the share of fish marketed in live or fresh forms was particularly high.

Processed fish for human consumption (frozen, cured, and canned) remained relatively stable at around
39 million tonnes. Freezing represents the main method of processing fish for food use, accounting for 53%
of total processed fish for human consumption in 2002, followed by canning (27%) and curing (20%). In
developed countries, the proportion of fish that is frozen has been constantly increasing, and it accounted
for 42% of production in 2002. By comparison, the share of frozen products was 13% of total production in
developing countries, where fish is largely marketed in freshchilled form. The high demand for fish as fresh
produce (Figure 6.1) is partly explained by increasing consumer interest and understanding of the fish and
fish products as functional food. The high demand for fresh fish also underlines the increasing need to
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TABLE 6.1
Total and Per Capita Food Fish Supply by Continent and Economic Grouping in 2001

Total Food Supply (Million Tonnes Per Capita Food Supply
Live Weight Equivalent) (kg/year)
World 100.2 16.3
World excluding China 67.9 13.9
Africa 6.3 7.8
North and Central America 8.5 17.3
South America 3.1 8.8
China 323 25.6
Asia (excluding China) 34.8 14.1
Europe 14.4 19.8
Oceania 0.7 23.0
Industrialized countries 26.0 28.6
Economies in transition 4.7 11.4
LIFDCs (excluding China) 22.5 8.5
Developing countries excluding LIFDCs 14.9 14.8

Note: Based on data available to FAO in December 2003. Some discrepancy may occur with other sections that quote data
made available to FAO more recently.
Source: C.L. Delgado et al., The Future of Fish. Issues and Trends to 2020. IFPRI, 2003, 6pp.
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FIGURE 6.1 Utilization of world fisheries production (breakdown by quantity), 2002. (Adapted from C.L. Delgado et al.,
The Future of Fish. Issues and Trends to 2020. IFPRI, 2003, 6pp.)

develop and apply appropriate innovative postharvest handling systems for maintenance of fish freshness
and product safety.

In 2002, average apparent per capita consumption of fish, crustaceans, and molluscs worldwide was esti-
mated to be about 16.2 kg, 21% higher than in 1992 (13.1 kg). This growth is largely attributable to China,
whose estimated share of world fish production increased from 16% in 1992 to 33% in 2002. If China is
excluded, the per capita fish supply would be 13.2 kg, almost the same as in 1992. Following a peak of 14.6
kg in 1987, world per capita fish supply, excluding China, showed a declining trend from the late 1980s to
the early 1990s but has stabilized since then [1]. The declining trend was mainly caused by population
growth outpacing that of food fish supply during the 1987-2002 period (1.3% per annum compared with
0.6%, respectively). For China, the corresponding annual increase since 1987 was 1.1% for population
growth and 8.9% for food fish supply. In 2002, per capita fish supply in China was about 27.7 kg.

6.1.3.4  Contribution of Fish to Human Nutrition

Fish represents a valuable source of micronutrients, minerals, essential fatty acids, and proteins in the diet
of many countries. The meat of fish and seafood products contains about 80% (w/w) water, 8%—25% pro-
teins, 0.5%—30% fat, and 0.6%—1.5% mineral compounds [6,7]. Fish meat contains abundant amounts of
water-soluble vitamins, and fish oil (particularly from the liver) is rich in vitamins A and D. Also, it is
commonly noted that one serving of seafood may meet the daily human requirement for B vitamins, and
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the biological value of seafood protein exceeds that of red meat proteins owing to the low proportion of
collagen [6]. Lipids contained in fish are rich in essential polyenoic fatty acids, and particularly valuable
nutritionally are the n-3 polyenoic acids, which may reach up to 40% in the oil content of some fish. The
nutritional value of fish differs considerably depending on the species, maturity and health status, type of
the muscle or body part, processing technique, and duration after harvest.

It is estimated that fish contributes up to 754 kJ per capita per day, but reaches such high levels only
in a few countries where there is a lack of alternative protein foods, and where a preference for fish has
been developed and maintained (e.g., in Iceland, Japan, and some small island developing states). More
commonly, fish provides about 84—125 kJ per capita per day. Fish proteins are a crucial dietary compo-
nent in some densely populated countries, where the total protein intake level may be low, and are sig-
nificant in the diets of many other countries. For instance, fish contributes to or exceeds 50% of total
animal proteins in some small island developing states and in Bangladesh, Cambodia, the Congo, the
Gambia, Ghana, Equatorial Guinea, Indonesia, Japan, Sierra Leone, and Sri Lanka.

Overall, fish provides more than 2.6 billion people with at least 20% of their average per capita intake
of animal protein. The share of fish proteins in total world animal protein supplies rose from 14.9% in
1992 to a peak of 16.0% in 1996, before declining slightly to 15.9% in 2001. Corresponding figures for
the world, excluding China, show an increase from 14.3% to 14.7% in 2001 during the same period [1,5].

In industrialized countries (Table 6.1), apparent fish consumption rose from 24 million tonnes (live
weight equivalent) in 1992 to 26 million tonnes in 2001, with a rise in per capita consumption from 28.0
to 28.6 kg. The contribution of fish to total protein intake declined slightly from 8.0% in 1992 to 7.7%
in 2001. In these countries, the share of fish in total protein intake rose consistently until 1989 (by
between 6.5% and 8.5%), when it began a gradual decline as the consumption of other animal proteins
began to increase; by 2001, its contribution was back at the levels prevailing in the mid-1980s. Since the
early 1990s, consumption of fish protein has remained relatively stable at around 8.1-8.3 g per capita per
day, while the intake of other animal proteins has continued to rise. Notwithstanding the relatively low
fish consumption by weight in low-income food deficit countries (LIFDCs), the contribution of fish to
total animal protein intake in 2001 was significant at more than 20%, and may be higher than that indi-
cated by official statistics in view of the unrecorded contribution of subsistence fisheries.

In 2002 [1,5], over 60% of the world food fish supplies originated from capture fisheries production;
the remaining amount came from aquaculture. The contribution of inland and marine capture fisheries to
per capita food supply declined slightly in the last decade and in particular since 1997, with a decrease
of the per capita supply from almost 10.8 kg in 1997 to 9.8 kg in 2002. Worldwide, excluding China, per
capita food fish supply from capture fisheries declined from 11.5 kg in 1997 to 10.8 kg in 2002. In con-
trast, excluding China, the average contribution of aquaculture to per capita supply grew from 13.0% in
1992 to 18.4% in 2002, corresponding to an increase from 1.7 kg per capita in 1992 to 2.4 kg in 2002
(average annual growth of 3.5%).

6.1.3.5 Fish and Seafood in Functional Foods

Increasing realization of the positive link between fish consumption and good health has led to an
upsurge in research and commercial exploitation of seafood biotechnologies to produce innovative func-
tional marine food and medicinal products. The particularly low incidence of heart disease in fish-eating
populations has been attributed to high ingested levels of the so-called omega-3 (called eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA)) polyunsaturated fatty acids (PUFAs) in fish oil. For
instance, in a recent EU project [8], researchers successfully incorporated omega-3s into a range of prod-
ucts including bread, biscuits, soup, and an infant formula using a spray-drying process (patent applica-
tion pending). According to the authors, the products had good quality and stability, the latter in the
context of off-flavor development. In addition, threshold levels of omega-3s giving a lowering in plasma
triacylglycerol (TAG) concentrations and a reduced clotting tendency of the blood were obtained via human
feeding trials. TAG concentrations were reduced by 0.9g/day of omega-3s, and while platelet phospholipid
EPA and DHA levels were reduced in a time- and dose-dependent manner with 0.9-0.3 g/day of omega-3s,
and similarly for the ratio of platelet phospholipid omega-3 to omega-6 PUFA. This range in concentration
(i.e., 0.9-0.3 g/day) also raised the plasma total high-density lipoprotein (HDL) cholesterol (the so-called
good cholesterol). These results indicated positive health benefits of fish oil consumption (via ingestion of
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foods supplemented with omega-3s) with implications for heart disease, especially in the case of women.
Positive results were also obtained with omega-3s in relation to certain cancer-causing genes at cell level.

6.1.4 The Problem of Postharvest Losses in Fish and Seafood

Harvested fish and seafood materials undergo series of handling operations from catch sites until the
product is delivered to the end user. Fish are highly perishable starting from the point of harvest. Several
factors predispose fresh fish to rapid quality degradation once they are harvested, and these include alter-
ation of the surrounding environment due to removal from the marine or aquatic environment, high
moisture content of fish, activities of microorganisms inside the gut and intestine, and physical damage
resulting from the use of improper harvesting tools and procedures and rough handling practices. Apart
from being a cosmetic defect, which results in downgrading of fresh fish quality, the presence of physi-
cal damage due to rough handling also predisposes fresh fish to accelerated water loss as well as oppor-
tunistic microbial infection during subsequent handling operations.

Postharvest losses in fish may occur quantitatively or qualitatively. Quantity losses (wastage) occur
when fish disappears or is removed from the food chain, and this may occur due to spillage or discard
when the product is considered completely unacceptable for utilization as food and as an industrial raw
material. Quantity loss may also be referred to as physical loss. Quality loss in fresh fish occurs when
the product value to the end user is compromised and downgraded due to a reduction in the attributes that
are important to the end user. Quality loss often results in lower unit market price of fish product and a
concomitant reduction in profits to the producer. Given the high volume of globally traded fresh fish pro-
duce, quality loss is a major contributor to total economic loss in the fresh fish and seafood industry.

The availability of reliable data on the magnitude and sources of postharvest losses is important in the
efforts to reduce the incidence of physical and quality losses in the fish and seafood industry. Exact data
on losses of fish and other seafood materials are not readily available due to a myriad of factors, includ-
ing variations in species, geographical location, and season, as well as differences in harvesting, posthar-
vest handling, and marketing systems. Nonetheless, several researchers have reported the incidence of
fish losses based on surveys at various steps in the handling and marketing chain [9-12]. Others have
developed empirical models of postharvest fish losses based on a consideration of the physical and mon-
etary losses associated with various steps in fish handling from landing sites to export [13].

Global levels of fish losses are often estimated to be 20%—40%. Published annual estimations of
global fish losses include 3 million tonnes [11], 4.2 million tonnes [14], and 10-12 million tonnes [15];
however, most authors do not provide detailed information on the method of data acquisition and the spe-
cific type of losses reported. Nevertheless, these figures are expected to be much higher in many
producing regions in developing countries where fish harvesting and postharvest handling technologies
are not adequate to meet the needs for modern integrated long-supply chains and marketing systems. In
the Lake Victoria fishing community in Kenya with an annual catch of about 180,143 tonnes in 2000 and
worth over 9 billion Kenya shillings, it has been estimated that postharvest losses ranged from 20% to
25% [12]. These losses could double to 50% in some seasons or specific locations when large catches
are made [16]. Further studies on three major fish species at seven beaches in the area reported quality
losses of 13.9% for Clarias fishery, 6.4% for Nile perch, and 6.2% for Protoperus [12]. The authors iden-
tified the lack of basic cooling and preservation facilities at landing sites as major causes of quality loss.

Application of the generalized fish postharvest loss model by Cheke and Ward [11] to the Nile Perch
fisheries in the Tanzania area of Lake Victoria showed that the total value of losses (US$) per 100 kg
ranged from 4.20 to 7.55, depending on the type of fishing gear and method of transportation. The value
of physical loss alone ranged from US$ 3.14 per 100 kg for fish caught by beach seine nets and trans-
ported by air to US$ 4.62 per 100 kg for fish caught by gill nets and transported by rail. According to
Cheke and Ward, these model predictions supported the common knowledge among fishers and mar-
keters that fish from beach seine nets are usually much fresher and of better quality when landed than
those caught by gill nets or long lines.

In the Sultanate of Oman, high incidence of postharvest losses has been recognized as an economic
problem mitigating economic development of the fisheries sector. The annual loss due to downgrading
of fish was estimated at nearly US$ 62 million [17]. On fish type basis, the loss in quantity ranged



Postharvest Handling and Preservation of Fresh Fish and Seafood 157

between 40% and 70% for demersal fishes, 5% for the pelagics, and 10% for the entire traditional fish-
eries sector. Recent studies at major fish landing and marketing sites in the Muscat Governorate in the
Sultanate of Oman [9,18] showed that fresh fish losses was a common problem. Fishers and marketers
reported high incidence of losses, resulting in loss of potential revenue ranging from 12.5% to 20%. The
authors also found that for the large pelagics, downgrading due to loss in freshness (value) could reach
between 10%—-25% after the first day of landing and 19.0%—-43.8% after the second day at the market.

]
6.2 Mechanisms and Manifestations of Spoilage in Fish and Seafood

Fresh fish and other seafoods undergo many chemical and biological changes immediately after capture,
which can ultimately result in spoilage. Several factors contribute to such spoilage in fish, including
interactions between the products and handling equipment, interactions between the product and the sur-
rounding environment and atmosphere, and the inherent self-destructive biochemical changes that take
place inside the fish once it is harvested. The occurrence of spoilage in fish is manifested and perceived
by the end user through changes in several sensory perceptions, including odor, color, shape, texture, and
composition. In this section, we describe the biochemical mechanisms of fish and seafood spoilage, the
factors contributing to the incidence of spoilage, and conclude with a synthesis of the various manifes-
tations of spoilage in fresh fish and seafood products.

6.2.1 Biochemical Aspects of Fresh Fish and Seafood Spoilage

Prior to harvest, fish are protected by a skin that secretes antimicrobial compounds, such as lysozyme,
and by antibodies in the blood. This self-protecting and self-regulating property is indicative of the bio-
chemical composition of fish. For instance, lean fish contain 20% protein, less than 5% lipid, with little
carbohydrate, whereas fatty fish contain 10%—-30% lipid. The pH of fish flesh is neutral, and the flesh is
highly buffered due to the presence of phosphates and creatine in the muscle and has a low
oxidation-reduction potential [19].

Harvesting of marine, freshwater, or aquaculture fish and other seafoods is an essential step in the
delivery of desired products to the consumer. However, harvesting results in death of fish with the fol-
lowing consequences [19]:

1. Cessation of energy supply for normal body function.

2. Cell membranes are no longer energized, and molecules and ions can freely diffuse.

3. Antimicrobials are no longer produced or distributed.

4. Microflora penetrates the skin from the outside surface and the flesh from the intestines and gills.

During this period, the contractile mechanism can still operate, permitting the muscle to contract and
relax [20]. To remain relaxed, the muscle consumes adenosine triphosphate (ATP); thus, when ATP is no
longer sufficient the muscle will contract, resulting in a phenomenon called rigor mortis. In broad terms,
rigor mortis is the change that occurs in muscle following death, and its development is influenced by
several factors, including (a) the prevailing environmental conditions, notably temperature (increasing
temperature accelerates it), (b) the health status of the fish prior to harvest, and (c) any reduction in
muscle glycogen during life. The physical and physiological symptoms of rigor mortis include (a) stiff-
ening, hardening, and shortening of the muscle, (b) loss of transparency, and (c) loss of elasticity. In iced
fish, this condition usually lasts for one day or more, followed by the resolution of rigor.

All muscle contracts in rigor mortis, either because ATP is exhausted or because the pH has fallen
sufficiently below critical level. Suzuki [21] studied the linewidths of NMR spectra of water in flat fish
in prerigor, rigor, and postrigor stages. The results showed that linewidth in rigor stages is broader than in
the prerigor and postrigor stages, but in the postrigor stage it became narrower than in the prerigor stage.
The same results were also observed in sea bass, but only in the case of starved carp where rigor mortis
was obscure and the change in the width of lines was not clear [19]. Blanshard and Derbyshire [22] inves-
tigated the state of water in muscles as a function of time after death by splin-lattice relaxation. They found
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that during rigor there was a net transfer of water from the free phase of the region, giving rise to a more
rapidly relaxing signal.

Marine fish contain trimethylamine oxide (TMAO) as an osmoregulator. Some bacteria or endogenous
enzymes can reduce TMAO to trimethylamine (TMA, which has the odor of stale fish) and formaldehyde.
The bacteria can obtain energy from this reaction and use it as an electron acceptor in the absence of oxy-
gen. Freshwater fish containing TMAO usually have a longer shelf life, even if the level of TMAO is low.
Thus, the level of TMAO-reducing bacteria is important to preserve marine fish. There is little fermentation
activity in the microflora due to the low carbohydrate content of most fish [19]. The initial quality of seafood
is related to the species, the growing area conditions, the fishing or harvesting techniques, the seasonal bio-
logical changes in muscle and other organs, and the postharvest storage and processing conditions [23].
The ultimate quality is linked to the biochemical changes in the major constituents and microbial load and
type in the fish or seafood and water from which they are harvested. Bacteria cause the organoleptic changes.
The active bacteria are psychrotrophic or cold loving and well adapted to growth under chill conditions [19].

6.2.2  Characterization and Quantification of Fish Spoilage

The most distinct stages of fish spoilage are shown in Table 6.2, based on results obtained from cod fish
stored in ice over an extended period of time [24]. In summary, a combination of visible signs of degra-
dation and odor production may be used to characterize different phases of spoilage after harvest.

Cooked flavor without added condiments is the most precise objective method of assessing fish
spoilage and quality changes. For practical purposes, however, this destructive approach is time con-
suming and not suitable for rapid assessment during postharvest handling and marketing operations. For
nondestructive measurement, changes in gill color, gill odor, eye color, skin color, skin rubberyness, and
odor production may be used alone or in combination, to assess the quality status of fresh fish. Among
the various nondestructive testing approaches, gill odor has been considered the most reliable and repro-
ducible characteristic [19].

Several biochemical changes have been successfully used to quantify the level of spoilage in fresh fish
and seafoods. The concentration of TMA is used as an index of spoilage either alone or as a component
of the total volatiles containing ammonia and other amines. An alternative chemical index of fish
spoilage is hypoxanthine, which is derived from the breakdown of ATP. After the death of a fish, ATP in
the meat decomposes to uric acid by a series of catabolic enzymes [25]. Hypoxanthine is an intermedi-
ate of these reactions and accumulates as storage time increases. Another more complex measurement is
the potassium value, which is based on ATP, adenosine diphosphate (ADP), adenosine monophosphate
(AMP), and hypoxanthine [19]. Changes in the dielectric properties of whole fish and skin-on portions
occur during spoilage, and these changes can be measured in a nondestructive manner [19].

Drip loss is a quality problem in fish and seafood products. Once the water-holding capacity falls
below the water content of the muscle, excess water will be lost, either immediately or later during pro-
cessing or cooking [20]. Reducing drip loss during postharvest handling and marketing is therefore an
important value-chain management of fish and other fresh foods. The amount of drip loss from muscle
depends largely on changes in the water-holding capacity of the muscle protein after death. Magnitude of
drip loss is influenced by a combination of time and temperature of the immediate postmortem period [20];
therefore, adequate cold-chain management is critical in reducing the incidence of drip loss.

TABLE 6.2
Characteristics of Phase Changes during Spoilage of Cod Fish Stored in Ice

Phase Storage (Days) Characteristic Changes

I 0-6 No marked sign of spoilage

I 7-10 No odor production

111 11-14 Production of some odor, slightly sweet to fruity odors

v >14 Production of hydrogen sulfite and other sulfide compounds,

fecal, and strong ammonia odors

Source: J.M. Shewan, J. Appl. Bacteriol. 34:299, 1970.
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In summary, postharvest fish muscle quality can be maintained and spoilage reduced by a delay in the
onset of rigor mortis (associated with low stress) or the use of rapid killing methods [26]. In addition,
Jerret et al. [26] have noted that a combination of behavioral conditioning, conservative handling prac-
tices, and chemical anesthesia can be used to minimize the extent of premortem exercise and thereby
provide rested fish. The authors also recommended the importance of reducing preharvest exercise in the
production of high-quality fish muscle.

6.2.3 Abiotic, Biotic, and Physiological Causes of Fish and Seafood Spoilage

Spoilage of fish and seafood is caused by a myriad of factors that are related to the harvesting and
handling practices and equipment, postharvest handling environmental conditions, the presence of
decay-causing microbiological agents, and internal physiological changes or biochemical reactions that
are associated with normal processes of aging and death. Like other fresh produce and irrespective of the
primary causative agent, the rate of spoilage and quality degradation of fresh fish and seafood products
is highly accelerated at elevated temperatures. Conversely, the deleterious effects of spoilage-causing
agents can be significantly reduced through a synergistic effect of adequate temperature management in
combination with other specific measures.

6.2.3.1 Mechanical Handling Damage

Wholesomeness and freedom from physical damage is an important quality attribute in fish trade, espe-
cially for fresh fish destined to the consumer. During harvesting and postharvest handling operations, fish
may be subjected to excessive forces, which result in physical injury and blemish. Such damage may
occur through several mechanisms, including impact, compression, friction/abrasion, and cuts. Impact
damage occurs when the fish falls from an excessive height to generate sufficient absorbed impact energy
that causes damage to the skin alone or in combination with the underlying flesh. Compression damage
occurs due to excessive stationary forces acting on the produce (such as cartons of produce stacked too
high). Mechanical handling of fish affects the degradation of nucleotides in fish. Moreover, handling of
and mechanical damage to muscle tissue may increase degradation of inosine monophosphate and
inosine by making their substrates more accessible due to enzyme compartmentalization [27].
Furthermore, the presence of physical injury such as bruise, cuts, and abrasion provides favorable sites
for opportunistic infection and contamination of produce by decay-causing microorganisms.

6.2.3.2  Environmental Factors

Undesirable environmental conditions around fresh produce, such as the degree of hotness or coldness (tem-
perature), water vapor content in the air (relative humidity), as well as direct exposure to sunlight and airflow
contribute to the onset and rate of quality deterioration and spoilage. By far, temperature is the most influ-
ential factor affecting spoilage of fresh produce such as fish and seafood. In addition to its effects in accel-
erating physiological and biochemical processes associated with tissue degradation and eventual spoilage,
temperature also accelerates the action of microbial agents (such as bacteria), which cause spoilage and food
safety hazards. Freshness of high-water-content foods such as fish and seafood is maintained better under
high relative humidity conditions; thus, storing such produce at low relative humidity contributed to rapid
spoilage and development of undesirable attributes. Airflow around fresh fish and seafoods must be closely
monitored to avoid excessive loss of surface moisture and undesirable changes in skin and flesh quality.

6.2.3.3 Biotic (Bacterial) Factors

The deterioration of fresh fish is primarily due to bacterial action. It is recognized that only some of the
bacteria present is responsible for producing the off-odors, off-flavors, appearance, and textural changes
that constitute spoiled fish [19]. The composition of the microflora is dependent on difference factors,
such as environment and season. Spoilage bacteria affect the degradation of nucleotides in fish. In cod
fillets, the presence of spoilage bacteria increased the rate of degradation of inosine to hypoxanthine.
This indicates that bacterial enzymes play an active role in contributing to the degradative process.
The synthesis of proteases depends on the nutrient source, and secretion of proteases increases with
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the decrease in available nutrients, reaching a maximum concentration by late log or early stationary
phase of the bacterial growth. The level of protease secretion is low during the initial stage of bacterial
spoilage, that is, 10° CFU/g of flesh. Above 10° CFU/g there is high protease secretion [27].

Bacterial spoilage is evident in fish even at O to —4°C, but spoilage can be prevented below —10°C
[24]. For cod stored in ice, there is a 2- to 3-day lag period with a logarithmic increase by day 10 in the
bacterial flora, generally with counts up to 10® per cm? skin or 10® per gram muscle. Pseudomonas
species dominate up to 90% by day 12. They produce spoilage odors, such as ammonia, and volatile
sulfur compounds such as mercaptans and hydrogen sulfide [28].

Consumption of contaminated fish and seafood is a potential source of health and safety hazard to humans.
The main hazards of fish and seafood are pathogenic bacteria (aquatic environment, from humans or animals,
biogenic amine producers, and spoilage bacteria), parasites, biotoxins, and viruses [29]. All aquatic environ-
ments can harbor spores of Clostridium botulinum, which can contaminate fish both in marine and freshwater
environments. Vibrio parahaemolyticus is the leading cause of food poisoning in Japan where much fish is
eaten raw. It does not grow below 10°C and dies out at chill temperatures and is heat labile. As it is halophilic,
it survives salting and smoking. Control is therefore achieved by proper chill storage. There has been a global
increase in the presence of algal toxins in shellfish. More toxins are being identified. One of the major con-
cerns in recent years to the fish processing industry has been Listeria monocytogenes. This organism can
grow at chill temperatures and is not inhibited by the levels of salt in smoked products [19].

The bacterial flora of water reflects the flora of fish harvested from the area. The flora of cold-water
fish is predominantly Gram-negative, while flora in tropical fish are predominantly mesophilic Gram-
positive microorganisms [27]. The dominant microflora of cold-water fish species are Pseudomonas,
Alteromonas, Moraxella, Acinetobacter, Vibrio, Flavobacterium, and Cytophaga [30]. Gram-positive
organisms found on warm fish species are predominantly Micrococcus and Bacillus [27]. Psychrotrophic
bacteria are found in almost all types of refrigerated and frozen foods. The outgrowth of pseudomonads
in spoiling fish is due to their efficient use of free amino acids (especially methionine and cysteine) and
peptides in nonprotein fraction during the early stage of spoilage, and their secretion of potent proteases,
thus promoting proteolysis after low-molecular-weight components have been exhausted. The primary
use of all nitrogenous compounds is through oxidative deamination, which results in the accumulation
of ammonia, volatile fatty acids, and sulfur-containing compounds [30]. Volatile sulfur-containing
compounds are believed to produce spoilage odors. These compounds have extremely low thresholds,
and their origin is usually traced to nonprotein nitrogenous compounds in the skin and flesh.

Change in K value index (ratio of inosine and hypoxanthine to the quantity of ATP, ADP, AMP, and
IMP [inosine monophosphate]) is an objective measure of fish muscle quality during postharvest han-
dling and storage. In their study of storage temperature effects on histamine production and fish fresh-
ness, Guizani et al. [31] found that although yellowfin tuna maintained an acceptable shelf life based on
K value for 12, 5, and 1 day at 0°C, 8°C, and 20°C, respectively, fish were rejected earlier by panelists
than their K value indicated. The authors found that fish stored at 8°C and 20°C became unsafe for human
consumption, reaching unacceptable histamine levels
after 4 and 1 day, respectively [31].
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and hexanoic acid esters
6.2.3.4  Physiological (Internal) Factors: Trimethylamine Trimethylamine oxide
’.lpld Oxidation and Hydrolysis Dimethylamine Triethylamine oxide

.. . . . . . . Ammonia Urea, various amino acids
Lipid oxidation is a major cause of quality deteriora-

tion in fish and seafood due to lipid content and the gy ce: J. Liston, Chemistry and Biochemistry of Marine
extent of polyunsaturation [30,32]. Catalysts for lipid  Food Products (R. E. Martin et al., Eds.), AVI Publishing,
oxidation are molecular and singlet oxygen, metals  Westport, CT, 1982, p. 27.
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such as iron and copper, and enzymes such as lipoxygenase [23]. The postmortem changes in fish mus-
cle related to lipid oxidation are [32]

Decrease in ATP

Increase in ATP breakdown products, e.g., hypoxanthine

Changes in xanthine dehydrogenase to xanthine oxidase

Loss of reducing compounds, e.g., ascorbate and glutathione
Increase in content of low-molecular-weight transition metals
Conversion of heme (Fe (II)) pigments into oxidized form (Fe (III))
Loss of structural integrity of membranes

Loss of antioxidants in membranes, e.g., tocopherols

R e A U R

Inability of the muscle cell to maintain calcium gradients

These changes make the tissue more susceptible to oxidation, especially through changes in membranes.
In addition, size reduction, such as fillets and minces, can enhance lipid oxidation by exposing more lipid
to oxygen. The destruction of antioxidants such as tocopherols by heat, enzymes, and salts also plays an
important role in lipid oxidation [23]. The glutathione peroxidase activity is located in various fish muscles
and presumably protects the muscle from oxidative deterioration of lipid during storage and processing
[33]. Nakano et al. [34] reported that glutathione peroxidase increased significantly during storage, which
suggested that the increase in enzyme activity could protect fish muscles from oxidative deterioration dur-
ing storage and processing. Watanabe et al. [33] reported that total glutathione peroxidase activity in
Japanese jack mackerel and skipjack tuna fish muscles decreased gradually during storage at 4°C.

Technological approaches to minimizing lipid oxidation that are applicable to fish and seafoods
include [23]

1. Reducing oxygen access to the product through controlled-atmosphere (CA) storage and
modified-atmosphere (MA) packaging (e.g., vacuum packaging, edible coating)

Maintaining natural antioxidants or adding antioxidants
Minimizing increases of pro-oxidants (e.g., iron)
Maintaining low temperatures through cool- and cold-chain management

Minimizing salt constituents

AR

Removing unstable lipids (e.g., subcutaneous fat) and dark muscle, which contains more fat

6.2.4 Physicochemical Manifestations of Spoilage in Fish and Seafood

When fresh fish and seafood products undergo improper handling and spoilage, certain changes occur in
both the appearance and chemical composition, which can be readily quantified. Proper understanding
of these changes is important for early detection and isolation of affected produce. These manifestations
of spoilage are largely sensory in nature.

6.2.4.1  Color Changes

Quality loss of fish muscle after harvest may take the form of color (appearance) changes. Fresh
fish has a translucent appearance due to even scattering of incident light. With an increase in
spoilage, there is a gradual disintegration of myofibrils, resulting in their wider and more random
intracellular distribution. The fish surface then appears opaque because the incident light is unevenly
scattered [27,35].

Changes in fish flesh color occur during low-temperature and freezing storage. The flesh becomes
yellow due to oxidation of carotenoid pigments and lipids in tissues. Other factors that may result in
yellowing are lipid oxidation and reactions with carbonyl amines. The red color changes in Whole
Orange Roughy during ice storage are shown in Table 6.4 [27].
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TABLE 6.4
Color Changes Appearance of Gills in Whole Orange Roughy Stored in Ice

Storage (Days) Color Changes Appearance of Gills

0 Red/Orange Dark red

4 Red/Orange Dark red

6 Orange on fins, head, and tail Dark red

9 Slightly blotched, body faded Dark red, slightly milky slime

11 Blue steel-gray with tinges of orange Brown/red or bleached, sticky, creamy, slime

13 Bleached pale gray or blue tail with head Brown/red or bleached with brown slime
pale orange on gills

16 Washed-out gray/blue with pale head Brown or bleached with brown slime

Source: N. Scott et al., J. Food Sci. 57:79, 1986.

The factors affecting pigment loss are as follows: TABLE 6.5

Appearance of Surface Slime on Whole

1. M i fi fish leuk s
yetoperoxidase from fish leukocytes causes Orange Roughy Stored in Ice

rapid discoloration of B-carotene in the presence

of hydrogen peroxide and iodide or bromide ions Color and Consistency

due to the breakage of double bonds. Storage (Days) of Surface Slime
2. Free radicals addition, free radical abstraction, or 0 No slime

singlet oxygen addition to the double bonds of 4 Clear slime

B-carotene. 6 Clear or slightly cloudy slime
3. Temperature and concentration of storage oxygen. i Clear or slightly cloudy slime

11 Clear or slightly cloudy slime

4. Progressive increase in pH from 7 to 8 during stor- 13 Brown slime on body

age: potassium B-oxyacrolein, the enolic salt of 16 Thick yellow slime

malondialdehyde, formed self-condensation reac-
tions and polymerized at pH 7-8 to form fluore-
scing compounds [27]. The appearance of surface
slime on Whole Orange Roughy as a function of
storage duration in ice is shown in Table 6.5.

Source: N. Scott et al., J. Food Sci. 57:79, 1986.

6.2.4.2 Texture Changes

Fresh fish has characteristic firmness, which can be rapidly assessed subjectively by handfeel, and objec-
tively by instrumental test and sensory panel taste. During postharvest handling and storage, the texture
of fresh fish changes from “firm” and “moist” to “mushy” and “runny.” These textural changes occur
due to tissue softening as a result of myofibrillar disintegration and weakening of connective tissue. During
storage, the spoiling intracellular and extracellular proteases degrade myofibrillar proteins [27]. The loss of
firmness and resilience and development of unpleasant odors and flavors are some of the quality changes
that occur in fish and seafood after harvest. The changes in texture and odor of Whole Orange Roughy
stored in ice for 16 days are shown in Table 6.6. The sensory changes of white fish are presented in
Table 6.7. Manifestations of quality degradation and spoilage of stored fish muscle may take the form
of excessively soft tissue, loss of liquid-holding capacity, and development of a dry or rough texture
upon cooking [36].

Postmortem tenderization of fish muscle is one of the major problems related to fish freshness and its
quality [37]. The causes of postmortem tenderization postulated so far are as follows [1]:

1. A weakening of rigor between myosin and actin as seen by the decrease of Mg*-ATPase activity
2. Breaking down of Z-disk structure of myofibrils
3. Degradation of titin [37]

Ando et al. [38] also suggested that postmortem tenderization of fish muscle is closely related to the
gradual disintegration of the extracellular matrix structure after death. The weakening of the Z-line
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TABLE 6.6
Changes in Odor and Texture of Whole Orange Roughy Stored in Ice
Storage (Days) Odor Changes in Gills Texture Changes in Flesh
0 Slightly seaweedy Firm and resilient
4 Slightly seaweedy Firm and resilient
6 Mild and sweet Firm and resilient
9 Fish meal, sweet, salty, briny Firm and resilient
11 Sweet, salty, mussel, soapy, oily Retains finger indentation, no gaping, slightly soft
13 Metallic, stale, seaweedy, and Retains finger indentation, soft
slightly rotting odors
16 Strong rotting and putrid Retains finger indentation, no gaping, soft

Source: N. Scott et al., J. Food Sci. 57:79, 1986.

TABLE 6.7
Sensory Changes in White Fish

Raw Cooked
Quality Score Gill Odor General Appearance Odor or Flavor Texture
Fresh 10 Seaweedy, sharp Convex eyes, shiny Slight Dry
metallic red blood, flesh sweet/meaty
translucent
Spoiling 7 Bland, loss of Eyes flat, dull skin, Bland/neutral Firm/succulent
tanginess no translucence
Stale 5 Milky, mousy, Sunken eyes, browning Some amines Softening
yeasty of gills, opaque mucus,
waxy flesh
Putrid 3 Acetic acid, old Eyes sunken, yellow Bitter, sulfites Mushy
boots odor, flesh, brown blood,
sour sink yellow bacterial lime

Source: M. Gibson, Shelf Life Evaluation of Foods (C. M. D. Man and A. A. Jones, Eds.), Blackie Academic & Professional,
London, 1994, p. 72.

depends on a proteolytic mechanism, which removes o-actinin from this structure by the action of a
calcium-dependent neutral proteinase: calpan [37]. In addition, other myofibrillar proteins such as titin
and nebulin are also implicated in postmortem weakening of fish [39] and meat muscle [40]. Papa et al.
[37] studied a-actinin release and its degradation from myofibril Z-line in postmortem white dorsal mus-
cle from bass and sea trout stored at 4°C and 10°C. Using a-actinin-specific antibodies, they showed that
this protein is rapidly released within the first 24 h for the two specific species and reaches a plateau within
4 days. The release and proteolysis of o-actinin are time- and temperature-dependent processes that take
place at the early stages of fish storage. The proteolysis of a-actinin seems to be dependent on fish species.

In fish intramuscular connective tissue, type I and V collagens are present. Sato et al. [41] demon-
strated that type V collagen was solubilized specifically in softened rainbow trout muscle. Similarly, type
V collagen became solubilized in softened sardine muscle after 1 day of chilled storage, whereas tiger
puffer muscle did not show significant softening, changes in structure of connective tissues, or
biochemical properties of collagens [41]. This was due to the presence of more type I collagen in tiger
puffer muscle than in sardine, carp, and mackerel [41]. Thus, degradation of type V collagen caused dis-
integration of the tin collagen fibrils in pericellular connective tissue, weakening pericellular connective
tissue, resulting in postharvest softening. Similarly, Tachiban et al. [42] reported that the degradation of
Z-disks of ordinary muscle was faster in culture red sea bream than in the wild counterpart.

This liquid-holding capacity of muscle is highly influenced by fibril swelling/contraction and the dis-
tribution of fluid between intra- and extracellular locations [43]. Moreover, changes in muscle structure
are an important factor. Changes in muscle structure are strongly influenced by temperature, ionic
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strength, and chemical composition due to season, and maturation of muscle and pH. Ofstad et al. [36]
concluded that the liquid-holding capacity of raw fish seemed to be dependent on two main factors:
genetic differences in muscle protein and the postmortem muscle pH and subsequent time-dependent mus-
cle degradation. They found that salmon muscle possessed much better liquid-holding properties than the
cod muscle, as did wild cod better than fed cod regardless of the storage time. The myofibrils of the
salmon muscle were denser, and fat and a granulated amorphous material filled the intra- and extracellu-
lar spaces. The denaturation characteristics of myosin, actin, and a sarcoplasmic protein differed between
salmon and cod, indicating the stability of the myosin—actomysin complex. Postmortem degradation of
the endomysial layer and the sarcolemma may further facilitate the release of liquid. Thus, the release was
related to species-specific structural features and better stability of the muscle proteins. The severe liquid
loss of fed cod was due to a low pH-induced denaturation and shrinkage of the myofibrils [36].

Holes and slits appear between the myotomes (muscle segments) because of breakage of the minute
tubes of connective tissue from the myocommata (connective tissue sheets) and run between and around
the muscle cells. This phenomenon is known as gaping in the musculature of fish [44]. Love and Haq
[44] found that a low pH leads to much gaping and vice versa. At a given temperature, the gaping
increased with time, and subsequent freezing increased it further.

6.2.4.3 Odor Changes

As indicated earlier, the release of volatile compounds is one of the important indicators of freshness and
spoilage of fish and seafood. Olafsdottir et al. [7] classified the volatile compounds contributing to fish
odor into three groups based on origin, as shown in Figure 6.2. There is increasing interest on the
importance of rapid measurement of volatile compounds in fresh fish and seafood as objective indicators
of freshness. Several authors have reported the traditional methods that rely on classical chemical analy-
sis for the study of total volatile bases and TMA in fish [27,40,45-48]. Future measurement innovations
in this area appear to focus on the development of electronic noses [49,50].

6.2.4.4  Protein Changes

Proteins in fish and seafood are subjected to significant changes during postharvest handling, storage
(both ice and uniced), and processing. The proteinases are responsible for changes, such as hydrolysis,

Fish odor
Fresh fish odor Microbial spoilage odor Oxidized odor

Planty, cucumber- and Sweet, fruity, ammoniacal, Cod-liver-oil- and paint-

mushroom-like odors sulphur, and putrid odors like odors

Cs—Cy alcohols and e.g., ethanol, 3-methyl-1- e.g., hexanal,
carbonyl compounds, e.g., butanol, ethylacetate, 2,4-heptadienal,

1,5-octadien-3-ol, 2,6- ammonia, TMA, hydrogen 2,4,7-decatrienal

nonadienal sulphide methyl mercaptan

FIGURE 6.2 Categorization of fish odors and the volatile compounds that contribute to the characteristic odor of fresh,
spoiled, and oxidized fish. TMA, trimethylamine. (From G. Olafsdottir et al., Methods to evaluate fish freshness in research
and industry, Trends Food Sci. Technol., 8:258-265, 1997.)
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TABLE 6.8 which can result from animal or from
spoilage microflora especially during later

Types of Proteases and Their Inhibitors -
stages of spoilage [35]. The types of proteases

Protease Inhibitor and their inhibitors are shown in Table 6.8.
Serine protease Phenylmethyl sulfonyl fluoride The solubility of proteins during washing
Diispropyl fluorophosphate increased when fish were held for a longer

time and at higher temperatures. This is

Thiol protease Heavy metal iodoacetamide . .
N-ethyl maleimide because the degradation of myosin heavy
Anipain chain and actin increased rapidly at longer
Leupetin storage times and/or elevated temperatures,
Metalloprotease EDTA resulting in a higher loss of total protein dur-
O-Phenanthroline ing washing. Lin and Park [51] studied the
8-Hydroxyquinoline effect of postharvest storage temperatures and

Acid protease Pepstain duration on proteolysis of Pacific whiting.

Diazoacetyl norleucine methyl ester Myosin heavy chain degraded rapidly during

Epoxy (p-nitrophenoxy) propane postharvest storage at low temperatures
(0°C-5°C), and greater degradation occurred
at elevated temperatures. Actin degradation
was similar to that of myosin heavy chain, but
to a lesser degree. Degradation of both was highly correlated to protein solubility. Low temperatures
reduced, but did not completely inhibit proteolysis [51].

It is well established that the myofibrillar proteins differ in stability depending on the habitat tempera-
ture of the species [52]. During iced and frozen storage, the thermal characteristics of myosin subunits
deteriorate faster in cold- than in warm-water fish [53,54]. Venugopal [55] studied the sites of attack by
proteases on protein and found that the points of cleavage for carboxypeptidase, aminopeptidase, endo-
protease, and proteinase were carboxyl-terminal, amino-terminal, and internal peptide bonds, respectively.

Large amounts of glycogen in mammalian muscle can result in a low final pH. The higher the post-
mortem temperature, the quicker is the onset of rigor, the shorter its duration, and the more severe the
contraction. However, if meat is chilled below about 13°C soon after death, severe contraction takes place
almost immediately, resulting in permanent toughening of the meat. This is cold shortening [20].

Source: V. Venugopal, J. Food Protect. 53:341, 1990.

]
6.3 Postharvest Treatments and Preservation of Fish and Seafood

6.3.1 Introduction

Maximum freshness of harvested fresh produce such as fish and seafood occurs immediately after harvest
[56]. Beyond harvest, the adoption of improved handling systems, maintenance of cold/cool chain, and
application of appropriate physical and biochemical treatments are necessary to reduce the incidence of
losses, preserve/maintain quality, and extend storage and shelf life. Warm- and cold-water fish do not
always respond in the same way to postharvest handling practices and may often need different treatments
to achieve the desired results [20]. Unlike meat, global fish harvest destined for marketing is still largely
hunted traditionally, although the contribution of farmed fish (aquaculture) is increasing rapidly, particu-
larly in Asia [1]. This approach gives limited scope for manipulating the immediate pre- and postmortem
conditions. In the case of cold-water fish, higher temperatures accelerate the onset and resolution of rigor
as in meat, but without resulting in cold shortening. This may be due to the fact that fish function normally
at temperatures below 5°C. Another difference between the handling and preservation techniques of fish
and animal meat is that fish never seem to attain such low pH values as are sometimes encountered in meat.

6.3.2 Improvement of Harvesting and Postharvest Handling Systems

Fish and seafood quality is affected by harvesting and postharvest handling techniques and equipment
used. Improper harvesting and containerization may result in physical injuries such as bruising, cuts, and
abrasion. It is also important that steps are taken to land the catch as soon as possible after harvest
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because the physiological processes that result in spoilage commence immediately. To reduce the inci-
dence of physical damage, harvesting equipment and containers must be checked regularly to avoid the
presence of sharp edges. Avoiding excessive loading of fish on top of each other or overfilled boxes of
fish, particularly the large fish species such as tuna and kingfish, can reduce compression damage.
During transportation from catch to landing sites, fish and seafood products need protection against
direct sunlight and heat, particularly in tropical and subtropical environments where rapid increases in
air temperature can occur in short time. Throwing fish into containers or onto heaps should be avoided
due to increased susceptibility to handling damage and subsequent spoilage.

Hanpongkittikun et al. [57] demonstrated the importance of good harvesting practices on seafood
quality. The authors identified Staphylococcus aureus, Salmonella, and Vibrio parahaemolyticus from
shrimp sample during ice storage. Using sample taken from controlled harvesting and open market, the
authors found that controlled-harvested shrimp had a shelf life of 8 days, while samples from the open
market had only 4 days of shelf life.

6.3.3 Prestorage Treatments

Pretreatment of fish and seafoods immediately after harvest and landing is necessary to improve sanita-
tion and remove the inedible portions that would otherwise contribute to accelerated aging and spoilage.
Pretreatments such as washing and cleaning also reduce contamination of physical debris and microbial
organisms, which pose health and safety hazards to the consumer. Furthermore, gutting and bleeding are
typical primary preprocessing treatments that are commonly carried out on fresh fish and some seafood.
Fish may be bled and gutted (i.e., their intestines removed) prior to subsequent handling storage.
Depending on the end use and market requirements, fish head may also be removed. Gutting is essential for
some specifics, as otherwise the digestive enzymes and the bacteria in the gut would soon attack the flesh.
In some species, this may not be necessary owing to the anatomical location of the gut cavity relative to the
edible parts [19]. It is customary to wash fish to remove blood and any remnants of guts. However, washing
can remove some of the natural antimicrobial secretions and may not be advantageous to the storage life [19].
The limited efficacy of heat treatments directly applied to whole fish by hot water immersion or wash
is probably due to slow heat penetration and changes in microflora interactions [58]. Vaz-Pires and Kirby
[78] took 80 bacterial isolates from sea scad to study their heat stability and found Shewanella colwellinia
to be more heat resistant. The main target site of damage of the heat treatment tested in their experiments
was the cell wall. Good hygiene practices are also needed to reduce the possibility of contamination of
fish and seafood products. This is achievable on land but is more difficult onboard fishing vessels [19].

6.3.4 Cold/Cool Chain Technology

Rapid removal of field heat after harvest and maintenance of the cold/cool chain is the effective strategy
for fish and seafood preservation and quality maintenance. Most fish are chilled with ice soon after
harvest unless they are destined only to nearby local markets. Researchers have demonstrated that the
importance of rapid chilling cannot be overemphasized [19]. Chilling reduces the rate of chemical and
biochemical changes as well as microbial growth. The temperature at which fish and seafood materials
live is relatively low, thus chilling does not have a great effect on the chilling of meat from warm-blooded
animals [19]. Ice is a very good coolant. It is also cheap, and it must be made from clean, unpolluted,
and bacteria-free water. Chilling generally reduces the temperature of fish to 0°C [19]. Chilling to 0°C in
ice or refrigerated compartments is an essential requirement for quality retention in most fish and seafood
products. For longer storage period, fish and seafood may also be frozen. From a microbial standpoint,
storage at —2°C to —4°C is better than at 0°C or 2°C-5°C; however, this is not necessarily the case from a
quality perspective due to toughening and autolytic changes which occur at the lower temperatures such
as lipid hydrolysis. Shelf life may be extended further through the use of sorbate or sulfite [23]. The shelf
life of selected types of raw fish as a function of temperature is shown in Table 6.9.

In experiments with fish during ice storage, the penetration of microorganisms occurred primarily from
the intestines, the skin flora being found in the flesh only during the later stages of spoilage (8—17 days
depending on species) [59,60]. It was also observed that the quality and keeping time of the trout was
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TABLE 6.9 reduced when the fish was exposed to physical
stress. The infection level in the fish muscle
increased with increasing physical stress and
was higher for feeding than for starving trout

Approximate Shelf Life of Selected Types of Raw Fish
at Different Temperatures

Fish Temperature (°C) Shelf Life (Days)  [6]]. When getting the fish, it was observed that
Cod 0 16 the intestines appeared pale and bloodless in the
5 7 treated samples. This could be the result of a

10 4 stress condition, which increased the production

_ 16 1 of adrenalin, thus forcing the blood into muscles
Herring 0 12 and gills. There are good correlations between
Salmon (5) N the log count and the organoleptic score when
10 5 the bacteria count was higher than 100 per gram.

Plaice 0 18 Herborg and Villadsen [61] mentioned that the
10 8 lack of correlation at lower bacterial counts may

be expected, since autolytic spoilage processes
will be more active in the earlier storage period
and will be the dominant factor influencing
organoleptic assessment.

Source: M. Gibson, Shelf Life Evaluation of Foods (C. M. D. Man
and A. A. Jones, Eds.), Blackie Academic & Professional,
London, 1994, p. 72.

6.3.5 Chemical Treatments and Use of Biopreservatives

A wide range of chemical treatments and living cultures of bacteria have been used in commercial practice or
proposed by researchers for mitigating the deleterious effects of abiotic, biotic, and physiological factors that
cause spoilage in fish and seafood. The principal chemical agents used are chlorine and hydrogen peroxide.

6.3.5.1 Chlorine and Chlorine Dioxide

Lin et al. [62] found that a commercial chlorine dioxide killed Escherichia coli, Listeria monocytogenes,
and its streptomycin-resistant strain at 15, 10, and 7.5 ppm. The authors also reported that aqueous chlo-
rine dioxide was more effective than aqueous chlorine in killing L. monocytogenes on fish cubes and in
washed-off solutions. Fish cubes treated with aqueous chlorine showed no visual changes in color.
Treated solutions became lightly milky. A light brown color occurred on fish cubes treated with aqueous
chlorine dioxide at 400 ppm. The treated solutions had a light pink (40 and 100 ppm) to light yellow
(200 and 400 ppm) color, with some turbidity. The fish cubes treated with aqueous chlorine or chlorine
dioxide contained no detectable chlorine residues, but commercial chlorine dioxide solution showed
chlorite and some free and combined chlorine, especially at 200 and 400 ppm.

6.3.5.2  Hydrogen Peroxide

Dipping in hydrogen peroxide solution can increase the shelf life of fish. Hydrogen peroxide acts as a
preservative as well as a bleaching agent, thus yielding a higher quality product with an extended shelf
life. A major point of concern had been that hydrogen peroxide treatments could lead to excessive oxida-
tive rancidity, thereby causing a marked decrease in the overall quality of product [63]. Sims et al. [63]
reported that hydrogen peroxide was entirely dissipated in the flesh within 0.5 h when raw herring were
immersed in dip solutions containing up to 600 ppm hydrogen peroxide. The color observations carried
out on samples from the treatments indicated that the fillets with hydrogen peroxide were considerably
whiter than those of untreated fillets.

6.3.5.3 lactic Acid Bacteria

The addition of living cultures of lactic acid bacteria is used to control pathogen growth in fish. L. mono-
cytogenes is difficult to control in lightly salted (<6% NaCl in aqueous phase) fish products, pH >5, and
storage temperature ~5°C. Wessels and Huss [64] noted that L. monocytogenes in lightly preserved fish
products can be controlled using food-grade lactic bacteria. The effect was not due to lactic acid inhibi-
tion, but because of the production of the natural preservative nisin by the lactic acid bacteria. Sodium
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chloride solution up to 4% allowed for efficient growth and nisin production, while 5% sodium chloride
resulted in very slow growth and no detectable nisin.

6.3.6 Enzyme Inhibitors

The tenderization or flesh softening of seafood has generally been attributed to the activity of endoge-
nous muscle proteases in the postmortem animal. The undesirable postmortem activities
of these enzymes have been controlled by low-temperature and chemical treatments [65]. The use of
plasma glycoprotein and o,-macroglobulin (the active component in egg white plasma hydrolysates) can
be used to inhibit several endogenous proteases [66]. o,-Macroglobulin noncompetitively inhibited the
proteases in decreasing order: cathepsin D > trypsin > chymotrypsin > collagenase. The inhibitor’s
activity depended on the size of the substrate molecule, the size of the enzyme, and the relative speci-
ficity of the enzyme. Thus, it could control desirable proteolytic activities. In intact fish and other mus-
cle foods, it may be restricted to tissue penetration due to membrane barriers and the relatively large
molecular size of the inhibitor. Proteases in surimi and other minced muscle foods should be readily
inhibited by it. The activity did not seem to be adversely affected by low temperatures (4°C—7°C) [65].

Prawns develop blackspot (melanosis) in chilled and frozen storage, and sulfite is a reducing agent
used to prevent this discoloration. The presence of sulfite reverses the formation of colored compounds
(quinones) and in addition acts as a competitive inhibitor of polyphenol oxidase, the enzyme that causes
the production of the pigment melanin [67,68]. Recently, it was reported that 4-hexylresorcinol
binds irreversibly to polyphenol oxidase, inhibiting its action [69]. The likelihood of adverse reactions in
humans from the low levels found in prawns was considered slight [70]. Sensory panel assessment found
no effect on the taste, texture, visual appearance, and development of normal colors after cooking by treat-
ing prawns with 4-hexylresorcinol. Slattery et al. [70] used Everfresh® (which contains 4-hexylresorcinol)
to inhibit polyphenol oxidase in trawled and farmed prawns. In comparison with sodium metabisulfite
treatment, Everfresh (0.2% 4-hexylresorcinol) provided greater protection against blackspot, particu-
larly on the body of the prawn during storage in ice, in refrigerated seawater, and in ice after frozen
storage. When Everfresh was used according to the manufacturer’s recommendations, residues of
4-hexylresorcinol were less than 2 pg/g in prawn flesh.

6.3.7 The Role of Packaging Technology

Proper packaging plays a crucial role in preservation of quality and delivery of safe, wholesome fish, and
seafood products to the end user. Packaging performs three main functions, namely containment, protec-
tion, and information. With regard to fresh fish and seafood, packaging must be carefully selected to cope
with the presence of water on fish skin, a condition that could contribute to breakdown of paper-based
packaging as well as rapid microbial contamination. Packaging must also be selected to protect against
adverse environmental and atmospheric condition as well as penetration of physical and chemical hazards.
To facilitate supply chain management and marketing operations, adequate labeling of the package is
essential to inform and educate the end user about the content and utility. Given the high perishability of
fish and seafoods, only blemish-free and top-quality produce should be contained in the package.

Innovative packaging technologies based on manipulating the gas-exchange characteristics of pack-
aging material to control the oxido-reduction potential have been developed and applied to preserve and
extend the storage stability of fish and seafood products. The application of vacuum packaging, CA or
MA packaging around fresh fish is based on the following premise: some spoilage bacteria and lipid
oxidation require 